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ABSTRACT
The present study is an attempt to highlight the importance of using an eco-friendly system that uses waste heat, the research focuses on a detailed theoretical analysis, carried out for an Integrated Refrigeration System (IRS) using R-22 and R-717 as the refrigerants in vapour compression system and LiBr/H2Oas the absorbent-refrigerant pair in a single effect vapour absorption system. In the present work emphasis is on waste heat recovery from superheat horn of a vapour compression refrigeration system utilized in cold storage or ice plants of large capacity. The analysis has been done according to the applications of refrigeration. The Integrated Refrigeration System consist two refrigeration systems:

a. Vapour Compression Refrigeration (VCR) system and 

b. Vapour Absorption Refrigeration (VAR) system.

A computer program has been made in Engineering Equation Solver (version 7.929) to predict the performance of Integrated Refrigeration System (IRS). The effects of the effectiveness of heat exchanger and temperatures of the evaporator, condenser, absorber and generator on the performance (COP) of the cycle of IRS have also been studied. The results from the computer program are compared with a set of reference data [13]. Results indicate that the integrated system could provide a high coefficient of performance and cooling capacity. The increase in COP is about 42% as compared to the VCR system and the cooling capacity (Qea) obtained in VAR system is about 150 kW by using the waste heat from superheat horn of a vapour compression refrigeration system , for an evaporating temperature of 3 to 12ºC in VAR and -1 to-35 ºC in VCR system with a heat input to generator at 100 ºC , a condensing temperature of 30–45 ºC and absorber temperatures also at 30–40 ºC. A comparison between the R-22 and R-717 working fluids performances is also presented.

The computational analysis has allowed the determination of the best energetic performance of the system. The analysis can represent a real system with a reasonable accuracy and is useful for future research work of Integrated Refrigeration System (IRS).
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Chapter 1 INTRODUCTION

Refrigeration and air conditioning systems have a major impact on energy demand with roughly 30% of total energy consumption in the world. The depletion of the world fossil fuel reserves coupled with the global environmental problems stimulated the search for alternative sources, and demand for gradual phase out of halogenated fluids has been increasing at an alarming rate. Most of industrial process uses a lot of thermal energy by burning fossil fuel to produce steam or heat for the purpose. After the processes, heat is rejected to the surrounding as waste. This waste heat can be converted to useful refrigeration by using a heat operated refrigeration system, such as an absorption refrigeration cycle. Thus electricity purchased from utility companies for conventional vapour compression refrigerators can be reduced.

With fossil fuels fast depleting, it is imperative to look for refrigeration systems that require less high-grade energy for their operation. The continuous depletion of the ozone layer, which shields the earth’s surface from UV radiation, has resulted in a series of international treaties demanding a gradual phase out of halogenated fluids. Human activities have considerably increased the concentration of greenhouse gases (CFC, HCFC, carbon dioxide, methane, nitrous oxide) that determine the earth’s surface and atmosphere warming that might adversely affect the natural ecosystem. There are a number greenhouse gases that are released into atmosphere as a result of human activities, but carbon-dioxide at 84% in 2005 is by far the most abundant. Over the last hundred years , the mean temperature have increased by 0.3 to 0.6ºC, and doubling the amount of carbon dioxide in the atmosphere is likely to yield a further temperature increase from 1.5 to 4.5ºC. Warming temperatures are believed to melt glaciers and ice sheets, which further contribute to the swelling oceans. Some argue that these changes are not directly attributable to human-caused global warming, but these observed trends have raised concerns that global warming may already be having an impact on the environment and human life. In particular, it is well known that the greenhouse effect resulting from an operating plant is not a secondary matter. Climate change caused by human activities threatens to affect the climate, habitat, health and economy of virtually all the countries of the world. The chair of the Intergovernmental Panel on Climate Change (IPCC) recently confirmed the influence of such emissions on the Earth’s climate. In particular, it is well known that the greenhouse effect resulting from a refrigeration plant is not a secondary matter.
The use of heat operated refrigeration systems help to reduce problems related to global environmental, such as the so called greenhouse effect from CO2 emission from the combustion of fossil fuels in utility power plants. Another difference between absorption systems and conventional vapour compression systems is the working fluid used. Most vapour compression systems commonly use chlorofluorocarbon refrigerants (CFCs), because of their thermo-physical properties. It is through the restricted use of CFCs, due to depletion of the ozone layer that will make absorption systems more prominent. However, although absorption systems seem to provide many advantages, vapour compression systems still dominate all market sectors. In order to promote the use of absorption systems, further development is required to improve their performance and reduce cost.
In this context, vapour absorption refrigeration systems are looked upon with renewed interest as they work on heat-operated cycle with environment friendly working fluids.

 A single stage vapour absorption refrigeration cycle using conventional working fluids, ammonia water and water–lithium bromide, requires heat input at a minimum temperature of 100ºC in order to have a reasonable COP for a cooling temperature of around 0ºC. Many researchers have reported theoretical and experimental works [3, 5, 6, 8-11, 26] on single stage vapour absorption refrigeration cycle mainly with conventional working fluids. However absorption refrigeration systems using water lithium bromide as working fluid have been operated successfully and have found commercial applications.
The heat source required to run a vapour absorption refrigeration cycle system should have at least a temperature of over 86ºC in order to achieve a reasonable COP. A large amount of low-temperature heat source which is going as waste heat is available from superheat horn of a vapour compression refrigeration system. If these low temperature heat sources can be used, it will not only improve the overall system energy efficiency, but decrease the heat pollution to the environment as well.

 
Refrigeration and air-conditioning (RAC) plants remove heat from the space to be conditioned and pumping it to the higher temperature sink. Added to this heat which is gathered from the space, there is work added by the compressor in a vapour compression system and the total heat is rejected to the environment. Heat rejected from the air-conditioning system is the superheat of the refrigerant vapour and a portion of latent heat of the refrigerant fluid. Heat rejected from refrigeration and air- conditioning plants is of low grade quality. Due to the high costs associated with the recovery of such heat and the availability of alternate means for meeting low grade heat requirements, low grade waste heat is generally rejected to the atmosphere. However, in view of the negative values that are being placed on waste or reject heat streams into the atmosphere by statutory bodies in developed countries, disposal of reject heat into the atmosphere is becoming even more costly.
A rough estimate of waste heat available from an RAC system indicates that about 3 -5 kW of waste energy is rejected to the environment for every kilowatt of energy expended by the compressor [1]. Recovery of this energy will contribute to the saving of overall energy costs. However, the potentiality of such energy recovery has not been considered while designing RAC systems in most of the installed units, obviously due to limited avenues where the recovered energy could be put to use. The low grade quality of heat available as waste energy limits the areas of utilization. Therefore, a comprehensive study covering the quantity and nature of requirement of low grade heat, an estimation of the quantity and amount of recoverable waste heat to meet the requirement from a refrigeration and air-conditioning system will have to be carried out. Some of the issues which are involved in this direction are matching of the cooling demand and availability of low grade heat. Unlike industrial reject heat, which is available in larger quantities and at higher temperatures, the reject heat from RAC systems has a fluctuating profile of availability. While the availability of reject heat from industry is dependent on fixed operating parameters, the reject heat from RAC systems is dependent on ambient weather conditions. Against industrial applications, apart from internal cascading of low grade heat sources to low temperature processes within the plant, there are low temperature heat requirements in grain drying and food processing. 
 The scope of this work is limited to the collection of waste heat from RAC plants and utilization of that waste heat as the heat source in the generator of vapour absorption refrigeration system considering the requirement of cooling. In the present work, a unique and novel combination of vapour compression system and vapour absorption system known as Integrated Refrigeration System (IRS) is proposed. This IRS utilizes the waste heat from superheated horn of the VCR system through an additional heat exchanger known as the Canopus heat exchanger (CHE) to run the generator of absorption refrigeration system. This heat exchanger (CHE) is incorporated between the compressor and condenser of a VCR system. This system (IRS) is shown in Fig.7 in chapter 3. 

This system is aimed at increasing cooling capacity, increasing energetic performance and reducing running cost. A simple thermodynamic and heat transfer analysis is carried out to evaluate the heat recovery and the operating conditions for different component temperatures and effectiveness of the CHE. The effects of the inlet water temperature have also been studied. 
1.1
Advantages of the system under study:

· The waste heat rejected by the vapour compression system is recovered through CHE is utilized to run the generator of absorption refrigeration plant. Heat rejected by the condenser can be recovered to heat the water.

· Recovery of waste heat further contributes in conservation of energy as well as it would be helpful in reduction of global warming.

· Since waste heat is being utilized to run VAR system therefore there will be increase in overall capacity of the system and increase in COP.

Chapter 2 
LITERATURE REVIEW

Waste heat recovery from thermal systems is developing to be an important area of research in Refrigeration and Air-conditioning plants. The literature survey of this area is briefly described below.
·  
Kaushik and Singh [1] presented an investigation of the feasibility of heat recovery from the condenser of a vapour compression refrigeration (VCR) system through a Canopus heat exchanger (CHE) between the compressor and condenser components as shown in fig.1.

[image: image2.emf] 
   
 Fig. 1 Heat recovery by Canopus heat exchanger.

The presence of the CHE makes it possible to recover the superheat of the discharged vapour and utilize it for increasing the temperature of the external fluid (water) removing heat from the condenser. The effects of the operating temperatures in the condenser and evaporator for different inlet water temperatures and mass flow rates on the heat recovery output and its distribution over the condenser and CHE (the fraction of the condenser heat available through the CHE), available outlet water temperature and heat recovery factor had all been studied and optimum operating parameters for feasible heat recovery had been ascertained. The parametric results obtained for different working fluids, such as R-22, R-12, R-717 and R-500, had been presented. They found that, in general, a heat recovery factor of the order of 2.0 and 40% of condenser heat can be recovered through the Canopus heat exchanger for a typical set of operating conditions.

The amount of waste heat available from the superheat horn of a VCR system in a cold storage plant is enormous. For example the refrigeration system installed at AMUL Gujrat, which is a mechanical vapour compression system, with ammonia (R-717) (NH3) as the primary refrigerant. This system works on the principle of vapour recompression cycle. Water is used as the secondary refrigerant by chilling it to about 00C by the primary refrigerant ammonia. The chilled water is then circulated through a network of pipelines in the plant according to the need. This type of refrigeration system is called as indirect refrigeration system. In such system evaporator is conveniently called as Ice Bank Tank.

The Specifications collected from the plant is given below:

Specification

Type of refrigeration

: 
MVRC 

Ton of Refrigeration 

: 
400 TR

Refrigerant used

:
 R – 717 (NH3)

Material of Construction

for pipe lines


: 
MS (Mild Steel)

Compressor Type

: 
Rotary Screw compressor


No.



: 
3 (2 in use 1 in standby)

Make



: 
Frick 

Horse Power (H.P) 

: 
330 

Max. Design pr

: 
350 PSIG

Max. Speed (RPM)

: 
4500

Suction Pressure

: 
3 bar

Discharge Pressure

: 
12-17 bar

Condenser Type

: 
Shell and tube condenser water cooled type

: 

Make



: 
Aerotherm product

No. of tubes


: 
257

No.



: 
2

Expansion Device

: 
Capillary Tube

Evaporator


: 
(Ice Bank Tank)

Total No. of IBT

: 
4

Capacity


: 
10000 Lit. Water (each)

Total Capacity


: 
40000 Lit.

Cooling Tower

: 
Induced Draft Type

As inferred from the data, the amount of heat rejected during desuperheating for the above said case is approximately 748 kW that is a huge amount of waste heat. This waste heat can further be used in vapor absorption cycle as heat source in generator.
·   
An integrated refrigeration system (IRS) shown in Fig.2 with a gas engine, a vapour-compression chiller and an absorption chiller was set up and tested by Sun [2]. The vapour-compression refrigeration cycle was operated directly by the gas engine. The waste heat from the gas engine operates the absorption refrigeration cycle, which provides additional cooling. 

[image: image3.emf]
Fig. 2 Schematic diagram of integrated refrigeration system.
The performance of the IRS was described. The cooling capacity of the IRS was about 596 kW, and primary energy ratio (PER) reaches 1.84 at air-conditioning rated conditions. The refrigerating capacity of the prototype increased and PER of prototype decreased with the increase of the gas engine speed. The gas engine speed was preferably regulated at part load condition in order to operate the prototype at high-energy efficiency. The refrigerating capacity and PER of the prototype increased with the increase of the outlet temperature of chilled water or the decrease of the inlet temperature of cooling water. The integrated refrigeration chiller in this work saves running costs as compared to the conventional refrigeration system by using the waste heat.
·   
Aphornratana and Sriveerakul [3] presented an experimental investigation of a single-effect absorption using aqueous lithium–bromide as working fluid. A 2 kW cooling capacity experimental refrigerator was tested with various operating temperatures. It was found that the solution circulation ratio “scr” has a strong effect on the system performance. The measured “scr” was 2–5 times greater than the theoretical prediction. This was due to the low performance of the absorber. The use of solution heat exchanger could increase the COP by up to 60%.
· Hwang [4] presented and analyzed the performance potential of a refrigeration system that was integrated with a micro-turbine and an absorption chiller (RMA) as shown in Fig.3 and 4. The waste heat from the micro-turbine operates the absorption chiller, which provides additional cooling. This additional cooling capacity can be utilized either to subcool the liquid exiting the condenser of the refrigeration system or to precool the air entering the condenser in the refrigeration system. Moreover, any surplus cooling capacity not utilized in the subcooler can be utilized to precool the micro-turbine intake air. The additional assistance to the refrigeration system enhances the efficiency of the refrigeration cycle, which in turn reduces the required microturbine size. The smaller size of the micro-turbine enhances the part load efficiency, especially in lower ambient temperatures. With increased micro-turbine efficiency, RMA with subcooler, RMA with subcooler and micro-turbine intake air precooler, and RMA with condenser air precooler can reduce the annual energy consumption by 12, 19, and 3%, respectively, as compared to a refrigeration system operating without any waste heat utilization from the micro-turbine. Therefore, RMA with subcooler and micro-turbine intake air precooler has the best potential of energy savings. The payback period of RMA with subcooler and micro-turbine intake air precooler was estimated to be in 3 years, which facilitates it as an economically feasible solution among the options investigated. 
[image: image4.emf]
 


Fig. 3 Energy flow in RMA.
[image: image5.emf]
Fig. 4 Schematic diagram of RMA.
· Cascaded System Approaches 

  
Author has considered [5] using air-cooled LiBr absorption to augment cooling from vapor-compression equipment, rather than to replace it, thereby reducing the overall temperature lift under which the absorption machine must operate. Two variations on this theme are discussed below. The obvious disadvantage of this approach is that it requires two refrigeration systems (absorption and vapour-compression) to do the job. However, there may be Combined Heat and Power (CHP) applications in which this is a practical way to use absorption.
·          Saskaki et al. [18] have proposed a Cascaded System comprising of Vapor-Compression and Absorption refrigeration cycle as shown in Fig. 5. The vapor-compression equipment cools the building space, and the absorption equipment “pumps” the heat rejected from the vapour compression system up to the temperature needed to reject it to the ambient air. In this case, the vapor-compression condenser and the absorption system evaporator are in thermal communication. The temperature lift for both refrigeration systems is reduced. 
[image: image6.emf]
Fig.5.  Cascaded System—Vapor-Compression to Absorption.
· Rinnai Corporation has patented such a concept [17] of Cascaded System comprising of Absorption and Vapor-Compression refrigeration cycle as shown in Fig. 6. The absorption equipment cools the building space, and the vapor-compression equipment “pumps” the rejected heat up to the temperature needed to reject it to the ambient air. In this case, the absorber from the absorption system is in thermal communication with the evaporator of the vapor-compression system. 
[image: image7.emf]
 
Fig. 6.   Cascaded System-Absorption to Vapor-Compression

·    Kaynakli and Kilic [10] presented a detailed thermodynamic analysis of the water/lithium bromide absorption refrigeration cycle. The influences of operating temperature and effectiveness of heat exchanger on the thermal loads of components, coefficients of performance and efficiency ratio were investigated. It is concluded that the COP value increases with increasing generator and evaporator temperatures but decrease with increasing condenser and absorber temperatures. The efficiency ratio value varies with these temperatures. Also, the effects of solution and refrigerant heat exchangers on the performance, efficiency ratio of the system and fluid temperatures were compared. As a result, it was found that the solution heat exchanger (SHE) has more effect on the investigated parameters than the refrigerant heat exchanger (RHE). While the SHE increases the COP value up to a maximum 44%, the RHE has an effect of only 2.8%.
· 
Riffat and Shankland [12] presented the integration of different types of absorption systems with vapour-compression systems. The performances of such systems have been analyzed thermodynamically using various refrigerant/absorbent pairs. The paper concerned with the intermittent absorption system, the intermittent absorption/vapour recompression system and the combined intermittent absorption/vapour compression system. They have also analyzed the single-effect, the double-effect series and the double-effect parallel continuous absorption systems and their integration with vapour compression systems. 

·       
Aprea and Renno [20] presented the experimental studies of performances of a vapour compression refrigeration plant using as working fluids R22 and its substitute R417A (R125/R134a/R600, 46.6/50/3.4% in mass). This type of plant is applied to a commercially available cold store, generally adopted for preservation of foodstuff. Its working is regulated by on/off cycles of the compressor, operating at the nominal frequency of 50 Hz, imposed by the classical thermostatic control. The problems related to the replacement of the fully halogenated chlorofluorocarbons (CFCs) and of the partially halogenated (HCFCs) have been only partially solved. As for R22, there is no unanimous solution for its substitution. In this paper, the refrigerant fluid experimentally tested as a substitute for R22 is the non-azeotropic mixture R417A. R417A is non-ozone depleting long term replacement for R22, which can be used in new and existing direct expansion systems using traditional R22 lubricants. R417A provides an easy solution to the legislation requirement, since it presents an ozone depletion potential equal to zero, and it does not require a change of lubricant type, equipment redesign or significant modifications. The experimental analysis had allowed the determination of the best energetic performances of R22 in comparison with those of R417A in terms of the coefficient of performance, exergetic efficiency, exergy destroyed in the plant components and other variables characterizing the refrigeration plant performance.
Based on the above literature review, it is obvious that many researchers have reported theoretical and experimental works [1-5, 12] on different types of absorption systems and their combination with vapour compression systems. The systems have been analyzed thermodynamically using suitable refrigerant/absorbent pairs. Results indicated that the integrated systems could provide a high coefficient of performance. They have also tried to integrate the VCR/VAR with an ejector or microturbine etc. resulting in increase in COP. It can be concluded that usual methods of waste heat recovery includes:

1. Utilization of superheat horn heat for heating of water.

2. waste heat available from industrial process for operation of single effect LiBr/H2O 
In the present work a novel system as shown in Fig. (11) in chapter 3 is proposed for waste heat recovery from superheat horn of VCR cycle and utilizing it as a heat source in generator of a single effect VAR system for air conditioning applications. 

The objective of the work is to perform first law analysis of this Integrated Refrigeration System (IRS). It shall include the computation of the following :

(i) Selection of proper refrigerant for VCR system.

(ii) Cooling capacity enhancement of IRS.

(iii) Increase in overall COP.

(iv) Effect of variation in parameters such as absorber temperature, generator temperature, condenser temperature, evaporator temperature, effectiveness and efficiency of compressor etc.
Chapter 3
THERMODYNAMIC  ANALYSIS   OF   
INTEGRATED  REFRIGERATION  SYSTEM

In this chapter the proposed system and equations of mass and energy balance used in performance analysis is described, various input parameters are mentioned based on applications of the refrigeration cycle and atmospheric conditions. Methodology adopted to find solution is given in engineering equation solver. In order to validate the present model, the simulation results have been compared with the available numerical data in the literature for vapour absorption refrigeration system. 
3.1 System Description 

The Integrated Refrigeration system (IRS) utilizes waste heat available from superheat horn of a Vapour Compression Refrigeration System to operate the Vapour Absorption Refrigeration System. 
The integrated refrigeration system (IRS) investigated in this work includes two parts.
1. 
Vapour Compression Refrigeration (VCR) system with CHE

2. 
Vapour Absorption Refrigeration (VAR) system.
These two parts of the Integrated Refrigeration system are described below.

Vapour Compression Refrigeration System
A vapour compression refrigeration cycle (Fig.7) is a work absorbing thermodynamic system based on the reversed heat engine principle. It consists of a mechanical compressor, a Canopus heat exchanger, a condenser, an expansion device for throttling and an evaporator. Working fluids with desirable thermodynamic characteristics, such as ammonia and R-22 are used as refrigerants. In a simple saturated thermodynamic cycle, the saturated vapour of the refrigerant coming from the evaporator is drawn by the compressor and compressed adiabatically at the expense of input work Wc (process 11-12). The compressed vapour is directed into the condenser where it condenses (process 13-16) at constant pressure (Pc) as a result of the removal of heat of condensation (Qc), with an external air or water cooling medium. The liquid refrigerant coming from the condenser undergoes adiabatic expansion through the expansion valve, accompanied by a drop in pressure at constant enthalpy (process 16-17). This assumption of isenthalpic expansion, rather than isentropic expansion is good from the point of view of practical convenience and economic constraints. However, this may be a cause of energy loss during throttling. The liquid refrigerant under reduced pressure (Pe) evaporates in the evaporator, thereby absorbing heat (Qe) from the space to be cooled. The low pressure vapour from the evaporator characterized by state 11 is compressed by the compressor and the cycle is repeated. In order to recover heat from the condenser, an additional Canopus heat exchanger between the compressor and the condenser is incorporated, as shown in the same Fig.8. An external fluid (water) is used to remove heat from the condenser and the Canopus heat exchanger. 

The water temperature rise in the condenser is below the temperature of condensation of the refrigerant vapour. After compression, the superheated refrigerant vapour transfers a large amount of heat to the water stream through the Canopus heat exchanger which has been given its name "Canopus" heat exchanger on the basis of the project concerned undertaken in the U.S.A., as mentioned in the available literature [7]. This is a standard liquid-vapour heat exchanger where heat is transferred from the superheated vapour to the coolant fluid water. A counter-flow arrangement is used in which the incoming water stream comes into contact with the higher temperature superheated refrigerant vapour leaving the compressor and attains a temperature much higher than the condensing temperature of the vapour. 
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   Fig.7 Schematic diagram of a Vapour compression refrigeration cycle with CHE
Fig.8. shows the P-h diagram of vapour compression refrigeration cycle with CHE, for an actual case. Due to the flow of the refrigerant through the condenser, evaporator and piping, there will be drops in pressure. Further, compression will be polytropic with friction and heat transfer instead of isentropic.
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 Fig.8 Actual vapour compression refrigeration cycle on P-h diagram with CHE.

Following are the processes involved in actual vapour compression refrigeration cycle:

11-12 Compression

12-13 Pressure drop at the exit of compressor

13-14 Heat rejection from superheated horn

14-16 Condensation

15-16 Subcooling in condenser

16-17 Expansion

17-19 Evaporation


18-19 Superheating in evaporator

19-11
Pressure drop at the inlet to compressor

Vapour Absorption Refrigeration System
A single-effect absorption refrigeration cycle is the most common and widely used absorption machine to this day. Many literatures concerning this machine are available both theoretically and experimentally [16, 26, and 28]. The working fluid in an absorption refrigeration system is a binary solution consisting of refrigerant and absorbent like water/LiBr. The system consists basically, of a generator, absorber, condenser, evaporator, pump, expansion valves, solution heat exchanger (SHE).
 Low-pressure water vapour from evaporator is absorbed by the solution in the absorber. The flow of the water vapour is maintained by evaporation process within the evaporator, thus creating the necessary refrigeration effect. The absorption process is usually exothermic and, therefore, the absorber requires constant cooling to maintain its temperature. To maintain the strength of the absorbent (lithium–bromide), a quantity of the solution is continuously pumped, at a high-pressure, to the generator where it is heated causing the water to be driven out of the solution, thus drying the absorbent, which is then returned to the absorber via a pressure regulator valve. The high-pressure water vapour flows from the generator to the condenser where it is liquefied and returned, via a throttling valve, to the evaporator, and thus completing the cycle. Coefficient of performance of an absorption refrigeration system is obtained from: 

[image: image10.wmf]cooling capacilty obtained at evaporator

COP  = 

heat input for the generator +  work inp

ut for the pump


Since water is the refrigerant, the pressure difference between the condenser (also the generator) and the evaporator (also the absorber) is very small, therefore, the work input for the pump is normally negligible relative to the heat input at the generator. A heat exchanger may be added to the system as shown in Fig. 9. The SHE heats the cool solution from the absorber on its way to the generator and cools the solution returning from the generator to the absorber.

Thus, the heat load decreases in the generator and the COP increases. High temperature heat supplied to the generator from VCR system is used to evaporate refrigerant out from the solution (rejected out to the surroundings at the condenser) and is used to heat the solution from the absorber temperature (rejected out to the surroundings at the absorber).Thus, irreversibility is caused as high temperature heat at the generator is wasted out at the absorber and the condenser.

In order to reduce this irreversibility, a solution heat exchange is introduced as shown in Fig.9. The heat exchanger allows the solution from the absorber to be preheated before entering the generator by using the heat from the hot solution leaving the generator.
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Fig.9 A continuous absorption refrigeration cycle composes of two processes mentioned 
 in the  earlier figure.


Therefore, the COP is improved as the heat input at the generator is reduced. Moreover, the size of the absorber can be reduced as less heat is rejected. Experimental studies shows that COP can be increased up to 60% when a solution heat exchanger is used [16]. It must be noted that states 8 (saturated liquid), 9 (saturated liquid–vapour mixture), and 10 (saturated vapour) are all water in equilibrium with their temperature and pressure. States 1 and 4 are solutions in equilibrium.
Therefore, their temperature, pressure, and concentration can be indicated directly on the pressure-temperature-concentration (P–T–X) diagram as shown in Fig. 10. However, states 7 (superheated water vapour), 2, 3, 5, and 6 are non-equilibrium liquid. Thus, only their pressure and concentration (not the temperature) can be indicated in P–T–X diagram. Properties of water and lithium–bromide solution have been obtained from software of Engineering Equations Solver (EES) [15].
From the P–T–X diagram, it must be noted that, the concentration of solution cannot be greater than 70%.Beyond this, the solution will solidified or crystallization. Hence, the system cannot be longer operated. Moreover for solution temperature approximately below 105 °C, crystallization is occurred at the solution concentration lower than 70%.
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Fig.10  Single effect vapour absorption Refrigeration cycle on log p-1/T coordinates.
The integrated Refrigeration system is combination of these two refrigeration system it is  shown in Fig.11 below:-
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Fig.11 Schematic diagram of an Integrated Refrigeration System (IRS)
3.2 
Equations based on mass, energy and concentration balance used in the performance analysis.

	3.2.1 Equations of mass balance are the following:

Mass Balance in VAR system
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	Concentration Balance in VAR system
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	3.2.2
Equations of energy balance are the following:


	

	Energy balance in Canopus Heat Exchanger
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	Mass flow rate of refrigerant in VCR
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	Cooling capacity of VCR 
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	Compressor work
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	Heat rejected by condenser
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	Degree of desuperheating
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	Heat Recovered By Canopus Heat Exchanger
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	Mass flow rate of refrigerant in VAR
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	Energy balance in Solution Heat Exchanger
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	Effectiveness of SHE   (Tab=T1=T2 )
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	Heat transfer in Condenser(VAR)
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	Heat balance in Absorber
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	Energy balance in generator
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	Cooling capacity (VAR)
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	Pump work
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	Coefficient of Performance of VCR system
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COP of VAR system
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State variables, temperatures, concentrations and enthalpies of refrigerant, LiBr aqueous solution and steam have calculated by using software Engineering Equation Solver. 
3.3 
Simulation study

Simulation was performed to evaluate the integrated Refrigeration system with the following assumptions:

1.  The flow through all the components is under steady state.

2. The pressure drop due to friction within the absorption refrigeration system can be neglected, except through the expansion valve.

3.  The fluid streams in the piping between the components and the heat exchangers are adiabatic.

4. The strong solution at the outlet of the absorbers and the weak solution at the outlet of the generators are saturated.

5. Refrigerant vapour alone leaves the generators, that is, it does not contain any traces of the absorbent.

6. The temperature and concentration of LiBr aqueous are in equilibrium at the saturated pressure of LiBr aqueous.

7. The LiBr fraction pressure is neglected: i.e. the pressure in the vapour phase is equal to the saturated pressure of water.
3.4   
 Current applications of refrigeration
Most widely-used current applications of refrigeration are for the air-conditioning of private homes and public buildings, and the refrigeration of foodstuffs in homes, restaurants and large storage warehouses. The use of refrigerators in our kitchens for the storage of fruits and vegetables has allowed us to add fresh salads to our diets year round, and to store fish and meats safely for long periods. Dairy products are constantly in need of refrigeration, and it was only discovered in the past few decades that eggs needed to be refrigerated during shipment rather than waiting to be refrigerated after arrival at the grocery store. Meats, poultry and fish all must be kept in climate-controlled environments before being sold. Refrigeration also helps keep fruits and vegetables edible longer.

The theoretical analysis of the system (IRS) has been carried out for the following applications. These are the evaporator temperatures of vapour compression refrigeration system.
1) chilling of water: 
-2°C 
2) Storage of milk: 
-5°C 

3) Ice silo : 

-10°C 

4) Ice cream: 

-20°C 

5) Fishery item:

 -25°C 

6) Cold storage & deep freezer: -30°C 
3.5   
Selection criterion for input parameters and their values 

· Depending upon the six different applications of the system the evaporator temperature has been varied in the range of -1 to -35°C in step of 1°C.

· Normal ambient conditions were the deciding factor for the temperature range of condenser and absorber, which is 30°C to 50°C in step of 1°C.

· The evaporator temperature for the VAR system is taken on the basis of various air conditioning applications and it ranges from 3-12°C.                     .
Analysis of the Integrated Refrigeration System shown in Fig.11 has been carried out in this work is based on the following input parameters:
Effectiveness of SHE  
E =0-1                          

Absorber Temperature  
Tab = 30-50°C                      

Condenser Temperature   
Tc = Tca = 30-50°C                     

Evaporator Temperature (VAR)   
Tea = 3-12°C                       

Evaporator Temperature (VCR)    
Te= -30-0°C
Water inlet temperature 
Tw2=75-85°C


Water outlet temperature 
Tw3=100°C
Tonns of refrigerant(VCR)    
TR=100


Drop in pressure at inlet of compressor  
deltaPci=50 kPa
Drop in pressure at outlet of compressor 
deltaPco=50 kPa 

Drop in pressure in evaporator  
deltaPe=10 kPa


Drop in pressure in condenser (VCR) 
deltaPc=10 kPa
Compressor efficiency



 ηc=0.85
By carrying out the thermodynamic analysis of the system for the conditions stated above the values of temperature T, pressure P, and concentration X at various state points of the cycle have been obtained. The computer program developed in EES [15] is used to compute various the performance parameters of the system such as cooling capacity of VAR system, coefficient of performance of the combine system COPc, solution circulation ratio “scr”, solution heat exchanger effectiveness E, compressor work Wc ,  pump work Wp etc.        

3.6       Solution Methodology in Engineering Equation Solver (EES)
EES is a software package developed by Dr. Sanford Klein of the University of Wisconsin. EES incorporates the programming structures of C and FORTRAN with a built-in iterator, thermodynamic and transport property relations, graphical capacities, numerical integration, and many others useful mathematical functions. By grouping equations that are to be solved simultaneously, EES is able to function at a high rate of computational speed. Ammonia-water mixture properties are calculated in EES using the correlation developed by Ibrahim and Klein (1993).  There are two major differences between EES and existing numerical equations solving programs. First, EES automatically identifies and groups equations that must be solved simultaneously. This feature simplifies the process for the user and ensures that the solver will always operate at optimum efficiency. Second, EES provides many built in mathematical and thermo-physical property functions useful for engineering calculations.  The basic function provided by Engineering Equation Solver (EES) is the numerical solution of non-linear algebraic and differential equations, EES provides built in thermodynamic and transport property functions for many fluids including water, dry and moist air. Included in the property database are thermodynamic properties for H2O-LiBr and NH3-H2O mixtures. Any information between quotation marks [“] or braces [{}] is an optional comment. Variable names must start with a letter. 

A code containing a good library of working fluid properties suitable for heat pumps is the Engineering Equations Solver (EES) [15]. Here the user must write the equations governing the cycle and make sure the set is well-defined. In the case of a non-linear set of equations, the user must check the results to make sure that the mathematical solution is also a physical one. In one form or another, the user has to do a fair amount of programming to lead the simulator toward convergence to the correct solution.

3.7 
Computer Program and Its Output
The computer program for the thermodynamic analysis of the system developed in EES has been given in Appendix A along with its flow diagram for computation procedure. 
3.8 
Performance Calculations
The performance of the system has been calculated by using the above said computer program using refrigerant R-717/ R-22 and the corresponding results for both the refrigerants have been obtained. The results of one sample calculation have been shown in Appendix A. 

3.10
  Validation of the Simulation

In order to validate the present model, the simulation results have been compared with the available numerical data in the literature for vapour absorption refrigeration system. Comparison of results from our program with preliminary results of Arora [13] is tabulated here and the percentage of difference has also been calculated In this simulation, the following values have been used: 

Ta=40°C , Tc=40°C , Te=6°C, Tg=97°C , E=0.8 .
It is observed that the difference in values of heat transferred in various components is between 
0-0.32% and the difference in COP is 0.5%.
Table 3.1. Comparison of results from Computer program with Reference [13].

	Parameters
	From Reference[13]
	From our program
	% difference

	COPa
	0.77
	0.7661
	0.5

	Pca (kPa) 
	7.357
	7.381
	0.32

	Pea (kPa)
	1.2249
	1.2135
	0.93

	Pg (kPa)
	7.357
	7.381
	0.32

	Qab(kW)
	4.35
	4.336
	0.32

	Qca(kW)
	3.77
	3.772
	0.05

	Qea(kW)
	3.5167
	3.5167
	0.0

	Qg (kW)
	4.6
	4.591
	0.19

	mra(kg/s)
	0.0015
	0.0015
	0.0

	ms (kg/s)
	0.00975
	0.01274
	30.00

	mw (kg/s)
	0.00825
	0.01124
	36.24

	Xs %
	55.00
	57.72 
	4.94

	Xw %
	65.00
	65.42
	0.64
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RESULTS AND DISCUSSION


In order to have a numerical appreciation of heat recovery from a vapour compression refrigeration system, a computer program has been developed in Engineering Equation Solver (version 7.929), using the set of input parameters given in previous chapter.
In the present study first of all , degree of desuperheating (DODS) for different refrigerants like R-717, R-32, R-22, R-600, R-500, R-134A, R-502, R-290, R-114, R-124, R-125 and R-507A, have been calculated and plotted as shown in Fig.12. From which it is observed that it is much more relevant to use R717 and R-22 as the refrigerant in VCR as value of DODS for these refrigerants is more as compared to the rest of the refrigerant and it is observed that R-717 is the best from DODS point of view. Also from the point of thermodynamic properties, availability and environment, R-717 is better suited. Though it is comparatively toxic and flammable, it is suitable for Cold storage/Air-conditioning/Ice plant of higher capacities where cost of the refrigerant used is one of the important aspects.

Using our computer program we have calculated the results for a particular set of data. The effect of input parameter on condenser heat output and its distribution over the condenser and Canopus heat exchanger, the fraction of condenser heat available through CHE, the available water temperature and the heat recovery factor have been studied by changing each of the operating parameters while keeping the others constant.

The parametric variations of the input variables have been undertaken to study their effects on the condenser heat recovered through the CHE (CAN) as a function of evaporator temperature for different working fluids, namely R-22 and R-717. 
4.1 Effect of the condenser temperature 
As shown in Figs. 13-26, 46-51, 65-70 the condenser temperature (Tc =Tca) increases from 30-50 ºC, the discharge temperature (T12) also increases from 240-300 ºC. so more amount (170 to 230kW) of heat will be rejected during de-superheating. Utilization of this large amount of waste heat results in increase in cooling capacity (140 to 160 kW) of VAR for an evaporator temperature Te= -30 ºC. As a result of increase in condenser temperature (Tc), ratio of refrigerant to water mass flow rate decreases, but fraction of the condenser heat recovered by the canopus heat exchanger increases, and the combine system performance (COPc) goes down (2.5 to 2). Thermal loads on different components and “scr” also increases. 
4.2 Effect of evaporator temperature 
As evaporator temperature of VCR (Te) decreases from -1to-35°C, cooling capacity obtained for VAR (Qea) increases from 50 to 200kW for R-717 and from 47 to 134kW for R-22. Discharge temperature (T12) increases from 117 to 313°C for R-717 and from 69 to 124°C for R-22. Results are best for ammonia as refrigerant (as shown in Figs. 71-76) when absorber and condenser temperatures are kept equal at 35°C and Tea=7°C, Tw2=85°C. Thermal loads on different component also  increases, the ratio of refrigerant to water mass flow rate decreases, the performance of the system COPc decreases, while the fraction of the condenser heat removed by the Canopus heat exchanger (CAN) increases with decreasing Te as shown in Figs. 28-33,52-58.

An increase in evaporator temperature of VAR (Tea) results a decrease in “scr” value for different condenser temperatures, but at higher condenser temperatures (45°C) rate of decrement in “scr” is higher. But the performance of the system and cooling capacity of VAR slightly increases, as shown in Figs. 27, 59-61and 77.

4.3 Effect of generator  temperature
As inlet water temperature (TW2) increases from 75 to 95°C, the discharge temperature (T12) remain constant, the ratio of the refrigerant to water mass flow rates decreases but system performance COPc and  cooling capacity of VAR system increases slightly(1 to 1.5 %) at Tab=30ºC, Tea=7ºC, Tc=35ºC, E=0.8, ηc=0.85, while the fraction of the condenser heat removed by the CHE remain constant. COPc is more for R-22 as compared to R-717. The “scr” value decreases from 12 to 5 as inlet water temperature (TW2) increases.
Figs. 34-40 ,62,63 and 79-81 show effects of inlet water temperature (TW2) to the CHE (which is equal to the outlet temperature of generator) to the system performance. It was found that, the increase of the generator temperature resulted in an increase in the cooling capacity. This was due to the amount of the refrigerant generated at the generator increased. This also results in a lower “scr” (the solution circulation rate was fixed). The generator heat input was also increased. In overall, this resulted in an improvement of combine COP, and the COPc value is coming more for R-22 as compared to R-717.
The solution concentration in the generator must be maintained at a value higher than that in the absorber. If the generator temperature is too low, the “scr” will be extremely high which results in a very poor COP. It may be concluded that “scr” has a strong effect on the system performance. The lower the “scr”; the higher is the COP. This is because an increase in solution circulation rate requires more heat at the generator for the specified amount of the cooling capacity. This extra amount of heat input is required to heat the sub-cooled-diluted (from the solution heat exchanger) to an equilibrium state at the generator temperature. This heat is then rejected to the surrounding at the absorber. This amount of heat may be called a ‘circulation loss’. To minimize “scr”, the difference between concentration of solution in the generator and in the absorber should be as high as possible. To maintain high concentration of solution in the generator, it must be operated at a high temperature and low condenser pressure while to maintain low concentration of solution in the absorber, it must be operated at low temperature and high evaporator temperature. However, the concentration of solution in the generator can not be greater than 70%, beyond this limit, the solution will be solidified (crystallization) which cause blockage in solution lines. 

4.4  Effect of the absorber temperature
Figs. 41,42,65,82 and 83 show Variation in Coefficient of Performance with varying absorber temperature. The performance of the integrated refrigeration system COPc decreases from 2.45 to 2.32 and the cooling capacity of VAR system decreases from 150kW to 125kW with increase of the absorber temperature from 30 to 45°C at Te=-30ºC, Tea=7ºC, Tc=35ºC, E=0.8, ηc=0.85 which also results in an increase in “scr” value from 50 to 2.4. Thermal load on absorber increases slightly and its value is approximately 175kW. But thermal load on condenser of VAR system decreases from 160 to 130kW.
4.5    Effect of the Effectiveness of SHE 
As the Effectiveness of SHE (E) increases(0-1), the system performance increases from 2.35 to 2.48 and thermal loads on absorber and evaporator of VAR also increases results in higher cooling capacity obtained for VAR as shown in Fig 43-45 . “scr” remains constant for this case.

4.6     Effect of the compressor  Efficiency
As the compressor efficiency increases, the system performance increases from 1 to 2.7 for R-717. Thermal loads on different component and discharge temperature of compressor decreases results in decrease in cooling capacity of VAR from 1300 to 100kW for R-717  but “scr” remains constant, as shown in Fig. 46.

  4.7   Variation in value of DODS with varying evaporator temperature for different refrigerants.
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Fig. 12 Variation in value of DODS with varying evaporator temperature 

for different refrigerants at TR =100,Tc=40°C,ηc=1.0.
Effects of different temperatures and effectiveness on different parameters (COP, DODS, T12, Thermal loads and “scr”) for R-717 and R-22 have tabulated below:

Table 4.1.
Effect of absorber temperature on different parameters for R-717



(at Te= -30ºC,Tea=7ºC,Tw2=85ºC,E=0.8,ηc=0.85)
	Tab
(ºC)
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
	COPa
0.8142
0.8113
0.8083
0.8051
0.8017
0.798
0.7941
0.7895
0.7844
0.7784
0.7712
0.7622
0.7505
0.7341
0.7097
0.6686
	COPc
2.446
2.444
2.441
2.438
2.435
2.432
2.428
2.424
2.42
2.414
2.408
2.4
2.389
2.374
2.352
2.315
	COP%
42.71
42.55
42.39
42.23
42.05
41.86
41.65
41.41
41.14
40.83
40.45
39.98
39.36
38.5
37.22
35.06
	mra
(kg/s)
0.06346
0.06323
0.06299
0.06275
0.06248
0.0622
0.06188
0.06153
0.06114
0.06067
0.06011
0.0594
0.05849
0.05721
0.05531
0.05211
	ms
(kg/s)
0.42
0.4474
0.4778
0.5123
0.5516
0.5973
0.6499
0.7128
0.7873
0.8791
0.9941
1.142
1.341
1.624
2.052
2.782
	mw
(kg/s)
0.3565
0.3841
0.4149
0.4496
0.4892
0.5351
0.588
0.6512
0.7262
0.8185
0.934
1.083
1.282
1.567
1.997
2.73
	Qab
(kW)
175.8
175.8
175.9
175.9
175.9
176
176
176.1
176.1
176.2
176.3
176.4
176.5
176.7
176.9
177.4
	Qca
(kW)
158.8
158.3
157.7
157.1
156.4
155.7
154.9
154
153
151.9
150.4
148.7
146.4
143.2
138.4
130.4
	Qea
(kW)
150.2
149.6
149.1
148.5
147.9
147.2
146.5
145.6
144.7
143.6
142.3
140.6
138.4
135.4
130.9
123.3
	Wpa
(kW)
0.001269
0.001343
0.001426
0.00152
0.001627
0.001751
0.001894
0.002065
0.002269
0.002519
0.002832
0.003236
0.003777
0.004549
0.005716
0.007706
	scr
6.618
7.076
7.586
8.165
8.829
9.603
10.5
11.58
12.88
14.49
16.54
19.23
22.92
28.39
37.1
53.39


Table 4.2. Effect of effectiveness of solution heat exchanger (VAR) on different parameters 

for R-717 (at Te= -30ºC,Tea=7ºC,Tw2=85ºC,E=0.8,ηc=0.85)
	E

0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
0.5
0.55
0.6
0.65
0.7
0.75
0.8
0.85
0.9
0.95
1
	COPa
0.7097
0.7154
0.7212
0.7272
0.7332
0.7393
0.7456
0.7519
0.7584
0.7649
0.7716
0.7784
0.7853
0.7924
0.7995
0.8068
0.8142
0.8218
0.8295
0.8374
0.8454
	COPc
2.352
2.358
2.363
2.368
2.374
2.379
2.385
2.39
2.396
2.402
2.408
2.414
2.42
2.427
2.433
2.44
2.446
2.453
2.46
2.467
2.474
	COP%
37.22
37.52
37.83
38.14
38.46
38.78
39.1
39.44
39.78
40.12
40.47
40.83
41.19
41.56
41.93
42.32
42.71
43.1
43.51
43.92
44.34
	mra
(kg/s)
0.05531
0.05575
0.05621
0.05667
0.05714
0.05762
0.05811
0.0586
0.0591
0.05961
0.06013
0.06066
0.0612
0.06175
0.06231
0.06288
0.06346
0.06405
0.06465
0.06526
0.06588
	ms
(kg/s)
0.366
0.369
0.372
0.3751
0.3782
0.3813
0.3845
0.3878
0.3911
0.3945
0.398
0.4015
0.405
0.4087
0.4124
0.4161
0.42
0.4239
0.4278
0.4319
0.436
	mw
(kg/s)
0.3107
0.3132
0.3158
0.3184
0.321
0.3237
0.3264
0.3292
0.332
0.3349
0.3378
0.3408
0.3438
0.3469
0.3501
0.3533
0.3565
0.3598
0.3632
0.3666
0.3701
	Qab
(kW)
176.9
176.9
176.8
176.7
176.7
176.6
176.5
176.5
176.4
176.3
176.3
176.2
176.1
176
176
175.9
175.8
175.7
175.7
175.6
175.5
	Qca
(kW)
138.4
139.6
140.7
141.8
143
144.2
145.4
146.7
147.9
149.2
150.5
151.8
153.2
154.6
156
157.4
158.8
160.3
161.8
163.3
164.9
	Qea
(kW)
130.9
132
133
134.1
135.2
136.4
137.5
138.7
139.9
141.1
142.3
143.6
144.9
146.2
147.5
148.8
150.2
151.6
153
154.5
155.9
	Wpa
(kW)
0.001106
0.001115
0.001124
0.001133
0.001142
0.001152
0.001162
0.001171
0.001182
0.001192
0.001202
0.001213
0.001224
0.001234
0.001246
0.001257
0.001269
0.00128
0.001292
0.001305
0.001317


Table 4.3. Effect of water inlet temperature at CHE on different parameters for R-717


(at Te= -30ºC,Tea=7ºC,Tc=35ºC, Tab=30ºC, E=0.8,ηc=0.85)
	Tw2
(ºC)
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
	E1
0.9774
0.9783
0.9791
0.98
0.9809
0.9817
0.9826
0.9835
0.9844
0.9853
0.9862
0.9871
0.988
0.9889
0.9898
0.9907
0.9916
0.9925
0.9935
0.9944
0.9953
	T12
(ºC)
256.6
256.6
256.6
256.6
256.6
256.6
256.6
256.6
256.6
256.6
256.6
256.6
256.6
256.6
256.6
256.6
256.6
256.6
256.6
256.6
256.6
	COPa
0.8114
0.8135
0.815
0.8158
0.8163
0.8164
0.8163
0.816
0.8155
0.8149
0.8142
0.8135
0.8127
0.8118
0.811
0.8101
0.8092
0.8083
0.8073
0.8064
0.8055
	COPc
2.437
2.44
2.442
2.443
2.444
2.445
2.446
2.446
2.446
2.446
2.446
2.446
2.446
2.446
2.446
2.446
2.446
2.446
2.446
2.445
2.445
	COP%
42.18
42.33
42.44
42.52
42.58
42.63
42.66
42.68
42.69
42.7
42.71
42.71
42.7
42.7
42.69
42.68
42.67
42.66
42.66
42.65
42.64
	mw2
(kg/s)
0.07921
0.07935
0.0795
0.07964
0.07978
0.07992
0.08006
0.08021
0.08035
0.0805
0.08064
0.08079
0.08093
0.08108
0.08123
0.08137
0.08152
0.08167
0.08182
0.08197
0.08212
	Qab
(kW)
175.5
175.5
175.5
175.5
175.6
175.6
175.6
175.7
175.7
175.8
175.8
175.9
175.9
176
176
176.1
176.1
176.2
176.2
176.3
176.3
	Qca
(kW)
155.7
156.3
156.9
157.3
157.6
157.9
158.2
158.4
158.5
158.7
158.8
159
159.1
159.2
159.3
159.3
159.4
159.5
159.6
159.7
159.8
	Qea
(kW)
148.3
148.9
149.2
149.5
149.7
149.9
150
150.1
150.1
150.2
150.2
150.2
150.2
150.2
150.1
150.1
150.1
150
150
150
150
	Qg
(kW)
182.8
183
183.1
183.3
183.5
183.6
183.8
184
184.1
184.3
184.5
184.6
184.8
185
185.1
185.3
185.5
185.6
185.8
186
186.2
	scr
12.42
11.3
10.4
9.646
9.013
8.465
7.996
7.586
7.225
6.905
6.618
6.36
6.127
5.917
5.724
5.546
5.383
5.232
5.093
4.963
4.842


Table 4.4. Effect of water inlet temperature at CHE on different parameters for R-22


(at Te= -30ºC,Tea=7ºC,Tc=35ºC, Tab=30ºC, E=0.8,ηc=0.85)
	Tw2
(ºC)
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
	E1
0.9774
0.9783
0.9791
0.98
0.9809
0.9817
0.9826
0.9835
0.9844
0.9853
0.9862
0.9871
0.988
0.9889
0.9898
0.9907
0.9916
0.9925
0.9935
0.9944
0.9953
	T12
(ºC)
110.7
110.7
110.7
110.7
110.7
110.7
110.7
110.7
110.7
110.7
110.7
110.7
110.7
110.7
110.7
110.7
110.7
110.7
110.7
110.7
110.7
	COPa
0.8114
0.8135
0.815
0.8158
0.8163
0.8164
0.8163
0.816
0.8155
0.8149
0.8142
0.8135
0.8127
0.8118
0.811
0.8101
0.8092
0.8083
0.8073
0.8064
0.8055
	COPc
2.49
2.492
2.494
2.495
2.496
2.497
2.497
2.497
2.497
2.498
2.498
2.498
2.498
2.498
2.497
2.497
2.497
2.497
2.497
2.497
2.497
	COP%
31.65
31.76
31.84
31.9
31.95
31.98
32.01
32.02
32.03
32.04
32.04
32.04
32.04
32.04
32.03
32.03
32.02
32.01
32.01
32
31.99
	mw2
(kg/s)
0.05944
0.05954
0.05965
0.05975
0.05986
0.05997
0.06007
0.06018
0.06029
0.0604
0.06051
0.06062
0.06073
0.06084
0.06095
0.06106
0.06117
0.06128
0.06139
0.0615
0.06162
	Qab
(kW)
131.7
131.7
131.7
131.7
131.7
131.8
131.8
131.8
131.8
131.9
131.9
132
132
132
132.1
132.1
132.1
132.2
132.2
132.3
132.3
	Qca
(kW)
116.8
117.3
117.7
118
118.3
118.5
118.7
118.8
119
119.1
119.2
119.3
119.3
119.4
119.5
119.6
119.6
119.7
119.8
119.8
119.9
	Qea
(kW)
111.3
111.7
112
112.2
112.4
112.5
112.6
112.6
112.7
112.7
112.7
112.7
112.7
112.7
112.6
112.6
112.6
112.6
112.6
112.5
112.5
	Qg
(kW)
137.2
137.3
137.4
137.5
137.7
137.8
137.9
138
138.1
138.3
138.4
138.5
138.7
138.8
138.9
139
139.2
139.3
139.4
139.5
139.7
	scr
12.42
11.3
10.4
9.646
9.013
8.465
7.996
7.586
7.225
6.905
6.618
6.36
6.127
5.917
5.724
5.546
5.383
5.232
5.093
4.963
4.842


Table 4.5. Effect of condenser temperature at CHE on different parameters for R-22


(at Te= -30ºC,Tea=7ºC , Tab=30ºC, E=0.8,ηc=0.85)
	Tc=Tca
(ºC)
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
	T12
(ºC)
297
300.3
303.6
306.8
310.1
313.3
316.6
319.8
323
326.2
329.4
332.6
335.8
339
342.1
345.2
348.4
351.5
354.6
357.7
360.8
	COP
1.467
1.445
1.422
1.401
1.379
1.359
1.338
1.318
1.299
1.28
1.261
1.243
1.225
1.207
1.19
1.173
1.156
1.14
1.124
1.108
1.093
	COPa
0.8222
0.8208
0.8193
0.8177
0.8161
0.8142
0.8122
0.81
0.8075
0.8046
0.8012
0.7972
0.7925
0.7868
0.7796
0.7704
0.7581
0.7411
0.716
0.6757
0.6002
	COPc
2.211
2.187
2.164
2.141
2.119
2.096
2.074
2.053
2.031
2.01
1.989
1.967
1.945
1.923
1.899
1.874
1.847
1.815
1.777
1.725
1.641
	COP%
50.69
51.41
52.13
52.85
53.58
54.29
55
55.7
56.39
57.05
57.68
58.27
58.81
59.27
59.61
59.8
59.72
59.26
58.11
55.65
50.16
	DODS%
37.18
37.53
37.88
38.24
38.59
38.95
39.3
39.66
40.01
40.36
40.72
41.07
41.43
41.78
42.13
42.49
42.84
43.19
43.55
43.9
44.26
	Qab
(kW)
206.6
209.9
213.3
216.6
220.1
223.5
227
230.6
234.1
237.8
241.4
245.2
249
252.8
256.7
260.7
264.8
269.1
273.5
278.2
283.6
	Qc
(kW)
591.4
595.1
598.9
602.8
606.6
610.5
614.5
618.4
622.4
626.5
630.5
634.7
638.8
643
647.2
651.5
655.8
660.2
664.6
669
673.5
	Qca
(kW)
188.4
191.1
193.8
196.5
199.2
201.9
204.6
207.2
209.8
212.3
214.6
216.8
218.9
220.6
221.9
222.6
222.3
220.6
216.3
207.2
186.8
	Qea
(kW)
178.3
180.8
183.3
185.9
188.4
190.9
193.4
195.9
198.3
200.6
202.9
204.9
206.8
208.4
209.7
210.3
210.1
208.4
204.4
195.7
176.5
	Qg
(kW)
216.8
220.3
223.8
227.3
230.9
234.5
238.2
241.9
245.6
249.4
253.2
257.1
261
264.9
268.9
273
277.1
281.2
285.4
289.7
294


4.8    Results for R-717
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Fig.13 Variation in compressor outlet temperature with varying condenser temperature for different evaporator temperature at Tab=30ºC, Tea=7ºC, Tw2=85ºC, E=0.8, ηc=0.85.
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Fig. 14  Variation in degree of desuperheating with varying condenser temperature at different evaporator  temperatures at Tab=30ºC,Tea=7ºC, Tw2=85ºC, E=0.8, ηc=0.85..
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Fig.15 Variation in % degree of desuperheating with varying condenser temperature  atdifferent evaporator  temperatures at Tab=30ºC,Tea=7ºC, Tw2=85ºC, E=0.8, ηc=0.85.
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Fig.16. Variation in cooling capacity of VAR with varying condenser temperature at different evaporator temperature of VCR  at Tab=30ºC,Tea=3ºC,Tw2=85ºC, E=0.8, ηc=0.85.
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     Fig.17  Variation in cooling capacity of VAR with varying condenser temperature at different   evaporator  temperature of VCR at Tab=30ºC,Te=0ºC,Tw2=85ºC, E=0.8, ηc=0.85.
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Fig.18. Variation in cooling capacity of VAR with varying Condenser temperature at different evaporator temperature of VAR  at Tab=30ºC, Te=-5ºC, Tw2=85ºC, E=0.8, ηc=0.85.
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    Fig.19 Variation in heat added to evaporator of VAR with varying condenser temperature 

at different evaporator temperatures at Tab=30ºC, Tea=7ºC, Tw2=85ºC, E=0.8, ηc=0.85.
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  Fig.20 Variation in thermal loads with varying condenser temperature 

at Tab=30ºC,Tea=7ºC, Te=-30ºC, Tw2=85ºC, E=0.8, ηc=0.85.
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Fig.21Variation in coefficient of performance with varying condenser temperature at different evaporator temperature of VAR at Tab=30ºC, Te=-5ºC,Tw2=85ºC, E=0.8, ηc=0.85.
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Fig. 22 Variation in coefficient of performance with varying condenser temperature at 

different   evaporator temperature of VCR at Tab=30ºC, Tea=3ºC, Tw2=85ºC, E=0.8, ηc=0.85.
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  Fig.23 Variation in coefficient of performance with varying condenser temperature at 

   different    evaporator temperature of VAR at Te=0ºC, Tab=30ºC,Tw2=85ºC, E=0.8, ηc=0.85.
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Fig.24 Variation in coefficient of performance with varying condenser temperature at   different evaporator temperatures at Tab=30ºC,Tea=7ºC,Tw2=85ºC, E=0.8, ηc=0.85.
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         Fig.25 Variation in coefficient of performance with varying condenser temperature 

at Te=-30ºC,Tab=30ºC,Tea=7ºC,Tw2=85ºC, E=0.8, ηc=0.85.
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Fig. 26 Variation in % of coefficient of performance increase  with varying condenser temperature     

at different evaporator  temperatures at Tab=30ºC,Tea=7ºC,Tw2=85ºC, E=0.8, ηc=0.85.
[image: image53.emf]0

5

10

15

20

25

30

35

40

45

50

3 4 5 6 7 8 9 10

Tea(ºC)

 scr

Tc=45ºC

Tc=40ºC

Tc=35ºC

Tc=30ºC


Fig.27  Variation in Solution circulation ratio with varying evaporator temperature of VAR 

at different condenser temperature at Tab=30ºC,Te=-30ºC,Tw2=85ºC,E=0.8, ηc=0.85.
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Fig.28  Variation in evaporator temperature with varying condenser temperature for 

different condenser temperature at Tab=30ºC, Tea=7ºC, Tw2=85ºC, E=0.8, ηc=0.85.
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Fig.29  Variation in cooling capacity of VAR with varying  evaporator temperature of VCR 

 
at different absorber temperatures at Tea=7ºC ,Tc=40ºC, Tw2=85ºC, E=0.8, ηc=0.85. 
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Fig.30 Variation in cooling capacity of VAR with varying evaporator temperature at different 

water outlet (generator) temperatures at Tab=30ºC, Tc=40ºC, Tea=7ºC, E=0.8, ηc=0.85.
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Fig. 31 Variation in cooling capacity of VAR with varying evaporator temperature of VCR 

       at different absorber and condenser temperatures at Tea=7ºC, Tw2=85ºC, E=0.8, ηc=0.85.
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Fig.32 Variation in coefficient of performance with varying evaporator temperature of VCR 

at different absorber temperatures at Te=7ºC, Tc=40ºC, Tw2=85ºC, E=0.8, ηc=0.85.
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Fig.33 Variation in coefficient of performance with varying  evaporator temperature 

at  Tea=7ºC,Tw2=85ºC, E=0.8, ηc=0.85.
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Fig.34 Variation in cooling capacity of VAR with varying cooling water inlet temperature 

for   CHE at Tab=30ºC,Tea=7ºC, Tc=35ºC, E=0.8, ηc=0.85.
 [image: image61.emf]140

145

150

155

160

165

170

175

180

185

190

75 77 79 81 83 85 87 89 91 93 95

Tw2ºC

Thermal Load Q (kW)

Qg (KW)

Qab(KW

)

Qca(KW)

Qea(KW)


Fig.35 Variation in thermal loads in VAR with varying cooling water inlet temperature 
           for CHE at Tab=30ºC,Tea=7ºC,Te=-30ºC, Tc=35ºC, E=0.8, ηc=0.85.
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Fig.36 Variation in coefficient of performance with varying cooling water inlet temperature
for CHE at Tab=30ºC, Tea=7ºC, Tc=35ºC, E=0.8, ηc=0.85.
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Fig.37 Variation in solution circulation ratio with varying cooling water inlet Temperature 

For CHE at Tab=30ºC, Tea=7ºC, Tc=35ºC, E=0.8, ηc=0.85.
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Fig.38 Variation in effectiveness with varying cooling water inlet temperature for CHE 
at Te =- 30°C,Tab=30°C,Tc=35°C,Tea=7ºC,E=0.8,ηc=0.85.
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Fig.39 Comparison of COPa and scr values with varying cooling water inlet 
temperature for CHE  (at  Te=-30°C, Tc=35°C, Tea=7ºC,E=0.8,ηc=0.85)
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Fig.40 Comparison of COPc and scr values with varying cooling water inlet 
temperature for CHE (at Te =- 30°C, Tab=30°C, Tc=35°C,Tea=7ºC,E=0.8,ηc=0.85)
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Fig.41 Comparison of COPc and scr values with varying absorber temperature

 (at Te =- 30°C, Tc=35°C,Tea=7ºC, E=0.8, ηc=0.85)
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Fig.42 Variation in thermal loads with varying Absorber temperature 

           

 at Tw2=85ºC,Tea=7ºC,Te=-30ºC, Tc=35ºC, E=0.8, ηc=0.85.
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Fig.43 Variation in cooling capacity of VAR with varying effectiveness of SHE at different 

absorber and condenser temperatures at Tea=7ºC, Te=-30ºC, Tw2=85ºC, ηc=0.85.
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Fig.44 Variation in Coefficient of Performance with varying Effectiveness of SHE at   

different water inlet temperatures at Te =- 30°C, Tab=30°C, Tc=35°C, Tea=7ºC, ηc=0.85.
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Fig.45 Variation in thermal loads in VAR with varying effectiveness of SHE 

at Te =- 30°C, Tab=30°C, Tc=35°C, Tea=7ºC, ηc=0.85.
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Fig.46 Variation in cooling capacity of VAR with varying compressor efficiency at different 

absorber and condenser temperatures at Tea=7ºC, Te=-30ºC, Tw2=85ºC, E=0.8.

4.9      Results for R-22
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Fig.47 Variation in compressor outlet temperature with varying condenser temperature   for  different evaporator temperature at Tab=30ºC, Tea=7ºC, Tw2=85ºC, E=0.8, ηc=0.85.
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Fig.48 Variation in degree of desuperheating with varying condenser temperature at  different evaporator temperature at Tab=30ºC, Tea=7ºC, Tw2=85ºC, E=0.8, ηc=0.85.
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Fig.49 Variation in cooling capacity of VAR with varying condenser temperature of VAR at      

different  evaporator  temperatures of VCR at Tab=30ºC, Tea=7ºC, Tw2=85ºC, E=0.8, ηc=0.85.
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Fig.50 Variation in coefficient of performance with varying condenser temperature for 

      different evaporator temperature Tab=30ºC, Tea=7ºC, Tw2=85ºC, E=0.8, ηc=0.85 for R22.
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Fig.51 Variation in thermal loads with varying condenser temperature 

  
at Tab=30ºC, Tea=7ºC, Tw2=85ºC, E=0.8, ηc=0.85 for R22.
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 Fig.52 Variation in coefficient of performance with varying condenser temperature 

at Tab=30ºC,Tea=7ºC,Te=-30ºC, Tw2=85ºC, E=0.8, ηc=0.85 for R22.
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Fig.53 Variation in compressor outlet temperature with varying evaporator temperature for different condenser temperature at Tab=30ºC, Tea=7ºC, Tw2=85ºC, E=0.8, ηc=0.85 for R-22.
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Fig. 54 Variation in degree of desuperheating with varying Evaporator temperature at different condenser temperature at Tab=30ºC, Tea=7ºC, Tw2=85ºC, E=0.8, ηc=0.85 for R22.
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Fig.55 Variation in thermal loads with varying evaporator temperature 

at Tab=30ºC,Tea=7ºC,Tw2=85ºC, E=0.8, ηc=0.85 for R-22.
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Fig.56 Variation in heat added to evaporator of VAR with varying evaporator temperature 

at different condenser temperatures at Tab=30ºC, Tea=7ºC, Tw2=85ºC, E=0.8, ηc=0.85 for R-22.
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Fig.57 Variation in Coefficient of Performance with varying evaporator temperature at different condenser temperature at Tab=30ºC, Tea=7ºC, Tw2=85ºC, E=0.8,ηc=0.85 for R22.

Fig.58 Variation in %increase in coefficient of performance with varying evaporator temperature at different condenser temperature at Tab=30ºC, Tea=7ºC, Tw2=85ºC, E=0.8, ηc=0.85 for R22.
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Fig.59 Variation in heat added to evaporator of VAR with varying evaporator temperature of VAR at different evaporator  temperatures of VCR at Tab=Tc=30ºC, Tw2=85ºC, E=0.8, ηc=0.85 for R22.
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Fig.60  Variation in coefficient of performance with varying evaporator temperature of VAR at different evaporator temperatures of VCR at Tab=Tc=30ºC, Tw2=85ºC, E=0.8, ηc=0.85 for R22.
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   Fig.61  Variation in coefficient of performance with varying evaporator temperature of VAR at  different condenser temperatures at Tab=30ºC,Te=-30ºC, Tw2=85ºC, E=0.8, ηc=0.85 for R22.
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Fig.62 Variation in solution circulation ratio with varying evaporator temperature of VAR at 

different condenser temperature at Tab=30ºC, Te=-30ºC, Tw2=85ºC, E=0.8, ηc=0.85 for R22.
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Fig.63 Variation in thermal loads in VAR with varying cooling water   inlet temperature 
for CHE at Te =- 30°C,Tab=30°C, Tc=35°C, Tea=7ºC, E=0.8, ηc=0.85 for R-22.
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Fig.64 Comparison of COPc and scr values with cooling water   inlet temperature

 (at Te =-30°C ,Tab=30°C,Tc=35°C,Tea=7ºC, E=0.8, ηc=0.85)
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Fig. 65 Comparison of COPc and scr values with absorber  temperature 

(at Te =-30°C,Tw2=85°C, Tc=35°C, Tea=7ºC, E=0.8, ηc=0.85)
4.10
Comparison  of results for the Refrigerants R-717 and R-22
[image: image91.emf] 

0

50

100

150

200

250

300

350

30 32 34 36 38 40 42 44 46 48 50

Tc(ºC)

T12(ºC)

R717

R22


Fig. 66 Variation in compressor outlet temperature with varying condenser temperature 

for different refrigerants at Tab=30ºC,Tea=7ºC, Te=-30ºC,Tw2=85ºC,E=0.8,ηc=0.85.
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Fig. 67  Variation in degree of desuperheating with varying condenser temperature for 

different refrigerants at Tab=30ºC,Tea=7ºC, Te=-30ºC,Tw2=85ºC, E=0.8, ηc=0.85.
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Fig. 68  Variation in cooling capacity of VAR with varying condenser temperature for 

different refrigerants at Tab=30ºC, Tea=7ºC, Te=-30ºC, Tw2=85ºC, E=0.8, ηc=0.85.
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 Fig. 69 Variation in coefficient of performance with varying condenser temperature 

for different refrigerants at Tab=30ºC, Tea=7ºC, Te=-30ºC, Tw2=85ºC, E=0.8, ηc=0.85.
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Fig. 70 Variation in % increase in coefficient of performance with varying condenser temperature 

 
for different refrigerants at Tab=30ºC, Tea=7ºC, Te=-30ºC,Tw2=85ºC, E=0.8, ηc=0.85.
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Fig. 71 Variation in mass flow rate of water in CHE with varying condenser temperature 

for different refrigerants at Tab=30ºC,Te=-30ºC, Tea=7ºC, Tw2=85ºC, E=0.8, ηc=0.85.
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Fig. 72 Variation in compressor outlet temperature with varying evaporatore temperature 

for different refrigerants at Tab=30ºC, Tc=35ºC, Tea=7ºC, Tw2=85ºC, E=0.8, ηc=0.85.
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Fig. 73  Variation in degree of desuperheating with varying evaporator temperature for 

different refrigerants at Tab=30ºC, Tc=35ºC, Tea=7ºC, Tw2=85ºC, E=0.8, ηc=0.85.
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Fig. 74 Variation in heat added to evaporator of VAR with varying evaporator temperature 

of VCR for different refrigerants Tab=30ºC, Tc=35ºC, Tea=7ºC,Tw2=85ºC, E=0.8, ηc=0.85
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Fig. 75 Variation in coefficient of performance with varying Evaporator temperature 

       for different refrigerants at Tab=30ºC, Tc=35ºC,Tea=7ºC, Tw2=85ºC, E=0.8, ηc=0.85.
[image: image101.emf] 

0

10

20

30

40

50

60

-1 -3 -5 -7 -9 -11 -13 -15 -17 -19 -21 -23 -25 -27 -29 -31 -33 -35

Te(ºC)

%COP

R717

R22


Fig. 76 Variation in % increase in coefficient of performance with varying evaporator temperature  

For different refrigerants at Tab=30ºC, Tc=35ºC, Tea=7ºC,Tw2=85ºC, E=0.8, ηc=0.85.
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Fig. 77 Variation in mass flow rate of water in CHE with varying evaporator temperature 

for different refrigerants at Tab=30ºC, Tc=35ºC, Tea=7ºC, Tw2=85ºC, E=0.8,ηc=0.85.
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 Fig. 78 Variation in % increase in coefficient of performance with varying evaporator temperature 

 
of VAR  for different refrigerants at Tab=30ºC, Te=-30ºC, Tc=35ºC, Tw2=85ºC, E=0.8,ηc=0.85.
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Fig. 79 Variation in coefficient of performance with varying cooling water inlet  temperature for CHE for different refrigerants at Te =- 30°C, Tab=30°C, Tc=35°C, Tea=7ºC, E=0.8, ηc=0.85.
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Fig. 80 Variation in thermal load on Generator with varying cooling water inlet temperature 
for CHE for different refrigerants at Te=30°C, Tab=30°C, Tc=35°C, Tea=7ºC, E=0.8, ηc=0.85.
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Fig. 81 Variation in mass flow rate of water with varying cooling water inlet  temperature in CHE for different refrigerants at Te =- 30°C,Tab=30°C, Tc=35°C,Tea=7ºC, E=0.8, ηc=0.85.
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Fig. 82 Variation in coefficient of performance with varying absorber temperature 
     for different refrigerants at Te =- 30°C, Tw2=85°C,Tc=35°C,Tea=7ºC, E=0.8, ηc=0.85.
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Fig. 83 Variation in heat added to evaporator of VAR with varying absorber   temperature for different refrigerants at Te =- 30°C,Tw2=85°C,Tc=35°C,Tea=7ºC, E=0.8, ηc=0.85.
Chapter 5
CONCLUSIONS


Present study is related to VCR, VAR systems and their integration with different systems. Apart from the other studies, this work focuses on waste heat recovery from superheat horn of vapour compression system. A detailed thermodynamic analysis of the integrated refrigeration system has been performed. The analysis has been done according to the applications of refrigeration. First of all variation of DODS with varying evaporator temperature of VCR system for different refrigerants have been carried out. (Fig. 12), then the analysis has been done for the two most appropriate refrigerants R-717 and R-22.
On comparison of results for both the refrigerants it is concluded that for utilization of waste heat, R-717 is a better refrigerant used in VCR system. 

 A computer program has been made in Engineering Equation Solver (version 7.929) [15] to predict the performance of Integrated Refrigeration System (IRS). The effects of the effectiveness of heat exchanger and temperatures of the evaporator, condenser, absorber and generator on the Coefficient of performance (COP) of the cycle and cooling capacity obtained for VAR of IRS have also been studied. The results from the computer program are compared with a set of reference data [13]. Results indicated that the integrated systems could provide a high coefficient of performance. The value of COP of this system is found to be about 2–6 .This increase in COP is about 42% as compared to the VCR system and the cooling capacity(Qea) obtained in VAR system is about 150 KW by using the waste heat from superheat horn of a vapour compression refrigeration system , for an evaporating temperature(VAR) of 3 to 12ºC and -1 ºC to-35 ºC to that of VCR with a heat input to generator at 100 ºC , a condensing temperature of 30–45 ºC and absorber temperatures also at 30–40 ºC. A comparison between the R22 and R717 working fluids performances is also presented.

The following conclusions can be drawn:

· Cooling capacity of VAR (Qea) increases, as evaporator temperature of VCR (Te) decreases. This value also increases with an increase in condenser temperature, cooling water inlet (CHE) temperature, evaporator temperature of VAR (Tea) and effectiveness of solution heat exchanger. Whereas cooling capacity of VAR system decreases with an increase in absorber temperature.
· Coefficient of performance (COPc) of IRS increases with increase in evaporator temperature of VAR (Tea) , cooling water inlet (CHE) temperature, effectiveness of solution heat exchanger (E) and compressor efficiency but  it decreases with increase in condenser temperature (Tc) and absorber Temperature (Tab) and with decrease in evaporator temperature of VCR (Te).
· As inlet water temperature (TW2) to canopus heat exchanger (CHE) increases,  its efficiency  also increases slightly. 

· Results are better for R-717 (ammonia) as refrigerant.
The computational analysis has allowed the determination of the best energetic performance of the system. The analysis can represent a real system with a reasonable accuracy and is useful for future research work of Integrated Refrigeration System (IRS).
Chapter 6

RECOMMENDATIONS FOR FUTURE WORK


 1. Exergy analysis should be carried out for this Integrated refrigeration system 
 2. Thermo-economic optimization can be performed for optimal design of the system.

Appendix  A

Computer Program
{Vapour Absorption Cycle Libr-H2O}

Pca=Pg    
{ Generator and condenser  pressure} 

Pab=Pea   
{ Absorber and evaorator pressure}

ms=mra+mw
{mass balance in VAR}

ms*Xs=mw*Xw

mra=Qea/(h10-h9)

Pea=P_sat(Steam,T=Tea)
{Evaporator Pressure}

Pg=P_sat(Steam,T=Tca)
{Generator Pressure}

Tg=Tw4-5   
{Generator Temprature} 
 

Xw=X_LIBR('SI' ,Tg,Pg)

h8=Enthalpy(Steam,T=Tca,x=0)

h9=h8

h10=Enthalpy(Steam,T=Tea,x=1)

h4=H_LIBR('SI' ,Tg,Xw)

E=(Tg-T5)/(Tg-Tab) 

h7=Enthalpy(Steam,T=Tg,P=Pg)

Vg=V_LIBR('SI' ,Tab,Xs)                  
   {Specific vol.}

Wpa=ms*Vg*(Pg-Pab)/1000

Wpa=ms*(h2-h1)                                   
   {Pump work}

h5=H_LIBR('SI' ,T5,Xw)

h5=h6

ms*(h3-h2)=mw*(h4-h5)

Xs=X_LIBR('SI' ,Tab,Pab)

h1=H_LIBR('SI',Tab,Xs)

ms*h3+Qg=mw*h4+mra*h7       
 { Energy balance in generator  }

Cpw2=Cp(Water,T=Tw3,P=101.3)

Qg=mw2*Cpw2*(Tw3-Tw2)+mw2*hfg_Tw3
{Heat added to Generator }

hfg_Tw3=Enthalpy(Water,T=Tw3,x=1)-Enthalpy(Water,T=Tw3,x=0)      
 

Qca=mra*(h7-h8)
 {Heat transffer  Condenser }                  


Qab+ms*h1=mra*h10+mw*h6
 {Energy balance in absorber}

Check1=Qg+Qea+Wpa+Qe+Wc

Check2=Qca+Qab+Qc

COPa=Qea/(Wpa+Qg)

scr=ms/mra

{Actual Vapour compression cycle}

T17=Te

P17=P_sat(R717,T=T17)

P18=P17-deltaPe

h18=Enthalpy(R717,P=P18,x=1)

s18=Entropy(R717,P=P18,x=1)

P18=P19

T18=Temperature(R717,P=P18,x=1)

T19=T18+5

h19=Enthalpy(R717,P=P19,T=T19)

h19=h11

P11=P19-deltaPci

T11=Temperature(R717,P=P11,h=h11)

s11=Entropy(R717,h=h11,P=P11)

s11=s12s

h12s=Enthalpy(R717,s=s12s,P=P12)

h12=h11-(h11-h12s)/nc

h12=h13

P13=Pc

T13=Temperature(R717,P=Pc,h=h13)

P12=Pc+deltaPco

Pc=P_sat(R717,T=Tc)

T12=Temperature(R717,P=P12,h=h12)

P14=Pc-2

T14=T_sat(R717,P=P14)

h14=Enthalpy(R717,P=P14,x=1)

P15=Pc-deltaPc

h15=Enthalpy(R717,P=P15,x=0)

s15=Entropy(R717,P=P15,x=0)

T15=T_sat(R717,P=P15)

T15-T16=5

P15=P16

h16=Enthalpy(R717,T=T16,P=P16)

h16=h17

mw2*Cpw*(Tw3-Tw2)+mw2*hfg_Tw3=mr*(h13-h14){ Energy balance in Canopus Heat Exchanger  }

Cpw=Cp(Water,T=Tc,P=Pc)

COP=(h19-h17)/(h12-h11)

mr=TR*3.5168/(h19-h17)
{mass flow rate of refrigerant}

Qe=TR*3.5168

Wc=mr*(h12-h11)
{Compressor work}

DODS=mr*(h13-h14)
{Degree of desuperheating}

Qc=mr*(h13-h16)
{Heat rejected by condenser+CHE}

DODS%=(DODS*100)/Qc

COP%=(COPc-COP)*100/COP

QE%=Qea*100/Qe

CAN=mw2*cpw*(Tw3-Tw2) +mw2*hfg_Tw3         {Heat Recovered By Canopus Heat Exchanger}

E1=Qg/DODS

COPc=(Qea+Qe) / (Wpa+Wc)

Output of Computer program using R-717 as refrigerant in VCR

CAN=187 

Check1=891.5 

Check2=891.5 

COP=1.714 

COP%=42.71 

COPa=0.8142 

COPc=2.446 

Cpw=4.18 

Cpw2=2.044 

deltaPc=10 

deltaPci=50 

deltaPco=50 

deltaPe=10 

DODS=187 

DODS%=33.59 

E=0.8 

E1=0.9862 

h1=63.11 

h10=2513 

h11=1432 

h12=2069 

h12s=1973 

h13=2069 

h14=1488 

h15=364.7 

h16=340.6 

h17=340.6 

h18=1420 

h19=1432 

h2=63.12 

h3=127.8 

h4=196.4 

h5=120.1 

h6=120.1 

h7=2650 

h8=146.6 

h9=146.6 

hfg_Tw3=2257 

m1=3.995 

mr=0.3222 

mra=0.06346 

ms=0.42 

mw=0.3565 

mw2=0.08064 

nc=0.85 

P11=59.4 

P12=1401 

P13=1351 

P14=1349 

P15=1341 

P16=1341 

P17=119.4 

P18=109.4 

P19=109.4 

Pab=1.002 

Pc=1351 

Pca=5.627 

Pea=1.002 

Pg=5.627 

Qab=175.8 

Qc=556.8 

Qca=158.8 

Qe=351.7 

QE%=42.71 

Qea=150.2 

Qg=184.5 

s11=6.435 

s12s=6.435 

s15=1.562 

s18=6.095 

scr=6.618 

T11=-29.79 

T12=256.6 

T13=256.3 

T14=34.95 

T15=34.74 

T16=29.74 

T17=-30 

T18=-31.78 

T19=-26.78 

T5=40 

Tab=30 

Tc=35 

Tca=35 

Te=-30 

Tea=7 

Tg=80 

TR=100 

Tw2=85 

Tw3=100 

Tw4=85 

Vg=0.6532 

Wc=205.1 

Wpa=0.001269 

Xs=51.62 

Xw=60.

Flow Diagram for computation procedure

[image: image109]
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