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Abstract 

Current technologies of using conventional energy produce a large amount of waste heat 

which can potentially be recovered in the form of useful work to use in our day to day 

life. This initiative not only optimizes the energy usage but also contributes to mitigating 

environmental impact of fossil fuel. There are also two main sources of renewable 

energy, solar and geothermal that can be used as an alternative to fossil fuel based 

options. Harnessing of this energy with appropriate low cost technology could be a 

promising method of alternate energy utilization.  However, there are some developed 

technologies which are already in use to generate medium to large scale of power or 

power and heat (co-generation). But small scale trigeneration with a single source of 

energy has not yet been developed. In this research work a small scale trigeneration 

system is designed, built and experimentally investigated for simultaneous generation of 

power, heating and cooling. 

This integrated system combines a power and cooling cycles where the source 

heat is used to generate power through a scroll expander and a portion of the heat is used 

in an ejector cooling system. The residual heat which is normally released to the 

environment in this type of power cycle is captured as much for hot water heating or 

space heating. Ammonia-water is used for both the power cycle and the cooling cycle. 

The experimental investigation of this thesis work analyzed the performance of a scroll 

based heat engine working with low temperature heat source within the trigeneration 

facility. Coupling trigeneration and renewable makes a very strong scheme to supply not 

only low-carbon electricity and low-carbon heat, but also cooling, in an integrated system 

with high utilization factor. The first part of the work is to study the performance of the 

heat engine that consists of custom built expander, boiler and condenser in an ammonia 

water Rankine cycle system. The second part is to determine the utilization of the heat 

engine driven by low grade heat source in a small scale trigeneration unit. Ammonia 

water is suitable for low temperature Rankine power cycle, because of its non-azeotropic 
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properties. The source of heat can be at relatively low and intermediate temperatures in 

the range of 80Ԩെ 200Ԩ. This heat can be derived from a multitude of sources 

including solar panel collectors, biomass combustion, biofuel, recovered waste heat etc. 

Due to the trigeneration feature, the utilization factor of the heat source or fuel energy 

with this system exceeds 90%. The experimental result shows a maximum isentropic 

efficiency of 67% and an overall energy efficiency of maximum 7% at 120Ԩ source 

temperature, while the exergy efficiency is about 30%. The experimental result also 

shows that the concentration of ammonia is a dominant factor in determining the 

optimum efficiency with a range of ammonia-water mixture. 40% ammonia concentration 

found optimum, however higher concentration drastically reduces the work output.  In the 

trigeneration facility, the cooling and heating can be adjusted without affecting power 

generation. Finally, it can be concluded that from the optimization results, if mass 

production is put in place, the system shows a high economic competitiveness with 

respect to conventional power generation methods which require multiple individual 

systems to provide the same results. 

This system is very new and novel with unique features, which would resolve 

various energetic and environmental issues and provide potential solutions to residential 

applications. It is also aimed to make such systems suitable for restaurants, hospitals, 

commercial buildings, social centres, farming facilities and to use in remote locations. 

The ultimate goal is to produce a viable commercial product. 

 

Keywords: Trigeneration, exergy analysis, optimization, solar power tower, gasification, 

Fischer-Tropsch synthesis 
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Chapter 1: Introduction 

 

Energy is one of the major building blocks in the development of mankind. Energy has been 

required by life it began. In the primitive ages, the human being was only powered by 

biological materials from living organisms or by the burning of wood. As we moved forward, 

technological development came into effect and energy sources started diversifying. Oil, gas 

and coal became the main sources of energy. However, with the increasing population growth 

and the rising consumption of these depleting energy sources, sustainability became a concern. 

Another major concern also evolved: the environmental impact related to the energy 

consumption for the purpose of power, heating and cooling. Societal needs and environmental 

awareness must be taken into account together when the strategic development of energy is to 

be determined.  

The search for useful energy for the development of mankind is one of the main 

historical quests. As the population increases the growth in energy consumption dictates the 

need of further exploration for abundant energy. In 2009, petroleum, natural gas, coal, and 

nuclear power accounted for 92% of the energy use with various renewable energy sources 

accounting for the remaining 8% (Ruehl, 2012). Energy moves people and goods; produces 

electricity; heats residences and other buildings; and is used in manufacturing and other 

important industrial processes. 

Low grade heat is abundantly available in renewable energy sources and also in the 

industrial activity that typically rejects heat into environment. Interest for using low grade heat 

from solar energy, geothermal, ocean thermal, biomass combustion, heat rejected by fossil fuel-

based power plants, air conditioning and refrigeration systems, and other industrial platforms 

grew dramatically with the global awareness of greenhouse effect and global warming due to 

carbon based fuel combustion. By using recovered waste heat of any nature that would 

otherwise be lost in the power generation process and becomes highly sustainable. 

With the context of the growing energy consumption, depleting fossil fuels, 

environmental impact and above all utilization of environmentally benign sustainable energy, 

the concept of multigeneration has evolved. Multiple product generation with power plant 

technology started with the idea of cogeneration. Cogeneration is a means of generating heat 

and electric power simultaneously from the same energy source. 
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A further development of power generation technology which goes beyond cogeneration 

is the trigeneration, a case in which power, heating and cooling is produced by an integrated 

system. Besides being energy efficient, trigeneration using waste heat recovery or other clean 

sources of heat eliminates or reduces the emissions of greenhouse gases (specific to 

conventional power generation or heating systems). Furthermore, due to generation of three 

marketable commodities – power, heating and cooling – trigeneration can potentially reduce the 

return of investment when compared with power only (single generation) and cogeneration. 

In the present work, the development of a trigeneration system based on an ammonia-

water Rankine cycle is presented. The experimental research concluded with the practical 

realization of a Rankine heat engine prototype of approx. 1 kW power and heat recovery for 

service hot water generation. The system integrates an ejector cooling cycle with an application 

for cooling in the range of temperatures suitable for air conditioning. 

In this introductory chapter, the energy outlook is reviewed in order to emphasise the 

importance of renewable thermal energy sources, especially at low grade and to justify the 

opportunity of development of advanced power cycles for trigeneration. Subsequently, the 

motivation of this work is exposed and the research objectives are stated. The chapter concludes 

with an outline of the thesis. 

 

1.1 Energy outlook 

The purpose of harnessing and converting energy to its useful form is to meet societal needs 

such as: electric power, mechanical power, heating supply and heat removal for cooling. 

Electrical power as well as mechanical power is highly effective forms of energy which are 

essentially required in the industrial, transportation and tertiary sectors. It has also residential 

use to run various household equipment and appliances. For human comfort, energy has a great 

role in all level of population strata. From cooking to heating, cooling, lighting and even for 

amusement, people are using energy.  

Two aspects must come into balance in a harmonious energy system: energy supply and 

energy demand. This creates an energy market which is generally regulated by the authority for 

power generation. The available prospects show that energy demand will increase yearly 

whereas the conventional energy resources required for power generation will decrease. When 

the energy demand is divided to the population number, the energy demand per capita is 
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obtained. According to Ruehl (2012), the energy consumption in 2010 has been approx. 17 TW, 

whereas according to the United Nations (2013) the global population was close to 7 billion. 

Thence, the energy consumption per capita has been 2.46 kW; this figure reflects the fact that 

current worldwide energy demand is about 2.5 kW. If this demand is maintained in the future, 

the energy demand will reach 5 kW per capita in probably next 20 years when due to the natural 

tendency, the worldwide population will be doubled (United Nations, 2013). Regional energy 

uses also grew from 1990 to 2008: the Middle East increased by 170%, China by 146%, India 

by 91%, Africa by 70%, Latin America by 66%, the USA by 20%, the EU-27 block by 7%, and 

world overall grew by 39% (Ruehl, 2012). 

The proven reserves of conventional energy resources in the form of coal, petroleum, 

natural gas and uranium are reported in Ruehl (2012). Also, if one takes into account the 

predicted demand of these resources, their availability can be determined. The resource 

availability in terms of years is shown in Figure 1.1. Coal is the most abundant resource with 

repositories proven for approx. 120 years. Of course, the continuous depletion of conventional 

(non-renewable) energy puts pressure on the current generation to take sustainable energy 

approaches, which will ensure a fair access to resources for the future generations. 

 

 

 

Figure 1.1: Availability of conventional energy resources [data from Ruehl, 2012]. 
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Sustainability imposes an increased supply of renewable energy worldwide, whereas the 

dependence on fossil fuels must be limited. Nuclear energy itself can be viewed as sustainable 

pathway since prospects exist to develop thorium-based reactor in the future, which opens the 

door toward a more abundant energy. Furthermore, with the envisaged development of nuclear 

hydrogen production and nuclear process heat, nuclear energy appears to be one of the key 

sources for worldwide supply. 

 

 

 

Figure 1.2: Current share and 2050 prediction for energy supply [data from European 
Commission (2006)]. 

 

Figure 1.2 shows the share of energy supply by kinds for today and the predictions for 

2050. The share of renewable energy will increase from the current, approx. 8.5% to 25% in 

2050. Currently, the overwhelming majority of renewable energy is due to hydropower, 

biomass combustion and geothermal. It appears that biomass and waste materials combustion 

will remain the lead of biomass supply by 2050 with 68% renewables share (or approx. 17% of 

total). 

Further from the chart shown in Figure 1.2, one can conclude that energy sources that 

manifest in the form of high temperature heat will represent an important share among 

renewable energies in the future. A fastest growing renewable source is the solar energy. Solar 

power involves using solar cells to convert sunlight into electricity or using a parabolic 

concentrator to heat water for hot water system or to produce steam to run a heat engine. 

Sunlight entering through window can be used as a passive heating of a building. Solar energy, 

radiant light and heat from the sun, have been harnessed by humans since ancient times	using	a	
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range of ever-evolving technologies.  Solar energy with modern technological advancement can 

contribute as an alternative renewable energy source for versatile use. 

Solar technologies are broadly used currently in photovoltaic power generation, water 

heating, and steam generation and as a heat source of the absorption cooling. Also, with 

properly designed building orientation and its construction materials, a large amount of solar 

heat can be captured for naturally circulated space heating. Beside solar, the geothermal is 

another form of renewable energy transferred in the form of heat.  

Geothermal energy is gaining its popularity due to its lack of dependence on the 

weather. It harnesses the heat energy present underneath the Earth. Two wells are drilled. One 

well injects water into the ground to provide water. The hot rocks heat the water to produce 

steam. The steam that shoots back up comes out through the other hole(s) and is used to drive 

turbines, which power the electric generators. When the water temperature is below the boiling 

point of water, a binary system is used. A low boiling point liquid is used to drive a turbine and 

generator in a closed system similar to a refrigeration unit running in reverse. 

Biomass was being used as the primary source of energy for heating and cooking at 

homes and process heat since long. Wood is the largest biomass energy source to date. 

However, garbage or other renewable resources such as corn or other vegetation are largely 

used nowadays to generate electricity. When garbage decomposes, the methane produced is 

captured in pipes and later burned to produce electricity. Bioethanol is a readily available, clean 

fuel made of biomass feed stocks. It produces considerably lower emissions on combustion and 

it only releases the same amount of carbon dioxide as plants bound to consume while growing. 

Energy is demanded generally in the form of power, heating and cooling as the basic 

need for the modern society. Figure 1.4 shows the energy demand in Canada for different 

sectors. Only 74.1% of energy input is available as useful energy to the economy sectors, fact 

that illustrates the energy losses associated with energy conversion and production of about 

25.9%. The energy demand is shared almost equally by industrial and transportation sectors 

which are the most important consumers. Also, the residential, commercial, institutional and 

agricultural demand altogether represent 35% of total Canadian energy demand. 

In 2008, total worldwide energy demand was 474 exajoules (132,000 TWh). This is 

equivalent to an average power use of 15 terawatts (2.0×1010 hp). The annual potential for 

renewable energy is solar energy 1,575 EJ (438,000 TWh), wind power 640 EJ (180,000 TWh), 
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geothermal energy 5,000 EJ (1,400,000 TWh), biomass 276 EJ (77,000 TWh), hydropower 50 

EJ (14,000 TWh) and ocean energy 1 EJ (280 TWh); US EIA (2009). 

 

 

 

Figure 1.3: Energy demand in Canada [data from Statistics Canada (2008)]. 

 

 

 

Figure 1.4: Energy demand in Canada [data from Statistics Canada (2008)]. 
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natural gas is used for heating in overwhelming majority of households, whereas power is used 

for lighting, and appliances. Another important side of power consumption in households is for 

air conditioning. 

 

 

 

Figure 1.5: Canadian energy demand by fuel type and Canadian residential power, heating and 
cooling demand [data from Statistics Canada (2008)]. 
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amount of maximum potential of useful work. Technological development is now more 
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1.2 Single generation, cogeneration and trigeneration 

The demand of power, heating and cooling is obvious not only in residential sector but in many 

other sectors. The conventional approach is to provide these commodities using separate units. 

Typically, the power demand is satisfied by the electricity grid. The need for heating is fulfilled 

by the use of natural gas furnaces and cooling is generated by refrigerators and air conditioning 

units that typically are driven by electricity. 

With the context of growing energy consumption, depleting fossil fuel, environmental 

impact and above all utilization of environment friendly sustainable energy, the concept of 

multigeneration system has been evolved. In this approach, an integrated system is devised 

which is able to deliver multiple commodities in an efficient manner. Multi generation with 

power plant technology started with the idea of cogeneration. Cogeneration is normally a means 

of generating heat and electric power simultaneously from the same energy source. 

Trigeneration brings an additional output in terms of cooling. Basically, a trigeneration system 

represents an integration of a power cycle, a refrigeration cycle and a heat recovery subsystem. 

One typical system configuration for trigeneration is adopted with the integration of an 

absorption chiller to facilitate the cooling demand with the same energy input. In this system, 

the waste heat of the power cycle is utilized to an absorption chiller for cooling purpose. A 

simple representation of single, co- and trigeneration systems is shown in Figure 1.6. 

The idea of a smaller capacity trigeneration evolves with the possibility of using low 

grade heat sources available in renewable energy or waste heat. Low grade heat is abundantly 

available in renewable energy sources and also in the industrial waste that normally rejects heat 

to the environment. Interest for using low grade heat from solar energy, geothermal, ocean 

thermal, biomass combustion, heat rejected by fossil fuel-based power plants, air conditioning 

and refrigeration systems, and industrial processes plants grew dramatically with the global 

awareness of greenhouse effect and global warming due to carbon based fuel combustion. By 

using recovered waste heat of any nature that otherwise will be lost, the power generation 

process becomes highly sustainable. If the system operates with cogeneration or trigeneration 

technique, then the overall efficiency is increased. Besides being energy efficient, cogeneration 

and multi-generation using waste heat recovery or other clean sources of heat such as solar 

thermal energy, carbon dioxide emissions (specific to conventional power generation or heating 

systems) are reduced or even eliminated. 
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Figure 1.6: Black-box representation of a) single generation, b) cogeneration, and c) 
trigeneration systems. 

 

Al-Sulaiman et al. (2011) has revised trigeneration opportunities and shown that 

integration of various technologies within a single overall system enhances the efficiency and 

revenues; and reduces the environmental impact and payback period. These benefits are higher 

when renewable thermal energy sources are used as input as shown in the paper by Dincer and 

Zamfirescu (2012). In this respect, heat engines that use an external heat supply have a great 

deal of potentials because in such systems, heat is transferred from the external source to the 

working fluid using a heat exchanger. This facilitates versatility in linking of the power cycle 

with a heat source such as solar, geothermal, ocean thermal, hot waste stream or flue gas 

streams from combustion processes.  

Many research works have been performed on various configuration of heat engines, 

such as the organic Rankine cycle (ORC), Kalina cycle, steam Rankine cycle and ammonia-

water variations of Rankine cycle. Zamfirescu and Dincer (2008) mentioned that Rankine cycle 

and its variations are excellent choices to use in a heat engine working with low grade heat 

sources. They also pointed out of achieving higher exergy efficiency of using ammonia-water 

as the working fluid with 150Ԩ geothermal heat source. Thus, ammonia water low power 

capacity heat engines using low grade heat source is of particular interest for this thesis. 
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Depending on the process fluid and the heat quality, a careful selection of prime mover 

is essential. Quoilin et al. (2010) suggested that the use of positive displacement expanders is 

advantageous over turbo-machines for use in power generation at low and intermediate power 

range when low grade heat sources are the energy source. They had pointed out that due to the 

performance criteria, turbo-machines should have high tip speeds compared to smaller positive 

displacement machines.  

 

 

 

Figure 1.7: GHG mitigation potential by year 2100 [data from IPCC (2007)]. 
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While cogeneration itself helps to reduce CO2 emissions significantly, a two-fold option 

of CO2 emission reduction (or more) can be obtained by using renewable energy as an input 

source to trigeneration. Ahmadi et al. (2013) has shown that carbon emission reduction of more 

than two can be obtained when a cogeneration system is applied to combust biomass and 

generate power and heating. If more products are generated, the system efficiency gets 

increased even more and the carbon specific emission gets decreased seven times with respect 

to reference case of single generation. Also, the system efficiency is increased by 1.5 times. 

Due to a higher efficiency and multiproduct generation, the return of investment generally 

decreases as indicated in several examples presented in Dincer and Zamfirescu (2014). 

The GHG mitigation potential from switching renewable energy is expected to become 

35% among other measures as shown in Figure 1.7. This clearly shows that if a trigeneration 

system supplied by renewables is developed important carbon mitigation is obtained. Hence, 

trigeneration represents one of the solutions for greenhouse gas mitigation and as such financial 

encouragement from the government in this technology development is highly probable.  

 

1.3 Motivation 

Energy being an inseparable part of human life demands the most efficient use of its sources. 

Trigeneration systems draw interest in this regard, as exposed in the previous section. The 

purpose of this research work is to analyze the performance of a scroll based heat engine 

working with low temperature heat source in a trigeneration facility. Linking trigeneration to 

heat sources derived from renewable, makes a very strong scheme to the supply not only low-

carbon electricity and low-carbon heat but also cooling in an integrated system with high 

utilization factor. The first part of the work focuses on heat engine prototype development. The 

second part analyses and assesses the system performance driven by low grade heat source 

provided as hot thermal oil. The system is further compared with potential competitors and 

conventional solution for power, heating and cooling at small scale (e.g., residential). The 

motivational aspects of this work are as follows: 

a) Energy system is ever changing and differs widely across regions. Every energy source has 

substantial environmental and economic impacts that ripple through the connected systems 

that form the environment and shape of society. New technologies and societal wants and 

needs will bring continuous change to where we get our energy from and how we use it. 
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Throughout human history, the ways in which one produces and uses energy have changed. 

Often, one part of the system changes gradually while another is quickly transformed. 

Almost all the nuclear power plants in the U.S.A. were built in the course of twenty years. 

Almost all of the wind generated electrical capacity in the world has come online in the last 

few years. While our transportation system has been driven by petroleum for decades, it has 

not always been so. Our transportation system moved from domination by animal power to 

coal (for trains and shipping) to petroleum in steps that each took only a few decades, after a 

new technology showed clear advantage. These sweeping and unpredictable changes in 

energy system will doubtlessly happen again and again, while other parts of the system will 

change remarkably slowly. Any change in the energy system impacts both the environment 

and the economy. Most or all increase in energy production and use will damage aspect of 

the environment, and need to be considered in the context of current energy practices. By 

better understanding the components of energy system, their interconnections and how these 

things have changed in the past, one can make more informed decisions about our energy 

future. Development of trigeneration systems in general and small scale scroll expander 

based, ones may help in this respect. 

b) Energy development is the ongoing effort to provide sufficient primary energy sources and 

secondary energy forms to fulfill civilization's needs. It involves both installation of 

established technologies and research and development to create new energy-related 

technologies. Major considerations in energy planning include resource depletion, supply 

production peaks, security of supply, cost, impact on air pollution and water pollution, and 

whether or not the source is renewable. 

c) Technologically, advanced societies have become increasingly dependent on external 

energy sources for transportation, production of many manufactured goods, and delivery of 

energy services. This energy allows people who can afford the cost to live under otherwise 

unfavourable climatic conditions through the use of heating, ventilation, and/or air 

conditioning. Level of use of external energy sources differs across societies, as do the 

climate, convenience, levels of traffic congestion, pollution production, and greenhouse gas 

emissions of each society.  

d) Expanding human populations generally require an increased consumption and dependence 

on external energy sources. Research, development and practice of energy efficiency and 
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conservation by the populace allow a degree of mitigation of this dependence. Wise energy 

use embodies the idea of balancing levels of human comfort and energy consumption by 

researching and implementing effective and sustainable energy harvesting and utilization 

measures.  

e) Trigeneration systems gained importance recently due to their higher efficiency compared 

to conventional systems. Utilizing the same amount of an energy source, it is possible to 

obtain more useful outputs rather than only one. Power, heating and cooling are highly 

required commodities with market value which can improve the return on investment for 

trigeneration systems as compared to single generation and cogeneration. 

f) Global energy consumption is increasing drastically with the increase of world population 

and rapid industrialization. Consuming energy has a direct and indirect impact on the 

environment from energy production to energy utilization. The unprecedented increase in 

the emissions of harmful greenhouse gasses due to high level of use of fossil fuels in 

different energy sectors inspired the researchers to explore efficient methods of using 

renewable energy sources. Extensive research has been carried out exploring the potential 

of sustainable energy sources such as bio-fuels, biomass, municipal waste, solar, 

geothermal, wind, and industrial waste heat. Furthermore, efficient alternative technology to 

replace the existing production of the commodities that is primarily driven by the highly 

pollutant combustion of fossil fuels should also be researched. However, sustainable energy 

in the form of low grade heat source requires more than the conventional heat engine to 

harness this type of green energy. To exploit this heat source and make it usefully, an 

externally heat driven engine is the most suitable. In an external heat driven heat engine, the 

thermal energy from these renewable sources can be harvested and converted into useful 

work that can be used for smaller scale electric power generation. A well-known and 

established thermodynamic cycle to apply to the externally heat driven heat engine is 

Rankine cycle. Normally, steam is being used for this cycle when using fossil fuel. But for 

low grade sustainable energy sources steam Rankine cycle is not suitable because of the low 

heat flux. A process fluid with high molecular density has the characteristic of having the 

liquid-vapor phase change at a lower temperature than the water-steam phase change to 

extract more heat from low grade heat source. 
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g) Although this type of heat engine works on low grade heat source, the thermal efficiency is 

much lower due to heat waste in the condenser, higher energy irreversibility in the expander 

and single commodity energy utilization. Therefore, from both thermodynamic and 

economic points of view, a highly efficient low grade heat driven heat engines development 

has solid motivation. Conceptually, it is found that a sustainable heat driven heat engine in a 

trigeneration platform should have much higher efficiency than a single commodity heat 

engine. However, harnessing low grade sustainable energy is not suitable using 

conventional expansion devices like turbine. 

 

1.4 Objectives 

Tarique (2011) conducted an experimental investigation on scroll based low grade heat engine 

and the energy; and the exergy efficiency was evaluated. The results show a maximum 

isentropic efficiency of 67% and an overall energy efficiency of maximum 7% at 120Ԩ source 

temperature, while the exergy efficiency is about 30%. 

Moreover, scroll machines are commercially available and used by refrigeration 

industries for long in its developed design form. An off-the-shelf refrigeration scroll 

compressor can easily be converted to scroll expander to work as a prime mover in the 

proposed engine. Design, construction and analysis of a scroll based trigeneration unit are 

therefore the plan for the proposed research. 

The purpose of this work is to investigate the performance of a scroll expander in an 

ammonia based Rankine cycle and to optimize the operating parameters in developing a highly 

efficient heat engine using low grade heat source. The main goals are: 

i. Use of sustainable energy to mitigate environmental impact, 

ii. Develop and tune the heat engine for best efficiency, and 

iii. Increase the utilization factor of heat source energy. 

 

The objectives of the research work are as follows: 

a) To design a trigeneration system for power, heating and cooling in the range of 1 kW 

power. The system parameters are determined on the basis of source and sink temperature 

and the system output requirements. The heat source is hot thermal oil with temperature 
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in the range of 80°C to 160°C. The trigeneration system prototype will include an 

ammonia-water based power cycle and an ejector cooling cycle. 

b) To perform the energy and exergy analysis of the ammonia-water trigeneration system as 

designed and compared with other configurations to investigate for multigeneration 

systems. One performs the thermodynamic and heat transfer analysis to develop a precise 

system model of the heat engine. Exergy destruction for each component will be 

determined for the tested operating conditions. 

c) To construct and commission the trigeneration prototype system for experimental analysis 

based on design considerations.  

d) To perform experimental analysis of the trigeneration system with a lab setup. With the 

varying operating parameters, analyze the scroll expander performance and expansion 

process. The data acquisition system will be programmed and a plan of experimentation 

elaborating the through experimental information is collected. 

e) To analyze the experimental data and assess the performance of the trigeneration system. 

Determine the energy and exergy efficiency and COP of the trigeneration system. The 

energy and exergy analyses will help to understand the performance of a trigeneration 

system and its system components by determining the exergy destructions. 

f) To optimize the operational parameters of the trigeneration systems in improving the 

efficiency and energy utilization factor. 

 

1.5 Thesis outline 

This thesis comprises seven chapters structured as follows: Introduction, Literature review, 

Trigeneration system description and development, Experimental work, Analyses, Results and 

discussion, and Conclusions and recommendations. After this introductory chapter, a 

comprehensive literature review is presented on the following topics: thermodynamic cycles for 

power and for cooling with focus on Rankine cycle, trigeneration systems, turbines and 

expanders with focus on scroll expanders as an emerging technology, ejectors for steam cooling 

cycles, working fluids with focus on ammonia-water mixture and solution thermodynamics, 

heat exchangers with focus on ammonia-water desorber and resorber. 

Chapter 3 of the thesis describes the development of trigeneration system and gradual 

development of the prototype in many phases and construction iterations. The experimental 
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work is described in Chapter 4 including methodology and uncertainty analysis. The analyses 

section in Chapter 5 concerns energy and exergy analyses of the system and components, scroll 

machine geometrical and thermodynamic analysis and modeling of the processes in heat 

exchangers. 

The core chapter of the thesis is the Results and Discussion which is divided in four 

sections: “Experimental Results”, “Modeling and Numerical Simulations”, “Comparative 

assessment of trigeneration systems” and “System Improvement and Optimization”. Chapter 7 

gives the concluding remarks, recommendation and future perspectives. The thesis includes an 

abstract, a reference list, nomenclature and lists of tables and figures. 
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Chapter 2: Literature Review 
 

The concept of sustainable energy has been promoted as a fair solution to the complex 

problems that the growing demand for energy creates: pollution, depletion of energy sources, 

ethical aspects etc. In this framework, the idea of multigeneration systems evolved. These 

systems are an extension of conventional power generation plants which include additional 

subsystems integrated in a manner that the overall product is power, heating and cooling. 

Likewise, trigeneration systems are more complex than single generation systems, involving 

additional design and optimization issues related to system integration. In this chapter, the main 

issues and recent developments in power cycles, cooling cycles, working fluids, turbines and 

expanders and heat exchangers are reviewed from the literature with emphasis on trigeneration 

systems. 

 

2.1 Power cycles 

A thermodynamic cycle that generates power in the form of mechanical work is often referred 

to as a power cycle and it is generally used to convert heat (thermal energy) into work. General 

thermodynamic textbooks categorize power cycles in two main kinds: gas power cycles and 

vapor power cycles (see Cengel and Boles, 2010). In a gas power cycle, the working substance 

stays in the gas phase all the time whereas in vapour cycles, the vapor (gas) condenses to liquid 

in some processes of the cycle whereas liquid transforms into vapor during other processes 

(e.g., boiling). Gas power cycles include three totally reversible cycles – Carnot, Stirling and 

Ericson – and three main internally reversible cycles, namely Brayton, Otto and Diesel cycle. 

Although heat engines based on Stirling and Ericson cycles are practically realisable, 

these machines appear to be uncommon in cogeneration systems or trigeneration systems. 

Stirling engines, though, have been successfully demonstrated for concentrated solar dishes for 

a long time (Jaffe and Poon, 1981). However, more recently, applications with Stirling engines 

for cogeneration have appeared in the literature (Kong et al., 2004). One major advantage of the 

Stirling cycle is that this engine can be coupled to an external heat source and heat sink through 

heat transfer processes. This offers versatility because at the heat source either a combustion 

process conducted externally can be coupled or a renewable energy source, such as 

concentrated solar radiation, can be connected. On the contrary, Otto and Diesel cycles are 
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restricted to fuels and processes with internal combustion. Nevertheless, internal combustion 

engines can be integrated into cogeneration and trigeneration systems, as shown in the literature 

(Khatri et al., 2010).  

The Brayton power cycle possesses one interesting feature: it can be configured as an 

internal combustion engine, or as an externally heated heat engine. Therefore, this cycle has 

excellent versatility with respect to coupling to the heat source. Jaffe (1983) mentioned the 

application of the open-air Brayton cycle for solar dish concentrators. The successful 

application of the open-air Brayton cycle in three large scale central receivers for power 

generation with concentrated solar radiation is also mentioned in the review by Romero et al. 

(2002). 

Vapor power cycles use a working fluid with liquid-vapor phase change within the cycle. 

At the low temperature side (heat sink) vapors convert to liquid which can then be pressurized 

by pumping under little expense of mechanical work. At the heat sink side, liquid is converted 

to vapor under heat addition and eventually expanded for work generation. The vapor power 

cycle was established by the Scottish inventor William Rankine using steam as the working 

fluid. Many types of vapor power cycles exist today with various working fluids, but the 

general name for these types of cycles is Rankine. This thesis focuses on the development of a 

particular Rankine cycle, therefore more emphasis is placed on Rankine cycles in this review. 

Currently, most large electricity generation plants use steam as a working fluid in steam 

Rankine cycles. Zamfirescu and Dincer (2008) mentioned that the steam power cycle is used in 

80% of all electric power generation systems throughout the world, including virtually all solar 

thermal, biomass, coal and nuclear power plants. 

For small power generating plants with a low-temperature heat source (<450 K), steam is 

not the best choice for the working fluid because of its low vapour pressure and huge specific 

volume at those temperatures. Instead of steam, various organic fluids can be used for better 

efficiency in the range of low power and low source temperature applications. Rankine cycles 

with organic working fluids are known as organic Rankine cycles (ORC). 

Typical working fluids are hydrocarbons, or halocarbons. There are commercial ORC 

engines powered by waste heat or solar heat (usually hot water at >85 ºC) generating some 50 

kW in a 20 ºC environment, with an energy efficiency of about 10%. There is an abundance of 

published literature on the development of Rankine cycles operating with working fluids other 
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than water. Due to lower boiling temperatures and pressures, these fluids are capable of 

operating with low capacity heat sources. Furthermore, the number of applications of such heat 

engines is remarkably large. 

The ORCs are quite relevant to the paradigm of efficient power production from 

renewable sources. Schuster et al. (2009) noted the following applications of low-capacity heat 

sources in externally supplied heat engines as follows: biomass combustion, solar desalination, 

waste heat recovery from biogas digestion. Zamfirescu et al. (2012) demonstrated the 

application of heat engines for small-capacity concentrated solar power and heat cogeneration. 

For all these cases, the heat source temperature is found to be limited to below 200°C. 

We limit the scope of our literature review to a range of source temperatures up to 250°C, 

and denote this range as “low-temperature”. The reason for choosing this range relates to two 

aspects: the vast majority of renewable and sustainable energy sources fall within this 

temperature range and the current technology allows the use of positive displacement expanders 

or expander-generator units operating at temperatures below 250°C. While energy sources are 

identified suitable with respect to abundance, environment friendliness and cost effectiveness, 

the next step is to examine the suitable power cycle and working fluid to harness it.  

There are several established configurations of the organic Rankine cycle which we 

review here as follows: 

 ORC with basic configuration (including pump, vapor generator, turbine and 

condenser), 

 Regenerative ORC with vapor extraction and regular working fluids, 

 Regenerative ORC with retrograde working fluids and counter-current gas-liquid heat 

exchanger used as regenerator, 

 ORC with retrograde working fluid using expansion of saturated vapor, 

 Reheat-regeneration cycle configurations, 

 Transcritical cycle configuration in which heat addition process evolves at supercritical 

pressure and eventually reaches supercritical temperature (see Chen et al., 2006). 

An ORC of basic configuration which uses R134a as working fluid was developed by 

Hogerwaard et al. (2013) for scale applications. The system was conceived with off-the-shelf 

components from HVAC and automotive industries. For example, the vapor generator is a 

selected coil and fins evaporator for air conditioning application. The condenser is a typical 
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brazed plate heat exchanger. The working fluid pump is a sealed positive displacement one 

originally used for fuel injection in automotive engines. 

Hogerwaard et al. (2013) used a scroll expander-generator unit developed and tested by 

Prof. Dincer group at UOIT during successive research phases reported previously as follows: 

 Tarique (2011), Tarique et al. (2011) and Tarique et al. (2014a) studied, assessed 

experimentally and reported a 1 kW scroll expander unit using an ORC test bench which 

included an electrically heated vapor generator for the working fluid R134a. Power 

generation in the order of hundred W was proven and the optimal operation of the 

expander determined based of the experimental tuning. 

 Hoque (2011) developed an ORC system using the scroll-expander-generator unit from 

Tarique (2011) within a hot air heated ORC test bench. In this case, hot air at 

temperature up to 160°C has been obtained within a closed duct; the heat from hot air is 

transferred to the ORC vapor generator using a finned coil evaporator. Enhanced power 

generation of few hundreds of W has been obtained. 

A configuration of ORC which uses a vapor drum as thermo-mechanical accumulator for 

solar energy with low concentration is analyzed and assessed in Tarique et al. (2014b). The 

ORC is made to operate continuously and steadily during the daylight to produce power with a 

solar multiplicity factor of 3 using cyclohexane as working fluid. A calandria loop is used to 

generate the vapors which are accumulated under pressure in the drum tank. The cycle uses a 

scroll expander and due to thermo-mechanical storage is able to dump fluctuations in solar 

radiation intensity. The parametric optimization and comparative study of organic Rankine 

cycle for low grade waste heat recovery is described in Dai et al. (2009). Analysis and 

optimization of the low-temperature solar ORC is presented by Delgado-Torres and Garcia-

Rodriguez (2010). A review of organic Rankine cycles (ORCs) for the recovery of low-grade 

waste heat is given by Hung (1997, 2001). 

The use of organic zeotropic mixtures as working fluids in ORC is studied by 

Aghahosseini and Dincer (2013). Due to the change of temperature during vapor generation, the 

pinch point temperature difference and thence the exergy destruction at the vapor generator can 

be reduced. 

Other zeotropic mixtures that are not based on organic chemicals are also considered as 

working fluids in Rankine cycles. One remarkable working fluid of this kind is the ammonia 
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water. Of course, the purpose of using ammonia-water in a power cycle is to take the advantage 

of temperature matching in the heat exchange processes with an excellent match of temperature 

profiles at sink and source. 

In fact, matching the temperature profiles at sink and source is stringently important when 

the heat engine operates with low temperature differential. OTEC (ocean thermal energy 

conversion) applications are one example where ammonia-water Rankine cycles are best suited. 

In these applications, as mentioned above, the source temperature is in the range of 25-30°C, 

while the sink is at 4°C. 

One of the best known types of ammonia-water power cycle is the Kalina cycle (Kalina 

1983, 1984) in which the high pressure vapor are generated though a non-isothermal phase 

change process and after the expansion the low pressure mixture is cooled in a so called 

distillation and condensation subsystem which includes an absorber, a vapor-liquid separator 

and a condenser which eventually produces a slightly subcooled liquid (Marston, 1992). 

Bombarda et al. (2010) studied comparatively the application of Kalina and ORC for heat 

recovery and work generation from exhaust gas of Diesel engines. The performance of Kalina 

cycle with low-temperature heat sources is analysed in Hettiarachchi et al. (2007). 

The literature review on Kalina cycle is briefly summarized as follows: 

 Corman et al. (1995) demonstrated that Kalina cycle has better potential to recover heat 

from a toping cycle in an integrated power generation system. 

 For a case study provided by Park and Sontag (1990), Kalina cycle performed better 

than multipressure steam Rankine cycle with 5% higher energy efficiency and 15% 

higher exergy efficiency. 

 For a case study by Gajewski et al. (1989), the Kalina cycle showed 1.5% better 

efficiency than triple pressure steam Rankine cycle in the conditions when the Kalina 

system has been found more expensive than the steam system due to a more 

complicated heat exchanger system. 

 DiPippo (2004) showed for a case study that Kalina cycle has a 3% better efficiency 

than an ORC. 

 Jonsson and Yan (2001) reported that at temperatures higher than 300°C ammonia 

decomposition at small rate occurs which can generate technical problems with the 

power plant during long runs. 
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 Uehara and Ikegami (1993) studied Kalina cycle application for OTEC and showed that 

the exergy efficiency of power generation can be superior to 60%. 

 Mlcak (2002) assessed the geothermal application of Kalina cycle. 

 Bloomquist (2003) studied Kalina cycle integration into agricultural projects. 

Although Kalina is the most common configuration of ammonia-water power cycle, 

several other ammonia-water based Rankine cycles were proposed in the literature. Desideri 

and Bidini (1997) studied ammonia-water Rankine cycle for geothermal applications and their 

parameter optimization. Roy et al. (2009) report a thermodynamic analysis of a low temperature 

NH3–H2O Rankine cycle. The thermodynamic optimization of the performance of an ammonia-

water Rankine cycle is reported in Pouraghaie et al. (2010). In Wagar et al. (2010), an 

ammonia-water based Rankine cycle is thermodynamically analyzed for renewable-based 

power production, e.g. solar, geothermal, biomass, oceanic-thermal, and nuclear as well as 

industrial waste heat. One remarkable feature of the ammonia-water cycle is that the ammonia 

concentration can be adjusted during the heat engine operation as a mechanism to adapt the 

cycle to possible fluctuation at the heat source or heat sink temperatures. The concentration can 

be varied from nil (zero) when the cycle runs with pure steam or 100% when the cycle becomes 

a pure ammonia Rankine cycle. Thus, ammonia-water Rankine cycle appears suitable to heat 

sources that are variable in nature, such as solar radiation. According to Wagar et al. (2010), the 

energy efficiency of this cycle can reach 30% with a heat source as low as 250°C. Koji et al. 

(2004) analysed heat recovery power generation with a purely ammonia Rankine cycle. 

In Zamfirescu and Dincer (2008), a novel trilateral flash Rankine cycle (TRC) is 

described that uses no boiler, but rather the saturated liquid is flashed by a positive 

displacement expander for power generation. Because the cycle has no pinch point, the exergy 

of the heat source is better harvested provided that the heat source stream exchanges sensible 

heat with the working fluid. In the same time a better temperature match can be obtained at sink 

side heat exchanger which brings 7% improvement of exergy efficiency when compared with a 

case when the working fluid is steam for similar operating conditions. 

A double stage configuration of the ammonia-water trilateral flash cycle for cogeneration 

purpose has been recently studied by Cetinkaya (2013). The double stage TRC showed better 

efficiency than the simple stage TRC for applications with 150°C temperature with the potential 

of 1.5 time increase of exergy efficiency. 
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2.2 Cooling cycles 

The objective of this research project was to integrate a power and a cooling cycle to develop a 

trigeneration system. There are three basic refrigeration cycles that are suitable for smaller scale 

application: vapor compression cycle, absorption cycle, and ejector refrigeration cycle. 

The most common technology uses the vapor compression refrigeration cycle, which 

provides excellent cooling but at a substantial cost because it is powered directly by mechanical 

energy taken from a motor. If electricity is provided to cooling for air conditioning through 

fossil fuel generated electrical power plants, which often have efficiencies of less than 40 

percent, and is transmitted long distances through the power grid with consequent energy 

dissipation, the costs in terms of energy consumption and the emission of global warming 

effluents is enormous (Garris and Charles, 2005). Furthermore, vapor compression refrigeration 

generally uses hydro-fluorocarbon based refrigerants, which deplete the earth’s ozone layer and 

further contribute to global warming. Also the compressor consumes substantial amount of 

electrical energy that again contributes to the emission of global warming effluents. The 

integration of vapor compression refrigeration in trigeneration system should be done either by 

driving the compressor directly by the turbine or by using a part of the generated electric power 

to drive an electric motor for compressor. 

Better system integration for trigeneration is obtained when absorption or ejector cycles 

are used. In these cases, there is not any essential requirement of shaft power to drive any 

mechanical equipment of the refrigeration system. In absorption refrigeration system, heat is 

recovered to drive the vapor generator. For ejector cooling, seam (or another working fluid) is 

extracted from the turbine to power an ejector system. Two particular absorption cycles are 

generally used: LiBr-water and ammonia-water. These cycles show a COP (coefficient of 

performance) of the order of 0.8 or above and were used in past studies with trigeneration.  

There are several approaches used to improve the performance of a single-effect 

absorption refrigeration system. Many literature sources were reviewed by Srikhirin et al. 

(2001). Applying an ejector to the conventional absorption system is one of the remarkable 

alternatives. The appropriate installation configuration introduces the magnificent improvement 

of COP to nearly to that of a typical double effect absorption cycle machine. Moreover, 

according to the simplicity of the hybrid ejector-absorption refrigeration machine, its capital 
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investment cost is comparatively low when compared to other conventional high performance 

absorption cycle systems. 

The ejector cooling cycle on the other way is interesting because it requires less moving 

parts and no stringent need of heat recovery for driving the vapor generator. This will reduce 

the investment because less hardware is required as compared to the absorption cycle. Ejector 

refrigeration is a thermally energized refrigeration system, which has an additional potential 

benefit of being capable of using environmentally friendly refrigerants, such as water. Omitting 

the moving parts by replacing the compressor with ejector achieved the advantage of reduced 

consumption of electrical energy, very little wear and a highly reliable system (Chang and 

Chen, 2000). 

The steam ejector cooling cycle has been demonstrated in 1910 by Maurice Leblanc 

(Gosney, 1982) and gained its popularity in the early 1930s for air conditioning of large 

buildings (Stoecker, 1958). Although having certain limitations, steam-jet systems are regaining 

importances, particularly for industrial applications such as the chilling of water to moderate 

temperatures in process industries, pharmaceutical and chemical industries, manufacturing 

processes (Decker, 1993).  

Ejector cycle (also denoted as jet refrigeration) having a significant characteristic of 

utilization of low temperature thermal energy is suitable to use solar energy. Solar energy 

available abundantly in nature is a perfect match thermodynamically to generate the primary 

fluid for an ejector refrigeration system. However, according to the characteristic of an ejector 

and the initial investment cost, the solar jet refrigerator system is suitable for the application of 

air-conditioning system rather than other refrigeration purposes at lower temperatures.  

The solar jet air-conditioning system can cope up with the availability of energy source 

required to remove the increased cooling load, incoming with higher solar intensity. Solar 

cooling systems powered primarily by direct solar thermal energy is therefore an attractive 

option and improved performance can be achieved with an increase in available solar radiation 

(Khattab and Barakat, 2002). 

Sokolov and Hearshgal (1990), developed two new configurations of efficient uses of the 

mechanical power in order to enhance the secondary pressure without disturbing the 

refrigeration temperature, which are: (1) the booster assisted ejector cycle and (2) the hybrid 

vapour compression-jet cycle. The hybrid compression-jet refrigeration system consists of a 
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conventional compression and ejector sub-cycles with heat exchanger. Their simulated results 

show that the compression enhanced ejector can significantly improve the system performance. 

Sun (1997) conducted mathematical simulation of a solar hybrid system with ejector 

cooling. Steam is used for the ejector system while R134a is used as the refrigerant in 

compression sub-cycle. The simulated results showed that the COP of the hybrid unit could be 

raised up to 50% compared to the conventional vapour compression system. 

The combined ejector-compression machine of Huang et al. (2001), allows the wasted 

heat from the superheated vapour refrigerant in the compression sub-cycle to drive the ejector 

sub-cycle. The cooling effect achieved from the ejector-cooling device is used to cool the liquid 

condensate of compression sub-cycle that has an enhancement of the COP of the system. The 

COP of the system was 10% improved. 

 

2.3 Working fluids for vapor power and cooling cycles 

Steam is the most common working fluid for vapor power cycle. Steam is also used in 

industrial scale vapor compression cycles for refrigeration. Beside stream, many other working 

fluids exists for vapor cycles, both for power generation and refrigeration. In the open literature 

there are comprehensive approaches regarding the appropriate selection of the best working 

fluid for both cases: i) power generation when the fluid must be selected such that the work 

generated by expansion is maximized or ii) refrigeration when a high COP must be achieved.  

Available options can include pure working fluids or a mixture of working fluids, where 

the mixtures can be zeotropic or azeotropic. In particular, for a trigeneration system, a working 

fluid which shows good characteristics for both cooling and power cycles must be selected. 

This aspect is discussed subsequently after reviewing the main characteristics and options of 

working fluids. 

The working fluid selection should be the result of technical, economical, and ecological 

analyses. Many criteria can be inferred as identified by Papdopoulos et al. (2010) or Tchanche 

et al. (2008). According to them, the most important fluid properties are: density, boiling 

enthalpy, liquid heat capacity, viscosity, thermal conductivity, melting point temperature, 

critical temperature, critical pressure, ozone depletion potential (ODP), global warming 

potential (GWP), toxicity, flammability and the zeotropic or azeotropic characteristic.  
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The atmospheric life time of the working fluid is also important. An example of this 

would be a comparison of R11 and R152. Harada (2007) reported that the life time of R11 is 45 

years while R152 is only 0.6 years. However, R11 has a GWP of 6370 and ODP of 11, while 

R152 has a GWP of 187 and ODP of 0. 

Harada (2007) emphasized the importance of the retrograde or regular behavior of the 

working fluid for low-capacity applications using R134a (regular) and R245fa (retrograde). 

Borsukiewicz-Gozdur and Nowak (2007) studied regular working fluids such as propylene, 

propane, R227ea, R236fa, RC 318. Schuster et al. (2009) analysed ORCs with cyclohexane, 

R245fa, R141b, R365mfc. Larioala (1995) studied R11, R113, R114, toluene, fluorinol 

(CF3CH2OH) application in ORC. Saleh et al. (2007) – studied 21 organic refrigerants and 10 

other organic fluids for ORC, among which n-hexane had the highest critical temperature 

(234.67°C) and R41 the lowest (44.25°C). Mago et al. (2008) examined the application of 

R113, R123, R245ca, isobutane. Colonna et al. (2006) proposed siloxanes as working fluids for 

ORC; they identified four siloxanes, namely MM, MD4M, D4 and D5. 

Some zeotropic mixtures of organic fluids were identified by Borsukiewicz-Gozdur and 

Nowak (2007) as propane-ethane. Another zeotropic working fluid is the ammonia-water, 

mentioned above. This working fluid is very relevant for trigeneration systems because of the 

following features: 

 Better match for the temperature profiles of the heat exchangers by adjusting the 

ammonia concentration,  

 Excellent performance in power cycles,  

 Excellent performance in absorption refrigeration and possible good performance for 

ejector cooling systems, 

 Abundant and cheap, 

 Does not pose essential safety and material issues, 

 It does not produce negative environmental impact, 

 There is a good knowledge of thermo-physical characteristics and equation of state for 

ammonia water mixture. 

Note that in this work, ammonia-water is the selected working fluid owing to its 

characteristics and arguably the best suitability for trigeneration. In the thesis, ammonia-water 

is modeled with Engineering Equation Solver (EES) developed by Klein (2013). In this 
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software, the ammonia-water equation of state developed by Ibrahim and Klein (1993) is 

implemented. 

 

2.4 Trigeneration systems 

Multi-commodity generation increases the efficiency and utilization factor of a power 

generation system. Cogeneration at large scale is an established technology which has proven 

advantage over single power generation. 

 In the present context of the environmental impact and energy consumption further 

improvement of cogeneration system to utilize as much input energy as possible with the major 

components co-sharing concept of trigeneration was evolved. Keeping the end product as 

heating, cooling and power several researches and experimental analyses are being continuing. 

However current situation of environmental awareness energy supply, energy conservation and 

cost are primarily considered. 

Cardona and Piacentino (2003a) formulated a measurement methodology for monitoring 

trigeneration systems for office buildings. Also Cardona and Piacentino (2003b) elaborated a 

sizing methodology of trigeneration plants for the Mediterranean area and a plant validation 

scheme as described in Cardona and Piacentino (2004).  

Míguez et al. (2004) studied the feasibility of a cogeneration system. Ziher and Poredos 

(2006) analysed the economics of a trigeneration system for a hospital application. Lin et al. 

(2007) discussed a household trigeneration system. Meunier (2002) analysed the impact of co- 

and trigeneration on climate change control. 

Khatri et al. (2010) performed an experimental analysis of trigeneration system using 

diesel engine exhaust as a source of heat and the thermal efficiency obtained was 86.2%. 

However, they used diesel engine exhaust which has high environmental impact and does not 

fulfill the requirement to work as a standalone compact unit. 

Kohlenbach et al. (2006) performed a simulation modeling of the performance of a 

trigeneration system. The trigeneration unit consisted of a 60 kW gas turbine in combination 

with a desiccant sorption wheel to provide fresh air dehumidification, evaporative cooling and 

power generation. 
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The system was implemented in a library facility and the simulated result was validated 

with practical performance. Conversely, they used gas turbine which has adverse impact on 

environment due to the use of fossil fuel.  

Marques et al. (2010) performed a performance analysis of a pilot plant trigeneration unit. 

The unit uses a compression refrigeration cycle in addition to power generation and heating 

from the condenser. Their results showed a high energy conversion ratio. However, 

compression refrigeration cycle needs substantial amount of electrical power that has to be 

supplied from its own power or from an external source. This reduces the overall efficiency of 

the integrated unit.  

Minciuc et al. (2003) in a case study of a trigeneration with an absorption chilling 

machine established the limits for the best energetic performance of trigeneration. Huangfu et 

al. (2007) investigated a trigeneration system with a micro-scale integrated cooling, heating and 

power. The system was based on an absorption chiller and internal combustion gas engine for 

the use of residential and small commercial buildings. Integration of the absorption though has 

advantage over compression refrigeration system cycle, it has got disadvantages of high initial 

cost low COP and high heat rejections. 

Hasan et al. (2002) proposed an ammonia-water cycle that simultaneously generates 

power and cooling. This system has been expanded by Khaliq et al. (2009a) into a trigeneration 

type. Ratlamwala et al. (2010) developed a power and cooling system that integrates an 

absorption refrigerator with a fuel cell. These systems have better energy conversion efficiency 

when compared with two independent systems (a power cycle and a refrigerator). Khaliq et al. 

(2009b) presented a trigeneration system that includes a Li–Br absorption refrigerator, a heat 

recovery steam generator, and a steam Rankine cycle and uses 425°C–525°C recovered flue gas 

from industry. Al-Sulaiman et al. (2010) show a system integration of solid oxide fuel cell with 

Rankine cycle and absorption refrigerator for trigeneration. 

Ahmadi et al. (2011) showed an improved efficiency and less environmental pollution 

with a trigeneration system that integrates a gas turbine cycle, a steam turbine cycle and a single 

effect absorption chiller. Also Ahmadi et al. (2013) studied a micro gas turbine system 

integrated with dual pressure heat recovery steam generator, an absorption chiller, an ejector 

refrigeration cycle, a domestic water heater and a proton exchange membrane electrolyzer. The 

system generates power, heating, cooling besides hydrogen production. 
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2.5 Scroll expanders 

The expanders are positive displacement machines that are used in vapor expansion cycles to 

generate power. There are prime movers that affect mostly the efficiency of the power cycle. 

The prime movers used in vapor power cycles are of two types: positive displacement types 

which use the pressure difference to generate useful mechanical work and kinetic type or 

turbomachines which use the kinetic energy of expanded vapor to generate power.  

Turbo-expanders operate at high pressure ratio. When one expands organic fluids the 

turbines need to have special construction as developed by Lariola (1995). Remarkable progress 

in the area of computational simulation of ORC turbines is attributed to Harinck et al. (2010). 

They had shown that real gas effects are crucial due to typical operation in the dense gas region. 

However, high efficiency is difficult to obtain with turbines when high pressure working fluids 

are used such as is the case in many types of ORC. 

Yamamoto (2001) designed a turbine for a small scale ORC and obtained low isentropic 

efficiency (15-46%) when the heat input varied from 13 kW to 9 kW. In general, the ORC 

turbine is characterized by very high rotational speeds which for ORC turbines can reach 

60,000 RPM or more. Arguably, designing and manufacturing ORC turbines can be considered 

expensive due to the fact that they are sensitive to operating conditions and therefore the design 

must be customized for each specific application. Furthermore, due to the tip leakages that are 

relatively constant with turbine size, operation at low capacities can be very inefficient. The fact 

is that at low capacity, the magnitude of the bypass flow is at higher percentage of the main 

stream. 

Another option for ORC prime mover is a positive displacement expander (Brasz et al., 

2005). Several kinds of those can be found suitable for ORC: axial piston, rolling piston, rotary 

vane, screw, scroll and other kinds. Badr et al. (1984) analysed the application of multivane 

expanders in Rankine cycles. Maurer and Zinn (1999) performed an investigation on axial 

piston expanders and had shown that its volumetric and isentropic efficiencies are 

approximately 30%, and 41% respectively. Wang et al. (2010) used a rolling piston type 

expander in an organic cycle ORC with R245fa using low grade solar heat source. It had 

achieved a maximum isentropic efficiency of 45.2%. Mustafah and Yamada (2010) analyzed a 

rotary vane expander with R245fa for a heat source temperature range of 60°C to 120°C. 

Furthermore, they had projected isentropic efficiencies of over 80%. For a range of capacities 
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from ten to a few hundred kW, twin screw expanders were found suitable (Smith et al. 1996). 

Screw expanders had shown good adaptability to the operating conditions as they are able to 

handle two phase flows (Infante Ferreira et al., 2004). 

As mentioned previously, when operating with an organic working fluid the pressure ratio 

across the prime mover needs high value. For low capacities, the best choice of positive 

displacement expanders is the scroll type expander. Use of scroll expander in small scale 

organic Rankine cycle is a promising technology in harnessing low grade heat source. 

However, being the efficiency is low, it has advantages over other expanders of this smaller 

range. Reciprocating, screw, vane type, and other conventional expanders have a number of 

moving parts and their design features are complex. On the other hand, scroll compressor has 

less moving parts and very reliable in operation and maintenance. The geometry of scroll 

machines is simpler than that of screw because the scroll has 2D geometry, while the screw has 

a 3D geometry. Scroll units are quieter than screw type they are easier to manufacture for low 

capacity applications. 

Nagatomo et al. (1999) investigated the performance characteristics of a scroll expander 

modified from a refrigeration compressor in an ORC. They had found a maximum expander 

isentropic efficiency of 74%. Also Yanagisawa et al. (1988) had modified a refrigeration scroll 

compressor to operate as an expander and tested it in an experimental loop operating with 

compressed air. They had found a maximum isentropic efficiency of approximately 75%. 

Husband and Beyene (2008) presented a theoretical model of low grade heat driven Rankine 

cycle with scroll expander and showed thermal efficiency of 11% for a fixed 10 kW work 

output. Kim et al. (2001) used a scroll expander in a low temperature heat recovery system, and 

had found its volumetric efficiency to be 42.3%. Zanelli and Favrat (1994) converted a hermetic 

scroll compressor to operate as an expander and tested it in a Rankine cycle. They found the 

maximum isentropic efficiencies of about 63% at a rotating speed of 2400 RPM. Harada (2010) 

tested a scroll expander modified from a refrigeration scroll compressor with R134a and 

R245fa. They had found its isentropic efficiency to be over 70% for 1 kW power output. It was 

found that the rotational speed slightly influences the performance, but the optimal expansion 

pressure ratio was determined to be approximately 3.3. 

The geometrical modeling of scroll machines have been investigated by Bush and Beagle 

(1992) and Chen et al. (2002) based on involute curve theory. Mathematical expressions for 
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fluid pocket volumes are very important in thermodynamic modeling, and were developed by 

Wang et al. (2005). Thermodynamic models for scroll machines were presented by Lemort et 

al. (2009), Oralli et al. (2010), Harada (2010). Leakage or by-pass flows in scroll machines 

were studied by Tojo et al. (1986), and Puff and Krueger (1992). From these studies, the 

leakage flow regime is found between two limits: Fanno (isenthalpic flow) and isentropic flow, 

respectively.  

 

2.6 Ejectors 

Several theoretical and experimental studies address the application of ejectors with different 

design criteria for refrigeration and cooling systems. A number of thermally driven ejector 

cooling of various configuration have been examined where an ejector replaces the function of 

the compressor to compress the fluid to the condenser pressure (Meyer et al., 2009, Abdulateef 

et al., 2008). 

One of the configuration of the ejector cooling known as thermal-driven steam-jet 

refrigeration system has several merits over the conventional electric-driven vapor-compression 

system (ASHRAE, 1979). Keenan et al. (1950), theoretically and experimentally analyzed the 

ejector for the first time using the thermodynamic equations. Their investigation is the 

foundation of ejector analysis and used by the fellow researchers. A number of refrigeration 

systems are configured with a goal to enhance the performance of the system. 

Hung et al. (1999) show a 1-D analysis of ejector performance. Not only the operating 

conditions, but the ejector geometry affects the ejector performance in terms of cooling 

capacity, COP and critical backpressure pressure. The position of the primary nozzle is very 

important as it affects the level of the backpressure. Retracing the nozzle into the mixing 

chamber causes the cooling capacity and COP to increase with the expenses of critical 

condenser pressure. A single optimum nozzle position cannot be defined to meet all operating 

conditions.  

Munday and Bagster (1977) showed that after exhausting from the nozzle, the primary 

flow fans out without mixing with the secondary flow and induce a converging duct for the 

secondary flow. This duct acts as a converging nozzle such that the entrained flow is 

accelerated to a sonic velocity at some place, i.e. hypothetical throat. After that, the mixing of 

the two streams starts with a uniform pressure.  
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2.7 Heat exchangers 

In a thermodynamic cycle the heat transfer units are the key components to establish an 

efficient heat extraction mechanism. The heat exchanger is used for this purpose and its design 

parameters determine the effectiveness of the component. Broadly heat exchangers can be 

categorized as direct contact heat exchangers where there is no intervening surface between 

fluids and indirect contact heat exchangers, where there exist a partition between the fluids.  

In microchannel heat exchangers (MCHEX) a set of wavy fins are normally connected 

to the external surface of the tubes to increase the heat exchange surface. MCHEX have 

attracted attention because they have a high heat transfer area per operational volume unit, and 

thus, high heat transfer coefficients. For a very small dimension, they provide a very large heat 

flux transfer. 

Experimental and numerical study on microchannel and round-tube condensers in a 

R410A residential air-conditioning system is presented in Park and Hrnjak (2008). Shao et al. 

(2009) developed a numerical model of the serpentine of a microchanel heat exchanger. Also, 

Litch and Hrnjak (1999) studied ammonia condensation in microchannel condensers. Kim and 

Bullard (2001) developed a microchanel evaporator model for an air conditioning system. Tuo 

et al. (2012) developed an experimentally validated model for a parallel flow microchannel 

evaporator. 

 

2.8 Closing Remarks 

The literature review reveals that a number of researches were performed on low grade heat 

engine on single generation, cogeneration and some trigeneration set-ups. Theoretical and 

experimental analysis were performed with different types of expanders like reciprocating, vane 

type and screw expander etc. But scroll expander being simple in design with less rotating 

parts, valve less and less frictional surfaces has advantage over othe positive displacement 

machines and is found suitable to act as a prime mover for this type of low power generating 

system. Also for trigeneration system a group of researchers examined the unit with absorption 

chillers as the cooling system and in few cases integrated compression refrigeration system. But 

absorption chiller being robust in design, complex in operation is not suitable to use as a 

standalone system. On the other hand compression refrigeration system needs a high electrical 
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power to run the compressor and thus for smaller scale power generation system, it is not 

suitable. 

Investigating all the design and operational facts of the previous works, it is found that a 

scroll based trigeneration system with ejector cooling system has not yet been done and bears a 

high feasibility. 
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Chapter 3: Trigeneration System Description and Prototype Development  

 

3.1 System description and its thermodynamic cycle 

The trigeneration system as addressed earlier is a single unit which generates simultaneously 

power, heating and cooling. The integration of the three subsystems (power, heating and 

cooling) is conceptually designed based on practical knowledge, thermodynamic principles and 

availability of technologies for the components. Also emphasis is given to the type of energy 

input which is considered as low grade heat source. Renewable energies such as solar, 

geothermal, waste heat or biomass combustion are considered the most suitable sources of 

energy in respect to environmental impact. 

The system components are selected according to the input source and the desired capacity 

of the unit. Also based on the temperature level of the heat source the working fluid has been 

selected. However, before determining the final configuration of the system various alternatives 

were briefly analyzed thermodynamically. The following considerations are taken into account 

in designing the unit: 

 Small stand-alone unit, 

 Optimize energy and exergy efficiencies, 

 Reduced environmental impact, 

 Use of off-the-shelf equipment and components where possible, 

 Cost effectiveness. 

Based on the above considerations, the trigeneration system has been developed using a 

custom made scroll expander and ejector. The scroll expander has advantages over other prime 

movers that are discussed in previous chapters. For small scale operation, ejector cooling 

system has benefit over compression or absorption system because of simple design features. 

Also considering the heat source temperature ammonia-water is found a suitable choice. 

Each of the individual systems integrated has their own subcomponents. Conversely, as a 

whole they share the basic components of the core unit. The system integrates a regenerative 

Rankine cycle with an ejector cooling cycle as shown in in Figure 3.1. The system is designed 

for low scale power generation in the kW range; it also generates heating of service water of 

tens of kW and produces 1-2 kW of refrigeration at approx. 5°C. 
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Figure 3.1: Ammonia-water based trigeneration system with Rankine and ejector cycle 
integration [black arrows = heat fluxes, grey arrow = cooling, white arrow = power]. 

 

Table 3.1: Description of thermodynamic states for the trigeneration system (Figure 3.1). 
State Description State Description 
1 Saturated or slightly sub-cooled liquid 10 Low-quality two-phase fluid  
2 Pressurized (subcooled) liquid 11 Saturated or slightly sub-cooled liquid 
3 Preheated ammonia-water liquid 12 Liquid refrigerant toward evaporator 
4 Saturated working fluid (inside vapor 

generator) 
4′ = saturated liquid; 4′′ = saturated 
vapor 

13 Throttled low-temperature refrigerant toward 
evaporator 

5 Superheated vapor (few degrees 
superheating) 

14 Saturated vapor of ammonia-water refrigerant  

6 Superheated vapor toward the expander 15 Hot high-pressure vapor toward ejector 
7 Expanded vapor (near vapor saturation) 16 Recompressed refrigerant at condenser 

pressure 
8 Low-pressure working fluid at high 

quality 
17 High-pressure liquid to metering valve 

9 Slightly superheated low-pressure vapor 18 Cold liquid injection for lubrication 
 

Table 3.1 gives the description of each of thermodynamic states shown in the diagram 

from Figure 3.1; also the thermodynamic processes are described in Table 3.2. The heat source 
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for the system is considered to be a hot fluid which exchanges sensible heat at the vapor 

generator. 

The maximum temperature level of the heat source is assumed in the range of approx. 

100°C to 160°C. Heat sources with temperature in this range are relatively abundant: 

combustion flue gases, solar energy at low concentrations, various industrial processes which 

waste heat, also heat rejected by topping cycles for power generation. 

 

Table 3.2: Thermodynamic processes within the trigeneration system (Figure 3.1). 
Process Description 
1-2 Pressurization of liquid (pumping) 
2-3 Preheating (regenerator) 
3-4-5 Vapor generation 
5-6-15 Flow splitting of superheated vapor (#5 toward expander; #15 toward ejector) 
6-7 Vapor expansion 
7-8 Regeneration (heat release from two-phase flow)  
8-9-16 Mixing of streams #8 and #16  
9-10 Ammonia resorption and incomplete condensation 
10-11 Complete condensation and heat rejection 
11-1-12 Liquid flow splitting (#1 toward pump, #12 toward throttling valve) 
13-14 Evaporation and heat absorption from cooling process 
14-15-16 Ejector process (14-16 compression; 15-16 expansion)  
17-18 Cold liquid injection for lubrication 

 

Figure 3.2 shows the qualitative representation of the thermodynamic cycle of the 

trigeneration system, as a T-s diagram. The power cycle is visible in the figure as 1-2-3-4-5-6-

7-8-9-10-1. The ejector cooling cycle is represented by the line 1-13-14-15-7-8-9-10-1. The 

heat production process is represented by the line 9-10. 

As shown in the figure, the whole unit is composed of a power cycle, a heat delivery 

process (9-10) and a cooling cycle. The power cycle which is the heart of the system is 

basically a Rankine cycle with ammonia-water. The cycle components are a vapor generator 

(ammonia desorber), an expander, a pump and a condenser (ammonia resorber). The vapor 

generator is supplied with heat using a heat transfer fluid. The vapour generated is supplied to 

the custom made scroll expander to convert the heat energy into mechanical energy. After 

expansion, the fluid goes to the condenser to release the heat to complete the cycle and flow 

back to the pump. During the condensation process some useful heat is generated for heating 
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service water. Note that the condensation process is accompanied by ammonia resorption into 

liquid. 

The cooling system mainly consists of an ejector, an evaporator coil and some piping 

arrangements. A stream of high pressure ammonia-water vapour channeled from the vapor 

generator, flows through the ejector. An evaporator coil is attached to the ejector in the throat 

section, the other end being connected to the throttling valve supplied with liquid from the 

receiver placed at the bottom of the condenser. 

 

 
 

Figure 3.2: Thermodynamic cycle for the trigeneration system. 
 

Steam passing through the ejector develops high velocity in the throat area and drops 

pressure substantially to induce the evaporation of the working fluid in the evaporator. The 

main vapor stream and the secondary vapour from the ejector thus mix together and flow to the 

diffuser section to build pressure. Finally, the mixed flows are routed to the condensing unit and 

complete the cycle. 

There are some novelty aspects with the proposed trigeneration system as follows: 

 The use of the ejector cooling in an integrated manner with an ammonia-water Rankine 

cycle is new. 
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 The resorption-condensation scheme (process 7-8-9-10-11) represents a new scheme 

which combines regeneration (process 7-8/2-3) with heat transfer for heat product 

generation (process 9-10) and heat rejection into the environment (process 10-11); in 

this scheme the temperature for cogeneration is upgraded due to the mixing process with 

the stream at the ejector output (process 8-16-9). 

 A new oil-free scroll expander prototype is demonstrated having liquid working fluid 

injection for lubrication (this simplifies the hardware since for common applications the 

vanes in scroll machines are lubricated with oil). 

 

3.2 Trigeneration system prototype 

In order to assess the feasibility and performance of the new trigeneration system, a proof-of-

concept prototype has been designed and built. The prototype involved the development and 

construction of some novel components as follows: 

 Oil-free scroll expander lubricated by working fluid injection, 

 Oil-heated vapor generator with micro-channel heat exchangers, 

 Water-cooled condenser-resorber with micro-channel heat exchangers 

 Ejector for cooling cycle with ammonia-water. 

In addition, a custom-design oil heater has been built. All other components of the 

prototype trigeneration system were off-the-shelf elements and devices. The diagram of the 

trigeneration system prototype is shown in Figure 3.3. The testing system also includes a 

heating loop and a cooling circuit for the condenser. 

Note that there are some slight differences between the conceptual design of the 

trigeneration system shown in Figure 3.1 and the built prototype shown in Figure 3.3. Namely, 

the prototype has incorporated only one single heat exchanger in the condensation/resorption 

loop (process 10-11 in Figure 3.3). Instead, the trigeneration system has two heat exchangers in 

series, which are 9-10 used for water heating and 10-11 used for heat rejection (Figure 3.1). The 

reason behind this is that the prototype’s condensation/resorption loop includes one single heat 

exchanger to reduce cost. In addition to this, the cooling coil used for the cooling generation 

component of the system has a relatively small surface (0.02 m2) and therefore is capable of 

producing cooling in the range of tens of watts up to ~100 W. These simplifications do not 

affect the proof-of-concept.  
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The prototype is fully equipped with measurement devices for testing. In Figure 3.3, the 

state points are indicated which are required for data processing and thermodynamic analysis. 

The symbols used in the diagram are explained as given in Table 3.3. The prototype is equipped 

with many auxiliary components which are necessary for the proper operation for various 

procedures such as pressure testing, leak proofing, vacuuming, charging, draining, discharging, 

pressure release etc. The list of valves and their use for the prototype is given in Table 3.4. 

 

 
 

Figure 3.3: Ammonia-water based trigeneration system prototype, as built. 
 
Some functional aspects of the system which are resolved by auxiliary components are 

described subsequently. The condenser/resorber has a liquid trap for the working fluid at the 
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exit. This will prevent any gas passing into the liquid receiver which must be flooded at all 

times. The vapor generator feed line has a non-return valve which impedes any tendency of the 

liquid inside to flow backwards. The oil line has a liquid-gas separator which allows for air or 

oil vapor separation and return via the metering valve MV23 to the oil accumulator; so that the 

oil pressure is balanced hydrostatically. 

 

Table 3.3: Significance of graphical symbols used in the system diagram from Figure 
3.3. 
Symbol Explanation Symbol Explanation 

 

DC motor; used to control the angular 
speed via electric potential adjustment 

 

DC generator unit (consisting of an 
externally excited alternator and a 
rectifier) 

 

Pressure gage with its own digital 
indicator 

Temperature sensor connected to data 
acquisition 

 

Flow meter (rotameter with 
incorporates a needle valve for flow 
rate regulation) 

 

Volumetric flow meter 

 

Gas liquid separator used within the 
thermal oil circuit 

Level indicator 

 Ball valve (BV) used to open/close 
flow 

 One-way valve 

 Metering valve (MV, for flow 
metering or throttling depending on 
the case) 

 Relief valve (RV, safety valve) 

 Liquid trap (used after condenser) 
 

Compression fitting for quick 
disconnect 

 Working fluid line Flexible line for working fluid 
charging 

 
 

Thermal oil line  Water line 

 

Table 3.4: Valve functions for the prototype trigeneration system. 
Valve Function Valve Function 
BV1,drain Safely drain the ammonia-water working fluid BV1,drain Opens when working fluid is charged 
MV3 Adjusts the flow rate of working fluid BV5 Separates the expander from vapor generator 
MV5 Connects the vacuum pump or compressor MV7 Adjusts the flow rate of liquid injection 
MV9 Allows for manual release of working fluid BV10 Separates the liquid level indicator (gas phase)
BV10 Separates the liquid level indicator (liquid phase) MV12 Throttles the liquid towards evaporator 
MV14 Adjusts the primary flow through the ejector BV15 Isolates the ejector from condenser 
MV19 Adjusts the flow rate of thermal oil BV20,drain Drains the thermal oil 
MV23 De-aerates the oil circuit BV26 When opens, by-passes the oil cooler 
BV27 When opens, connects the oil cooler MV30 Adjust water flow rate for condenser 
MV34 Adjusts the flow rate during charging BV34 Separates the charging line 

 

M GS
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Figure 3.4: CAD drawing showing the relative placement of the main components of the 
trigeneration system. 

 

 
 

Figure 3.5: Photograph of the trigeneration system. 
 
The construction of the trigeneration system has been realized on a metallic structure 

designed such that it allows for working fluid circulation and drain through the gravitational 

field. In this respect, the expander is placed with the intake at a higher level, whereas the 
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condenser is below the expander outlet. The liquid receiver is placed below the condenser and 

the working fluid pump is placed at the lowest level on the supporting structure. Figure 3.4 

shows a CAD drawing of the supporting structure. A photograph of the trigeneration system as 

built is shown in Figure 3.5. The prototype system is designed with the requirement of 

generating 1kW of power using a heat source of around 150Ԩ. The amount of heat supply is 

estimated at 20-30kW. The heat exchanger on the heat source side is therefore designed on the 

basis of 30 kW heat transfer. The sink side heat exchanger has a similar duty. 

The prototype includes the following subsystems having a custom design: 

 Scroll expander which itself is developed as a prototype, 

 Vapor generator which uses heat transfer oil for heating, 

 Condenser-resorber, 

 Oil heater which is of electric type with 30 kW duty, 

 Ejector with adjustable nozzle throat. 

All the other components of the prototype are off-the-shelf devices or elements. The 

ammonia-water (working fluid) pump is a gear pump with an internal bypass. The pump is 

driven by a 24 V DC motor of 4000 RPM which is connected through a magnetic coupling such 

that the pump is perfectly sealed. The pump is sized based on the required flow rate, system 

pressure, head and frictional losses within the piping system. In order to avoid problems with 

cavitations, a positive displacement pump with high suction head (24 inch) has been selected as 

an additional precaution, although the location of the pump is at the lowest level and in normal 

operation does not require priming. The characteristics of the working fluid pump are given in 

Table 3.5. A photograph showing the gear pump installed under the liquid receiver (left side) is 

shown in Figure 3.6. 

 

Table 3.5: Working fluid pump characteristics. 
Parameter Specification Parameter Specification 
Make Cole Parmer 073003-4 Type Gear pump with internal bypass 
Capacity 1.17 ml/rev ΔPmax 4.1 bar 
Drive 4000 RPM @ 24 V Run dry Up to30s 
Materials 316SS body, PPS gears, Viton seals Duty cycle Continuous from150 to5000 RPM

 



43	
	

 
 

Figure 3.6: Photograph detail of the working fluid pump and liquid receiver. 
 
For oil circulation, a diaphragm pump has been chosen with the maximum flow rate of 

6.8 lpm and lower pressure differential of 3.1 bar. The pump type characteristics are given in 

Table 3.6. Duratherm 450 has been selected as thermal oil which is recommended for heat 

transfer application with temperature inferior to 235°C. The viscosity is around 1.3 cSt, thermal 

conductivity around 0.14 W/mK, heat capacity around 2.3 kJ/kgK, and density around 0.8 kg/l. 

However, the vapor pressure of oil is about 25 kPa at 235°C which indicates that evaporation 

occurs in the working condition when the presence of air in the oil cannot be avoided. 

Therefore, a special design and piping arrangement is made to allow for oil and gas expansion 

on one hand, and on the other hand to separate the gases and balance the circuit hydraulically. 

 

Table 3.6: Characteristics of the circulation pump for thermal oil. 

Parameter Specification 
Make Cole Parmer T-75420-07 
Type Diaphragm pump 
Max flow 5.3 lpm @ 12 V drive 
ΔPmax 3.1 bar 
Materials Polypropylene (body),  

santoprene (diaphragm),  
valves (Viton) 

Priming 2.5 m H2O suction 
 

An air-cooled oil cooler is integrated to cool the return oil from the boiler before 

supplying it to the pump as the pump cannot operate at high temperature. A by-pass line is 

installed to by-pass the flow while performing the experiments to vary the operating 

parameters. Figure 3.7 shows the photograph of the oil-cooler which is a fined surface heat 

exchanger to which an air blower is attached. 
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Figure 3.7: Detail photograph of the air-cooled oil cooler. 
 

 
 

Figure 3.8: The installation of the metering valve for liquid injection. 
 

The piping elements of the prototype are made in carbon steel although stainless steel 

will be a better choice for longer durability. However, the use of carbon steel is cost effective 

and is acceptable provided that ammonia concentration is low and operating temperatures are 

mild. The majority of the connections and fittings are of NPT standard (NPT = National Pipe 

Thread). 

All ball valves are coated with nickel except BV1 and BV34 which are stainless steel 

compression fitting types. The metering valves are of needle valve type except MV30 which is a 

screw-down valve in brass as it is used for water flow rate adjustment for the condenser. Also 

the metering valve MV7 which adjusts the flow rate of the injected liquid is in stainless steel 
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with compression fittings from Swagelok (type SS-4MG) featuring a flow coefficient of 0.03 

for which the flow rate is about 0.01 lpm at 1 turn and 0.1 lpm at full open in the operating 

conditions.  

 

3.3 Scroll expander development 

The scroll expander is a new oil-free design which features injection of liquid working fluid for 

lubrication. The design evolved during several trial and error iterations during one and half 

years. The scroll wraps are taken from a scroll compressor from refrigerator, namely Bristol 

H20R483DBE featuring 65 ml per revolution. The scrolls are of compliant type and an Oldham 

coupling is used to insure the compliance. The height of the wrap is 29 mm and the thickness is 

3 mm. The built-in volume ratio, representing the geometric expansion ratio of the expanding 

cavity must match approximately the volume expansion for the power cycle. The over 

expansion has to be avoided. The procedure of cycle design when a scroll compressor is 

converted into an expander without modifying the scroll has been previously elaborated and 

validated in Oralli et al. (2010), Tarique (2011),Tarique et al. (2014), Oralli et al. (2014). This 

procedure has been applied for the same scrolls and thermodynamic cycle parameters 

determined accordingly. 

 

 
 

Figure 3.9: Removal of the bypass valve and journal bearing of the original Bristol 
H20R483DBE scroll module; the journal bearing was replaced with a radial roller bearing. 
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For constructive modifications, several adaptations were made. The copper by-pass 

valve previously existent on the fixed scroll has been removed and its channel blocked with a 

steel plug as shown in Figure 3.9 (left). Also, the original journal bearing of the orbiting scroll 

support has been completely removed. Instead, CNC machining was applied to install new parts 

and adaptations and a radial roller bearing has been inserted to support the upper part of the 

rotating shaft. Figure 3.9 (right) shows the original journal bearing of the scroll unit which has 

been replaced. In the figure, the position of the roller bearing can be observed. 

As shown in Figure 3.10 the new expander-generator comprises the following elements: 

 A vapor plenum which plays the role of pressure accumulator to dump short fluctuation, 

 The liquid injection line transverses the plenum such that liquid can be injected at the 

right spot, that is above the intake port of the fixed scroll unit, 

 The rolling bearing support structure is new and made robust to compensate for the 

eccentric forces due to orbiting movement, 

 The shaft has been mechanically balanced by attaching a half ring in stainless steel 

weighting few hundred grams, 

 The shaft has a flywheel, 

 At the bottom support, a radial-axial roller bearing is inserted in a new supporting cage, 

 The housing is completely new and comprises two sets of flanges, 

 A magnetic coupling with contaminant barrier has been added to transmit power, 

 A clutch has been designed and built to couple or decouple the generator. 

The original scroll wraps were rectified. These are shown in Figure 3.11, where the 

fixed scroll is in the left and the orbiting scroll in the right.  

The scrolls surface has been cleaned by sand blasting and the fixed scroll has been 

machined in order to reduce the leakage gap between the two mating scrolls. Through 

machining, the radial gap has been reduced four times from 300 μm to below 70μm. 

Figure 3.12 shows the fixed scroll after modification consisting of the elimination of the bypass 

valve and CNC rectification, the shaft with the eccentric, flywheel and its radial axial bearing at 

bottom, the new supporting part for the radial bearing at the top, the housing with upper flange 

and middle flange and O-rings. Figure 3.13 shows a detail photograph of the expander housing. 

The housing has three components: the upper cap (a), the top body (b) and the lower body (c).  
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Figure 3.10: Novel scroll expander / generator assembly. 
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Only the expander cap, where hot working fluid enters, is thermally insulated. In the 

housing, the working fluid is at lower pressure (the same pressure as the pressure of the 

expanded working fluid).  

The expander must work in very tight sealing conditions so that no ammonia can escape 

out of the system. In this respect a magnetic coupling has been selected and installed. The 

magnetic coupling has been selected based on the design angular speed and shaft power. The 

average angular speed is set to the order of 1000 RPM based on previous experience with scroll 

units. However, for the present expander it is expected that angular speed may reach over 3000 

RPM. The torque-power relationship is: 

ሶܹ ൌ ࣮	߱ 

 

with ߱ ൌ ߨ2 ሶܰ /60, where ሶܰ  is the angular speed in RPM. 

 

 
 

Figure 3.11: Scroll wraps of the scroll unit (fixed scroll – left side, orbiting scroll – right side). 
 

 
 

Figure 3.12: Modifications and additions to scroll unit and shaft. 
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Figure3.13: Detail photograph of the expander housing: a) upper cap, b) top body, c) bottom 
body, d) assembled expander, e) thermal insulation. 

 

 
 

Figure 3.14: Expander-generator clutch arrangement. 
 

Consider an estimated value of the power output of the expander as 1kW with an 

angular speed of 1000 RPM. Then τ becomes 10 Nm. This value of the estimated torque can be 

used in sizing the magnetic coupling. The shaft end is connected to the male part of a magnetic 

coupling. The magnetic coupling is used to transmit the shaft power to a generator without 

physical contact. This arrangement is used to confine the process fluid within the leak proof 

closed loop.  
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However, the contaminant barrier cup placed between the shaft-connected magnet and 

the external magnet which is connected to the generator is made of stainless steel and therefore 

dissipates power. According to the manufacturer of the magnetic coupling, the mechanical 

power losses due to magnetic dissipation are of the order of 20% of the transmitted shaft power. 

The selected magnetic coupling is MTC-10 of co-axial having the nominal torque of 10 Nm, 

peak torque of 12 Nm and maximum angular speed of 13,000 RPM. Thence, for our expected 

maximum angular speed of 3600 RPM the maximum transmitted power is about 3.7 kW. 

It has been observed from preliminary tests with compressed air that idle start is 

sometimes better for the expander. Because of this reason, a clutch system has been designed 

and built. The clutch arrangement functions as a mechanism of disengaging the driven shaft 

from the power shaft during start-up of the engine. This unloads the shaft and reduces torque 

during starting the engine. Figure 3.14 shows a photograph with the clutch disengaged (left) and 

engaged (right). The clutch arrangement is composed of two sprockets entrained by a chain 

with the help of a crank. 

 

3.4 Ejector development 

The ejector dimensions were estimated based on the ejector cooling design methodologies as 

reviewed in Chunnanond and Aphornratana (2004). In this respect, the COP of the system has 

been assumed to a value within the known range for practical applications. Using the COP 

value and the targeted cooling duty the mass flow rates for the main flow and secondary flow 

are obtained. With these the diameter of the main throttle is calculated. The speed of sound in 

throttle has been determined for the ammonia-water with concentration in the range of 10-20% 

by weigh: this is ~400 – 430 m/s. 

An ejector has been designed and built. The technical drawing of the ejector is shown in 

Figure 3.15. For simplicity of the construction the ejector has been made starting from a 

commercial Swagelok valve which has been modified. As seen in the figure, the main flow port 

is at the bottom. The main flow is directed toward a small plenum at the nozzle intake. A needle 

is used to control the nozzle throat cross section and thus the flow rate. The flow becomes 

supersonic at the nozzle exit and meets the secondary (entrained) flow in conditions of lower 

pressure. Further, the flow is chocked somewhere at the end of the constant area section and 

increases the pressure in the diffuser. 
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Figure 3.15: Ejector drawing “as-built”. 
 

 

 
 

Figure 3.16: Photograph of the ejector as installed in the system. 
 

 

Table 3.7: Constructive parameters of the custom-made ejector. 
Parameter Remark Parameter Remark 
Throat diameter 0.87 mm Nozzle length 10 mm 
Nozzle’s divergent section angle 60° Nozzle end diameter 4 mm 
Diameter of constant area section 4 mm Length of constant area section 20 mm 
Diffuser length 60 mm Diffuser end diameter 18 mm 
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Figure 3.17: Immersed cooling coil setup connected to the ejector system. 
 

The ejector parameters are given in Table 3.7. For the considered design conditions, the 

entrained flow factor has been 0.315. For a cooling duty of 100 W the estimated consumption 

of high pressure fluid is around 10-20 ml per minute. Figure 3.16 shows a photograph of the 

ejector as installed in the system. The needle valve which adjusts the main flow rate has a 

micrometer handle from Swagelok. The ejector is connected to a cooling coil shown in Figure 

3.17 through which the secondary flow is circulated. In the photograph from the figure the 

throttling valve and an on-off ball valve are also visible. The cooling coil is immersed in a 

beaker of 1 liter capacity. 

 

3.5 Heat exchangers 

In this work two custom made heat exchangers were designed and built: the vapor generator 

and the condenser-resorber. The two heat exchangers have similar construction but the flows 

are circulated differently in each unit. Condensation and resorption occurs in a down flow in 

microchannels while the outer surface is cooled by a water stream circulated in counter-current, 

cross flow. The vapor generator has liquid supplied at the bottom side. The vapors are 

generated inside the microchannels while the stream flows upwards. The vapor generator is 

heated with thermal oil supplied from above in a counter-current, cross flow configuration. 

The heat exchanger duty results from the cycle analysis as discussed in the Analysis and 

Results and Discussion sections. For power generation of the order of 1 kW under prototype 
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operation parameters the duty of the two heat exchangers is superior to 20 kW. Because of 

technical reasons, the vapor generator has duty to be higher: the thermal oil must be cooled 

below 100°C prior feeding into the pump, or otherwise the pump may be damaged. Considering 

also the heat losses, it is decided that the vapor generation duty is 30 kW. The duty of the 

condenser is slightly lower. 

The design of the two heat exchangers assumed a LMTD of 10 K; thence the heat 

transfer area is estimated to 3 m2. Both heat exchangers are custom made micro channel heat 

exchangers. The main features are counter cross flow fin-tube type heat exchanger with a pair 

of parallel vertical header tubes which distributes the process fluid. A number of extruded 

aluminum multi-port tubes are brazed to the headers. Multi-port extrusion (MPE) tubes are flat 

tubes with multiple small channels running across the length of the tube. 

An aluminum multi-port extrusion (MPE) arrangement ensures high performance 

operation by creating a favorable heat transfer area to volume ratio. Also, the flat geometry of 

MPE tubes reduces the aerodynamic drag on the secondary fluid side of the heat exchanger. A 

number of baffles are positioned within the header to arrange for multi-pass operation. 

 

 
 

Figure 3.18: Heat exchanger design specification. 
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Figure 3.19: Photograph details of the realized heat exchangers: a) front view of inner circuit, b) 
side view of inner circuit, c) baffles detail for the shell side circuit, d) shell, e) thermally 

insulated vapor generator, f) condenser. 
 

Six car refrigeration condensers are procured to build either heat exchanger for the 

desired purpose. A set of three heat exchangers are spot welded together as shown in the figure 

to serve the purpose of the system with the designed capacity. Figure 3.18 shows a technical 

drawing of the inner circuit and shell side arrangement for the heat exchangers.  

The inner side has two headers with welded flow baffles so that at the top side many 

microchannel strips are connected in parallel, whereas at bottom only two parallel channels 

exist. The outer side of the microchannel strips has installed an extended surface with 

aluminum fins. The flow is circulated in a counter current, cross flow using a series of baffles. 

Figure 3.19 shows photographs illustrating the practical realization of the heat exchangers. 

 

3.6 Oil heater 

The oil heater is installed to the system to simulate a source of sustainable heat to heat the 

process fluid of the heat engine. The heater is designed by wrapping a nickel-chromium heating 

wire over the copper tube through which the oil will flow. Both the copper tube bundle and the 

wire are casted in a refractory brick (Kastite) that facilitates heat transfer, as shown in Figure 

3.20. The heater is designed to supply 30 kW of thermal energy to oil heat transfer fluid. 
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Figure 3.20: Heater construction 
 

The electrical circuit of the oil heater comprises 11 switches which supply power to 28 

electrical heating segments, each of them having 1.2 kW at 110 V. The heaters are connected in 

a series parallel scheme such that the user can switch on/off segments of 2.5 kW up to 4 kW. In 

this manner the desired thermal power can be generated.  

The heater has a very high thermal inertia, estimated based on preliminary 

measurements to about 100 kJ/K. In many tests it has been observed that the oil temperature 

continues to increase even if the electrical current is switched off. The heat transfer surface 

consists of 16 copper tubes embedded in a casted structure. Inside the brick the temperature of 

the NiCr wire reaches around 1000 K and heat is transferred through conduction to the colder 

copper tube wall. The inner surface of the tube is cooled by oil circulated at high flow rate. 

 

3.7 Closing Remarks 

A novel ammonia-water based trigeneration system is proposed as shown in Figure 3.1. This 

system includes a regenerative Rankine cycle with heat recovery for heating generation. In 

addition the system includes an ejector cooling loop to generate useful refrigeration effect.  

A prototype has been built aiming to test the proposed concept and to assess its 

performance and feasibility. The core system component is the expander which has been 

developed starting from a refrigeration scroll compressor. The system includes other custom 

made parts such as: ejector, heat exchangers and oil heater. As it will be described in the 

Results and Discussion chapter, the study identified a modified version of the trigeneration 

system which confers improved trigeneration performance which is worth for further 

development. 
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Chapter 4: Experimental Investigation 
 
The main goal of the experimental investigation pursued in this work is to assess the system 

prototype based on energy and exergy efficiency. The exergy destructions at every component 

of the system are also to be determined. The experimental investigation is needed for concept 

proofing of the trigeneration system and to demonstrate its feasibility. 

In this respect, the trigeneration system was instrumented with measurement devices and 

several test runs were performed. In addition, each component has been tested individually in 

separate experiments. In this chapter, the experimental investigation is described, the 

measurement devices are presented together with measurement error, and the analysis for 

uncertainty propagation is exposed. In this work, six types of experiments were performed as 

described subsequently. Each experiment had a number of runs with varied process parameters. 

 

4.1 Experiment 1: Investigations with the prototype system 

The objective of this experiment is to test the trigeneration system prototype in various running 

modes and to acquire sufficient measurement data with varied concentrations of ammonia such 

that the energy and exergy efficiencies and exergy destructions can be determined. 

A manual start-up method has been established for the prototype shown in Figure 3.3 

after several trials. In brief, the starting-up requires as first step the filling of the cold vapor 

generator with working fluid in liquid phase up to half volume. The volume of liquid that must 

enter the vapor generator at start-up must be 0.6 l which corresponds to approximately half of 

the inner volume of the microchannels. The amount of volume that enters the vapor generator at 

cold start-up can be determined using a timer and the reading from the flow meter V̇3. 

After filling the liquid, the valves MV3, BV5, MV5 and MV14 are locked. The pressure 

builds up gradually in the vapor generator due to heat addition. When sufficient pressure is 

observed, MV3 is gradually opened to allow feeding of liquid process fluid to the vapor 

generator and BV5 is opened such that the expander starts turning and generates power. When 

cooling generation is studied, the valve MV14 is opened. Because of the fluctuation of vapor 

pressure a steady regime could not be maintained for long time. The “Experiment 1” has been 

complemented with several other types of experiments, including open loop (non-condensing 

mode), cooling-only mode and other related investigations as described in subsequent sections. 
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The following data was recorded during Experiment 1 using data loggers: T21, T16, T1, 

T5, T9, T13, P13. All other data have been recorded with “paper-and-pencil” as follows: 

 The electric power provided to the boiler; this has been determined by previous 

measurements of voltage and current of the oil heater, 

 The volume flow rate ሶܸଷ and ሶܸଷଶ, 

 Pressures P1, P5, P9, P14,  

 Temperatures T31, T32, lab temperature ଴ܶ and temperature increase over oil cooler, 

 Voltages and currents of all electrical drives, 

 Indications such as liquid level in condenser (LI), and needle valve position at MV7,12,14. 

For Experiment 1 the following general procedure was established: 

 The plant is checked for leaks using compressed air at 80 psi gage. The compressor is 

connected at MV5 and air fills the plant and pressure increases to the desired value. 

 Once the plant is leak proof the vacuum pump is connected to MV5 and vacuum is 

generated down to 1 psi absolute or below. In this project a double stage diaphragm 

pump was used because it is corrosion resistant to the action of ammonia-water. In 

addition, the pump setup allows for the separation of liquid before pump suction. During 

the vacuuming, the working fluid canister is connected to the plant with its valve MV34 

closed, but with valves BV1,charge and BV34 open. 

 Once the plant is vacuumed and the vacuum is stable, then working fluid is filled by 

gradual opening of MV34. After filling the desired amount of working fluid the isolation 

valve BV1,charge is closed and the working fluid tank lowered to allow as much emptying 

of the flexible hose as possible. Then BV34 is closed.  

 If it is desired that the ammonia canister is removed, then the line between BV1,charge and 

BV34 is disconnected. Protection equipment and gas mask are used accordingly. Any 

liquid is drained back into the canister by holding up the flexible hose and shutting 

down MV34. Any additional ammonia in the hose is spilled into a water bucket. 

 The desired test session is performed. 

 The ammonia-water working fluid is drained out in a water bucket via the valve 

BV1,drain. 

 The plant is blown with compressed air via valve MV5 to remove any liquid. 

 The plant is allowed to empty by opening valves BV1,drain, MV5 and MV9. 
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Table 4.1: Description of tests runs for Experiment 1. 
Run Working fluid 
1 Ammonia-water with 30% concentration 
2 Ammonia-water with 20% concentration 
3 Ammonia-water with 10% concentration 
4 Non-condensing test with steam only 
5 Steam working fluid in closed loop cycle
6 Ammonia-water with 5% concentration 
7 Ammonia-water with 28% concentration 
 

For Experiment 1, 7 runs were made. The first 3 runs were made in 2013 and concluded 

that the expander scrolls must be rectified for obtaining better performance. The last 4 runs 

were made in June 2014 with the scrolls rectified for reducing the bypass leaks. Table 4.1 

describes each run. In subsequent paragraphs the main aspects related to each run are described. 

The rough data for the experiments is given in Appendix A and processed as shown in the 

Results and Discussion chapter. 

 

Run 1 

For this run and also for runs 2 and 3, no cooling component has been installed into the cycle. 

The heat engine ran for power and heating production only. For working fluid charging water 

has been degassed first. Degassing water is necessary to reduce corrosion, since ammonia-water 

is extremely corrosive. In this respect, 2 liters of degassed water were prepared using an 

ultrasonic bath of 300 W while keeping water in vacuum condition. The degassed water has 

been transferred in a sealed plastic bag using a peristalting pump. The vacuum bag has been 

connected to the drain BV1,drain (Figure 3.3). The plant was put under vacuum and water moved 

inside after which the valve BV1,drain was closed. 

An amount of ammonia has been added from the canister through the flexible hose. The 

canister has been weighted before and after feeding to determine the charge. Ammonia and 

water mixing has been observed by the heat released when the liquid receiver is touched with 

hand. After about 30 minutes, the pressure gage from liquid receiver and the room temperature 

are read. Since ammonia-water is at saturation, the pressure and temperature can be used to 

calculate the concentration according the equation of state. 

The run started by circulating hot oil through the vapor generator. Pressure and 

temperature data have been recorded. The duration of the run has been of approximately three 

hours. After the test, a cooling down procedure has been conducted. Because the oil heater has 
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very high thermal inertia, the cooling process takes about two hours. After the run was 

concluded, the ammonia-water working fluid was removed out from the plant and the interior 

has been blown with compressed air for cleaning. The following aspects are noted for the 

experimental “Run 1”: 

 Oil rose too high in the oil accumulator. This revealed that the oil circuit was not 

hydraulically balanced. Air in the oil circuit expanded too much and created a 

hydrostatic column of oil too high at the pump suction. At the time of “Run 1”, no oil-

gas separator was installed in the circuit. Decision has been made to make the oil circuit 

more robust, to raise-up the oil accumulator and to insert the oil separator and to add the 

de-aeration valve MV23 (Figure 3.3). 

 The temperature at the oil pump suction has been too high although cooling has been 

applied by the oil cooler. This high temperature potentially can damage the oil pump. At 

the time of Run 1 test, no blower has been attached to the oil cooler, thence the cooling 

has been with natural convection. It was decided that blower will be added to the oil 

cooler for future experiments to generate forced air convection cooling to enhance the 

cooling rate for oil. 

 The pressure was not building-up well in the pressure generator. Note that at the time 

when Run 1 was performed the flow meter ሶܸଷ and ball valve BV5 were not installed into 

the plant. The pressure in the vapor generator was maintained by applying a small 

voltage to the liquid pump such that few tens of ml/minute were fed to the vapor 

generator. It was decided that for future experiments, the ball valve BV5 will be 

included in the plant and this will stay closed during the initial period for rapid building 

of pressure. 

 The expander did not turn well as expected based on its known characteristics. Based on 

data processed from Run 1, it resulted that the expander had unacceptably high bypass 

leakages. It was decided that the expander has to be tested separately with compressed 

air. This has been done as reported in “Experiment 2” below, without removing the 

expander from the plant, but only by opening its discharge port to the atmosphere. Also, 

as mentioned earlier, the expander has been rectified by machining to reduce the built in 

leakage for compression operation. The Runs 4-7 were done with a rectified and 

improved scroll expander. 



60	
	

Run 2 

This run is similar to Run 1 but has been done with lower concentration of ammonia in water. 

Also the oil circuit has been well improved according to the conclusions from Run 1. No 

changes were made yet on the ammonia-water circuit. In this experimental run more focus has 

been directed to the condenser and maintain appropriate condensation pressure. The system has 

been charged with ammonia-water solution of 20% concentration using a similar procedure. 

The following aspects are noted for the experimental “Run 2”: 

 The condenser pressure has been higher than that which was believed to be correspond 

to saturation temperature. It was “guessed” that there may not be sufficient liquid in the 

plant. It was decided that a level indicator should be installed on the condenser and also 

that the volume of the liquid receiver, condenser and vapor generator should be tarred 

with water after the plant is emptied. These changes were actually applied latter. 

 The pressure still not built as desired in the vapor generator. It was speculated that a 

pressure accumulator (in form of a pressure vessel) should be installed at the vapor 

generator discharge. This measure was not actually pursued. 

 

Run 3 

In this run the ball valve BV5 was installed (Figure 3.3). Ammonia-water with 10% 

concentration has been charged this time. The flowing aspects are noted for the experimental 

“Run 3”: 

 Although BV5 was closed the pressure did not built much faster in the vapor generator. 

It was concluded that a check valve should be included at vapor generator fed line. Also 

the working fluid pump must be checked. Therefore, the pump has been dismantled at 

latter date and tested for calibration as presented below at Section 4.6 (Experiment 6). 

 It was decided that flow meter ሶܸଷ must be installed at vapor generator feed line. 

 It was decided to test the vapor generator in open loop and assess it separately. This is 

done by opening the valve MV5 to the atmosphere while using steam as working fluid, 

as reported in Section 4.4 (Experiment 4). 

 Oil circulation and heating of the vapor generator performed very well. 
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Run 4 

This run and the subsequent runs have been done after the scrolls of the expander have been 

rectified and improved. The run has been done with steam only in open circuit so that focus is 

made on pump, vapor generator and expander operation. The condenser has not been used. 

Therefore, the line between condenser and liquid receiver, and the line between the expander 

and condenser have been removed. 

A bucket of de-ionized water was connected to the BV1,charge. The flow meter ሶܸଷ has been 

installed and as well the one way valve at the vapor generator feed line. There is no need of 

vacuum as there is no condenser connected. The vapor generator was charged half-volume with 

water. The valves MV3 and BV5 have been locked. Pressure increased in the system due to heat 

addition. When pressure increased sufficiently over the atmospheric pressure, the valve BV5 has 

been opened and working fluid pump started. The valve MV3 has been tuned to achieve proper 

flow rate of liquid in the feed line. The relief valve MV9 was fully opened. Slightly superheated 

steam has been generated and passed through the expander. The low pressure steam was 

released outside. The expander turned well and steady. The following aspects are noted for the 

experimental “Run 4”: 

 Adjustment of the liquid flow rate in the feed line of vapor generator is very important 

and has to correlate with the heat input 

 It is better and more accurate to set the pump drive to a fixed voltage (e.g., 24 V) and 

adjust the flow rate through MV3 rather than adjusting the flow rate through changing 

the voltage applied to the drive. This strategy has been used in all further experiments. 

 The heat engine ran very well in open loop confirming a good operation of the pump, 

vapor generator and expander. 

 Very reliable experimental data has been obtained. 

 

Run 5 

In this experiment, steam has been charged to the plant. Although ammonia-water gives better 

results for trigeneration, steam is a possible option for cogeneration with a similar setup. Steam 

imposes less safety issues than ammonia. In addition, for the purpose of a parametric study 

regarding the influence of ammonia concentration, the experiments with steam (or zero % 

ammonia-water concentration) become a reference. The experiments with steam are deemed to 
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confirm the good operation of the system. The experiments were performed with saturation 

temperature in the range of 100°C to 125°C and a slight superheating. The following aspects 

are noted for the experimental “Run 5”: 

 Water lock has been observed which blocks the expander. When too much water enters 

in the expander intake port it locks into the expander cavity. Since the leakage paths are 

very narrow and water cannot flush easy, the expander brakes and stalls. If the expander 

is turned by hand, then the expansion cavity opens and the liquid is removed and the 

expander starts turning well. This observation teaches that the liquid amount entering 

the expander must be controlled. Liquid enters in the expander in two ways: i) if full 

saturation is not achieved, it enters together with vapor passing through valve BV5; ii) 

through liquid injection valve MV7, if this valve is opened too much. 

 Because the manner in which vapor generator feed is changed (as discussed above, 

pump was supplied with constant voltage and needle valve MV3 has been adjusted), the 

pressure at the vapor generator exit is much lower than the pressure at the pump 

discharge; thence, the injection valve must be closed more in these circumstances. 

 It is difficult to correlate the liquid flow rate with the heat input; therefore, fluctuations 

occur frequently in vapor generator pressure. If water in the feed line is at too high flow 

rate, then the volumetric flow rate of vapor and their pressure decreases and so does the 

expander’s angular speed. 

 Often fluctuation of water level in the condenser has been observed which probably 

created flow variation of the working fluid driven by the pump. Therefore it was 

decided that better the condensation is made in large volume outside the microchannels. 

In this way, it is hoped that fluctuation of hydrostatic pressure dumps since the reserve 

of working fluid is larger in that way. 

 

Run 6 

The condenser lines were reconfigured to study condensation outside the tubes. It has been 

planned to experiment with a concentration of ammonia of 22% for which the condensation at 

45°C occurs at 1 atm. However, while changing the circuit some brass fittings were used. 

Therefore, lower concentration was planned of 5% which will not create problems with 

corrosion for short term. Deionised water has been used because degassing became not 
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anymore necessary (degassing is only an additional measure to impede corrosion). The 

following aspects are noted for the experimental “Run 6”: 

 After changing the configuration of the condenser, this was leak tested under pressure at 

the shell side (20 psi) and broken. It was repaired by welding and further tested under 

vacuum. It gives sign that will deform at vacuum lower than 4 psi. However, with 

ammonia concentration at 5% as planned, the required vacuum is much high: -11.6 psi. 

In these conditions, the circuit has been redone with condensation in microchannel and 

the attempt to test condensation outside the microchannel abandoned. Ammonia-water 

with concentration at approx. 15% has been then charged into the plant. 

 The test performed well and data was collected; however, there were many water locks 

in the expander this time, which made expander to stall. After some investigations, it 

was found that the inner circuit of the condenser has been damaged during the failure. 

Therefore, being under vacuum it sucked water from the outer circuit. A rough density 

measurement showed that due to water suction in the condenser, the ammonia water 

concentration reduced to approx. 5%. 

 In order not to lose the data; an ad-hoc procedure has been performed during the 

experiment runtime. The relief valve MV9 has been opened to release vapor and liquid 

into a bucket of water. In the same time the drain valve BV1,drain was opened to release 

liquid into a bucket of water. The liquid level lowered in the condenser until it reached 

the liquid trap. Air entered in the condenser in this way, keeping the partial pressure of 

ammonia-water vapor lower. After closure of valves BV1,drain and MV9 air remained 

trapped into the condenser and the experiment continued. 

 Good amount of data has been collected, although the condenser was full of air, but the 

expander turned well. 

 

Run 7 

In this run, ammonia at 28% concentration has been charged into the plant. The condenser outer 

section was flooded of water. Condensation process has been maintained at 30°C case in which 

the gage pressure in the condenser was maintained at 1 psi. Therefore, the leak into condenser 

was toward outside and has been minor due to the small pressure difference. The following 

aspects are noted for the experimental “Run 7”: 
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 Condenser performed very well and good deal of data was collected for it. 

 Vapor generator performed very well. The working fluid has been heated up to 140°C. 

 The expander was flooded several times due to wrong correlation of the feeding rated of 

the vapor generator with the heat input. This issue occurred because the adjustment has 

been made manually, based on pre-calculated flow rate data in correlation to vapor 

temperature and pressure. This issue can be resolved by implementing some automation 

procedure. 

 The expander is not damaged by the water locks; it only stalls; when turned with hand 

for some time it starts turning provided that enough flow rate of vapor is provided. 

 Sufficient data has been acquired and processed. However, more experiments would be 

beneficial with varied operating conditions for a parametric study. 

 

4.2 Experiment 2: Expander performance determination with compressed air 

This experiment has been performed in order to assess the expander performance under variable 

conditions in terms of pressure ratio and pressure difference. Compressed air has been obtained 

from a belt driven two stages compressor with 80 gallon of pressurized air tank.  

The discharge flow rate, the intake pressure of the compressor has been measured for 

intake pressures in the range of 10 psi to 80 psi in conditions when the discharge pressure has 

been maintained to atmospheric. In the same time, a load is connected to the expander. The 

expander has set in its normal position as installed in the trigeneration system skid and an 

electric generator is connected to the shaft through a magnetic coupling and the clutch 

mechanism. The experimental setup for “Experiment 2” is shown in Figure 4.1. 

 

 
 

Figure 4.1: Setup for expander investigation with compressed air. 
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Figure 4.2: Photograph for air flow rate measurement system at expander discharge. 
 

The exhaust air velocity is measured at the exhaust with a velo-meter. Once the air 

velocity has been determined, the air flow rate is calculated according to the equation: ሶܸ ൌ  ,v	ܣ

where cross sectional area of the duct results from its diameter which is of 2 inches. Figure 4.2 

shows a photograph of the air duct which was of 1 m length. The rough data and data 

processing for Experiment 2 is presented in the Results and discussion section. Note that the 

angular speed of the expander has been also measured using a spot light meter. 

 

4.3 Experiment 3: Ejector performance determination 

In this experiment, the ejector cooling system has been tested separately under a special 

arrangement. Compressed air was used as the primary fluid. The refrigerant was water and 

ammonia water. A test set-up has been constructed by modification of an existing cooling 

system present in the lab which included a refrigerant recipient equipped with a glass tube and a 

ruler for level determination. 
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Figure 4.3 shows the test arrangement for Experiment 3. There is a buffer tank in which 

ammonia-water solution is prepared. The system comprises the anhydrous ammonia canister, 

the buffer tank with level indicator and ruler, vacuum pump with vacuum recipient, a throttling 

valve (TV), several ball valves (BV), an immersed cooling coil, the ejector, four pressure gages 

and one temperature gage. 

 

 
 

Figure 4.3: Setup for Experiment 3 – ejector performance determination. 
 

The experimental procedure implied ammonia-water charging as a first step. In this 

respect BV4 is locked, the buffer tank is opened and a quantity of water poured into it. Then the 

buffer tank is sealed and BV1, BV2, BV3 opened. The vacuum pump is started and air 

eliminated out of the system. Then BV2 is closed and then the ammonia canister valve is 
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opened. Ammonia is charged slowly to the desired amount and then the BV2 is closed. The 

pressure in the buffer tank is monitored. 

 

 
 

Figure 4.4: Photograph of the experiment 3 setup. 
 

The experiment starts by running compressed air through the ejector. Further, BV4 is 

opened and the refrigerant is allowed to pass through the throttling valve and through the coil 

while it is sucked into the ejector. Two options exist for the ejector discharge: to expel into the 

fume hood and to pass it through the vacuum pump and then to the fume hood. The photograph 

of the Experiment 3 setup is shown in Figure 4.4. This experiment has been performed both 

with pure water and with ammonia water. 

 

4.4 Experiment 4: Vapor generator investigation 

The Experiment 4 has been done with the trigeneration system from Figure 3.3 in a special 

configuration that focuses on vapor generator investigation. Deionized water was used as 

working fluid. A water recipient was connected to BV1,drain. The condenser lines were 

physically disconnected from the system. The valve BV5 was closed and the MV5 was opened. 

Pump drive was run at 24 V and the water feed flow rate adjusted with valve MV3. The heater 

power was adjusted by connected various combinations of heating segments. The recorded data 

consist of: 

 Volume flow rate of feed water, 

 Vapor generator pressure, 
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 Vapor temperature at generator exit, 

 Oil temperature at inlet and exit, 

 Voltage and current of the oil pump. 

 

4.5 Experiment 5: Working fluid pump calibration 

The working fluid pump is of major importance. This is a gear pump as described in Chapter 3 

(Cole Parmer 073003-4). The pump is driven by a d.c. motor and is capable to finely adjust the 

revolution speed (and thus the flow rate) through the applied voltage. The manufacturer gave 

the pressure curve for a rotation speed of 3450 rpm. However, more pressure vs flow rate 

curves are required for the present investigation. Therefore, the pump has been tested for 

calibration purpose for other three test points at smaller angular speeds.  

 

 
 

Figure 4.5: Photograph of the setup for Experiment 5. 
 

The photograph from Figure 4.5 shows the experimental setup. The pump was connected 

with a metered recipient at suction, where water was placed. Water flows gravitationally and 

feeds the pump’s suction port. At the discharge of the pump, a pressure gage is installed and a 

needle valve. 
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The procedure involved the application of a fixed voltage to the pump. The needle valve 

is constrained into a fixed position. Then the pressure and the current absorbed by the pump 

drive are read. The collected data and the data processing for this experiment are described in 

the chapter “Results and discussion”. 

 

4.6 Experiment 6: Oil heater testing and calibration 

The oil heater required thorough calibration in order to determine the electric power consumed 

by each of the electric heater segments and to determine the thermal inertia of the system. The 

electric heater power has therefore been determined with the measurement of the current and 

the voltage of the individual power supplies to the heaters. There were in total 11 circuits 

connected to 11 switches. The power for each circuit has been noted down. When the heaters 

were actually used, the power fed into the system was therefore known based on the number of 

switches which are set to the ON position. 

The determination of the heater thermal inertia was obtained via a heating test for which 

the oil flow rate and the temperatures at oil heater inlet T16 and outlet T21 were monitored 

(Figure 3.3). The setup included the oil cooler used as a load for the electric heater. Balance 

equations and a heater model were elaborated to determine eventually the thermal inertia of the 

heater as shown in the chapter “Results and discussion”. 

 

4.7 Measurement devices and accuracy 

The following measurements were made in this experimental investigation: temperature, 

pressure, volumetric flow rate, level, time, current, voltage, angular speed. Here, we describe 

the instruments used and their accuracy. This data is required for uncertainty analysis which is 

presented in the “Results and discussion” chapter. 

Two data acquisition system were used here for temperature monitoring: the OMEGA 

DAQ Pro 5300 and VERNIER LabQuest Mini. The data acquisition systems are shown in 

Figure 4.6. The OMEGA system measures RTDs while VERNIER measures an NTC 

(thermistor). 

The measurement accuracy of OMEGA system is 0.01°C; this device was used to 

measure the RTD temperature probes attached to the trigeneration systems. From Figure 3.3, 

these probes are: T1, T5, T9, T16, T21. The accuracy of the VERNIER data acquisition is of 
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0.05°C. This system has been used to monitor the water temperature in the beaker with the 

immersed coil as shown in the setup in Figure 4.3. 

 

  
 

Figure 4.6: Data acquisition systems for temperature monitoring: Omega DAQ-Prol (left) and 
Vernier LabQuest (right). 

 
Table 4.2: Temperature and pressure sensors. 
Sensor location Photo Description 

T1, T5, T9, T16, T21 in Figure 3.3 
(trigeneration prototype) 

Pipe plug RTD sensor with ¼ 
NPT 
Class A, 3-wire, high accuracy 

T in Figure 4.3 the same as T13 in Figure 
3.3 

Low precision NPT sensor 
Range -15°C to 110°C 
Accuracy: 0.07°C 

Pressure sensor on the cooling coil 
(P13 in Figure 3.3, P in Figure 4.3) 

 

PX409-050GUSBH USB 
pressure transducer from 
OMEGA 
Accuracy 0.08% of full span 
Absolute pressure measurement. 

Pressure sensors P5 (0-100 psi absolute), 
P9 (0-50 psi gage), P14 (0-100 psi gage) 

OMEGA digital pressure sensor 
DGP1100B series 
Accuracy 0.5% of full span 

Pressure sensor P1 (psi gage) Dial pressure sensor from 
OMEGA. Vacuum to 50 psi. 
Accuracy 0.5 psi. 

 
The temperature and pressure sensors are given in Table 4.2. The air velocity sensor has 

been a hot wire anemometer: HTF 1000 series from OMEGA. Figure 4.7 shows this sensor and 

measurement device. The sensor accuracy is of 1.5% of full scale, whereas the full scale is of 

5000 fpm. The current and voltage has been measured for calibration of the electric heater 8 
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segments. The measurement devices were a multimeter and a clamp-on ammeter as shown in 

Figure 4.8. The accuracy of voltage measurement is of 0.05 V and the accuracy of current 

measurement is of 0.1 A. Two multichannel power sources were used to drive the d.c. motors in 

the system. Figure 4.9 shows these sources. 

 

      
 

Figure 4.7: Hot wire anemometer used for air velocity measurement (left) and hand-held 
digital tachometer for angular speed measurement (right). 

 

  
 

Figure 4.8: Clamp-on ammeter (left) and multi-meter (right) used for current and voltage 
measurement (respectively). 

 
The power source PSU 505 from OMEGA is used to control the oil pump motor and the 

blower of the oil cooler. The oil pump motor is supplied normally with 12V nominal voltage. 

The current and the voltage of the pump are read because from this information the flow rate 

and pressure can be determined. The power source PSU 305 from OMEGA is used to control 

the working fluid pump. The accuracy of voltage measurement integrated with the power 

sources is 0.05 V whereas the accuracy of current measurement is of 0.05 A. 
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Figure 4.9: Power sources used to run the d.c. motors within trigeneration system. 
 

 
 

Figure 4.10: Level gauge used as part of flow rate determination method for cooling coil. 
 

The measurement system also included a level gauge which was used to determine the 

level of the liquid refrigerant supplied to the cooling coil. Implicitly, the flow rate has been 

determined because the time has been measured between two changes of the level. Figure 4.10 

shows the gage used to measure the level. This system is part of the Experiment 3 setup as 
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presented in Figure 4.3. The level is measured with an accuracy of 0.5 mm. The level gauge has 

been calibrated so that the volume change is determined based on the change of level. The 

conversion factor is 0.46; therefore: 

 
Δܸሾmlሿ ൌ 0.46		Δݖሾmmሿ 

 
Therefore, the accuracy of volume change reading is of 0.23 ml. The time is measured 

with accuracy of better than 1 second. 

 

 
 

Figure 4.11: Laptop used for experimental data recording. 
 

Two data acquisition software were used for recording the data read during experiments. 

OMEGA systems were logged using the DAQLAB Windows Software. VERNIER sensor used 

the LabQuest 2 software. Figure 4.11 shows a photograph of the laptop screen during the data 

acquisition process. 
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Chapter 5: Analyses 

Several types of analyses were pursued with the trigeneration system proposed in Figure 3.1. In 

the first part of this chapter, the energy and exergy analyses of the system are presented. The 

scroll unit being the most important component of the system the second section of this chapter 

is dedicated to the geometrical analysis of the scroll machine. This type of analysis is deemed to 

determine the variation of the expanding cavity volume and that of the by-pass leakage gaps. 

The thermodynamic analysis of the expander follows the geometrical analysis results. Further 

vapor generator and the condenser/resorber are analyzed thermodynamically based on the 

sizing and geometrical characteristics. Lastly, the ejector is analysed thermodynamically. 

 

5.1 Energy and Exergy analyses of the trigeneration system 

The trigeneration system from Figure 3.1 is modeled based on balance equations for mass, 

energy, entropy and exergy. These equations are written for each component of the system. 

There are ten components: pump, vapor generator, expander, regenerator, water heating heat 

exchanger, condenser/resorber, throttling valve, evaporator, ejector and metering valve for 

liquid injection. 

The balance equations are given in Table 5.1 for each of the component. The 

irreversibilities for each component are taken into account by considering isentropic 

efficiencies and average temperature differences at the heat exchangers. The isentropic 

efficiencies are: 

 For	the	pump	ߟ୧ୱ,୮ ൌ
௛మ౩ି௛భ
௛మି௛భ

൏ 1 

 For	the	expander	ߟis,e ൌ
݄6െ݄7

݄6െ݄7s
൏ 1 

The average temperature differences at heat exchangers are imposed according to the 

following equations (see Figure 3.1): 

 

Δ ୰ܶ,ଵ ൌ ଻ܶ െ ଷܶ ൐ 0; 	Δ ୰ܶ,ଶ ൌ ଼ܶ െ ଶܶ ൐ 0; Δ ୴ܶ୥ ൌ തܶ୴୥ െ
݄ହ െ ݄ଷ
ହݏ െ ଷݏ

൐ 0 

Δ ୵ܶ୦ ൌ
݄ଵ଴ െ ݄ଽ
ଵ଴ݏ െ ଽݏ

െ തܶ୵୦ ൐ 0; Δ ୡܶ ൌ
݄ଵଵ െ ݄ଵ଴
ଵଵݏ െ ଵ଴ݏ

െ തܶ଴ ൐ 0; 	Δܶୣ ୴ ൌ
݄ଵସ െ ݄ଵଷ
ଵସݏ െ ଵଷݏ

െ തܶୡ ൐ 0 

 
For the ejector modeling an entrainment ratio is assumed: 
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ܴܧ ൌ ሶ݉ ଵସ ሶ݉ ଵହ⁄  
 
Table 5.1: Balance equations for the trigeneration system (Figure 3.1). 
Comp. Balance equations Comp. Balance equations 
Pump ܧܤܯ:	 ሶ݉ ଵ ൌ ሶ݉ ଶ 

	:ܧܤܧ ሶ݉ ଵ	݄ଵ ൅ ሶܹ௣ ൌ ሶ݉ ଶ ݄ଶ 
	:ܧܤ݊ܧ ሶ݉ ଵ	ݏଵ ൅ ሶܵ௚,௣ ൌ ሶ݉ ଶ	ݏଶ 

	:ܧܤݔܧ ሶ݉ ଵ	݁ݔଵ ൅ ሶܹ௣ ൌ ሶ݉ ଶ	݁ݔଶ ൅ ሶܧ  ௗ,௣ݔ

Rege-
nerator

:ܧܤܯ ሶ݉ ଶ ൌ ሶ݉ ଷ ൅ ሶ݉ ଵ଻	ܽ݊݀	 ሶ݉ ଻ ൌ ሶ݉ ଼ 
:ܧܤܧ ሶ݉ ଷ ݄ଶ ൅ ሶ݉ ଻	݄଻ ൌ ሶ݉ ଷ	݄ଷ ൅ ଼଼݄݉ 
	:ܧܤ݊ܧ ሶ݉ ଷ	ݏଶ ൅ ሶ݉ ଻	ݏ଻ ൅ ሶܵ௚,௥

ൌ ሶ݉ ଷ	ݏଷ ൅  ଼ݏ଼݉
	:ܧܤݔܧ ሶ݉ ଶ	݁ݔଷ ൅ ሶ݉ ଻	݁ݔ଻

ൌ ሶ݉ ଷ	݁ݔଷ ൅ ሶ݉ ଼ ଼ݔ݁
൅ ሶܧ  ௗ,௘ݔ

Vapor 
genera-
tor 

:ܧܤܯ ሶ݉ ଷ ൌ ሶ݉ ହ 
:ܧܤܧ ሶ݉ ଷ	݄ଷ ൅ ሶܳ ௜௡ ൌ ሶ݉ ହ ݄ହ 

	:ܧܤ݊ܧ ሶ݉ ଷ	ݏଷ ൅
ሶܳ ௜௡
തܶ௩௚

൅ ሶܵ௚,௩௚ ൌ ሶ݉ ହ	ݏହ 

	:ܧܤݔܧ ሶ݉ ଷ	݁ݔଷ ൅ ሶܳ ௜௡ ቆ1 െ
଴ܶ

തܶ௩௚
ቇ ൌ ሶ݉ ହ ହݔ݁ ൅ ሶܧ  ௗ,௩௚ݔ

Ex- 
pander

:ܧܤܯ ሶ݉ ହ ൌ ሶ݉ ଺ ൅ ሶ݉ ଵହ	ܽ݊݀	 ሶ݉ ଺ ൅ ሶ݉ ଵ଼
ൌ ሶ݉ ଻ 

:ܧܤܧ ሶ݉ ଺	݄଺ ൅ ሶ݉ ଵ଼	݄ଵ଼ ൌ ሶ݉ ଻	݄଻ ൅ ሶܹ ௢௨௧ 
	:ܧܤ݊ܧ ሶ݉ ଺	ݏ଺ ൅ ሶ݉ ଵ଼	ݏଵ଼ ൅ ሶܵ௚,௘ ൌ ሶ݉ ଻	ݏ଻ 
	:ܧܤݔܧ ሶ݉ ଺	݁ݔ଺ ൅ ሶ݉ ଵ଼	݁ݔଵ଼

ൌ ሶ݉ ଻	݁ݔ଻ ൅ ሶܹ ௢௨௧
൅ ሶܧ  ௗ,௘ݔ

Water 
heater 

:ܧܤܯ ሶ݉ ଽ ൌ ሶ݉ ଵ଴ 
:ܧܤܧ ሶ݉ ଽ	݄ଽ ൌ ሶ݉ ଵ଴	݄ଵ଴ ൅ ሶܳ௛௘௔௧௜௡௚ 

	:ܧܤ݊ܧ ሶ݉ ଽ	ݏଽ ൅ ሶܵ௚,௪௛ ൌ ሶ݉ ଵ଴	ݏଵ଴ ൅
ሶܳ௛௘௔௧௜௡௚
തܶ௛௘௔௧௜௡௚

 

	:ܧܤݔܧ ሶ݉ ଽ	݁ݔଽ ൌ ሶ݉ ଵ଴	݁ݔଵ଴ ൅ ሶܳ௛௘௔௧௜௡௚ ቆ1 െ
଴ܶ

തܶ௛௘௔௧௜௡௚
ቇ

൅ ሶܧ  ௗ,௪௛ݔ

Con-
denser

		:ܧܤܯ ሶ݉ ଵ଴ ൌ ሶ݉ ଵଵ 
:ܧܤܧ ሶ݉ ଵ଴ ݄ଵ଴ ൌ ሶ݉ ଵଵ	݄ଵଵ ൅ ሶܳ௢௨௧ 

	:ܧܤ݊ܧ ሶ݉ ଵ଴	ݏଵ଴ ൅ ሶܵ௚,௖ ൌ ሶ݉ ଵଵ	ݏଵଵ ൅
ሶܳ௢௨௧
଴ܶ

 

	:ܧܤݔܧ ሶ݉ ଵ଴	݁ݔଵ଴ ൌ ሶ݉ ଵଵ	݁ݔଵଵ ൅ ሶܧ  ௗ,௖ݔ

Thro-
tling 
valve 

:ܧܤܯ ሶ݉ ଵଵ ൌ ሶ݉ ଵ ൅ ሶ݉ ଵଶ	ܽ݊݀ ሶ݉ ଵଶ ൌ ሶ݉ ଵଷ 
:ܧܤܧ ሶ݉ ଵଶ	݄ଵଶ ൌ ሶ݉ ଵଷ ݄ଵଷ 

	:ܧܤ݊ܧ ሶ݉ ଵଶ	ݏଵଶ ൅ ሶܵ௚,௧௩ ൌ ሶ݉ ଵଷ	ݏଵଷ 
	:ܧܤݔܧ ሶ݉ ଵଶ	݁ݔଵଶ ൌ ሶ݉ ଵଷ	݁ݔଵଷ ൅ ሶܧ  ௗ,௧௩ݔ

Evapo-
rator 

:ܧܤܯ ሶ݉ ଵଷ ൌ ሶ݉ ଵସ 
:ܧܤܧ ሶ݉ ଵଷ ݄ଵଷ ൅ ሶܳ௖௢௢௟௜௡௚ ൌ ሶ݉ ଵସ ݄ଵସ 

	:ܧܤ݊ܧ ሶ݉ ଵଷ	ݏଵଷ ൅
ሶܳ௖௢௢௟௜௡௚
തܶ௖

൅ ሶܵ௚,௘௩

ൌ ሶ݉ ଵସ	ݏଵସ 

:ܧܤݔܧ ሶ݉ ଵଷ ଵଷݔ݁ ൅ ሶܳ௖௢௢௟௜௡௚ ൬1 െ
଴ܶ

തܶ௖
൰

ൌ ሶ݉ ଵସ	݁ݔଵସ ൅ ሶܧ  ௗ,௘௩ݔ
Ejec-
tor 

:ܧܤܯ ሶ݉ ଵସ ൅ ሶ݉ ଵହ ൌ ሶ݉ ଵ଺ 
:ܧܤܧ ሶ݉ ଵସ	݄ଵସ ൅ ሶ݉ ଵହ	݄ଵହ ൌ ሶ݉ ଵ଺ ݄ଵ଺ 

	:ܧܤ݊ܧ ሶ݉ ଵସ	ݏଵସ ൅ ሶ݉ ଵହ	ݏଵହ ൅ ሶܵ௚,௘௝ ൌ ሶ݉ ଵ଺  ଵ଺ݏ
	:ܧܤݔܧ ሶ݉ ଵସ	݁ݔଵସ ൅ ሶ݉ ଵହ	݁ݔଵହ ൌ ሶ݉ ଵ଺ ଵ଺ݔ݁ ൅ ሶܧ  ௗ,௘௝ݔ

 

 
The trigeneration system designed as shown in Figure 3.3 has power generation, heating 

and in addition has an integrated cooling loop. Because the trigeneration system uses at least 

two thermal energy fluxes as input (these are the heat source thermal input and the heat flux 

associated with the cooling effect) the performance of trigeneration can be quantified by a 

coefficient of performance defined as follows: 

 

ଷ௚௘௡ߟ ൌ
ሶܹ ௡௘௧ ൅ ሶܳ௛௘௔௧௜௡௚ ൅ ሶܳ௖௢௢௟௜௡௚

ሶܳ ௜௡
 (5.1)
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Beside the assessment through the coefficient of performance, the trigeneration system 

can be assessed based on energy efficiency for power only generation and energy efficiency for 

power and heat generation. These factors can be defined as the net generated work divided to 

thermal energy input for power generation efficiency: 

 

ߟ ൌ
ሶܹ ௡௘௧
ሶܳ ௜௡

 

 
(5.2)

 
and as energy utilisation factor for power and heat generation 
 

߳௨ ൌ
ሶܹ ௡௘௧ ൅ ሶܳ௛௘௔௧௜௡௚

ሶܳ ௜௡
 

 

(5.3)

 
Also the following ratios can be defined: 

 Heating to work ratio: ܴܹܪ ൌ ሶܳ୦ୣୟ୲୧୬୥ Wሶ ୬ୣ୲⁄ 	 

 Cooling to work ratio: ܴܹܥ ൌ ሶܳୡ୭୭୪୧୬୥ Wሶ ୬ୣ୲⁄  

The exergy based assessment of the trigeneration system is made through the exergetic 

coefficient of performance efficiency defined with the following equation: 

 

߰ଷ௚௘௡ ൌ
ሶܹ ௡௘௧ ൅ ሶܧ ௛௘௔௧௜௡௚ݔ ൅ หܧሶ ௖௢௢௟௜௡௚หݔ

ሶܧ ௜௡ݔ
 

 

(5.4)

 
where one notes that the exergy of cooling is taken in absolute value because of its negative 

sign. 

In addition, the power generation exergy efficiency is defined by 

 

߰ ൌ
ሶܹ ௡௘௧

ሶܧ ௜௡ݔ
 (5.5)

 
and the power and heating co-generation exergetic efficiency is defined by: 
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߰ଶ௚௘௡ ൌ
ሶܹ ௡௘௧ ൅ ሶܧ ௛௘௔௧௜௡௚ݔ

ሶܧ ௜௡ݔ
 (5.6)

 

5.2 Ammonia-water mixture 

Ammonia-water is a zeotropic mixture which boils and condenses at increasing and decreasing 

temperatures, respectively with the change of concentration level of the fluid mix within the 

system. In fact, during boiling ammonia desorbs from liquid phase, whereas during 

condensation ammonia vapor resorbs into the liquid phase. This makes it possible to keep the 

temperature profile of the working fluid closer to a heat source of decreasing temperature in a 

vapor generator and a heat sink of increasing temperature in a condenser.  

The variable temperature heat transfer process reduces the temperature mismatch 

between the hot and cold stream of the heat exchanger. During evaporation, the mixing ratio of 

the zeotropic working fluid changes because of the lower boiling temperature of ammonia 

which evaporates chiefly at the beginning. 

 

 
 

Figure 5.1: Temperature variation during liquid-vapor phase change of ammonia-water solution 
at 3000 kPa [data calculated with EES software]. 

 
In Figure 5.1, four different curves present the variable boiling temperatures of different 

ammonia–water mixtures against the isothermal evaporation of pure water at a pressure of 3000 

kPa. The mixture of ammonia and water boils at a variable temperature depending on its 

0 1,000 2,000 3,000
250

300

350

400

450

500

550

600

h (kJ/kg)

T 
(K

)

x = 1  0.85   0.7        0.3    0.1  0P = 3000 kPa



78	
	

composition. The evaporation and condensation processes are not isothermal. The higher the 

fraction of ammonia in the mixture, the lower is its boiling temperature. With the increasing 

ammonia concentration, the specific enthalpy of steam decreases. 

 

 
 

Figure 5.2: Vapor and liquid equilibrium lines for ammonia-water. 
 

 
 

Figure 5.3: Comparison of heat transfer profile in a vapor generator working with steam vs with 
ammonia-water mixture at 50% concentration. 
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The boiling process for an ammonia-water mixture is illustrated in Figure 5.2. When the 

mixture boils, a separation of the components takes place. The vapor is richer with ammonia 

than the liquid. The starting point for the boiling is called the bubble point and the end point is 

called the dew point. The bubble point temperature for a mixture with a mass fraction of 

ammonia of 0.5 at a pressure of 11 MPa is 204 °C. During the boiling the temperature 

increases. When the temperature of the boiling mixture has reached 230°C, the mass fraction of 

ammonia in the liquid phase is 0.37, while it is 0.70, in the vapor phase. As can be seen, the 

difference in mass fraction of ammonia between the coexisting liquid and vapor is large. At the 

dew point, the mixture is completely vaporized and the mass fraction of ammonia in the vapor 

is 0.5. 

The change in temperature during boiling and condensation of a mixture makes it 

possible to keep the temperature profile of a binary working fluid closer to a heat source of 

decreasing temperature or a heat sink of increasing temperature. This is illustrated in Figure 5.3 

where the temperature profile in the vapor generator is shown for steam and for ammonia-

water.  

Ammonia and water are both strongly polar substances of about the same molecular 

structure and mass. Both substances also show hydrogen bonding, even though it is stronger in 

water than in ammonia. Despite many similarities, they have considerably different normal 

boiling points and critical points. When calculating the performance of an ammonia-water 

power cycle and designing the equipment such as heat exchangers, turbines and boilers, 

thermophysical properties of the ammonia-water mixture need to be known. The 

thermophysical properties are usually obtained from equations of state and other general 

equations. For mixtures, it is common to combine equations for the pure substances that the 

mixture consists of. However, the mixture of ammonia and water is non-ideal and has an 

advantageous heat transfer property. 

The mixing effect is substantial, especially for the liquid. The liquid volume decreases 

in the order of up to 20 % when ammonia and water are mixed. The enthalpy of mixing can be 

as great as -4 kJ/mol (Tillner-Roth and Friend, 1998). This makes it difficult to predict the 

properties of the mixture from properties of the pure substances. Experimental data are 

therefore necessary for the development of correlations for describing the properties. 
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5.3 Geometrical analysis of scroll machine  

The geometrical analysis of scroll machine is a prerequisite for its thermodynamic modeling. 

The intend of the geometric modeling is to obtain the expressions for areas and volumes of 

different working chambers formed within the scroll wraps and the leakage paths areas as a 

function of the orbiting angle. These expressions are required to analyze the compression or 

expansion process of the scroll unit when working as either of the two modes. 

Because of the geometric complexity, it is very important to derive the expressions by 

performing a careful analysis of the geometric features. Some considerations may be made to 

limit the number of geometrical variables to deduce exact expressions.  

The scroll unit consists of two identical intermeshing wraps. These wraps have 

geometrical parameters that determine the size of the scroll unit as a whole. As shown in the 

Figure 5.4, the orbiting scroll wrap always has conjugacy with the fixed scroll wrap at a number 

of points that depends on the length of the scroll wrap.  

 

 
 

Figure 5.4: Representation of scroll wraps and conjugacy points. 
 

The scroll geometry is defined with the following parameters: ݎ௕	 radius of the basic 

circle of the scroll, ݄ height of scroll vanes, ߮௘଴	 initial angle of the external involute curve, ߮௜଴	 

initial angle of the internal involute, ߮௘௦	 starting angle of the external involute, ߮௜௦	 starting 

Orbiting angle  = 3/2 rad

Fixed scroll

Orbiting scroll

1 2 3 4

1 - 6: conjugacy points

5 6
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angle of the inner involute. In addition, there is the maximum angle of the scroll (sometimes 

called the rolling angle) which gives the number of turnings.  

Some other parameters exist in relation to the conjugacy of the two scrolls. The orbiting 

angle θ describes the number of turns that the orbiting scroll must do for a complete cycle of 

compression or expansion. The built-in volume ratio is defined as the ratio of the volume of the 

expansion chamber at the end of the expansion process to the volume of the intake chamber at 

the beginning of the process. The built-in volume ratio is the most important parameter of scroll 

machine because it directly influences the capacity and operation of a scroll machine. 

As mentioned earlier, the basic geometrical features of the scroll dynamics are defined 

as two involutes that develop around a base circle. All the literature works on geometry 

modeling so far refer to scroll compressors. However, the scroll expander operation is similar, 

but in reverse, so the published results can be easily transposed for operation as expander. 

A group of authors describe the geometry using the intrinsic equation that links the arc-

length and the tangent direction (Bush and Beagle, 1992; Chen et al., 2002) while the others use 

parametric equations (Lee and Wu, 1995; Wang et al., 2005). Gravensen and Enriksen (2001), 

proposed an ortho-normal frame (t, n) where the geometry describes all the properties of the 

scroll very clearly. Two unit vectors ݐሺ߮ሻ and ݊ሺ߮ሻ can be represented by the following 

expressions using complex algebra 

 
ሺ߮ሻݐ ൌ ሺܿݏ݋ ߮ , ݊݅ݏ ߮ሻ ൌ ߮ݏ݋ܿ ൅ ݆ sin߮ (5.7)

݊ሺ߮ሻ ൌ ሺെ݊݅ݏ ߮, ݏ݋ܿ ߮ሻ ൌ െ sin߮ ൅ ݆ cos߮ (5.8)

 
The scroll is the involute of a circle with radius ݎୠ and the center in ξ (where ξ is a 

complex number seen as a 2D vector) can be thus expressed as shown in Figure 5.5, namely: 

 

ܵୟୠ	 ൌ 	 ሺφሻݐ	ୠݎ െ ୠݎ ቀ φെ φ୷୭ ቁ ݊ሺφሻ– (5.9) ߝ

 

where ߮ is the involute angle, ߮௬௢ the internal or external involute initial angle with a ∈ ሼf,m	ሽ 

and b ∈ ሼi, e	ሽ and “f” stands for fixed scroll and “m” stands for orbiting scroll and “i” is inner 

and “e” is external (or outer). The first term on the right side of the Eq. (5.9) is known as centre 

of radius of curvature, the second term is radius of curvature and the third one (ߝ) is denoted 

eccentricity. 
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Figure 5.5: Representation of the scroll geometry in the complex plane (or polar coordinates). 

 

The arc-length, l of the involute of a circle is given by the intrinsic equation (Gravensen 

and Henriksen, 2001): 

d݈
d߮

ൌ ሺ߮ሻߩ ൌ ୠሺ߮ݎ െ ߮ୟ଴ ሻ (5.10)

where ߩሺ߮ሻ	 is the radius of curvature of the involute. From the equation (3), we can write: 

 

௙ܵ௘	ሺ߮ሻ ൌ 	 ሺ߮ሻݐ	௕ݎ െ	ݎ௕	ሺ߮ െ ߮௘଴ ሻ݊ሺ߮ሻ ⩝ ߮ ∊ ௘ܫ ൌ ሾ߮ୣୱ , ߮୫ୟ୶ሿ	 (5.11)

௙ܵ௜	ሺ߮ሻ ൌ 	 ሺ߮ሻݐ	௕ݎ െ	ݎ௕	ሺ߮ െ ߮௜଴ ሻ݊ሺ߮ሻ ⩝ ߮ ∊ ௜ܫ ൌ ሾ߮୧ୱ , ߮୫ୟ୶ሿ	 (5.12)
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where ௙ܵ௘ and ௙ܵ௜	 are the external (e) and internal (i) involutes respectively. The ߮௘௦	 and ߮௜௦	 

are the external and internal starting angles, ߮௘଴	and ߮௜଴	the initial angles of the external and 

internal involutes and ߮୫ୟ୶	 the involute ending angle (or rolling angle). The thickness of the 

scroll wrap is given by. 

 

݁ ൌ ୠݎ ሺ߮୧଴ െ ߮ୣ଴ ሻ (5.13)

 

The connection line between the external and internal involutes, which connects their 

starting point, is denoted as the interpolation curve. Blunier et al. (2009) represented the 

interpolation line by an arc of a circle which is tangent to the inner involute at the point of its 

start angle 

 

ሻߙሺ	ୡ୧ܥ ൌ ܱୡ୧ െ ୡݎ ݊ሺߙሻ (5.14)

 

where ܱୡ୧ and ݎୡ are, respectively, the centre and the radius of the circle. 

 

 
 

Figure 5.6: Definition of the interpolation circle between inner and outer scrolls. 
 

By imposing that the arc of the circle is symmetric with respect to the cord which unites 

the starting points of the two involutes, Blunier et al (2009) derived the following equation for 

 ሻ and no discontinuity of the derivative	ሻ and ௙ܵ௘ሺ߮ୣୱ	 passing through ୤ܵ୧ሺ߮୧ୱ	୧ܥ ௖ consideringݎ

at ௙ܵ௜ሺ߮୧ୱ	ሻ between the spiral ୤ܵ୧ and the circle, ܥ୧	 
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௖ݎ ൌ
௕ሼ2ݎ ൅ ଵߦ

ଶ	 ൅ ଶߦ
ଶ	 െ 2ሺ1 ൅ ଷߦݏ݋ଵሻܿߦଵߦ െ 2ሺߦଶ െ ଷሽߦ݊݅ݏଵሻߦ
2ሺߦଶ െ ଷߦݏ݋ଵܿߦ െ ଷሻߦ݊݅ݏ

	 (5.15)

 
where 	ߦଵ ൌ ߮௘௦ െ ߮௘௢	,	ߦଶ ൌ ߮௜௦ െ ߮௜௢	and	ߦଷ ൌ ߮௜௦ െ ߮௘௦	.	The	centre	of	the	interpolation	

circle	can	be	now	deduced	as	follows: 

 

ܱେ୧ ൌ ሺ߮௜௦ሻݐ௕ݎ ൅ ሼݎ௖ െ ௕ሺ߮௜௦ݎ െ ߮௜௢ሻሽ݊ሺ߮௜௦ሻ (5.16)
 

The parameter α gives the domain for the interpolation for the circle, with ߙ ∈

ሾ߮୧ୱ, ߮୧ୱ ൅ Δߙሿ. Here, Δߙ is given by the following expression from Blunier et al. (2009): 

 

ߙ∆ ൌ ݏ݋ܿ ൭1 െ
௕ݎ
௖ݎ
ሺߦଶ െ ଵߦ ݏ݋ܿ ଷߦ ൅ ଷሻ൱ߦ݊݅ݏ (5.17)

 
The geometry of the orbiting scroll can be expressed as the fixed scroll except with a 

phase difference of	ߨ. 

 

ܵ௠௘	ሺ߮ሻ ൌ 	െ ௙ܵ௖ሺ߮ሻ െ ௢ݎ ݊ሺߠሻ ⩝ ߮ ∊ ௘ܫ ൌ ሾ߮௘௦ , ߮௠௔௫ሿ	 (5.18)

ܵ௠௜	ሺ߮ሻ ൌ 	െ ௙ܵ௜ሺ߮ሻ െ ௢ݎ ݊ሺߠሻ ⩝ ߮ ∊ ௜ܫ ൌ ሾ߮௜௦ , ߮௠௔௫ሿ	 (5.19)
 

 
where, ݎ௢ ൌ ௕ሺ߮௘଴ݎ െ ߮௜଴ ൅  .ሻ is the orbiting radiusߨ

In the scroll machine, the design feature is such that each point on one wrap’s surface 

has one and only one contact point on the other wrap’s surface. The two scrolls are in contact at 

their points of conjugacy at involute conjugate angles, ߮௞.  

The expansion process can be described by the four positions of the orbiting scroll 

shown in Figure 5.7. During the process, ߠ varies from 2ߨ to 0. At each time instant during the 

expansion, three pair of chambers can be defined: Two intake chambers; two or a multiple of 

two expansion chambers; two discharge chambers. 

Due to unique features of scroll geometry and dynamics, the volumes of each pair of 

chambers are equal. However, even the volumes of each pair of pockets are the same; the 

expansion process of the identical chambers cannot be considered as symmetrical because of 

the position of the discharge port. The discharge port is not connected at once with the two 

expansion chambers. Thus, pressure of the two expansion chambers differs. 
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Figure 5.7: Expansion phases and gas chambers formed between the scrolls. 
 

The compression process is considered as cyclic. One cycle consists of the following steps: 

1) At the start of the intake, the volume of the suction chamber is zero and the volume of 

the discharge chamber is the maximum. The discharge chamber then opens and a 

contact point appears between discharge chamber and the adjacent expansion chamber. 

Leakages occur between:  

a. Expansion chamber and the adjacent discharge chamber,  

b. The two intake chambers,  
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c. The intake chambers and the discharge port. 

2) The expansion chamber is enclosed between two contact points depending on the 

orbiting angle. Leakages occur between the: 

a. Expansion chamber to discharge chamber, 

b. Expansion chamber to intake chamber, 

c. Intake to intake, 

d. Intake chamber and intake port. 

3) One of the expansion chambers, just before intake, has contact point with intake port 

and a leakage flow occurs. 

4) Finally, the expansion chambers open to the intake port. 

5) Thus, the process restarts with the building of the new discharge chamber, conversion of 

intake chamber to expansion chamber and opening of the intake chamber to the intake 

port. 

 
The clearance volume of the scroll machine as depicted by Yanagisawa et al. (1990) is: 

ୡܸ୪ ൌ ௖ଶݎߪ ൬ߨ െ ݊݅ݏ ቀଶ௥್
௥೎
ቁ െ

௕ݎ2
௖ݎ
൰ (5.20)

 
The volume of the intake chamber is given by the following equations from Blunier et 

al. (2009): 

 

୧ܸ୬୲ሺߠሻ ൌ ቊ
0.5	 ଴ܸሺߠሻ if ൫ߠ ൒ ௗ௜௦൯ߠ ∨ ሺߠ ൒ ௦௨௖ሻߠ
ሻߠሺߚ௖ݎ௖ሾݎ݄	0.5 െ ሺݎ௖ െ ݈ௗ௜௦ሺߠሻߚ݊݅ݏሿ elsewhere	

 (5.21)

 
where 
 

଴ܸሺߠሻ ൌ 	 ൜
,ሺ݂ሺ߮௜଴ߪ ߮௜௦, ሻߠ െ ݂ሺ߮௘଴, ߮௘௦, ߠ െ ,ߨ ሻߠ ൅ ௖ܸ௟																				if	θ ൒ θୢ୧ୱ

,ሺ݂ሺ߮௜଴ߪ ߮௜௦, ߠ ൅ ,ߨ2 ሻߠ െ ݂ሺ߮௘଴, ߮௘௦, ߠ ൅ ,ߨ ሻߠ ൅ ௖ܸ௟							elswhere
 

 

݂൫߮௬଴, ߮ଵ, ߮ଶ, ൯ߠ ൌ
௕ݎ
ଶ

3
ቀ൫߮ଶ െ ߮௬଴൯

ଷ
െ ൫߮ଵ െ ߮௬଴൯

ଷ
ቁ െ

௢ݎ௕ݎ
2

ሾܿݏ݋ሺߠ െ ߮ଶሻ െ ߠሺݏ݋ܿ െ ߮ଶሻ	

െ൫߮ଶ െ ߮௬଴൯݊݅ݏሺߠ െ ߮ଶሻ ൅ ൫߮ଵ െ ߮௬଴൯݊݅ݏሺߠ െ ߮ଵሻሿ	
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The discharge chamber volume computation is computed with the formula given in 

Blunier et al. (2009), namely: 

 

ܸୢ ୧ୱሺߠሻ

ߪ
ൌ ൝

ଵ
ଶ
ሺ݂ሺ߮௜଴, ߠ ൅ ,ߨ4 ߮௠௔௫, ሻߠ െ ൫݂ሺ߮௘଴, ߠ ൅ ,ߨ3 ߮௠௔௫ െ ,ߨ ሻ൯ߠ ൅ ,ܣ ߠ ൑ ௦௨௖ߠ

భ
మ
ሺ௙ሺఝ೔బ,ఏାଶగ,ఝ೘ೌೣ,ఏሻି൫௙ሺఝ೐బ,ఏାగ,ఝ೘ೌೣିగ,ఏሻ൯ା஺ ,ୣ୪ୱୣ୵୦ୣ୰ୣ

(5.22)

 

 
with: 

 

ܣ ൌ
௢ݎ௕ݎ
4

ሺ2 െ 2 ߠሺݏ݋ܿ െ ߮௠௔௫ሻ െ ሺ߮௜଴ ൅ ߮௘଴ ൅ ߨ െ 2߮୫ୟ୶ሻ݊݅ݏሺߠ െ ߮୫ୟ୶ሻሻ 

 
The volume of the expansion chamber is defined as the area enclosed by the involutes of 

the orbiting and the fixed scrolls between two conjugate points, multiplied by the height of the 

scroll (σ): 

 

ܸୣ ୶୮ሺߠሻ ൌ ቐ
ߠሺ2ߨ௢ݎ௕ݎߪ െ ߮௘௜ െ ߮௘௜ ൅ ሻߨ ݂݅ ߠ ൒ ௗ௜௦ߠ

ߠሺ2ߨ௢ݎ௕ݎߪ െ ߮௘௢ െ ߮௘௢ ൅ ሻߨ5 ݂݅ ߠ ൒ ௦௨௖ߠ

0.5	ሾ ଴ܸሺߠሻ െ ሻߠሺߚ௖ݎ௖ሾݎ݄ െ ሺݎ௖ െ ݈ௗ௜௦ሺߠሻߚ݊݅ݏሿ ݁ݎ݄݁ݓ݁ݏ݈݁
	 (5.23)

 
The discharge port and leakages occur through paths S as shown in Figure 5.8. The 

discharge process becomes asymmetric. 

In a scroll machine, ideally the orbiting scroll and the fixed scroll should contact each 

other perfectly while in operation. However, it is impractical to design and fabricate unit in 

perfect match. So, there always exist narrow gaps that lead two types of leakage known as (i) 

tangential leakage and (ii) radial leakages along the contact surfaces. The amount of leakage 

flow depends on the built in clearance but also varies on the properties of the process fluid, 

lubricant and on the operating parameters. Thus, actual pressure in the chambers differs from 

the ideal pressure. The leakage flow directs from high pressure chamber to lower pressure 

chamber. The leakage flow, drained to lower pressure chamber, accompanies the main flow 

stream again and recompresses to compression. The leakage flow, drained to lower pressure 

chamber, accompanies the main flow stream again and recompresses to higher pressure. This 

causes higher energy consumption and decrease in volumetric efficiency. The two types of 

leakage are illustrated in Figure 5.8. 
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Figure 5.8: Leakage flow of a scroll compressor. 
 

In the tangential leakage, the gas flows through the clearance, ்ߜ between the flanks of 

the two scrolls as shown in Figure 5.8 and the tangential leakages between the chambers x and 

y are noted ்ܵ,௫ି௬	. These types of leakages occur through the contact points in all chambers 

but for modelling purpose, we shall consider only suction and discharge areas. In a contact 

point between two chambers x and y, the leakage can be computed as: ்ܵ,௫ି௬ ൌ  where h ்݄ߜ

represents the height of the scroll wrap. The discharge leakage area derived by Tojo et al. 

(1986) is given as: 

 
்ܵ,௔௠௕ି௦௨௖ ൌ ௢ሺ1ݎሺߪ െ ߠሺݏ݋ܿ െ ௦௨௖ሻሻߠ ൅ ሻ்ߜ (5.24)
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Considering that there is negligible curvature, Tojo et al. (1986) depicted the leakage 

area as: 

 

்ܵ,௘௫௣ି௜௡௧௔௞௘ ൌ ቊ
ߪ்ߜ ݂݅ ൫ߠ ൒ ௗ௜௦൯ߠ ∨ ሺߠ ൒ ௦௨௖ሻߠ
σ݈ௗ௜௦ሺߠሻ ݁ݎ݄݁ݓݏ݈݁

(5.25)

 
Also, the leakage area between two intake chambers is computed as: 

 
்ܵ,௜௡௧௔௞௘ି௜௡௧௔௞௘

ൌ ሾ4ݎ௕
ଶሺ߮௘௦ଶ െ 2߮௘௦߮௘଴ ൅ ߮௘଴

ଶ ൅ 1ሻ
െ ௢൫ሺ߮௘௦ݎ௕ݎ4 െ ߮௘଴ሻ ߠሺݏ݋ܿ െ ߮௘௦ሻ ൅ ߠሺ݊݅ݏ െ ߮௘௦ሻ൯ ൅ 	௢ଶሿଵ/ଶݎ

	
In the radial leakage, the gas flows through the clearance ߜோ formed between each base 

plate and corresponding wrap tip and the radial leakages between the chambers x and y are 

noted, ܵோ,௫ି௬	. In general, the radial leakage is considered more critical as the leakage flow is 

much higher than the tangential leakage because the length of radial leakage boundary is much 

longer. In a steady operating condition of a scroll compressor, the inner chamber pressure is 

higher than the outer chambers. In radial leakage, the direction of flow stream is from inner to 

outward. Also the arc length of the spiral is not exactly same due to the involvement of the 

thickness between internal and external spiral. However, for simplicity, we can consider the 

mean arc length ݈௠௘௔௡. The expression for the mean fixed spiral can be given as: 

 

ሚܵ௠௘௔௡ ൌ ሺ߮ሻݐ௕ݎ െ ௕ݎ ൬߮ െ
߮௜଴ ൅ ߮௘଴

2
൰ ݊ሺ߮ሻ ൅

1
2
ሻߠ௢ሺݎ

(5.26)

݈݀௠௘௔௡ሺ߮ሻ
݀߮

ൌ ௕ݎ ൬߮ െ
߮௜଴ ൅ ߮௘଴

2
൰ ൌ ሺ߮ሻߩ

(5.27)

 
where ߩ is the radius of curvature of the involute. Then, the mean arc length between the two 

angle ߮ଵ and ߮ଶ can be deduced as: 

 

݈௠௘௔௡ሺ߮ଵ → ߮ଶሻ ൌ
1
2
௕ሺ߮ଶݎ െ ߮ଵሻሺ߮ଵ ൅ ߮ଶ െ ߮௘଴ െ ߮௜଴ሻ 

 

The radial leakage that occurs in a scroll compressor can be listed as follows: 

(1) Leakage between discharge and compression chamber, 

(2) Leakage between two compression chambers, 
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(3) Leakage between compression and suction chambers, 

(4) Leakage between compression chamber and outside, and 

(5) Leakage between suction chamber and outside. 

Radial leakage between intake and expansion chambers between ߮௖௘,ଵ and ߮௖௜,ଵ or ߮௖௘,ଶ 

and ߮௖௜,ଶ. Then as sown in Blunier et al. (2009) it can be deduced that: 

 

ܵோ,௜௡௧௔௞௘ି௘௫௣ ൌ ൞

ஔ౎୰ౘ஠
ଶ

ሺଶ஘ି஦౛బି஦౟బି஠ሻ																								୧୤	஘ஹ஘ౚ౟౩

ಌ౎౨ౘಘ
మ

൫మಐశయಘషಞ౛బషಞ౟బ൯																								౟౜	ಐಱಐ
౩౫ౙ

ಌ౎౨ౘಘ
మ

ሺಐషಞ౛౩ሻ൫ಐషಞ౛౥శಞ౛౩షಞ౟౥൯					౛ౢ౩౭౞౛౨౛		

	

 

The radial leakage between the two expansion chambers may occur when there is a pressure 

difference between the two and till the pressure balances. In the case, when ߮௖௘,ଷ exists, it can 

be computed as: 

 

ܵோ,௘௫௣ି௘௫௣ ൌ ൝
ఋೃ௥್గ
ଶ

ሺଶఏିఝ೐బିఝ೔బାହగሻ																																													௜௙	ఏஹఏೞೠ೎										

			
ഃೃೝ್ഏ

మ
൫మഇషക೐బషക೔బశഏ൯																																	೐೗ೞ೐ೢ೓೐ೝ೐																							

	

 
The radial leakage between the two compression chambers and the suction chambers are 

computed when there exists ߮௖௘,ଷ: 

 

ܵோ,௖௢௠ି௦௨௖ ൌ ൝
ఋೃ௥್గ
ଶ

ሺఝ೘ೌೣିସగିఏሻሺఏାଶగାఝ೘ೌೣିఝ೐బିఝ೐బሻ						௜௙	ఏஹఏೞೠ೎										

			
ഃೃೝ್ഏ

మ
൫ക೘ೌೣషరഏషഇሻሺഇశക೘ೌೣషക೐బషക೔బሻ൯						ೢ೓೐ೝ೐																							

	

 

Leakage between compression chamber and outside exists only when the expansion 

chambers are in contact with outside:  

 

ܵୖ,ୡ୭୫ିୱ୳ୡ ൌ ൞

ஔ౎୰ౘ	
ଶ

ሺ஘	ା	ହ஠ି	஦ౣ౗౮ሻሺ஘	ା	ଷ஠	ା	஦ౣ౗౮ି஦౛బି஦౟బሻ																																							୧୤		ሺ஘ஸ஘౩౫ౙሻ∧ሺ	஦ౣ౗౮ିହ஠ஸ஘ሻ

ಌ౎౨ౘ
మ

ሺಐ	శ	యಘష	ಞౣ౗౮ሻ൫ಐ	శ	ಘ	శ	ಞౣ౗౮షಞ౛బషಞ౟బ൯																				౟౜	ಞౣ౗౮షఱಘರಐ																														

0																																																																																		elsewhere																							

 

 
Though at the onset of discharge, the pressure at the discharge chamber is lower than the 

ambient, the discharge chamber pressure builds up with the conversion of discharge chamber 



91	
	

towards expansion chamber. Even the leakage flow is minute at this condition, an expression 

can be written as: 

 

ܵோ,௖௢௠ି௦௨௖ ൌ

ە
ۖ
۔

ۖ
ۓ
ఋೃ௥್	
ଶ

ሺ	ఝ೘ೌೣିఏିସగሻ∗ሺఏ	ା	ସగ	ା	ఝ೘ೌೣିఝ೐బିఝ೔బሻ																																			௜௙		ሺఏஸఏೞೠ೎ሻ∧ሺ	ఝ೘ೌೣሻ

ఋೃ௥್	
ଶ

ሺఏ	ା	ଷగି	ఝ೘ೌೣሻ∗ሺఏ	ା	గ	ା	ఝ೘ೌೣିఝ೐బିఝ೔బሻ																																															௜௙	ఝ೘ೌೣିଷగஸఏ

ఋೃ௥್	
ଶ

ሺଶ	ఝ೘ೌೣିగିఝ೐బିఝ೔బሻ																																																																													௘௟௦௘௪௛௘௥௘

	

 

5.4 Energy and exergy analyses of scroll machine 

As the geometry of the scroll component and scroll operation is known, a thermodynamic 

modelling is required to compute the performance of the scroll machine as a compressor. The 

modeling as a expander is somehow similar, but it works in reverse. Blunier et al. (2009) 

defined the scroll operation consisting of two components. The control volume component and 

the leakage component both are the function of the orbiting angle. Separate modelling is 

required for each of the component. 

 

 
 

Figure 5.9: Expanding chamber generating boundary work due to pressure forces and orbiting 
movement. 

 

Assume for simplicity, the operation of a scroll expander without leakages. Then a 

known amount of working fluid is enclosed in the expanding chamber which increases its 

Expanding
Chamber

V( )

P( ), W( )
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volume according to the function ܸሺߠሻ determined from the expander’s geometrical analysis. In 

this case, the specific volume of the working fluid inside changes according to the equation: 

 

ሻߠሺݒ ൌ
ܸሺߠሻ

݉
 

 
where ݉ ൌ ୧ܸ୬୲ୟ୩ୣ ⁄୧୬୲ୟ୩ୣݒ . 

The energy balance equation for the expanding cavity is: 

 

0 ൌ ݉
dݑ
dݐ

൅ ሶܹ  

 
where the boundary work is: 

 

ሶܹ ൌ ܲ
dܸሺߠሻ
dݐ

 

 
Assume that the scroll orbits at fixed angular velocity; thence dߠ ൌ ߱	dݐ. Therefore, the 

energy balance equation becomes: 

 
ݑ݀
ߠ݀

ൌ െ
ܲ
݉
ܸ݀ሺߠሻ
ߠ݀

 (5.28)

 
If the concentration of ammonia-water mixture is specified, then the pressure in the 

above equation can be determined based on internal energy and specific volume ܲ ൌ ܲሺݔ, ,ݑ  .ሻݒ

Therefore, the above equation can be integrated from ߠ ൌ 0 to ߠ ൌ  ୫ୟ୶. When this equation isߠ

solved, the pressure change with angle θ is determined and thus the generated work. Of course, 

the total boundary work is the double of the boundary work of a single chamber. 

If the angular speed of the expander is reasonably high, then a thermodynamic model 

which considers the average flow through the expander can be considered. In Oralli et al. 

(2011) a thermodynamic model of scroll expander is described. This model is shown in Figure 

5.10. In this model, the many by-pass leakages in a scroll expander are averaged and an orifice 

flow model is used. As shown in Figure 5.10, due to leakage path, a part of the high pressure 

working fluid bypasses the expander and leaks directly to suction port. Once a leakage 

coefficient is known, the leakage flow rate of bypass leaks can be calculated based on 

thermodynamic states 1 and 2 shown in Figure 5.10 as follows: 
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ሶ݉ ௟௘௔௞ ൌ ඥߞ ଵܲ/ݒଵ െ ଶܲ/ݒଶ,௛ (5.29)

 
where ݒଶ,୦ is the specific volume of the flow having the same specific enthalpy as in state 1 but 

a pressure equal to that of state 2. 

 

 

 

Figure 5.10: Thermodynamic model for scroll expander. 

 

The mass flow rate through the expander can be determined based on the angular speed 

and the intake chamber volume, ଵܸ. This mass flow rate through the expander is therefore: 

 

ሶ݉ ଶୱ ൌ
ଵܸ߱

ଵݒ	ߨ2
 

 

Assume that flow ሶ݉ ଶୱ expands isentropically then it generates the work rate as follows: 

 

ሶܹ ୱ ൌ ሶ݉ ଶୱሺ݄ଵ െ ݄ଶୱሻ 

 

where ݄ଶୱ is the flow enthalpy at the same specific entropy as in 1 and a specific volume higher 

than in 1 with a factor equal to the built in volume ratio of the expander. 

Due to various irreversibilities, a part of the reversible work ሶܹ  is wasted and eventually 

converted into heat. In fact, the flow will adapt to the external conditions at discharge. As 

s=ct. v=ct.

Ws Q

Wout

Leakage 
flow

State 1
High P

State 
2s

State 2a
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justified also in Oralli et al. (2011), the flow adaptation to external condition occurs at constant 

specific volume. Therefore in state 2a, the pressure is equal to the pressure in the discharge line 

and the specific volume of the flow is ݒଶୱ ൌ  ଵ BVR. The mass and energy balance equation atݒ

the discharge port, which require that ሶ݉ ଵ ൌ ሶ݉ ୪ୣୟ୩ ൅ ሶ݉ ଶୱ and ሶ݉ ୪ୣୟ୩݄ଵ ൅ ሶ݉ ଶୱ݄ଶ୴ ൌ ሶ݉ ଵ݄ଶ, 

where ݄ଶ୴ ൌ ݄ሺ ଶܲ,  .ଶୱሻ, will determine the actual discharge state of the expanderݒ

The output work generated by the expander is therefore 

 

ሶܹ ୭୳୲ ൌ ሶܹୱ െ ሶ݉ ଶୱሺ݄ଶୱ െ ݄ଶ୴ሻ 

 

Eventually, the isentropic efficiency can be determined with: 

 

௦ߟ ൌ
ሶܹ ௢௨௧

ሶ݉ ଵ ሺ݄ଵ െ ݄ଶሻ
 (5.30)

 
5.5 Heat exchangers analysis 

To select the vapor generator and condenser, a careful analysis of the heat exchangers is 

performed. The basic function of the heat exchanger is to transfer heat from one fluid to another 

or from or to a fluid and the environment. Broadly heat exchangers can be categorized as direct 

contact heat exchangers where there is no intervening surface between fluids and indirect 

contact heat exchangers, where there exist a partition between the fluids. 

Shell-and-tube heat exchangers are fabricated with round tubes mounted in cylindrical 

shells with the tube axis parallel to that of the shell. One fluid flows inside the tubes, the other 

flows across and along the tubes. The major components are tube bundles, front and rear end 

head, tube sheets and baffles. The differences between the several variations of this basic type 

of heat exchanger lie mostly in their construction features depending on the desired heat 

transfer and the provisions made for handling differential thermal expansion between tubes and 

shell. 

Plate heat exchangers consist of a stack of parallel thin plates that lie between heavy end 

plates. Each fluid stream passes alternately between adjacent plates in the stack, exchanging 

heat through the plates. The plates are normally corrugated for strength and to enhance the heat 

transfer by directing the flow and increasing the turbulence. These exchangers have very high 
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effectiveness due to high heat transfer coefficients and area. But they have low pressure 

capability. 

Recuperators are direct-transfer heat exchangers in which heat transfer occurs between 

two fluid streams at different temperature levels in a space that is separated by a thin solid wall 

(a parting sheet or tube wall). Heat is transferred by convection from the hot (hotter) fluid to the 

wall surface and by convection from the wall surface to the cold (cooler) fluid.  

In this project, two main heat exchangers are used; one for the vapor generator and one 

for the condenser. Careful analysis is made in selection of heat exchanger for those purposes. 

The selection of heat exchanger involves rating and sizing based on the requirement and 

optimization of the heat transfer process. In the rating problem, we used the principle of heat 

transfer rate and outlet temperature and pressure drop performances of the already designed 

heat exchanger. 

In the consideration of boiler design, it is required to heat ammonia-water with hot oil 

preheated in an electrical heater. The thermodynamic governing relationship can be used in 

calculation of design parameters. Assume a hot stream flowing wait a capacity rate ܥ௛ ൌ ሶ݉ ௛ܿ௣௛ 

and a a cold stream flowing with a capacity rate ܥ௖ ൌ ሶ݉ ௖ܿ௣௛. Then, applying conservation of 

energy in the form of enthalpy balance, we obtain: 

 
ሶܳ ൌ ௛ሺܥ ௛ܶ௜ െ ௛ܶ௢ሻ ൌ ௖ሺܥ ௖ܶ௜ െ ௖ܶ௢ሻ (5.31)

 
where the subscripts i and o refer to the inlet and outlet of the heat exchanger and Th and Tc 

denote hot and cold fluid temperature. 

Eq. (5.31) represents the rate of heat flow based on the fluid flow and temperature 

conditions. Another equation can be described based on the convection-conduction phenomena 

of the two fluid heat exchanger. The heat transfer rate is proportional to the heat transfer area A 

and the mean temperature difference ∆ ௠ܶ between the fluids:  

 
ሶܳ ൌ ∆ܣܷ ௠ܶ 

 
The entire heat exchange process can be represented by:  

 
ሶܳ ൌ ܷ௛ߟ௙,௛ܣ௛∆ ௠ܶ ൌ ௖ܷߟ௙,௖ܣ௖∆ ௠ܶ ൌ ௛ሺܥ ௛ܶ௜ െ ௛ܶ௢ሻ ൌ ௖ሺܥ ௖ܶ௜ െ ௖ܶ௢ሻ (5.32)
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where ߟ௙,௛ and ߟ௙,௖ are the fin efficiencies for the hot and cold side respectively.  

For heat transfer surface without fins, the term ߟ௙ bears the value 1. Consider the bare 

tube of length L shown in Figure 5.11 and observe that because of the tube wall thickness ߜ௪, 

the inner diameter will be smaller than the outer diameter and the surface areas will be different 

௜ܣ ൌ ௢ܣ ,ܮ௜݀ߨ ൌ  In the case of the finned tube, shown with one fin on the inside and .ܮ௢݀ߨ

outside of the tube wall, the fin surface areas will be ܣ௙௜ ൌ 2݊௜ܾ௜ܮ and ܣ௙௢ ൌ 2݊௢ܾ௢ܮ, where 

݊௜ and ݊௢ are the number of fins on the inside and outside of the tube wall, respectively, and it 

is presumed that no heat is transferred through the tip of either of the inner or outer fins. In this 

case, the prime or base surface areas ܣ௕௜ ൌ ൫݀ߨ௜ െ ݊௜ߜ௙௜൯ܣ ,ܮ௕௢ ൌ ൫݀ߨ௢ െ ݊௢ߜ௙௢൯ܮ. The total 

inside surface will then be ܣ௜ ൌ ൫	݀ߨ௜ ൅ ݊௜ሺ2ܾ௜ െ  . ܮ௙௜൯ߜ

 

 
 

Figure 5.11: Extended surfaces for heat transfer. 
 

Similarly, outside surface is ܣ௢ ൌ ൫	݀ߨ௢ ൅ ݊௢ሺ2ܾ௢ െ  The ratio of the finned .ܮ௙௢൯ߜ

surface to the total surface is:  

 
௙௜ܣ
௜ܣ

ൌ
2݊௜ܾ௜

௜݀ߨ ൅ ݊௜൫2ܾ௜ െ ௙௜൯ߜ
 

 
and:  

 

bo bi
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௙௢ܣ
௢ܣ

ൌ
2݊௢ܾ௢

௢݀ߨ ൅ ݊௢൫2ܾ௢ െ ௙௢൯ߜ
 

 
The overall surface efficiencies ߟ௢௩,௛ and ߟ௢௩,௖ are based on the base surface operating 

at an efficiency of unity and the finned surface operating at fin efficiencies of ߟ௙௜ and ߟ௙௢. 

Hence 

 

௜ܣ௢௩,௜ߟ ൌ ௕௜ܣ ൅ ௙௜ܣ௙௜ߟ ൌ ௜ܣ െ ௙௜ܣ ൅ ௙௜ܣ௙௜ߟ ൌ 1 െ
௙௜ܣ
௜ܣ

ሺ1 െ  ௙௜ሻߟ

 
The overall heat transfer coefficient of the boiler can be determined by analyzing the 

thermal resistances occurring in the between hot and cold stream. The vapor generator design 

configuration is shell and tube arrangement and five types of resistances can be involved.	The 

individual heat transfer resistance/coefficients depend on the nature of the heat transfer process, 

the stream properties and the heat transfer surface arrangements. 

 Hot side convective layer resistance: 

R୦ ൌ
ଵ

୦౞஗౥౬,౞୅౞
 

 Hot side fouling resistance due to the accumulation of foreign material on the hot side 

surface of the tube: 

Rୢ୦ ൌ
ଵ

୦ౚ౞஗౥౬,౞୅౞
 

 Resistance of the tube material. 

Resistance of the exchanger material, which has a finite thermal conductivity, depends 

on the shape of the heat transfer surfaces.The configuration of the boil is shell and tube 

but the tubes are flat type. So the heat transfer surface can be considered as plane tube: 

R୫ ൌ ஔ౭
୩ౣ୅ౣ

 

 Cold side fouling resistance. 

Rୢୡ ൌ
ଵ

୦ౚౙ஗౥౬,ౙ୅ౙ
 

 Cold side convective layer resistance. 

R୦ ൌ
ଵ

୦ౙ஗౥౬,ౙ୅ౙ
 

 

The above resistances are in series and the total resistances for the heat flow can be 

represented a generalized equation: 
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ଵ
୙୅

ୀ
ଵ

୦౞஗బ౬౞୅౞
൅ ଵ

୦ౚ౞஗బ౬౞୅౞
൅ ஔ౭

୩ౣ୅ౣ
൅ ଵ

୦ౚౙ஗౥౬,ౙ୅ౙ
൅ ଵ

୦ౙ஗౥౬,ౙ୅ౙ
 

 

In the boiler, the thickness of the flat tube is very small and the thermal conductivity of the 

metal is high. So the metal resistance can be neglected. The equation then becomes: 

 

ܷ ൌ
1

ܣ
݄௛ߟ଴௩௛ܣ௛

൅ ܣ
݄ௗ௛ߟ଴௩௛ܣ௛

൅ ܣ
݄ௗ௖ߟ௢௩,௖ܣ௖

൅ ܣ
݄௖ߟ௢௩,௖ܣ௖

 (5.33)

 
The ∆ ௠ܶ in Eq. (5.32) is the logarithmic mean temperature difference, which can be 

written as follows: 

 

∆ ௠ܶ ൌ ܦܶܯܮ ൌ
∆ ଵܶ െ ∆ ଶܶ

݈݊ሺ∆ ଵܶ ∆ ଶܶሻ⁄
ൌ

∆ ଶܶ െ ∆ ଵܶ

݈݊ሺ∆ ଶܶ ∆ ଵܶሻ⁄
 (5.34)

 
The heat exchanger configuration for boiler is chosen as a cross-flow/counter-flow 

multi-pass type. The LMTD method is not applicable directly to this system rather the true 

mean temperature difference in multi-pass cross-flow exchanger. The ∆ ௠ܶ will be the counter-

flow logarithmic mean temperature difference and expressed as: 

 
∆ ௠ܶ ൌ  ௖ሻܦܶܯܮሺܨ

 
where the correction factor  
 

ܨ ൌ
∆ ௠ܶ

௖ܦܶܯܮ
 

 
A micro channel heat exchanger (MCHEX) is composed of many microchannel tubes 

that are attached to the two ducts known as headers. The inlet and output streams of flows are 

connected to the headers in a position as per the requirement of the flow stream heat transfer. 

The microchannel tubes are placed horizontally in a parallel arrangement and brazed to the 

headers. To configure the system to several passages a number of partition walls are mounted 

inside the headers. The number of tubes in each passes varies depending on the phase change 

procedure of the fluid. In boiler fluid flows through the lower portion of the shell and vapour 

exists from the top portion of the shell. So, to accommodate the higher volume of the fluid 

upper passes are required to have more tubes. A set of wavy fins are normally connected to the 
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external surface of the tubes to increase the heat exchange surface. MCHEX have attracted 

attention because they have a high heat transfer area per operational volume unit, and thus, high 

heat transfer coefficients. For a very small dimension, they provide a very large heat flux 

transfer. 

Microchannel Heat Exchangers (MCHEX) have, according to the classification 

proposed by Kandlikar and Grande (2003), a hydraulic diameter h D =0.2….0.01mm involving 

the advantage maximum thermal performance with the minimum volume. Also, at very small 

sizes, the processes of heat and mass transfer occurring in the dynamic and thermal boundary 

layers are very effective.	 Considering ݎௗ is the ratio between characteristic dimensions of 

microchannel, it can be written:  

 
ௗݎ ൌ ௗܮ ݈ௗ⁄ 	 

 
According to Kandlikar and Grande (2003) for ݎௗ ൌ 0.5...2, one has ݈ௗ ൌ

ඥܣ௧/ሺ݊௠௖.  .௧ is the cross sectional flow area for all microchannels/microtube ݊௠௖ܣ ௗሻ, whereݎ

Accordingly, thickness of the partition wall between two microchannels is:  

 
ௗߜ ൌ ሺ ௧ܹ െ ݊௠௖ ∙ ௗݎ ∙ ݈ௗሻ/ሺ݊௠௖ ൅ 1ሻ 

 
and upper and lower wall thickness, considering equal is: 

 
௛ߜ ൌ ሺܪ௧ െ ݈ௗሻ/2 

 
where ௧ܹ is the width of the tube and ܪ௧  is the height of the tube with microchannels. 

The equivalent diameter of the flow through a microchannel can be written as: 

 

݀௘௤ ൌ
௠௖ܣ4

௪ܲ௘௧
ൌ 	

ௗ೚೛೟݈ௗ೚೛೟ܮ2
ሺܮௗ೚೛೟ ൅ ݈ௗ೚೛೟ሻ

 

 
where ܣ௠௖ and ௪ܲ௘௧ are the cross section and the wetted perimeter of one microchannel 

respectively. The expression for the total inner heat exchanger surface of the microchannel tube 

can be written as: 

 

௜௡ܣ
௠௧ ൌ ݊௠௖ ∙ ௪ܲ௘௧ ∙ ௧ܮ ∙ ݊௧ ൌ 2݊௠௖ሺܮௗ೚೛೟ ൅ ݈ௗ೚೛೟ሻ ∙ ௧ܮ ∙ ݊௧ 
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where ܮ௧ is the length of the tube and ݊௧ is the number of microtube. The inner surface of two 

collector of height H and cross-sectional dimension ݓ௛ ൈ ݈௛ is: 

 
௜௡ܣ
௛ ൌ ܪ2 ∙ 2ሺݓ௛ ൅ ݈௛ሻ 

 
The total inner heat transfer surface may be written as: 

 

௜௡ܣ ൌ ௜௡ܣ
௠௧ ൅ ௜௡ܣ

௛ ൌ 2݊௠௖ ቀܮௗ೚೛೟ ൅ ݈ௗ೚೛೟ቁ ∙ ௧ܮ ∙ ݊௧ ൅ ܪ2 ∙ 2ሺݓ௛ ൅ ݈௛ሻ 
 
The total inside volume of the micro-channel heat exchanger is: 

 

௜ܸ௡ ൌ ௜ܸ௡
௠௧ ൅ ௜ܸ௡

௛ ൌ ௧ܣ ∙ ௧ܮ ∙ ݊௧ ൅ ܪ2 ∙ ௛ݓ ∙ ݈௛ 
 
where ܣ௧ is the cross sectional flow area for all microchannels/microtubes. 

 

5.6 Ejector analysis 

The theory for ejector analysis is generally based on the assumption of two discrete streams-the 

motive stream and the evaporated vapor-maintaining their identity down the converging duct of 

the diffuser. It is postulated that the secondary vapors reach sonic velocity and are therefore 

effectively chocked at some cross section of the ejector. Standard calculations of nozzle flow 

enable the capacity of the ejector to be found, and in turn a prediction of steam jet refrigerator 

performance. 

The ejector is a mechanically simple mixing device which may be analysed using 

compressible flow theory. The ejector is comprised of the converging-diverging (CD) nozzle at 

the primary inlet, the suction chamber housing the secondary inlet, the constant-area mixing 

chamber and the recovery diffuser. Following compressible gas theory, the flow expands 

isentropically and accelerates through the CD nozzle to reach supersonic velocity resulting in 

the low pressure region in the suction chamber. The secondary flow is entrained and undergoes 

chocking due to the hypothetical converging duct formed between the primary flow stream and 

the ejector wall. The primary and secondary flows mix during the constant pressure process. A 

shock wave forms in the constant area chamber if the ejector is operating under choked 

conditions (critical operation). The resulting stream regains pressure in the diffuser.  
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High pressure steam generated in the boiler passes through the nozzle. As per the nozzle 

theory this creates a low pressure in the throat of the converging-diverging nozzle. Due to low 

pressure at the throat fluid from the evaporator sucks into the throat area creating an action of 

evaporation of water in the evaporator. The remaining water in the evaporator thus cooled 

which ultimately cools the fluid passing through the evaporator coil. The primary steam and the 

secondary steam then mix together to flow to the diffuser section. It then attains a higher 

pressure to flow finally to the condenser. The condenser water may flow back to the evaporator 

again or discharged elsewhere in an open loop.  

In the evaporator, the cooling action may be gained using the evaporator water directly 

as a cooling fluid or else heat transferred from a secondary stream. The advantages of the steam 

jet compression cycle for cooling are the relatively low capital cost, simplicity of operation, 

reliability and very low maintenance costs. Particular advantages are the ability to eliminate 

heat transfer surfaces and the ability to use very low pressure motive steam. The disadvantages 

of the system are the limitation of lowest temperature that is to be above zero and the cost of 

water. 

In practice, two choking phenomena exist in the ejector performance: one in the primary 

flow through the nozzle and the other in the entrained flow. In addition to the choking in the 

nozzle, the second choking of an ejector results from the acceleration of the entrained flow from 

a stagnant state at the suction port to a supersonic flow in the constant-area section. The ejector 

performance can then be divided into three operational modes, according to the back pressure 

Pc: 

1) double-choking or critical mode as Pc < Pc
*, while the primary and the entrained flows are 

both choking and the entrainment ratio is constant; 

2) single-choking or subcritical mode as Pc
* < Pc < Pco, while only the primary flow is choked 

and entrainment ratio changes with the back pressure Pc; and 

3) back-flow or malfunction mode as Pc > Pco, while both the primary and the secondary flow 

are not choked and the entrained flow is reversed (malfunction). 

The following assumptions can be made for the ejector analysis: 

1) The working fluid is an ideal gas with constant properties Cp and γ. 

2) The flow inside the ejector is steady and one dimension. 
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3) The kinetic energy at the inlets of primary and suction ports and the exit of diffuser are 

negligible. 

4) The isentropic relations are used as an approximation. But to account for non-ideal process, 

the effects of frictional and mixing losses are taken into account by using some coefficients 

introduced in the isentropic relations. These coefficients are related to the isentropic 

efficiency and need to be determined experimentally. 

5) After exhausting from the nozzle, the primary flow fans out without mixing with the 

entrained flow until reaching the hypothetical throat which is inside the constant-area 

section. 

6) The two streams start to mix at hypothetical throat with a uniform pressure. 

7) The entrained flow is choked at the hypothetical throat. 

8) The inner wall of the ejector is adiabatic. 

For a given inlet stagnant pressure Pg and temperature Tg, the mass flow through the 

nozzle at choking condition follows the gas dynamic equation: 

 

ሶ݉ ୮ ൌ
୥ܲܣ୲

ඥ ୥ܶ
	ට
ߛ
ܴ
൬

2
ߛ ൅ 1

൰
ሺఊାଵሻ/ሺఊିଵሻ

∙ ඥߟ௣ 

 

where ߟ୮ is a coefficient relating to the isentropic efficiency of the compressible flow in the 

nozzle. The gas dynamic relations between the Mach number at the exit of nozzle Mp1 and the 

exit cross section area Ap1 and pressure Pp1 are, using isentropic relations as an approximation: 

 

௣ଵܣ
௧ܣ

ൎ
1
௣ଵܯ
ଶ ൤

2
ߛ ൅ 1

൬1 ൅
ሺߛ െ 1ሻ

2
௣ଵܯ
ଶ ൰൨

ሺఊାଵሻ/ሺఊିଵሻ

 

 

௚ܲ

௣ܲଵ
ൎ 	 ൬1 ൅

ሺߛ െ 1ሻ
2

௣ଵܯ
ଶ ൰

ఊ/ሺఊିଵሻ

 

 

The Mach number Mpy of the primary flow at the y–y section follows the isentropic 

relations as an approximation: 
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௣ܲ௬

௣ܲଵ
ൎ
൫1 ൅ ሺሺߛ െ 1ሻ/2ሻܯ௣ଵ

ଶ ൯
ఊ/ሺఊିଵሻ

൫1 ൅ ሺሺߛ െ 1ሻ/2ሻܯ௣௬
ଶ ൯

ఊ/ሺఊିଵሻ 

 

For the calculation of the area of the primary flow core at the y–y section, we use the 

following isentropic relation, but an arbitrary coefficient is included to account for the loss of 

the primary flow from section 1–1 to y–y: 

 

௣௬ܣ
௣ଵܣ

ൌ
൫߶௣/ܯ௣௬൯ൣሺ2/ሺߛ ൅ 1ሻሻሻሺ1 ൅ ሺሺߛ െ 1ሻ/2ሻܯ௣௬

ଶ ൧
ሺఊାଵሻ/൫ଶሺఊିଵሻ൯

ߛ௣ଵൣሺ2/ሺܯ/1 ൅ 1ሻሻሻሺ1 ൅ ሺሺߛ െ 1ሻ/2ሻܯ௣ଵ
ଶ ൧

ሺఊାଵሻ/൫ଶሺఊିଵሻ൯
 

 

The loss may result from the slipping or viscous effect of the primary and the entrained 

flows at the boundary. The entrained flow reaches chocking condition at the y–y section. For a 

given inlet stagnant pressure Pe, we have: 

 

௘ܲ

௦ܲ௬
ൎ ൬1 ൅

ߛ െ 1
2

௦௬ܯ
ଶ ൰

ఊ/ఊିଵ

 

 

The entrained flow rate at chocking condition then follows: 

 

ሶ݉ ௦ ൌ
௘ܲ ൈ ௦௬ܣ

ඥ ௘ܶ

ට
ߛ
ܴ
൬

2
ߛ ൅ 1

൰
ሺఊାଵሻ/ሺఊିଵሻ

∙ ඥߟ௦ 

 

where ߟ௦ is the coefficient in regards to the isentropic efficiency of the entrained flow. 

The temperature and the Mach number of the two stream at hypothetical throat follows: 

 

௚ܶ

௣ܶ௬
ൌ 1 ൅

ߛ െ 1
2

௣௬ܯ
ଶ  

 

௚ܶ

௦ܶ௬
ൌ 1 ൅

ߛ െ 1
2

௦௬ܯ
ଶ  
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The two streams starts to mix from the hypothetical throat onwards. A shock then takes 

place with a sharp pressure rise. A momentum balance relation thus can be derived as: 

  

߶௠ൣ ሶ݉ ௣ ௣ܸ௬ ൅ ሶ݉ ௦ ௦ܸ௬൧ ൌ ሺ ሶ݉ ௣ ൅ ሶ݉ ௦ሻ ௠ܸ 

 

where ௠ܸis the velocity of the mixed flow and ߶௠ is the coefficient accounting for the frictional 

loss. Similarly, an energy balance relation can be derived as: 

 

ሶ݉ ௣ ቆܥ௣ ௣ܶ௬ ൅
௣ܸ௬
ଶ

2
ቇ ൅ ሶ݉ ௦ ቆܥ௣ ௦ܶ௬ ൅

௦ܸ௬
ଶ

2
ቇ ൌ ሺ ሶ݉ ௣ ൅ ሶ݉ ௦ሻ ቆܥ௣ ௠ܶ ൅ ௠ܸ

ଶ

2
ቇ 

 

where ௣ܸ௬ and ௦ܸ௬ are the gas velocities of the primary and entrained flow at the section y–y: 

 

௣ܸ௬ ൌ ௣௬ܯ ൈ ܽ௣௬	; where, ܽ௣௬	 ൌ ඥܴߛ ௣ܶ௬ 

 

௦ܸ௬ ൌ ௦௬ܯ ൈ ܽ௦௬	; where, ܽ௦௬	 ൌ ඥܴߛ ௦ܶ௬ 

 

The Mach number of the mixed flow also can be expressed as: 

 

௠ܯ ൌ ௏೘
௔೘

 ; where, ܽ௠	 ൌ ඥܴߛ ௠ܶ 

 

A supersonic shock will take place at with a sharp pressure rise. Assuming that the 

mixed flow after the shock undergoing an isentropic process, the mixed flow between section 

m–m and section 3–3 inside the constant area section has a uniform pressure P3. Therefore, the 

following gas dynamic relations exist: 

 

ଷܲ

௠ܲ
ൌ 1 ൅

ߛ2
ߛ ൅ 1

ሺܯ௠
ଶ െ 1ሻ 

 

ଷܯ
ଶ ൌ

1 ൅ ሺሺߛ െ 1ሻ/2ሻܯ௠
ଶ

௠ܯߛ
ଶ െ ሺሺߛ െ 1ሻ/2ሻ
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5.7 Optimization 

In this research work one of the goals is to minimize the heat rejected into the environment, 

thus maximizing the end-product: power, heating and cooling. Optimization can be applied with 

the objective function to maximize the system efficiency. Some trade-offs may be considered 

such as maximizing the efficiency while minimizing the cost. Therefore, multi-objective 

optimization can be formulated for improved system design and operation. Genetic algorithms 

are in general used for multi-objective optimization problems. Figure 5.12 shows the schematic 

description of a genetic algorithm for multi-objective optimization.  

 

 
 

Figure 5.12 Genetic algorithm for optimization. 
 

The performance indicator of trigeneration system can be expressed as energy efficiency 

and exergy efficiency. In mathematical expression these are reproduced as mentioned in 

Chapter 5 as: 

Gen = 1

START

Inputs
(population size, maximum number of generations, 

crossover, mutation, reproduction probabilities)

CALL random generator of population

CALL calculate score of each individual

Convergence 
check

STOP

Gen<Genmax STOP
CALL parents selection 

based on their score

CALL produce children 
according to genetic 

operations

Gen = Gen + 1

CALL replace current 
population with new 

generation
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 Energy efficiency 

 

ଷ௚௘௡ߟ ൌ
ሶܹ ௡௘௧ ൅ ሶܳ௛௘௔௧௜௡௚ ൅ ሶܳ௖௢௢௟௜௡௚

ሶܳ ௜௡
 

 

 

 Exergy efficiency 

 

߰ଷ௚௘௡ ൌ
ሶܹ ௡௘௧ ൅ ሶܧ ௛௘௔௧௜௡௚ݔ ൅ หܧሶ ௖௢௢௟௜௡௚หݔ

ሶܧ ௜௡ݔ
 

 

 

Exergetic specific emission of pollutants per unit of power, cooling and heating 

generation can be defined as indicated in Dincer and Zamfirescu (2014) 

 

௘௫ܧܵ ൌ
ሶ݉ ௣௢௟௟௨௧௔௡௧

ሶܹ ൅ ∑ ሶܳு ቀ1 െ
଴ܶ

ுܶ
ቁ ൅ ∑ ሶܳ஼ ቀ

଴ܶ

௖ܶ
െ 1ቁ

 
(5.35)

 

Payback period as defined is the number of years required to return the investment cost 

(IC), if the products are to be sold at the market price. It depends on the annual operational costs 

(AOC) and annual rate of income from multiproduct regeneration: 

 

ܲܤܲ ൌ
ܥܫ

∑ܿு ሶܳு ൅ ∑ܿ஼ ሶܳ஼ ൅ ∑ܿ௘௟ ሶܹ ௡௘௧ െ ܥܱܣ
 (5.36) 

 

where ܿு is the selling price of heating, ܿ஼ is the selling price of cooling, ܿ௘௟ is the selling price 

of electric power. 

Levelized product cost can be defined as the selling price of unit of product to balance 

the investment cost (IC) and the operational costs (OPC) for the lifetime (LT). The operational 

cost are proportional to the energy consumption ܱܲܥ ൌ  ሶୱ୭୳୰ୡୣ, where ܿୱ୭୳୰ୡୣ isܧୱ୭୳୰ୡୣܿ∑	ܶܮ

the specific cost of energy supply, per kind 
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ܥܲܮ ൌ
ܥܫ ൅ ሶ௦௢௨௥௖௘ܧ௦௢௨௥௖௘ܿ∑ൣܶܮ െ ∑ܿு ሶܳு െ ∑ܿ஼ ሶܳ஼ െ ∑ܿ௘௟ ሶܹ ௡௘௧൧

൫∑ܿு	ܶܮ ሶܳு ൅ ∑ܿ஼ ሶܳ஼ ൅ ∑ܿ௘௟ ሶܹ ௡௘௧൯
 (5.37)

 

Total exergetic cost rate is defined based on exergoeconomic balance equation (see 

Dincer and Rosen, 2013). It depends on fuel cost rate ( ሶࣝ୤), cost of exergy destruction ( ሶࣝୢ), cost 

of environmental impact ( ሶࣝୣ୧) and capital cost rate (Zሶ ୲୭୲) 

 

ሶࣝ௧௢௧ ൌ ሶࣝ௙ ൅ ሶࣝௗ ൅ ሶࣝ௘௜ ൅ ሶܼ௧௢௧ (5.38)

 

 

Figure 5.13:  Multiobjective optimization of multigeneration systems [modified from Dincer 
and Zamfirescu (2014)]. 

 

As mentioned above, the design of trigeneration systems requires the application of 

multiobjective, multivariable optimization methods. The goal is to maximize efficiency and to 

minimize payback period, levelized electricity cost, exergoeconomic cost rate, specific 

emission factor. The best design selection must be made based on a trade-off analysis. 

The Pareto front indicates the best solutions. The optimization variables are the 

parameters that influence the system performance: the design and the operational parameters. 

Integrated and multigeneration systems bring an additional dimension to multiobjective 

optimization because intrinsically these systems are aimed to improved system configuration 
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(architecture). Systems configurations with more outputs generated; such as trigeneration tend 

to perform better than single generation ones. 

Pareto fronts of multigeneration systems are shown in Figure 5.13 with incrementally at 

higher performance as the number of outputs increases. Trigeneration systems increase the 

profitability due to increase of the number of generated outputs. Because of more freedom to 

morph, the Pareto surface expands toward better systems. 

There are several analytical and numerical methods for optimization of complex 

systems as reviewed in Dincer and Rosen (2012). The multiobjective problem can be reduced to 

single objective by formulating a compounded objective function or by applying constraints. 

For example, if the objective function to minimize are the sustainability index SI ൌ 1 െ ψ 

(introduced in Dincer and Rosen, 2013) and the levelized product cost LEC (defined by Eq. 

5.37) and both these parameters depend of a number of variables x୧, i ൌ 1. . . n, then the 

multiobjective optimization problem can be formulated mathematically as follows: 

 

݉݅݊ሼܵܫሺݔ௜ሻ, ,௜ሻݔሺܥܲܮ ݅ ൌ 1…݊|ܰ ൌ ,݀݁ݔ݂݅ ݎ݄݁ݐ݋ ሽ (5.39)ݏݐ݊݅ܽݎݐݏ݊݋ܿ

 

where N represents the number of outputs of the multigeneration system. 

As shown in Dincer and Zamfirescu (2014), the multiobjective optimization problem 

(5.39) can be transformed in ݇ single-objective optimizations as follows: 

 

݉݅݊൛ܵܫሺݔ௜ሻ, ݅ ൌ ௜ሻݔሺܥܧܮ|݊…1 ൌ ,௝ܥܧܮ ݆ ൌ 1…݇, ݊ ൌ ,݀݁ݔ݂݅ ݎ݄݁ݐ݋ ൟ (5.39)ݏݐ݊݅ܽݎݐݏ݊݋ܿ

 

Depending on the nature of the constraints Lagrange multiplier or other methods of 

optimization can be applied such as evolutionary algorithms with random but educated search. 

With these evolutionary algorithms the search progresses according to the natural selection 

theory of the fittest. These methods can be applied to discontinuous functions wh\ich is a great 

advantage when complex systems are optimized.  

	
5.8 Closing Remarks 

In this chapter various analyses are presented which are relevant to system modeling, design 

and optimization. The chapter starts with the energy and exergy analyses of the trigeneration 
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system, where balance equations and efficiencies are introduced. In order to be able to perform 

energy and exergy analyses, several other aspects must be considered as detailed in the chapter. 

These are as follows: 

 Modeling of the ammonia-water mixture with appropriate equation of state,  

 Geometric modeling of the scroll machine such that the volume of the intake, expanding 

and discharging cavity as well as leakage path areas can be determined, 

 Energy and exergy analysis and modeling of the scroll expander itself, 

 Heat exchanger analysis with emphasis of heat exchangers modeling methods and heat 

transfer correlations in meso-channels and extended surfaces, 

 Ejector analysis and modeling. 

In top of these aspects, the optimization methods especially multi-objective optimization 

and genetic algorithms are analysed as they are relevant to system optimization according to 

some indicators such as efficiency, specific emissions, payback period etc. The analysis 

presented here is extensively used in Results and Discussion chapter to solve modeling and 

simulation aspects as well as optimization problems. 
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Chapter 6: Results and Discussion 

In this chapter, the results and discussion of the work are presented. The chapter consists of 

three parts. In the first part, the experimental work is presented. The aim of the experimental 

work is to prove the concept of trigeneration with the integrated ammonia-water and ejector 

cycles and to determine the achievable performance parameters. Parameters such as isentropic 

efficiency of the expander, the entrainment ratio of the ejector, the efficiency of power 

generation and the COP of the cooling cycle are determined and correlated with input 

parameters. This data is further used in the second part in modeling and simulation of the 

trigeneration system which is made for a parametric study. Some optimization, economic and 

environmental assessments with the system are shown for specific applications in the third part. 

 

6.1 Experimental results 

The experimental data has been processed according to a procedure which is presented 

subsequently. The uncertainty analysis is provided here. This section is structured in a similar 

manner as Chapter 4, where the experimental investigations are presented.  

 

6.1.1 Uncertainty propagation 

The rough experimental results are collected and the measurement error is known based on the 

measurement devices calibration sheets and data. Further, data is used for processing and other 

quantities of interest are derived. Due to measurement error, the uncertainty propagates when 

other quantities of interest are calculated. 

The measurement error of the instruments is denoted as the “accuracy of the 

measurement”. Here, the accuracy is given either as an absolute value or as a relative with 

respect to the instrument span. The propagated uncertainties associated with the calculated 

results are based on the uncertainties associated with the measurements. 

Assume that ݔ୧ represent the primary measurements and a quantity R is determined as 

follows: ܴ ൌ ܴሺݔଵ, ,ଶݔ ,ଷݔ … ,  .௡ሻ. Denote σ1, σ2, σ3,… ,σn the absolute measurement errorsݔ

Then, the uncertainty of ܴ determination becomes: 

 

ோߪ ൌ ቈ൬
߲ܴ
ଵݔ߲

ଵ൰ߪ
ଶ

൅ ൬
߲ܴ
ଶݔ߲

ଶ൰ߪ
ଶ

൅ ൬
߲ܴ
ଷݔ߲

ଷ൰ߪ
ଶ

൅ ⋯൅ ൬
߲ܴ
௡ݔ߲

௡൰ߪ
ଶ

቉
଴.ହ

 (6.1)
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In this thesis, the uncertainty propagation has been calculated using the EES software which has 

implemented the standard calculation of uncertainty from NIST according to the guidelines by 

Taylor and Kuyatt (1994).  

 

6.1.2 Experiment 1 

Here, the data acquired during Run 1 is presented; afterwards data interpretation and processing 

is explained and finally the processed results are given. The first data refers to the charging 

process. Table 1 gives the pressure increase in the system, after ammonia has been added into 

water. The pressure inside the plant has been stabilised at 10 psi absolute, which is an indication 

that a concentration of 30% has been achieved for Run 1 and 5.3 psia in Run 2. Note that the 

plant has been in vacuum during this process.  

The initial vacuum in the system has been 1 psi absolute. This is extracted from the pressure 

reading before calculating the ammonia concentration. The ammonia is fed in liquid phase 

through the liquid receiver at the bottom. Therefore, during charging ammonia vapor desorbs 

from the liquid and increase the pressure in the gas space of the plant. 

 
Table 6.1: Pressure increase during charging and the concentration in liquid phase (Run-1). 
Time 16:18* 16:20** 16:30 16:40 16.50 17:15
Pressure read (psia) 1.0 5.94 5.8 6.4 5.5 5.4 
y (kg/kg) 0 0.948 0.946 0.954 0.942 0.940
x (kg/kg) 0 0.213 0.210 0.22 0.203 0.199
* before charging (no ammonia inside); ** end of charging. 
 

The calculation of the concentration in vapor and liquid for the data given in Table 6.1 

has been done based on the read pressure and ambient temperature using EES software. The 

pressure was determined by extracting 1 psi from the pressure reading, since the initial pressure 

after vacuuming has been 1 psi. The code for calculation is as follows: 

 
For vapor concentration y: CALL NH3H2O(128,20+273.15,P,q=1:T,P,y,h,s,u,v,q) 
For vapor concentration x: CALL NH3H2O(128,20+273.15,P,q=0:T,P,y,h,s,u,v,q) 

 
The uncertainty of ammonia concentration determination has been calculated based on 

two types of measurements: 1) starting from weight determination; 2) based on pressure and 

temperature determinations at equilibrium. The determination 1) is used for the “double-check” 
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because it actually determines the overall ammonia concentration (in vapor and liquid 

altogether). Considering that the ammonia in vapor phase has a negligible weight, the overall 

ammonia concentration and the ammonia concentration in liquid phase should be close. This in 

fact can be observed from the data given in Table 6.2 where the uncertainty of ammonia 

concentration from weight measurement resulted a little higher. 

 
Table 6.2: Uncertainty of ammonia-water concentration determination (Run 1). 
Uncertainty from weight measurement (overall conc.) Uncertainty from pressure and temperature measurement 

Initial ammonia mass: 30.84 േ 0.01 kg 
Final ammonia mass: 29.9 േ 0.01 kg 
Ammonia mass charged: 0.944 േ 0.014 kg 
Ammonia concentration: 0.32 േ 0.00344 

Measured pressure: 0.648 േ 0.05 bar 
Measured temperature: 293.2 േ 1 K 
Ammonia concentration: 0.292 േ 0.011 
Pressure measurement error influence: 76%  

 
Table 6.3: Temperature readings and calculated input heat flux  
Time T21 (°C) T16 (°C) ሶܳ ୧୬ (kW) 
18:00 25 25 0±21.68 
18:10 28 27 153.3±23 
19:00 68.8 50 2883±145.8 
19:10 80 34 7053±353.3 
19:27 88 34 8280±414.6 
20:15 95 35 9200±460.5 
20:18 107 39.8 10304±515.7 
20:33 109.5 46.1 9721±486.6 
20:46 113 44 10580±529.4 
20:52 127 61.9 9982±499.6 
Note: Sensors notations T16 and T21 correspond to the diagram from Figure 3.3. 

 
Figure 6.1: Selection of the period of relative steady-state for data processing. 
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Figure 6.2: Thermodynamic cycle determined for Experiment 1, Run 1. 
 

In the Run 1, the heat input has been maintained at about 10 kW. The expected work 

output in this condition is of the order of few hundreds of Watt. The start-up heating process is 

indicated by the data given in Table 6.3. The steady regime has been achieved in the interval 

approx. 20:30 to 21:00. The achievement of the steady-state regime can be observed from the 

plot in Figure 6.1 which indicates a minor variation of the heat flux input. 

During the steady state, the condensation process evolved at 15.08 psi absolute which 

corresponds to a saturated liquid temperature of 30°C. With a measured flow rate of water of 

ሶܸଷଶ ൌ 34 lpm and the measured ଷܶଵ ൌ 18Ԩ and ଷܶଶ ൌ 21.8Ԩ, the condensation heat is ሶܳ ୭୳୲ ൌ

10,414 W. The balance equation on the plant reads: 

 
ሶܳ ୧୬ ൅ ሶܹ୮ ൌ ሶܳ୭୳୲ ൅ ሶܹୣ୶୮ 

 
where  ሶܹ ୣ୶୮ is the expander power and ሶܹ ୮ is the pump power.  

The pump power is calculated based on measured voltage and current of the power which are 3 

V and 0.27 A. The pressure at vapor generator has been ହܲ ൌ 26.9 psi absolute and 

temperature ହܶ ൌ 97Ԩ, whereas the measured temperature at expander exit has been ଵܶ଴ ൌ
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81.7Ԩ. These values conclude the thermodynamic cycle as given in Table 6.4. The cycle power 

generation efficiency is around 0.31% while the expander isentropic efficiency is 0.078 േ

0.015.  

 
Table 6.4: Main results and uncertainty propagation for Experiment 1, Run 1. 
ߟ ൌ 0.0031	 േ ୉ߟ 0.001 ൌ 0.078	 േ 0.015 ݄ଵ ൌ െ60.55 േ 4.952 kJ/kg ݄ଵ଴ ൌ 1,201	 േ 78.53 kJ/kg 
ሶܸଷ ൌ 0.56 േ 0.029 lpm ሶܳ ୧୬	 ൌ 10,580	 േ 529 W ሶܳ ୭୳୲ ൌ 10,414 േ 377 W ሶܹ ୉ ൌ 32.8 േ 6.5 W 

 
Also, Figure 6.2 shows the thermodynamic cycle constructed based on the data for 

Experiment 1, Run 1. It is clear that the expansion occurred in two phase, at a vapor quality of 

about 0.5. Two-phase expansion is well tolerated by the scroll expander. However, one can 

remark that the flow rate of working fluid was too high. If the pump would be turned at lower 

voltage, and the flow rate would be low, then higher vapor quality can be obtained and more 

work produced. Another aspect refers to the very low isentropic efficiency of the expander 

which reveals some problems with it. As mentioned already in Chapter 4, the expander will be 

improved after rectification, and better results will be shown for Runs 4 and onwards. 

 

Run 2 

This experiment has been similar to Run 1, but with lower ammonia concentration in the 

process fluid. In this case, ammonia concentration was set to 20% and the same procedure is 

used for charging. Table 6.5 shows how the pressure and thence the concentration stabilise 

during the charging procedure. This time, the working fluid pump has been reduced to approx. 

1.7 lpm. 

The temperature of hot oil has been maintained around 127°C, whereas the colder oil 

exited the vapor generator at 82°C. The temperature at the expander inlet was 110°C and at 

expander exit was 71.6°C. The water temperature at condenser exit was 20.5°C. In these 

conditions, the cycle efficiency has been 1.7% and isentropic expander efficiency 18%. 

 
Table 6.5: Pressure increase during charging and the concentration in liquid phase. 
Time 20:28* 20:31** 20:32 20:45 20.57 21:10 21:30 
Pressure read (psia) 1.0 5.94 5.8 6.4 5.5 5.4 5.4 
y (kg/kg) 0 0.948 0.946 0.954 0.942 0.940 0.940 
x (kg/kg) 0 0.213 0.210 0.22 0.203 0.199 0.199 
* before charging (no ammonia inside); ** end of charging. 
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Table 6.6: Main results and uncertainty propagation for Experiment 1, Run 2. 
ߟ ൌ 0.017	 േ ୉ߟ 0.007 ൌ 0.18	 േ 0.08 ݄ଵ ൌ െ7.118 േ 6.72 kJ/kg ݄ଵ଴ ൌ 1,545	 േ 117 kJ/kg 
ሶܸଷ ൌ 0.28 േ 0.014 lpm ሶܳ ୧୬	 ൌ 6,900	 േ 346 W ሶܳ ୭୳୲ ൌ 6,783 േ 377 W ሶܹ ୉ ൌ 118.1 േ 51 W 

 

 
 

Figure 6.3: Thermodynamic cycle determined for Experiment 1, Run 2. 
 

The thermodynamic cycle determined for Experiment 1, Run 2 is shown in Figure 6.3. 

The vapor quality at vapor generator outlet is increased to 60%. However, the reduction of flow 

rate of working fluid correlated with the increase of phase change enthalpy for Run 2 with 

respect to Run 1 led to a lower performance of the vapor generator which absorbed only 6,783 

W as compared to Run 1 when ሶܳ ୧୬ was slightly over 10 kW. These aspects show that the heat 

engine is difficult to tune. Thence, in order to increase the heat input while keeping a low flow 

rate of working fluid, either the surface area or the LMTD should be increased; however, one 

should recall that the surface area of the vapor generator is quite high (3 m2). 

 

Run 3 

In this experiment, the ammonia-water concentration was only 10%. The procedure of data 

reduction is similar as for previous ones. Table 6.7 gives the processed data. 
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Table 6.7: Main results and uncertainty propagation for Experiment 1, Run 3. 
ߟ ൌ 0.0249	 േ ୉ߟ 0.0069 ൌ 0.15	 േ 0.04 ݄ଵ ൌ 58.43 േ 7.37 kJ/kg ݄ଵ଴ ൌ 1,694	 േ 117 kJ/kg 
ሶܸଷ ൌ 0.28 േ 0.014 lpm ሶܳ ୧୬	 ൌ 7,667	 േ 383 W ሶܳ ୭୳୲ ൌ 7,477 േ 377 W ሶܹ ୉ ൌ 191.1 േ 53 W 

 

 
 

Figure 6.4: Thermodynamic cycle determined for Experiment 1, Run 4. 
 

In Figure 6.4, the thermodynamic cycle determined for Run 3 is shown. The cycle 

efficiency is much better: 2.49%. However, the expender isentropic efficiency has been lower 

than before; now it is 15%. The vapor generator absorbs more heat, but still not as much as in 

the case of the first run. Note that oil heater is constructed such that is able to accumulate very 

high heat. In fact, it has been observed that even if the heating elements were off, the oil 

continues to raise the temperature. In fact, in many instances, manual shutting off of the heater 

has been done such that the temperature of the hot oil could be maintained quasi constant. 

 

Run 4 

In this experiment, the condenser has not been used; instead water was feed from a larger 

vessel, continuously to the vapor generator. The working fluid has been steam. The flow rate of 

working fluid was adjusted using the needle valve MV3, as also explained in Chapter 4. Some 
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fluctuations were observed, related to the improper correlation of the heat input with feed flow 

rate and expander load. 

 

 
 

Figure 6.5: One subset of recorded temperature data for Run 4. 
 

 
 

Figure 6.6: Identification of a period of quasi-stable operation for Run 4. 
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Figure 6.7: Heat input supplementation manoeuvre to maintain steam generation. 
 

If expander load is too low, then pressure decreases and so does the vapor specific 

enthalpy; eventually vapor become too moist and vapor quality decreases too much. Figure 6.5 

shows a situation when the mismatch between expander load, pump flow rate and heat input 

rate happens. Here, when temperature of generated steam falls close or below 100°C, expander 

cannot turn because pressure is too low.  

Figure 6.6 shows another data record for same experiment. This time, the period when the 

engine ran was sable it is longer. Figure 6.7 shows a data record which illustrated the heat input 

supplementation. This manoeuvre has been done to compensate for the demand of heat input 

needed to maintain stable steam generation. It also shows that if heat input is not sufficient, 

according to the demand, the vapor generation rate reduces and so does the power generation. 

 
Table 6.8: Main results and uncertainty propagation for Experiment 1, Run 4. 
ߟ ൌ 0.0153	 േ ୉ߟ 0.0066 ൌ 0.571	 േ 0.025 ݄ଵ ൌ 418.6 േ 4.33 kJ/kg ݄ଵ଴ ൌ 1,777	 േ 92 kJ/kg 
ሶܸଷ ൌ 0.38 േ 0.019 lpm ሶܳ ୧୬	 ൌ 8,433	 േ 422 W ሶܳ ୭୳୲ ൌ 8,305 േ 377 W ሶܹ ୉ ൌ 128.8 േ 57 W 

 

0 200 400 600 800 1,000
50

60

70

80

90

100

110

5.5

6.0

6.5

7.0

7.5

8.0

8.5

T5

Qin

Q
in

 (
kW

)

T 
5 

(°
C

)

t (s)

Heat addition

added here

becomes inssuficient



119	
	

 
 

Figure 6.8: Thermodynamic cycle obtained in open loop operation (Run 4). 
 

 
 

Figure 6.9: Thermodynamic cycle with lower working fluid flow rate and expansion of vapors 
close to saturation (Run 4). 
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Table 6.9: Main results and uncertainty propagation for Experiment 1, Run 4. 
ߟ ൌ 0.0184	 േ ୉ߟ 0.0066 ൌ 0.68	 േ 0.0241 ݄ଵ ൌ 418.6 േ 4.33 kJ/kg ݄ଵ଴ ൌ 2,626	 േ 150 kJ/kg 
ሶܸଷ ൌ 0.23 േ 0.0112 lpm ሶܳ ୧୬	 ൌ 8,433	 േ 422 W ሶܳ ୭୳୲ ൌ 8,278 േ 378 W ሶܹ ୉ ൌ 155.4 േ 57 W 

 
Table 6.10: Angular speed correlated with pressure drop and pressure ratio for Run 3. 
Pressure difference (kPa) 98 70 28 
Pressure ratio 1.98 1.70 1.28
Angular speed (RPM) 1300 1000 200 

 
From this experimental run it results that – although the expander performed excellent 

(with an isentropic efficiency close to 60%) – the cycle has not been at satisfactory efficiency. 

The reason is due to the fact the heat input was insufficient. When the flow rate at the working 

fluid pump has been reduced, the cycle conditions became better and the efficiency reached 

1.8% as shown in Table 6.8; the cycle corresponding to these data is shown in Figure 6.8. Also, 

in Table 6.10 the correlation between pressure difference and pressure ratio and expander 

angular speed is given, for Run 3. 

 

Run 5 

In this experiment, the condenser is used but the working fluid is steam. Better efficiency is 

obtained in this way. Also the heat input was higher because a larger temperature difference on 

oil side was possible. The power transmitted to the shaft has been 1,251 W. However, there are 

20% magnetic field dissipations and also the frictional losses were 20%.  

In total, the expander work was 2,086 W. The heat engine efficiency reached 16% and 

the expander isentropic efficiency 81% as shown in Table 6.11. The angular speed measured 

was 1707 RPM for a torque of 7 Nm (close to the nominal value of the magnetic coupling, 10 

Nm). As seen, the heat input rate this time was about 13 kW. The thermodynamic cycle for this 

case is presented in Figure 6.10. 

 
Table 6.11: Main results and uncertainty propagation for Experiment 1, Run 5. 

ߟ ൌ 0.16	 േ ୉ߟ 0.05 ൌ 0.81	 േ 0.16 ݄ଵ ൌ 125.1 േ 4.17 kJ/kg ݄ଵ଴ ൌ 2,278	 േ 131 kJ/kg 
ሶܸଷ ൌ 0.23 േ 0.0112 lpm ሶܳ ୧୬	 ൌ 13,033 േ 652 W ሶܳ ୭୳୲ ൌ 10,948 േ 378 W ሶܹ ୉ ൌ 2,086 േ 753 W 
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Figure 6.10: Determined thermodynamic cycle for Run 5 (only slight superheating obtained). 
 

Run 6 

In this experiment, air has been present into the condenser, such that condenser pressure was of 

around 0.9 atm. However, the partial pressure of ammonia-water (5%) vapor into the condenser 

was at vacuum level of 1.6 psi absolute. Although the water vapor condenses at a vacuum 

partial pressure, the expander discharges to 1 atm. Therefore, the cycle efficiency has been 

lower since the expander discharged at higher pressure as shown in Figure-6.11. The cooling 

system primary flow is shown as 5-15-10 whereas secondary flow as 12-13-15.  

Table 6.12 gives the processed results for the Run 6. Cycle efficiency was 3% and 

expander performed well under the imposed conditions with an isentropic efficiency of about 

80%. In fact, it has been observed that the expander turns very smoothly even at low pressure 

differences. For this run, the pressure difference across the expander was only 8.7 psi and the 

pressure ratio was 1.7. The cooling cycle has been run, but not simultaneously with the power 

cycle.  

 
Table 6.12: Main results and uncertainty propagation for Experiment 1, Run 6. 
ߟ ൌ 0.031	 േ ୉ߟ 0.005 ൌ 0.82	 േ 0.15 ݄ଵ ൌ 305.8 േ 7.45 kJ/kg ݄ଵ଴ ൌ 2,558	 േ 132 kJ/kg 
ሶܸଷ ൌ 0.355 േ 0.017 lpm ሶܳ ୧୬	 ൌ 13,033 േ 652 W ሶܳ ୭୳୲ ൌ 12,631 േ 378 W ሶܹ ୉ ൌ 402 േ 75.3 W 
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Figure 6.11: Thermodynamic cycle for Run 6 when the condenser had air penetration. 
 

The ejector for cooling cycle worked in an operating condition such that the discharge 

pressure has been the atmospheric. This is why the cooling was not too deep. The obtained 

temperatures for evaporation were around 24°C.  

 

Run 7 

This experimental run has been done with 28% concentrated ammonia-water. The results for 

this test are presented in Table 6.13 and Figure 6.12. Only power mode of operation was tested. 

However, the conclusions of this experiment can be extrapolated for trigeneration mode.  

Here the cogeneration efficiency is also calculated. Assume that heat is recovered from the 

condensation/resorption process until the temperature of the working fluid decreases to 60°C. 

This heat is used therefore for generating hot service water at 45°C.  

 
Table 6.13: Main results and uncertainty propagation for Experiment 1, Run 7. 
ߟ ൌ 0.042	 േ ୉ߟ 0.0055 ൌ 0.63	 േ 0.08 ݄ଵ ൌ െ51.23 േ 5.4 kJ/kg ݄ଵ଴ ൌ 1,418	 േ 85.5 kJ/kg 
ሶܸଷ ൌ 0.602 േ 0.03 lpm ሶܳ ୧୬	 ൌ 13,800	 േ 690 W ሶܳ ୭୳୲ ൌ 13,218 േ 378 W ሶܹ ୉ ൌ 583 േ 78 W 
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Figure 6.12: Trigeneration cycle data for Run 7. 
 

In these assumed conditions it is determined that the cogenerated heat is 8,336±452 W. 

Therefore, the energy utilisation factor (or energy efficiency of cogeneration) is calculated as 

follows: 

 

ୡ୭୥ߟ ൌ
ሶܹ ൅ ሶܳ୵୦
ሶܳ ୧୬

ൌ 0.65 േ 0.003 

 
Looking to the nonlinear temperature profile for condensation in Figure 6.12, it can be 

concluded that a concentration as high as 0.28 is not a good choice for trigeneration, although, 

it is an excellent choice for cogeneration. 

 

6.1.3 Experiment 2 

The data processing for Experiment 2 involved the determination of the volumetric flow rate of 

air, the pressure ratio and the pressure difference across the expander as a first step. The area of 

the duct for measurement of flow rate is 31.18 cm2. The flow rate results from multiplication of 

the measured velocity with the cross sectional area of the duct. 
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Table 6.14: Expander run with compressed air. 
Before rectification 

ହܲ 
(kPa)  

AS 
(RPM) 

ୟܸ୧୰ 
(m/s) 

Δܲ 
(kPa) 

PR ሶܸୟ୧୰
(l/min) 

222±1.1 641±32 4.1±0.2 120.7±1.1 2.191±0.01 542.4±29.21
194±0.9 403±20 2.66±0.1 92.68±0.9 1.915±0.01 351.9±18.95
192±0.9 381±19 2.41±0.1 90.68±0.9 1.895±0.01 318.8±17.17
188±0.9 377±18 2.43±0.1 86.68±0.9 1.855±0.01 321.5±17.31
179±0.9 347±17 2.33±0.1 77.68±0.8 1.767±0.01 308.2±16.6 
176±0.8 322±16 2.31±0.11 74.68±0.88 1.737±0.01 305.6±16.46
172±0.8 293±14 2.15±0.10 70.68±0.86 1.698±0.01 284.4±15.32
170±0.8 274±13 2.05±0.10 68.68±0.85 1.678±0.01 271.2±14.6 
166±0.8 262±13 1.95±0.09 64.68±0.83 1.638±0.01 258±13.89 
162±0.8 226±11 1.9±0.095 60.68±0.81 1.599±0.01 251.3±13.54
160±0.8 214±10 1.77±0.08 58.68±0.8 1.579±0.01 234.1±12.61

After rectification 

ହܲ 
(kPa)  

AS 
(RPM) 

ୟܸ୧୰ 
(m/s) 

Δܲ 
(kPa) 

PR ሶܸୟ୧୰
(l/min) 

301±1.5 1295±64 5.58±0.2 199.7±1.5 2.971±0.01 738.2±39.75
285±1.4 1254±62 5.35±0.2 183.7±1.4 2.813±0.01 707.7±38.11
275±1.3 1240±62 5.27±0.2 173.7±1.3 2.714±0.01 697.1±37.54
259±1.2 1165±58 4.54±0.2 157.7±1.2 2.556±0.01 600.6±32.34
253±1.2 1130±56 4.24±0.2 151.7±1.2 2.497±0.01 560.9±30.2 
248±1.2 869±435 4.14±0.2 146.7±1.2 2.448±0.01 547.7±29.49
243±1.2 816±40 3.85±0.1 141.7±1.2 2.398±0.01 509.3±27.43
230±1.1 762±38 3.47±0.1 128.7±1.1 2.27±0.01 459±24.72 

 
Table 6.14 gives the data processing for the expander test, before and after scrolls 

rectification. The test has been done using the set-up described in Chapter 4. The uncertainty 

propagation due to measurement error has been calculated with EES software. For all the 

experiments, the temperature in the air is assumed 22°C (temperature in the lab) and the 

pressure is the standard atmospheric pressure. In the table, ܴܲ signifies the pressure ratio, that 

is ହܲ/ ଴ܲ with ହܲ being the pressure at the expander intake. 

The isentropic efficiency of the expander is calculated based on the measured data which allow 

for determination of the reversible work as a first step. In this respect, the working fluid is 

assumed to be dry air and modeled as a real gas using the equation of state implemented in EES 

software. Then, the reversible work is calculated as follows: 

 the enthalpy and entropy of air at intake is determined: 

݄ହ ൌ ,௛௔ݎሺܽ݅ݕ݌݈݄ܽݐ݊ܧ ܲ ൌ ହܲ, ܶ ൌ 22Ԩሻ 

ହݏ ൌ ,௛௔ݎሺܽ݅ݕ݌݋ݎݐ݊ܧ ܲ ൌ ହܲ, ܶ ൌ 22Ԩሻ 

 the enthalpy of air after isentropic expansion: 

݄ଽୱ ൌ ,௛௔ݎሺܽ݅ݕ݌݈݄ܽݐ݊ܧ ܲ ൌ ଴ܲ, ݏ ൌ  ହሻݏ
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 the specific volume of air at discharge: 

ଽݒ ≅ ,௛௔ݎሺܽ݅݁݉ݑ݈݋ܸ ܲ ൌ ଴ܲ, ܶ ൌ 21Ԩሻ 

 the mass flow rate of air through the expander: 

ሶ݉ ൌ
ሶܸୟ୧୰
ଽݒ

 

 the reversible work: 

ሶܹ ୰ୣ୴ ൌ ሶ݉ 	ሺ݄ହ െ ݄ଽୱሻ 

 

 
 

Figure 6.13: Isentropic efficiency before and after rectification. 
 

For calculation of the actual work, the load connected to the expander has to be 

considered. The actual load consists of the electric generator and all the mechanical system 

connected to the shaft which produces losses, including magnetic loses and frictional losses. 

The torque is a consequence of those losses. The torque has been lower after rectification 

because less friction within the scrolls has been obtained. The maximum torque transmitted by 

the magnetic coupling is 10 Nm. The actual work has been calculated as follows: 

 the angular speed has been determined from AS [RPM]: 

߱ ൌ ߨ2
ܵܣ
60
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 the actual work results from the torque (࣮): 

ሶܹ ୟୡ୲ ൌ ߱	࣮ 

 

The isentropic efficiency becomes: 

 

ୱߟ ൌ
ሶܹ ୟୡ୲
ሶܹ୰ୣ୴

 

 
Figure 6.13 shows that isentropic efficiency of the expander improved after 

rectification, as correlated with the volume ratio (ܸܴ) across expander. The improvement is 

mainly due to reduction of the friction. In addition to this, the volumetric efficiency has been 

much improvement. The volumetric efficiency expresses the amount of flow rate which 

actually generates work with respect to entire flow rate that passes through the expander. 

 

 
 

Figure 6.14: Volumetric efficiency before and after rectification. 
 

The volumetric efficiency represents the ratio between the volume of the expansion cavity 

at discharge and the actual discharged volume at each rotation. The calculations with the data 
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from Table 6.14 demonstrate that the volumetric efficiency of the expander has been much 

improved after rectification. The improvement is definitely due to the lower gaps that were 

obtained. Figure 6.14 compares the volumetric efficiency of the expander before and after 

rectification.  

 

6.1.4 Experiment 3 

The aim of this experiment is two-fold; to determine the entrainment ratio of the ejector under 

some relevant operating conditions and to study the assembly of throttling valve, cooling coil 

and ejector. Two working fluids are used, namely pure water and ammonia-water. 

 

Run 1 

In this run water is the working fluid. The purpose of the test is to determine the entrainment 

ratio only. In this respect, water at ambient temperature and pressure is added into the metering 

cylinder of the setup shown in Figure 4.3. 

Compressed air pressure higher than 50 psi gage is provided as the main flow. This flow 

is chocked because the discharge pressure is kept in vacuum. The pressures at the secondary 

port and at the discharge port of the ejector are measured. The level of water is recorded an 

plotted against the time to determine the water consumption rate and thence the flow rate of the 

secondary flow and further the entrainment ratio (ER).  

Figure 6.15 shows the data record of level readings for the experiment. This data have 

been fitted linearly and the rate of level drop determined as 0.19 mm per minute. There is a 

calibration coefficient of the level meter which is 0.4 ml/min; therefore the flow rate in ml/min 

has been 0.076 ml/min. 

The data processing scheme used to determine the entrainment ratio is as follows: 

 the main flow rate is determined based on the known flow coefficient of the ejector. The 

flow coefficient is ܥ୴ ൌ 0.006. The flow coefficient is known from the ejector design 

which has been manufactured from a Swagelok valve with Catalogue flow coefficient of 

0.003. The valve modification involved modification of the nozzle with enlargement of 

the throat area at the exit. The equation used to determine the flow through the chocked 

nozzle is also mentioned in Chapter 5, Section 5.6. Here, we used an equivalent form of 

it which gives the volume flow rate (state 6 as in Figure 4.3, ଺ܲ and ଺ܶ [K]): 



128	
	

ሶܸ୫ୟ୧୬ሾlpmሿ ൌ ୴ܥ	3273
଺ܲ

ඥ ଺ܶ

 

 The mass flow rate of primary flow is calculated using air specific volume at discharge 

conditions and the volume flow rate of main flow calculated as above. 

 The liquid water is flashed through the throttling valve (TV in Figure 4.3) via an 

isenthalpic process; under this assumption the specific volume of the expanded flow is 

calculated with EES as follows: 

ୱୣୡݒ ൌ Volume൫݉ܽ݁ݐݏ, ܲ ൌ ୱܲୣୡ, ݄ ൌ ,ݎ݁ݐܽݓሺݕ݌݈݄ܽݐ݊ܧ ܲ ൌ ଴ܲ, ܶ ൌ 22Ԩሻ൯ 

 The evaporation coil is maintained in vacuum through the ejector which itself 

discharges in vacuum. The mass flow rate of secondary flow is determined based on the 

experimental data regressed as shown in Figure 6.15. This gives the volume flow rate 

which is then divided to the water density. 

 The entrainment ratio is therefore determined with the equation: 

ܴܧ ൌ
ሶ݉ ୱୣୡ
ሶ݉ ୫ୟ୧୬

 

 

 
 

Figure 6.15: Level reading and liner data fitting for Experiment 3, Run 1. 
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Table 6.15: Calculated data and uncertainty propagation for Experiment 3, Run 1. 
Reading or input data Calculated data 

dݖ
dݐ

ൌ 0.189 േ 0.72
mm
min

 

ୱܲୣୡ ൌ 1.379 േ 0.0689 kPa 
ܲୢ ୧ୱୡ୦ୟ୰୥ୣ ൌ 28.96 േ 1.45 kPa 

ܴܧ ൌ 0.175 േ 0.02 
ሶܸ୫ୟ୧୬ ൌ 6.676 േ 0.33 lpm 
ሶܸୱୣୡ ൌ 0.66 േ 0.003 lpm 
ሶܸ୪୧୯ ൌ 0.42 േ 0.055 ml/min 

 

Table 6.15 gives the data processing for Run 1. The entrainment ratio has been of 0.175 which 

is in a reasonable practical range. 

 

Run 2 

A second run has been done with the ejector testing, in which ammonia-water is used as 

working fluid. In this case the test has been done outside the laboratory with the coil exposed 

under solar radiation. In these conditions, although there was clearly observed heat input, the 

coil cooled the water in the beaker; the volume of water was approx. 800 ml. 

 

 
 

Figure 6.16: Temperature drop and liquid level data recorded for Run 2. 
 

Figure 6.16 shows the experimental records of water temperature in the beaker. 

Ammonia-water at approx. 40% concentration has been prepared directly into the liquid 

accumulator of the setup shown in Figure 4.3. The level of liquid refrigerant read in level meter 

is indicated as the secondary y-axis of the plot. 
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Table 6.16: Calculated data and uncertainty propagation for Experiment 3, Run 2. 
Measured parameter or input data Calculated data 

dݖ
dݐ

ൌ 0.367 േ 0.026
mm
min

 

ୱܲୣୡ ൌ 94.46 േ 0.4 kPa 
ܲୢ ୧ୱୡ୦ୟ୰୥ୣ ൌ 101.4 േ 0.2 kPa 

ܴܧ ൌ 0.069 േ 0.001 
ሶܸ୫ୟ୧୬ ൌ 6.676 േ 0.33 lpm 
ሶܸୱୣୡ ൌ 0.56 േ 0.005 lpm 
ሶܸ୪୧୯ ൌ 0.81 േ 0.057 ml/min 

 

 
 

Figure 6.17: Cooling rate and refrigerant mass flow rate determined for Run 2. 
 

The data processing has been made in a similar way as presented for Run 1. Although the 

level did not varied linearly in time, an approximation is made to regress ݖሺݐሻ as linear. Table 

6.16 shows the results. The entrainment ratio of the ejector has been about 0.07. More that 

processing has been obtained from the curve showing temperature variation in time. Assuming 

that the heat sink is only the coil, the following energy balance can be written for the cooling 

process: 
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Further, the mass flow rate of refrigerant results from the following equation: 

ሶܳ ୡ୭୭୪୧୬୥ ൌ ሶ݉ 	ሺ݄ହ െ ݄ସሻ 
 
where the indexes 4 and 5 correspond to the state points numbered in Figure 3.4 and the 

enthalpies represent the enthalpy of the throttled fluid (݄ସሻ and of the saturated vapor at the exit 

of the cooling coil (݄ହ). 

Numerical data has been interpolated with fifth degree polynomials and then integration 

has been performed to determine the cooling and the mass flow rates. The results are shown in 

Figure 6.17 and illustrate that the cooling rate was of order of few watts. Although the cooling 

rate is low (due to the operating conditions), the ejector operates well and its entrainment ratio 

is in the usual range for cooling applications. 

 

6.1.5 Experiment 4 

In this experiment, steam was used as working fluid as described in Chapter 4. The purpose of 

the experiment is to determine the vapor generator performance and observe the requirements 

of vapor generator control. In this experiment after sufficient pressure has been achieved in the 

vapor generator the needle valve MV5 has been opened to release steam. The measured 

parameters were:  

 Volumetric flow rate of water, 

 Temperatures of primary and secondary circuit for the vapor generator, 

 Volumetric flow rate of oil. 

Three sets of readings were made, corresponding to three positions of the valve MV5: 

opened, more opened, even more opened. The results for the vapor generation process were 

plotted in the T-s diagram as shown in Figure 6.18. The data recorded for this experiment is 

given in Table 6.17. 

The temperature at the hot oil input has been 147°C for Run 1, 135°C for Run 2, and 

119°C for Run 3. These runs were performed successively. Due to valve opening the vapor 

pressure decreased from 204 kPa at Run 1 to 120.8 kPa at Run 3. Of course, the decrease of 

pressure has been due to an increased consumption of steam. The vapor generator has been 

operated manually, without controls. Controls are not really necessary at this first phase of 

testing, however, they have to be implemented in the future.  
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Table 6.17: Calculated data and uncertainty propagation for Experiment 4. 
Run Measured parameter Calculated parameter 

1 
ሶܸଷ ൌ 0.243 േ 0.0168  lpm 

ହܶ ൌ 131.4 േ 0.5Ԩ 
ଵܶ଺ ൌ 77 േ 2.3Ԩ 

ܦܶܯܮ ൌ 15.27 േ 0.051Ԩ 
ሶܳ ൌ 10,733 േ 741 W 
ܣܷ ൌ 703 േ 48.9W/m2K 

2 
ሶܸଷ ൌ 0.139 േ 0.0144  lpm 

ହܶ ൌ 119 േ 0.5Ԩ 
ଵܶ଺ ൌ 98.33 േ 2.3Ԩ 

ܦܶܯܮ ൌ 16.28 േ 0.06Ԩ 
ሶܳ ൌ 5622 േ 583 W 
ܣܷ ൌ 345 േ 35.7W/m2K 

3 
ሶܸଷ ൌ 0.16 േ 0.0198  lpm 

ହܶ ൌ 105 േ 0.5Ԩ 
ଵܶ଺ ൌ 89 േ 2.3Ԩ 

ܦܶܯܮ ൌ 16.25 േ 0.12Ԩ 
ሶܳ ൌ 4600 േ 560 W 
ܣܷ ൌ 283 േ 36 W/m2K 

 

 
 

Figure 6.18: Results for vapor generator testing – Experiment 4. 
 

Nevertheless, the main remark from the present experiment is that pressure regulators and 

controls are a must if the system is further developed. This test also revealed that the surface of 

heat transfer is sufficient for the vapor generator. The LMTD has been low, approx. 15°C. 
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manufacturer’s catalogues for the specific operating conditions of the heat engine. The 

parameters that were measured in this experiment were: 

 Pump head,  

 Volumetric flow rate, 

 Voltage, 

 Current. 

 
Table 6.18: Data collected for pump calibration. 
ΔP (psi) ሶܸ  (lpm) V (Volt) I (Amp) Ẇ (W)
15 0.6 24 0.06 1.48 
17 0.093 24 0.011 0.26 
21 0.051 24 0.010 0.24 
 

Table 6.18 gives the measured and calculated data from this test. From this pump, 

calibration data it results that the pump energy efficiency (electrical to hydraulic) is 

approximately 0.7. The table from Table 6.18 is used in EES codes developed here to determine 

pump operation parameters by using interpolation. 

 

6.1.7 Experiment 6 

Oil heater is a custom made unit and requires calibration. As described in Chapter 4, the 

Experiment 6 objective is to determine the power input to the oil heater for each of the heating 

segments. The second objective, is to determine the thermal inertia parameters of the oil heater. 

 
Table 6.19: Results from heaters calibration. 

Switch Current Voltage Power 

1 14.7 110 1617±11.02 

2 11 210 2310±21.01 

3 20 120 2400±12.04 

4 22.5 120 2700±12.05 

5 23 120 2760±12.05 

6 23.5 120 2820±12.06 

7 10.8 210 2268±21.01 

8 11 110 1210±11.01 

9 22.2 215 4773±21.53 

10 10.5 215 2258±21.51 

11 30 215 6450±21.55 
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Figure 6.19: Recorded and calculated data for oil heater calibration experiment; the temperature 
in the ceramic core of the heater is also shown 

 

Table 6.19 gives measured and calculated data for heating elements including the 

propagated uncertainty for heating rate ( ሶܹ ). Regarding the thermal inertia, a lumped capacity 

model is assumed for the oil heater. Denote the thermal inertia parameter for the oil heater with 

 ୮ which represents the product between the mass of ceramic blocks and the specific heat. Inܥܯ

this case, the energy balance for the oil heater is (see Figure 3.3 for temperature indexes): 

 

ሶܹ ୧୬ ൌ ୮ܥܯ
dܶ
dݐ

൅ ሶ݉ ୭୧୪ܥ୮,୭୧୪ሺ ଵܶ଺ െ ଶܶଵሻ ൅ ݄୲୰ܣሺ ୱܶ୳୰୤ െ ଴ܶሻ 

 
The outer heat transfer surface of the oil heater has been determined by area measurements and 

it is 3.078 m2. Based on practical experience with the oil heater, it is remarked that its outer 

surface temperature is approx. 35°C to 45°C. For the heat transfer coefficient in natural 

convection a value of 20 W/m2K is assumed. 

Figure 6.19 shows calibration data curves for the oil heater. The thermal inertia parameter 

has been determined and it is ܥܯ୮ ≅ 100 kJ/K. A sequence of data has been measured giving 
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the oil flow rate and inlet/outlet oil temperatures. Based on this data and the assumptions 

introduced above, the energy balance equation for the oil heater has been integrated. 

From the results, it is clear that the thermal inertia of the boiler is high. In addition, the 

temperature of the ceramic bricks is much higher than that of the oil. This reflects the fact 

observed during the experimentations that oil temperature may increase even if the heating 

elements are all switched off.  

 

6.1.8 Discussion 

This section concludes the Experimental Results chapter of the thesis. The trigeneration system 

prototype shows that the process is feasible and helped to relax several important assumptions 

as various important parameters are determined. However, in this work, the prototype was 

operated manually, without any automated control. This is why the trigeneration system did not 

show stable operation and often fluctuates. The following aspects resulted from the 

experimental investigation: 

 The newly developed expander operates satisfactory; no lubrication is required as it can 

be easily lubricated with process working fluid. Moreover, the liquid helps sealing the 

gaps and improving the volumetric efficiency of the expander. The isentropic efficiency 

as high as 0.7-0.8 is obtained. The volumetric efficiency is reached 0.8. If too much 

liquid is provided to the expander through the vapor port, due to incomplete boiling in 

the vapor generator, the expander stalls, because it cannot flush the liquid at low 

pressure. However, it does not damage the wrap or other parts and when the liquid 

drains out it turn again. 

 The vapor generator is well sized and operates well. It has a small charge of working 

fluid as the internal volume is about 0.6 l. However, the vapor generator is difficult to 

control. Back flow must be prevented by adding a one-way valve. Also, there must be 

installed a pressure regulator in the vapor line. Many times during the experiment the 

vapor generator feed was not been correlated with heat input and with vapor 

consumption. Therefore, in some situations, the vapor generator produced too moist 

vapors, and in other situations there were not sufficient heat input. The UA factor of the 

vapor generator was determined experimentally in the range of 300 W/K to 800 W/K. 
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 The condenser run well, but after some operation failure occurred in the form of a small 

leakage which could not be repaired. It is recommended that in the future the condenser 

is redesigned to allow condensation outside the microchannels and cooling from the 

inside of the microchannels. This will allow for a more effective heat transfer. 

 The working fluid pump had an issue with its internal bypass which opened at lower 

pressure than needed. This problem was partially resolved. 

 The ejector has the entrainment ratio of 0.1. However, the ejector in this system has 

been sized for a small flow rate, which generates cooling of tens of watts; this is done 

for demonstration only. The prototype allows for a larger size ejector to produce more 

cooling effect. The ammonia concentration is also very important. The cooling 

generation works well with ammonia concentration of 5%. Also, it is good to implement 

ejector cooling with ammonia concentration higher than 8%. In the intermediate range, 

the direct application of ejector cooling is not effective because the working fluid 

temperature increases too sharply with heat additions. Special schemes can be applied to 

investigate this case. 

 The energy efficiency for power generation is of few percentages and increases to 60% 

when cogeneration is applied; also, trigeneration improve the system efficiency. 

 

6.2 Modeling and numerical simulations 

In this section, modeling results for expander and the trigeneration systems is presented. Based 

on these models, several codes for numerical simulations were elaborated for further use in 

system design, parametric studies and optimisations. 

 

6.2.1 Expander geometrical simulation 

A geometrical processor has been elaborated to simulate the scrolls geometry and determine 

volumes and leakage gaps for the expander. The code is written in EES software in complex 

algebra programing mode. The analysis theory presented in Section 5.3 is completely applied. 

The most parts of the code are based on the analytical formulations of Blunier et al. (2009). 

The first use of the code is for identification of the geometrical parameters of the actual 

scrolls that are used in the expander. As explained above, these scrolls originate from a Bristol 
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scroll compressor. The scroll geometry is defined completely when the following parameters 

are known: 

 The base circle radius, 

 The inner involute initial angle, 

 The exterior involute initial angle, 

 The inner involute starting angle, 

 The exterior involute starting angle, 

 The maximum angle (or the rolling angle). 

 
Table 6.20: Determined geometrical parameters of the scroll wrap. 
Parameter Value 
Initial angle of the external involute ߮ୣ଴ ൌ 0.78635 rad 
Initial angle of the interior involute ߮୧଴ ൌ 2.035 rad 
Starting angle of the external involute ߮ୣୱ ൌ ߮ୣ଴ ൅ ሺ140ߨ2 360⁄ ሻ rad 
Starting angle of the internal involute ߮୧ୱ ൌ ߮୧଴ ൅ ሺ80ߨ2 360⁄ ሻ rad 
Rolling angle ߮୫ୟ୶ ൌ 20.5867 rad 
Vane thickness ݁ ൌ 3.25 mm 
Pitch ݌ ൌ 16.35 mm 
Base circle radius ݎୠ ൌ 2.602 mm 
Orbiting circle radius ݎ୭ ൌ 4.925 mm 
Height of the vane ݄ ൌ 28.1432 mm 
Radial gap ୖߜ ൌ 0.076 mm 

 
None of the above parameters are measurable. Therefore, a procedure has to be 

established to determine these parameters based on other measurable parameters. In fact, an 

image superposition using computer graphical tools is also required to determine the staring 

angles of the scroll. The following geometrical parameters can be measured from a scroll 

 Vane thickness, ݁, 

 Pitch, ݌, or the distance between two vanes after a complete turn of 360°. 

The procedure elaborated here for geometry identification of the scrolls starts as 

follows: 

 The radius of the orbiting cycle ݎ୭  is determined right away from ݌ ൌ 2	ሺݎ୭ ൅ ݁ሻ, 

 Introduce the parameter Δ߮ ൌ ߮୧଴ െ ߮ୣ଴, 

 The following equation relates Δ߮ to base circle radius ݁ ൌ  ,Δ߮	ୠݎ

 The following equation also relates Δ߮ and ݎୠ: ݎ୭ ൌ ߨሺ	ୠݎ െ Δ߮ሻ, 

 When the above equations are solved the unknown Δ߮ and ݎୠ are determined, 
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 Now the initial angle of the external involute and the starting angles must be 

determined; this is done by image superposition. 

 

 
 

Figure 6.20: Superposition of the actual scroll vane with the modeled scroll. 
 
 

 
 

Figure 6.21: Zoom showing the superposition of the actual and modeled scroll for 
determination of starting angles. 
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The determinations made according to the procedure explained above are summarized 

in Table 6.20. The superposition results are shown in Figures 6.20 and 6.21. The computer code 

generated the spiral shown in Figure 6.20. The actual scroll impregnated with oil has been 

printed on a paper. The two scrolls are superimposed. In order to achieve the superposition, one 

single parameter has been varied, namely the initial angle of the external involute. 

 

 
 

Figure 6.22: The chamber cavity volume and the derivative ܸ′ሺߠሻ of the actual expander, 
determined based on numerical simulation of the expander geometry. 

 
 
Table 6.21: Expander functional parameters resulted from the geometry simulation. 
Parameter Value 
The chamber volume at the beginning of the expansion 27.191 ml 
The chamber volume at the end of expansion (total) 65 ml 
Built-in volume expansion ratio 2.4 
Angle at the beginning of expansion 6.287  rad 
Angle at the end of expansion 14.187 rad
 

After the initial angles were determined, the staring angles are found as shown in the 

zoom from Figure 6.21. Once the geometry of the actual expander is known, then the volumes 

of the chamber during the intake, expansion and discharge are determined using the appropriate 

algebraic equations implemented in the code, according to the theory presented in the Analyses 

section. The main result of the geometric simulation is represented by the variation profile of 
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chamber volume with the rotation angle θ; this is V(θ). In addition, the derivative of V(θ) with 

respect to θ is required for a thermodynamic modeling of the expansion, that is V'(θ) as 

indicated in Figure 6.22. 

 

6.2.2 Expander thermodynamic simulation 

The volume chamber data variations derived and the parameters from Table 6.21 are used now 

as inputs in the thermodynamic model for expander simulation. The thermodynamic model is 

explained with the help of Figure 5.10 from the Analyses chapter. 

Here, the experiments with compressed air are used to validate the thermodynamic 

model. In these simulations, the discharge pressure is the atmospheric and two pressure ratio 

were considered as:  

 A pressure ratio of 2.6 that corresponds to the built-in volume ratio, 

 A smaller pressure ratio of 1.2 which corresponds to over-expansion inside the chamber. 

 

 
 

Figure 6.23: Results of expander simulation with air and validation with experimental data. 
 

Figure 6.23 shows the results of expander simulation when working fluid is air. Data 

from experimental tests with air is used to validate the results. If the expansion ratio departs 

from the built-in volume ratio, the expander isentropic efficiency degrades much. Nevertheless, 
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the isentropic efficiency of the expander decreases very much if the expander operates in under 

expanded or over expanded condition. 

 

6.2.3 Trigeneration cycle simulations 

The experiments were succesful in providing the working parameters of the vapour generator, 

the expander, and the condenser. Mainly, the temperatures and pressures that were achieved 

with the custom made boiler and expander. From these values, a working model was created to 

show the performance of the engine under ideal conditions. However, the isentropic efficiencies 

were considered to better approximate the results. The modeling assumed a mass flow rate of 1 

kg/s for ease of understanding, however proportionally lower results should be expected in 

reality, the system was succesful with about 0.0017 kg/s, meaning that about 0.17% of the 

values determined here would be used as a reference in a complete working prototype as the 

one which was built. During the experiments, the main findings were that the temperature at the 

boiler exit could reach a maximum of about 135 ˚C, the steady run pressure at the expander 

inlet could reach 47 psi, also the room temperature remained at about 22˚C. 

Figure 6.24 shows the cogeneration efficiency as a baseline, the efficiency of the system 

in the working conditions found from experiments, was approximately 67%. This is by using 

the steam to generate power completely. In the figure, the mass flow rate represents a 

percentage of flow diverted into the ejector, for example at 0.4, 40% of the steam is diverted to 

the ejector while the other 60% is supplied to the expander. The amount of new useful energy 

coming from the trigeneration system is in the form of cooling which has a significant value 

because steam from a common source is directly used to generate cooling, here cooling is 

provided directly from heat without the use of a compressor or other expensive machines used 

in cooling. When all the steam is diverted to the ejector the COP approximates 1, where almost 

all of the energy input from the heat and the pump is converted into cooling. 
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Figure 6.24 Efficiency comparisons between cogeneration and trigeneration 

 

Figure 6.25: Energy distribution dependant on the mass flow diverted to the ejector 
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The operation of the trigeneration system can be adjusted depending on the most valuable 

resource of our requirement. For example; during winter heating is of most importance, cooling 

becomes primary in summer, and power dominates during peak hours. Figure 6.25 shows how 

the energy can be divided and controlled by simply varying the percentage of flow into the 

ejector. The system is cogenerating at 0% and only cooling is then generating at 100%, in 

between the system becomes trigenerating. The useful power output, although relatively low, 

decreases very slowly across the trigeneration region which proves to be viable in terms of 

being able to cool without sacrificing much electricity supply. In addition to this the heat output 

and cooling vary inversely which is very useful as was previously stated when using the system 

during winter versus summer. There is also a point of interest at about 40% flow diversion, 

where vast amount of cooling and heating are generated while working with 36% of the original 

power output from the expander. The dominant disadvantage is that great amounts of cooling 

higher than 1000 kW when working with 1 kg/s main mass flow rate will result in a big 

sacrifice in power output. Note that the values can be appreciated as specific heats and specific 

power since a total of 1 kg/s was used and the diversions to the ejector were represented in 

percentages.  

 

 

Figure 6.26: Energy efficiency over the ammonia concentration spectrum 
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The trigeneration combined efficiency which is represented as the COP which is the ratio 

of useful energy output over energy input, is higher than the cogeneration efficiency throughout 

the whole spectrum of ammonia concentration combinations. From this model in Figure 6.26, 

the optimum concentration is found to be 40%. There is also a wider gap between the 

efficiencies at higher concentrations, thus the trigeneration system is significantly better in that 

region. 

 

 

Figure 6.27: Power output trend based on ammonia concentration. 
 

 
 

Figure 6.28: Water heating and ambient cooling trend based on ammonia concentration 
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Figure 6.29: Optimum ammonia concentration versus an arbitrary base 

 

The power output over low concentrations of ammonia up to about 0.4% is at the 

optimum amounts as is shown in Figure 6.27. When compared to the heating and cooling 

shown in Figure 6.28, it is noticeable that there is a similar trend and that the highest values 

tend to be at the lower end of the spectrum, where at higher concentration amounts they sharply 

decrease. 

By comparing the system to different ammonia- water concentrations that are possible, a 

comparison such as the one made in Figure 6.29 can be used to prove that more investment in 

ammonia is worthwhile in a trigeneration system. The efficiency increases by 4%, this increase 

would be higher when comparing to lower concentrations or very high concentrations. 

However in a cogeneration system both the work output and the amount of useful 

heating both decreases at higher concentration (more than 40%) as noted in Figure 6.30. This 

feature explains that at higher concentration ammonia vapour carries much less latent heat of 

evaporation, a portion of which is used for heating. Also at higher concentration more ammonia 

vapour generates and since ammonia has much less liquid to vapour ratio than water, the power 
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output drops. This feature is also reflected in Figures 6.26 to 6.29. In Figure 6.31 and Figure 

6.32 the work and heat flow rate trends are shown respectively against ammonia concentration. 

Both trigeneration and cogeneration follows similar trend with ammonia concentration change 

however trigeneration being lower value in each cases. This is because in trigeneration system 

the heat input being same as cogeneration but a portion (here 10%) of the heat goes to ejector 

cooling system. In practical case the heat input can be increased to compensate the cooling 

portion of heat and the trend of power and heating should merge to cogeneration system for the 

same parameter. This additional heat input to increase the parameters are quite justified as the 

system is to be run by renewable energy which are available abundance in nature. This added 

heat input will not affect much on the overall efficiency of the system rather maximise the 

power output and heat input. 

 

 

Figure 6.30: Cogeneration power output and water heating trends based on concentration of 
ammonia 
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Figure 6.31: Trigeneration and cogeneration power output trends based on concentration of 
ammonia  

 

Figure 6.32: Trigeneration and cogeneration water heating trends based on concentration of 
ammonia 
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Figure 6.33: Effect of pump pressure ratio on the efficiency 

 

Figure 6.34: Effect of pump pressure ratio on energy outputs 
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Figure 6.33 shows the overall efficiency variation of the trigeneration system against 

process fluid pump pressure ratio. At higher pump pressure ratio the efficiency decreases. This 

is quite normal as at higher pump pressure ratio the rate of electrical energy input to the pump 

increases. It may be required to maintain a desired fluid flow rate by increasing the pump 

pressure ratio. However Figure 6.34 shows that it might be worth to sacrifice efficiency by 

using the pump power as an adjustment of the outcomes. By increasing the pump ratio the 

power output is increased and the water heating is decreased which may be useful since electric 

power is more valuable and optimizing the power output is of greater importance.  

 

Figure 6.35: Boiler temperature effect on efficiency 

In contrast to the pump effect, the outlet temperature of the vapour generator does not 

have the similar trend i.e. by increasing this temperature the efficiency does not increase much, 

even though it matters. This is depicted in Figure 6.35 however this does not significantly affect 

the composition of the outputs of the system as is shown in Figure 6.36 
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Figure 6.36: Boiler temperature effect on energy outputs  
 

 
 

Figure 6.37: COP trend curve as a function of CPR for 2 main entrainment ratios. 
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Entrainment ratios of 0.3 and 0.1 are examined separately and render very different COP 

curves as shown in Figure 6.37, the higher ratio operates at a much higher efficiency and is 

preferable, however this is adjusted with the flow stream to the expander.  

 

6.3 Comparative assessment of trigeneration systems 

In this section, the ejector-based trigeneration system is compared with a compression 

refrigeration based trigeneration system with regards to energy and exergy efficiencies for 

assessment purpose. In this respect, an integrated vapor compression/expansion trigeneration 

cycle diagram has been elaborated. The cooling cycle uses a compressor, while the power cycle 

uses an expander. The compressor of the cooling cycle utilizes a portion of the power generated 

by the expander. 

This definitely allows less power to be available from the system as the expander 

generator has limitations of maximum rated power. Even with the increase of heat input the 

expander power cannot be increased. The trigeneration system used for comparative assessment 

is represented schematically in Figure 6.38. 

Ideally, the vapor compression-expansion trigeneration system must operate with weak 

ammonia-water solution in power generation section and very strong ammonia-water solution 

in cooling generation section. The proposed compression-expansion trigeneration system 

follows this remark: in power generation section, the ammonia concentration is around 0.25 

whereas in cooling generation section the ammonia concentration is around 0.75. This feature is 

maintained in the system by introducing a vapour separator at state point 8-9-15. After the first 

water heater at state point 7-8 the low concentrated ammonia water enters the vapour generator 

where the vapour separates at higher concentration of ammonia and directs towards the second 

expander to generate further work. This expansion procedure acts as an expansion valve of the 

conventional compression refrigeration system. The low concentrated ammonia water liquid in 

the separator on the other hand flows back to the through the mixture where it mixes with the 

other stream of the cooling cycle. 

The integration of compression refrigeration system has some advantages of higher 

coefficient of performance but the compressor has to share substantial amount of power from 

the expander or acquire from external grid. 
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Figure 6.38: Trigeneration system with ammonia-water compression-expansion. 
 

 

According to the diagram from Figure 6.38 the trigeneration system comprises a power 

generation, a heating generation and a cooling generation section. The power generation is 

based on a regenerative Rankine cycle 1 – 2 – 3 – 4 – 5 – 6 – 7 – 8 represented in Figure 6.39. 

In this cycle, the temperature and enthalpy of the expanded stream at 6 is high enough to 

cover the thermal energy needed for preheat and a part of boiling/desorption process. Hence, in 

the regenerative heat exchanger the heat 6 – 7 is transferred to the process 2 – 3 – 3b. Further, 

of state 7, the working fluid is cooled and condenses/resorbs until a two-phase mixture in state 

8 consisting of saturated vapor 9 become in equilibrium with saturated liquid at 15.  
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Figure 6.39: Qualitative representation of the thermodynamic cycle of the power generating 

section of the trigeneration system. 
 

Since vapor is much more concentrated with ammonia than in liquid, they are extracted 

in a vapor-liquid separator and cooled by heat transfer with thermal sink until it reaches the 

temperature ଵܶ଴ ൌ ଵܶ. The refrigeration cycle operating with high concentration ammonia-

water solution can be followed on the T – s diagram from Figure 6.40. The two-phase mixture 

from state 10 is expanded in a scroll expander (able to operate in two-phase) until it reaches low 

temperature and pressure in 12. It follows the evaporation process 12 –13, where the heat for 

cooling effect is absorbed. Further, there is a two-phase compression process with parameters 

selected such ଵܶଷ ൌ ଽܶ and in state 13 it becomes saturated vapor. Cooling is applied thereafter 

to the saturated vapor until they reach state 14 with ଵܶସ ൌ ଵܶ. The weak ammonia-water 

solution separated at state 15 is cooled to ଵܶ଺ ൌ ଵܶ. When the streams at state 14 and 16 are 

adiabatically mixed a saturated liquid is formed in state 1 at the suction of the pump. The net 

generation of work by the system is given by the work of the turbine and refrigeration expander 

(process at 11 – 12) minus the work consumed by the refrigeration compressor and the pump. 

There is heat rejected by the cycle with temperature decreasing from ଼ܶ  to ଵܶ. This heat can be 

recovered from heat exchangers 9 – 10, 13 – 14 and 15 – 16 which can work in parallel; the 

recovered heat can be used for water preheating or for other useful heating process depending 

on the application. 
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Figure 6.40: Qualitative representation of the thermodynamic cycle of the refrigeration section 
of the trigeneration system. 

 
 

The trigeneration system as developed in this proposal is designed to integrate a cooling 

system to the previously described co-generation system. Likewise of a cogeneration system, 

the fluid after exiting the heat exchanger of the hot water system at state 8 has a quality of 

0.2746 as given in Table 6.22. A separator is used to separate the ammonia water vapor of high 

concentration of ammonia to pass through a compression refrigeration cycle integrated with the 

system. The temperature at state 9 being 333K, a heat-exchanger is used to extract some heat to 

preheat the main hot water system.  
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Figure 6.41:  Predicted T-s diagram of Ammonia-water heat Rankine cycle trigeneration system 
(power generation subsystem cycle). 

 

 
 

Figure 6.42:  Predicted T-s diagram of Ammonia-water heat Rankine cycle Trigeneration 
system (Refrigeration subsystem cycle) 
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Table 6.22: State point parameters for the compression-expansion trigeneration system. 
State T (K) P (kPa) v (m3/kg) Q h (kJ/kg) s (kJ/kgK) ex (kJ/kg) 

1 298.2 64.73 0.001106 0 -65.21 0.319 -0.04405 

2 298.2 265.4 0.001106 -0.001 -64.88 0.3193 0.1813 
3 336.4 265.4 0.001137 0 99.17 0.8366 9.999 

3b 348.1 265.4 0.0514 0.08083 291.5 1.396 35.46 

4 393 265.4 0.6744 1 2395 6.929 489.6 

5 393.2 265.4 0.6747 1.001 2396 6.931 490.2 

6 353.1 64.73 2.423 0.9577 2234 7.13 268.5 

7 351.5 64.73 2.03 0.8039 1878 6.119 213.6 
8 333.2 64.73 0.6741 0.2746 620.5 2.478 41.93 

9 333.2 64.73 2.453 1 1767 6.723 -77.51 
10 298.2 64.73 1.417 0.6362 861.8 3.896 -139.5 
11 240.2 3.236 21.86 0.6041 3.9 3.9 -998.6 
12 273.3 3.236 34.95 0.8571 1298 6.501 -479.4 
13 333.1 64.73 2.448 0.9981 1762 6.71 -77.98 
14 298.2 64.73 1.417 0.6362 861.8 3.896 -139.5 
15 333.2 64.73 0.001061 0 186.8 0.8718 87.14 
16 298.2 64.73 0.001042 -0.001 40.41 0.4075 79.17 
Note: reference state ammonia-water at ଴ܶ, ଴ܲ ൌ ߦ ൌ 0.25 
 
Table 6.23: Energy destruction in the compression-expansion trigeneration system. 
Component ݁ୢݔ (kJ/kg) ݁ୢݔ (%) 
Pump 0.097 0.04 
Regenerator 19.56 7.71 
Boiler 82.4 32.5 
Superheater 0.006 0.002 
Expander 5 – 6 59.36 23.4 
Water heater 32.4 12.77 
Water preheater 9 – 10 7.46 2.94 
Water preheater 13 – 14 8.83 3.48 
Water preheater 15 – 16 3.29 1.30 
Expander 10 – 11 15.95 6.28 
Cooler 11 – 12 9.25 3.64 
Compressor 15.14 5.97 
Total 253.7 100 
 

The fluid after passing through the preheat heat exchange is routed through an scroll 

based expander which may be considered a substitute of an expansion valve of a compression 

refrigeration cycle. The fluid at this state has a temperature of 240K with a pressure of 3 kPa. 

This low pressure, low temperature fluid is passed through an evaporator to cool a media 

around freezing point of water. The ammonia-water refrigeration cycle is shown in Figure 6.42 

in the T – s diagram. The exergy destruction within the trigeneration system is given in Table 

6.23 whereas the performance parameters are listed in Table 6.24.  
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Table 6.24: Performance of the compression-expansion trigeneration system 
Quantity Definition equation Value 
Net generated work ݓ୬ୣ୲ ൌ ଵୣݓ ൅ ଶୣݓ െ ൫ݓ୮ െ  ୡ൯ 69.1 kJ/kgݓ

Generated heat ݍ୦ ൌ ୵୦ݍ ൅  ୵୮୦ 1,930 kJ/kgݍ
Generated cooling ݍୡ୭୭୪ ൌ ଼ݍ ሺ݄ଵଶ െ ݄ଵଵሻ 226 kJ/kg 
Heat input ݍ୧୬ ൌ ୠݍ ൅ ୱ୦ݍ 2,105 kJ/kg 
Energy input ݁ݔ୧୬ ൌ ୠݔ݁ ൅ ୱ୦ݔ݁ 537.1 kJ/kg 
Generated heat exergy ݁ݔ୦ ൌ ୵୦ݔ݁ ൅ ୵୮୦ଽିଵ଴ݔ݁ ൅ ୵୮୦ଵଷିଵସݔ݁ ൅  ୵୮୦ଵହିଵ଺ 176 kJ/kgݔ݁
Exergy of cooling effect ݁ݔୡ୭୭୪ ൌ ୡ୭୭୪ሺ1ݍ െ ଴ܶ തܶଵହିଵ଺⁄ ሻ -19.13 kJ/kg 
COP 

3genܱܲܥ ൌ
ሶܹ net ൅ ሶܳ

heating ൅ ห ሶܳ coolingห
ሶܳ
in

 
1.06 

Exergetic efficiency 
߰3gen ൌ

ሶܹ net ൅ ሶܧ heatingݔ ൅ หܧሶ coolingหݔ
ሶܧ inݔ

 
0.49 

 
The total exergy destruction is 253 kJ/kg which is little higher than co-generation 

system because of the involvement of more processes. From Table 6.24 it can be realized that 

the cooling effect of this system is 224 kJ/kg and the coefficient of performance is 1.06, 

whereas the trigeneration exergetic efficiency is 0.49. 

 

 
 

Figure 6:43: Exergy destructions of the compression-expansion trigeneration system. 
 

The exergy destruction of the complex (Figure 6.43) system can be contrasted with the 

exergy destruction of the original system (Figure 6.44) used for modeling and simulation in the 

previous section. Although small, the exergy destruction is reduced significantly as a whole. 

This is a step further in the design of viable trigeneration system. 
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Figure 6.44: Exergy destruction of the ejector-expander based trigeneration system. 
 

	
 

Figure 6.45: Cooling performance of a refrigeration system with COP of 1 using electricity 
from the grid which is assumed to be from a simple heat power plant 

 
To compare the cooling value of the refrigeration side of the trigeneration system, it is 

nessesary to compare it with existing refrigeration systems. The base for the comparison is 

shown in Figure 6.45 which has a simple refrigeration system with a COP of 1 powered by the 

electricity grid assumed to be supplied by thermal energy through a series of power plants. The 

assumptions made are very general to find a ball park in order to compare. The operation of the 

trigeneration plant is shown in Figure 6.46 where it is compared to the value found previously, 

it is evident that the operation of the refrigeration side matches accordingly and is even 

improved with a higher entrainment ratio or cooling to power ratio which is controlled by the 

mass flow rate as shown in the figure.  

Boiler section
40.88%

Preheating 
section
9.41%

Expander
26.16%

Pump
0.04%

Regenerator
6.78%

Vapor 
superheating

0.11%

Water heater
16.62%



159	
	

 
 

Figure 6.46: Cooling performance comparison between trigeneration and conventional 
refrigeration systems in terms of cooling unit per energy input in form of heat. 

 

 
 

Figure 6.47: Temperature of the oil in two scenarios with different power inputs 
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Another comparison that can be noted is the amount of control that the electric power has 

on the rate of heating, even though it was previously discussed; the amount of power input as 

accumulation, lost to the surroundings, and transferred to the oil can be considered. This shows 

that there is still quite some control that can be achieved through the power supply in order to 

control the temperature at the boiler. This piece of insight can be used for controlling as well as 

to understand the role of thermal inertia in the system. The thermal inertia pattern may be 

viewed from the Figure 6.48, where the oil outlet temperature from the heater represents the 

heat accumulation in the refractory after all heaters have been switched off.   

 

 

Figure 6.48: Representation of thermal inertia of heater determined by oil cooling  
 
 

The thermal inertia therefore plays an important role in the heat transfer capability to the 

oil during heater operation. 
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Figure 6.49: Comparative assessment of proposed (top) and conventional (bottom) systems. 
 

The proposed system for its viability has to be in the vicinity of residential buildings 

which can make full use of the generated services. At this scale, it is possible for it to be 

powered by solar energy. Assuming the system becomes stable under the conditions specified, a 

comparison can then be made with existing conventional power plants as shown in Figure 6.49. 
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The advantages now become very obvious because most industrialized systems have oversized 

disadvantages which add up to show a deficiency in the big picture. Using heat to generate 

electricity and to convert it back into heat and cooling is a useful way of surviving in today’s 

world. But, the future offers better alternatives where this repetitive conversion is avoided and 

necessities are provided with a one step process lacking the repetitive conversions used in the 

present day technologies.  

 

6.4 Improved trigeneration system and optimization 

The trigeneration system experimentally investigated is validated with the theoretical analysis 

of the system. However, the cooling rate of the ejector cycle is found very low. It is due to the 

fact that ammonia-water at high concentration is not efficient for ejector cooling systems. A 

low-concentration of ammonia-water should be rather used in the ejector cooling loop. 

 

 
Figure 6.50: Improved ejector-expander based trigeneration system. 

 
An improved trigeneration system is resulted from this research based on the above 

remarks. Basically, instead of circulating ammonia-water solution at the same concentration in 

both the cooling and power generation loops, a liquid-vapor separator is included after the 

expander (state point #7), as shown in Figure 6.50.  
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Table 6.25: Mass balance equations for the improved trigeneration system. 

Component Mass balance equation 
Pump ሶ݉ ଵ ൌ ሶ݉ ଶ ൌ ሶ݉  
Regenerator ሶ݉ ଷ ൌ ሶ݉ ଶ ൌ ሶ݉ , ሶ݉ ଼ ൌ ሶ݉ ଽ, ሶ݉ ଵ଼ ൌ ሶ݉ ଵ଻
Vapor generator ሶ݉ ହ ൌ ሶ݉ ଷ
Valve 5-6-14 (3-ways) ሶ݉ ൌ ሶ݉ ହ ൌ ሶ݉ ଺ ൅ ሶ݉ ଵସ, ሶ݉ ଵସ ൌ ݂ ሶ݉ , ݂ ∈ ሾ0,1ሿ  
Expander ሶ݉ ଺ ൌ ሶ݉ ଻  
Liquid separator ሶ݉ ଻ ൌ ሶ݉ ଼ ൅ ሶ݉ ଵ଺, ሶ݉ ଼ ൌ ሺ1 െ ଻ሻݍ ሶ݉ ଻, ሶ݉ ଵ଺ ൌ ଻ݍ ሶ݉ ଻  
Valve15-16-17 (3-ways) ሶ݉ ଵହ ൅ ሶ݉ ଵ଺ ൌ ሶ݉ ଵ଻
Heat exchanger for heating ሶ݉ ଽ ൌ ሶ݉ ଵ଴, ሶ݉ ଵ଼ ൌ ሶ݉ ଵଽ  
Condenser/desorber (heat rejection) ሶ݉ ଵଵ ൌ ሶ݉ ଵ଴, ሶ݉ ଵଽ ൌ ሶ݉ ଵ
Throttling valve ሶ݉ ଵଶ ൌ ሶ݉ ଵଵ
Evaporator ሶ݉ ଵଷ ൌ ሶ݉ ଵଶ
Ejector ሶ݉ ଵଷ ൅ ሶ݉ ଵସ ൌ ሶ݉ ଵହ; ሶ݉ ଵଷሺ1 െ ሻܴܧ ൌ ሶ݉ ଵସ ,ܴܧ ܴܧ ∈ ሺ0,1ሻ  
 
Table 6.26: Energy balance equations for the improved trigeneration system. 
Component Energy balance equation 
Pump ሶ݉ ଵ݄ଵ ൌ ሶ݉ ଶ݄ଶ ൅ ሶܹ௣; ݄ଶ௦ െ ݄ଵ ൌ ௦,௣ሺ݄ଶߟ െ ݄ଵሻ  
Regenerator ሶ݉ ଶ݄ଶ ൅ ሶ݉ ଼଼݄ ൅ ሶ݉ ଵ଻݄ଵ଻ ൌ ሶ݉ ଷ݄ଷ ൅ ሶ݉ ଽ݄ଽ ൅ ሶ݉ ଵ଼݄ଵ଼  
Vapor generator ሶ݉ ଷ݄ଷ ൅ ሶܳ ௜௡ ൌ ሶ݉ ହ݄ହ  
Valve 5-6-14 (3-ways) ݄ହ ൌ ݄଺ ൌ ݄ଵସ  
Expander ሶ݉ ଺݄଺ ൌ ሶ݉ ଻݄଻ ൅ ሶܹ௘; ݄଺ െ ݄଻ ൌ ௦,௘ሺ݄଺ߟ െ ݄଻௦ሻ  
Liquid separator ሶ݉ ଻݄଻ ൌ ሶ݉ ଼଼݄ ൅ ሶ݉ ଵ଺݄ଵ଺  
Valve15-16-17 (3-ways) ݄ଵହ ൌ ݄ଵ଺ ൌ ݄ଵ଻
Heat exchanger for heating ሶ݉ ଽ݄ଽ ൅ ሶ݉ ଵ଼݄ଵ଼ ൌ ሶ݉ ଵ଴݄ଵ଴ ൅ ሶ݉ ଵଽ݄ଵଽ ൅ ሶܳ௛௘௔௧௜௡௚  
Condenser/desorber (heat rejection) ሶ݉ ଵଵ݄ଵଵ ൅ ሶ݉ ଵଽ݄ଵଽ ൌ ሶ݉ ଵ଴݄ଵ଴ ൅ ሶ݉ ଵ݄ଵ ൅ ሶܳ௢௨௧
Throttling valve ݄ଵଶ ൌ ݄ଵଵ  
Evaporator ሶ݉ ଵଶ݄ଵଶ ൅ ሶܳ௖௢௢௟௜௡௚ ൌ ሶ݉ ଵଷ݄ଵଷ  
Ejector ሶ݉ ଵଷ݄ଵଷ ൅ ሶ݉ ଵସ݄ଵସ ൌ ሶ݉ ଵହ݄ଵହ
 
Table 6.27: Exergy balance equations for the improved trigeneration system. 
Component Energy balance equation 
Pump ሶ݉ ଵ݁ݔଵ ൌ ሶ݉ ଶ݁ݔଶ ൅ ሶܹ௣ ൅ ሶܧ   ௗݔ
Regenerator ሶ݉ ଶ݁ݔଶ ൅ ሶ݉ ଼ݔ଼݁ ൅ ሶ݉ ଵ଻݁ݔଵ଻ ൌ ሶ݉ ଷ݁ݔଷ ൅ ሶ݉ ଽ݁ݔଽ ൅ ሶ݉ ଵ଼݁ݔଵ଼ ൅ ሶܧ ௗݔ
Vapor generator 

ሶ݉ ଷ݄ଷ ൅ ሶܳ ௜௡ ൬1 െ
଴ܶ

തܶ௦௢௨௥௖௘
൰ ൌ ሶ݉ ହ݁ݔହ ൅ ሶܧ  ௗݔ

Expander ሶ݉ ଺݁ݔ଺ ൌ ሶ݉ ଻݁ݔ଻ ൅ ሶܹ௘ ൅ ሶܧ   ௗݔ
Liquid separator ሶ݉ ଻݁ݔ଻ ൌ ሶ݉ ଼ݔ଼݁ ൅ ሶ݉ ଵ଺݁ݔଵ଺ ൅ ሶܧ ௗݔ
Heat exchanger for heating 

ሶ݉ ଽ݁ݔଽ ൅ ሶ݉ ଵ଼݁ݔଵ଼ ൌ ሶ݉ ଵ଴݁ݔଵ଴ ൅ ሶ݉ ଵଽ݁ݔଵଽ ൅ ሶܳ௛௘௔௧௜௡௚ ቆ1 െ
଴ܶ

തܶ௛௘௔௧௜௡௚
ቇ 

Condenser/desorber (heat rejection) ሶ݉ ଵଵ݁ݔଵଵ ൅ ሶ݉ ଵଽ݁ݔଵଽ ൌ ሶ݉ ଵ଴݁ݔଵ଴ ൅ ሶ݉ ଵ݁ݔଵ ൅ ሶܧ   ௗݔ
Throttling valve ሶ݉ ଵଵ݄ଵଵ ൌ ሶ݉ ଵଶ݄ଵଶ ൅ ሶܧ ௗݔ
Evaporator 

ሶ݉ ଵଶ݁ݔଵଶ ൅ ሶܳ௖௢௢௟௜௡௚ ቆ
଴ܶ

തܶ௖௢௢௟௜௡௚
െ 1ቇ ൌ ሶ݉ ଵଷ݁ݔଵଷ ൅ ሶܧ  ௗݔ

Ejector ሶ݉ ଵଷ݁ݔଵଷ ൅ ሶ݉ ଵସ݁ݔଵସ ൌ ሶ݉ ଵହ݁ݔଵହ ൅ ሶܧ ௗݔ
 

The ammonia-water vapour thus being separated has much more concentration of 

ammonia and flows to the condenser via the regenerator. On the other hand, liquid with much 



164	
	

less concentration of ammonia goes through the evaporator as a secondary fluid for cooling. 

Doing this the evaporator performance increases and it enhances the cooling process. 

The mass balance equations for the improved system are given in Table 6.25. The 

energy balance equation is given in Table 6.26. The exergy balance equation is given in Table 

6.27. The calculated state points for the considered case study are given in Table 6.28. The 

thermodynamic cycle represented in the T-s diagram is shown in Figure 6.51 for a considered 

case study the highest temperature in the cycle is 165°C and the superheating degree is 15°C. 

 
Table 6.28: State point parameters of the improved and optimized trigeneration system. 

State T 
(K) 

P 
(bar) 

h 
(kJ/kg) 

s 
(kJ/kgK) 

v 
(m3/kg) 

x 
(kgNH3/kg) 

q (vapor 
quality) 

1 303.2 0.4738 -7.118 0.4305 0.001084 0.2 0 
2 303.2 5.885 -6.393 0.431 0.001084 0.2 subcooled 
3 337.4 5.885 138.4 0.8835 0.001109 0.2 subcooled 
4v 423.1 5.885 2513 6.722 0.3195 0.2 1 
5 438.2 5.885 2548 6.802 0.3332 0.2 superheated 
6 438.2 5.885 2548 6.802 0.3332 0.2 superheated 
7 347.4 0.4738 2234 7.096 3.154 superheated 0.9291 
8 347.4 0.4738 300.5 1.032 0.001031 0.01607 0 
9 347.6 0.4738 307.8 1.053 0.01091 0.01607 0.002912 
10 338.1 0.4738 261.7 0.9188 0.001025 0.01607 subcooled 
11 303.1 0.4738 115.4 0.4621 0.001009 0.01607 subcooled 
12 278.8 0.01185 115.4 0.4794 4.753 0.01607 0.04322 
13 282.4 0.01185 2498 8.931 110 0.01607 1 
14 438.2 5.885 2548 6.802  superheated superheated 
15 409.5 0.4738 2543 7.907 4.011 0.1823 superheated 
16 347.4 0.4738 2381 7.559 3.394 0.214 1 
17 374.8 0.4738 2453 7.72 3.668 0.2 superheated 
18 347.6 0.4738 2307 7.306 3.261 0.2 0.9606 
19 338.1 0.4738 880.1 3.164 1.188 0.2 0.3534 
 
Table 6.29: Assumptions considered for the improvement system optimization. 
Parameter Assumption 
Isentropic efficiency of the pump ߟ௦,௣ ൌ 0.8  
Isentropic efficiency of the expander ߟ௦,௘ ൌ 0.75  
Entrainment ratio of the ejector ܴܧ ൌ 0.1  
Temperature of superheated vapor ߂ ௦ܶ௨௣ ൌ 165Ԩ  
Lowest temperature of working fluid ଵܶ ൌ 30Ԩ; saturated liquid in #1 
Heat source temperature ௦ܶ௢ ൌ 175Ԩ (constant heat source temperature) 
Heat sink temperature ଴ܶ ൌ 20Ԩ (the same as the reference temperature) 
Lowest working fluid temperature in water heater ଵܶଽ ൌ 65Ԩ  
Temperature of the generated hot water തܶ௪௛ ൌ 55Ԩ (assumed constant) 
Highest working fluid temperature at evaporator ଵܶଷ ൌ 4.85Ԩ  
Temperature for cooling (air conditioning) തܶ௔௖ ൌ 15Ԩ (delivery temperature of cold air) 
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The cycle parameters are determined and optimized based on and EES code elaborated 

for cycle modeling, which is based on the equations given in Tables 6.25-6.27. A number of 

assumptions are considered as given in Table 6.29.  

 

 
 

Figure 6.51: Predicted T-s diagram of the improved and optimized the trigeneration system. 
 
Table 6.30: Performance parameters of the optimized system. 
Parameter Value 
Work generated by the expander 188.3 kJ/kg 
Work consumed by the pump 0.72 kJ/kg 
Back work ratio 0.38% 
Work generated (net) 187.6 kJ/kg 
Generated heating 1492 kJ/kg 
Generated cooling 101.3 kJ/kg 
Heat input 2409 kJ/kg 
Heat to power ratio 7.6 
Cooling to power ratio 0.54 
Power generation efficiency 7.8% 
Cogeneration efficiency 67.1% 
Trigeneration efficiency 71.3% 
Exergy input (at heat source) 833.2 kJ/kg 
Exergy delivered as heating 152.4 kJ/kg 
Exergy delivered as cooling 1.7 kJ/kg 
Power generation exergy efficiency 22.5% 
Cogeneration exergy efficiency 40.8% 
Trigeneration exergy efficiency 41.0% 
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Table 6.31: Exergy destructions for each component of the improved trigeneration system. 

Component Exergy destruction Component Exergy destruction 
Pump 0.14 kJ/kg Condenser/desorber 86.43 kJ/kg 
Regenerator 11.65 kJ/kg Throttling valve 0.21 kJ/kg 
Vapor generator 159 kJ/kg Evaporator 2.3 kJ/kg 
Expander 51.76 kJ/kg Ejector 116.9 kJ/kg 
Water heating heat exchanger 60.28 kJ/kg Total destructions 488.67 kJ/kg 

 

 
 

Figure 6.52: Exergy destruction in the components of the improved and optimized trigeneration 
system (in percentages from total). 

 

 
 

Figure 6.53: Influence of ammonia concentration and temperature of the saturated vapor (T4v) 
on power generation efficiency (ߟଵ). 
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Figure 6.54: Genetic algorithm optimization process: the convergence for trigeneration energy 
efficiency (left axis) and the increase of the number of generations (right axis). 

 

 
 

Figure 6.55: Genetic algorithm optimization process: change of the ammonia concentration (x) 
and of the temperature of the saturated vapor at heat source (T4v) with the flow fraction diverted 

to the ejector (f). 
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cogenerated, then the exergy efficiency becomes 40.8%. If power, heating and cooling are 

generated then the exergy efficiency of the trigeneration system becomes 41%. The exergy 

destructions in each component of the optimized trigeneration system are given in Table 6.31. 

The exergy destructions in percentages are represented in a pie-chart as shown in Figure 6.52. 

The improved trigeneration system has been optimized for maximum energy efficiency using a 

genetic algorithm.  

Since the code for system modeling is elaborated in EES software, the genetic module 

of the same software has been used to optimize the systems. A multi-variable optimization has 

been performed with respect to the following variables: 

 The flow fraction for vapors diverted to the ejector (f), 

 The overall ammonia concentration in the working fluid (x), 

 The saturation temperature of the vapor for the pressure condition existent in the vapor 

generator (T4v). 

There are a number of constraints for this optimization. These are as follows: 

 The temperature at the expander inlet is maintained constant to 160°C, 

 The temperature of the working fluid at condenser outlet is maintained constant to 30°C, 

 The working fluid condition at condenser outlet is of saturated liquid, 

 The isentropic efficiency of the pump is assumed to 0.8, 

 The isentropic efficiency of the expander is assumed 0.75, 

 The evaporation temperature is maintained in the range of 4-10°C. 

In these conditions, the genetic algorithm is set 64 individuals and maximum 256 

generations. The optimization run concluded after 8903 function calls with 137 generations. 

The evolution of the optimized trigeneration efficiency is shown in Figure 6.54 with respect to 

the function calls. It is clearly observed that the trigeneration energy efficiency reached 84.6% 

at the end of the optimization process. Figure 6.55 shows details of the genetic optimization 

process where the optimum values for ݔ and ସܶ୴ are plotted against the flow fraction of vapors 

diverted to the ejector (݂). The optimized system variables are as follows: 

 Ammonia concentration 20%, 

 Vapor flow fraction toward the ejector 0.4, 

 Temperature of the saturated vapor inside the vapor generator 150°C. 
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Figure 6.56: Temperature profiles at vapor generator for three values of LMTD. 
 

 
 

Figure 6.57: Pareto frontiers of two-objective optimization for the trigeneration system when 
vapor generator cost minimization and the revenue from power generation are the objective 

functions to be maximized. 
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Further, multi-objective optimization can be conducted with the improved system for 

various relevant scenarios. Here, we assume that the system generates power in the range of 1 

kW and in addition it generates water heating and air conditioning in amounts that are 

determined such that the demand of 1 kW power is satisfied first. The heat source is solar 

energy supplemented with natural gas combustion. Thermal oil is used to transfer the heat from 

the heat source (solar collector and/or natural gas combustor) to the heat engine. Here the 

selected thermal oil is Duratherm 240 having a specific heat of 2.4 kJ/kg. So, the vapor 

generator operates with thermal oil. We fix the inlet and outlet temperature of the thermal oil in 

the vapor generator as optimization constrains. The temperatures are: 

 448.15 K at inlet 

 392.15 K at outlet. 

A parametric study shown in Figure 6.56 illustrates the effect of the LMTD on the vapor 

generator on the temperature profiles of the thermal oil and working fluid. Here, the Δ ୮ܶ୧୬ୡ୦ is 

taken as the Δ ୫ܶ୧୬ for the LMTD calculation. According to this parametric study it results that 

the minimum LMTD is approx. 20 K; lower LMTD than this is not practical since the 

temperature at the pinch point will tend to zero. With the restriction that the minimum LMTD is 

20 K at vapor generator a two-objective optimization of the trigeneration system is performed 

for three assumed vapor flow fraction diverted to the ejector: ݂ ൌ 0.3, 0.35, 0.4. The 

entrainment ratio of the ejector is set in the practical range of 0.05 to 0.15. 

The results of the two-objective optimization are shown in Figure 6.57 which illustrates 

the Pareto frontiers. Observe that when the power generation efficiency is high, then LMTDvg 

must be low, therefore the investment cost in the vapor generator is high. However, in such a 

case the revenues from the power generation product are higher because more power is 

produced with a more efficient system. The flow fraction ݂ cannot be reduced more than 

approx. 0.3 because then higher entrainment ratios more than 0.15 are required for the ejector, 

which becomes unpractical. 

In order to optimize the system with respect to the investment cost in vapor generator 

and the power generation efficiency, the heat transfer surface area has to be determined. Table 

6.32 shows the main equations used to determine the heat transfer area in the vapor generator. 

Recall, that the vapor generator is the most crucial component within the system which must be 



171	
	

optimized as, according to Figure 6.52, it destroys exergy the most. The equations for heat 

transfer calculation were detailed in Chapter 5, Section 5. 

 

Table 6.32: Equations and assumptions used for determination of the heat transfer area. 

Equations Assumptions and remarks 
ሶܳ ௩௚ ൌ ሶ݉ ௢௜௟̅ܥ௢௜௟ሺ ௜ܶ௡ െ ௢ܶ௨௧ሻ 
ሶܳ ௩௚ ൌ ሶ݉ ଷሺ݄ହ െ ݄ଷሻ 
ሶܳ ௩௚ ൌ ഥܷ௩௚	ܣ௩௚	ܦܶܯܮ௩௚ 

 ௢௜௟ is assumed fixed to 2.4 kJ/kgK. The LMTD is based on pinch pointܥ̅
temperature difference, ߂ ௣ܶ௜௡௖௛. The maximum temperature difference is at oil 
exit side, ߂ ௠ܶ௔௫ ൌ ௢ܶ௨௧ െ ଷܶ. ܦܶܯܮ ൌ ൫߂ ௠ܶ௔௫ െ ߂ ௣ܶ௜௡௖௛൯ ݈݊൫߂ ௠ܶ௔௫ ߂ ௣ܶ௜௡௖௛⁄ ൯ൗ  

ଵ
௎ഥೡ೒

ୀ
ଵ

௛೚೔೗ఎ೑
൅ ఋೢ

௞ಲ೗
൅ ଵ

௛ഥೡ೒
 Wall thickness of the meso-channel assumed ߜ஺௟ ൌ 0.5 mm.Thermal conductivity 

of the wall taken for pure aluminum ݇஺௟. The heat transfer coefficient inside the 
meso-channel is taken as averaged value 

݄௢௜௟ ൌ 0.023	ܴ݁଴.଼ܲݎ଴.ଷ The fin efficiency equation used for oil side is taken from Bejan and Kraus (2003) 

ത݄
௧௣ ൌ

௩݄ߠ̅ ൅ ሺ2ߨ െ ሻߠ̅ ൈ ݄௟
ߨ2

 
Here ത݄௧௣ is the average transfer coefficient in the two-phase region; ̅ߠ is the dry 
channel angle, ݄௩,݄௟ are the laminar heat transfer coefficient for liquid and vapor. 

ത݄
௩௚ ൌ ߯௟݄௟ ൅ ߯௧௣ ത݄௧௣ ൅ ߯௩݄௩ Where ߯ଵ,ଶ,ଷ are the factions of the total heat transfer area for liquid flow, two 

phase, and superheated vapor flow ߯ଵ ൅ ߯ଶ ൅ ߯ଷ ൌ 1. 
 

 
 

Figure 6.58: Pareto frontier for two-objective optimization considering the cost of vapor 
generator and the power generation efficiency as objective functions. 

 
Note that the averaging procedure for the heat transfer coefficient is detailed elsewhere 
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assumption, a multi-objective optimization is conducted considering the cost of the vapor 

generator and the power generation efficiency as objective functions. 

 

 
 

Figure 6.59: Pareto frontiers for two-objective optimization considering the cost of vapor 
generator and the trigeneration efficiency as objective functions. 

 
The results are shown in Figure 6.58. Here, three Pareto frontiers are obtained for three 

flow rate ratios: 0.3, 0.35, 0.4. The trade-off is that in order to increase the system power 

generation efficiency the vapor generator cost (thence the system cost) increases. The Pareto 

frontiers help in selecting the best system configuration. From the figure, results that for 

enhanced power generation, fewer vapors must be diverted to the ejector and therefore more 

vapor go to the expander (݂ should be smaller). The systems with cost of $1200 to $1400 for 

the vapor generator give reasonable energy efficiency for generation of 1 kW power. 

Regarding the trigeneration efficiency, the two-objective optimization gives somehow 

similar results, namely, when the objective functions are the cost of vapor generator and the 

trigeneration energy efficiency. From Figure 6.59, the results can are obtained. Here, it is 

observed that there is minimum vapor generator cost for efficiencies in the rage of 0.68 to 0.7. 

A proposed best selection system is shown in the figure in terms of trigeneration efficiency and 

vapor generator cost for a system that generates 1 kW power and the system in addition 

produces water heating and air conditioning as valuable commodities. 
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7. Conclusions and recommendation 

7.1. Conclusions 

The experimental investigation of the scroll expander based trigeneration system has  been 

performed in a number of test bench set-ups. This facilitated to acquire a set of well-defined 

experimental data for performance analysis. Starting with a preliminary experimental run of 

expander with compressed air, 6 other experimental run have been performed. After each run, 

some modifications of the system or components were performed to achieve better performance 

of the system. The following points are required to highlight as an important findings of the 

experiments. 

1) Scroll expander used in the trigeneration system was modified and redesigned from 

refrigeration scroll compressor. Initially modification was done by removing check 

valve and pressure relief valve and installing two thrust bearing. By preliminary test 

with compressed air, the scroll expander RPM reached to a maximum 600, which is 

much lower to develop useful work. However, for compressor operation as it is 

designed, this leakage does not have much adverse effect because high pressure gas 

from the outer pocket leaks towards suction side pockets and forced back to merge with 

the high pressure side. On the other hand, for expander operation fluid from the high 

pressure intake side bleeds out toward low pressure exhaust side through the leakage 

area and never contribute to work generation. This reduces the energy conversion within 

the expander. After analysis, the radial gap between the scroll wrap and hub of both 

scroll was reduced by machining the scroll wrap. Finally, a maximum of 2000 RPM is 

achieved with compressed air of 40 psi.  

2) The nozzle section of the ejector is used from a modified needle valve due to cost 

constraint and gave less cooling effect due to manual adjustment of throat area. 

However, for experimental analysis, the operation was within satisfied limit. 

3) During run of the experiments, problem faced controlling the boiler fluid feed. It should 

match the vapour supply of the system. But, due to manual control initially, fluid supply 

to the boiler was not perfect and sometimes the boiler was over filled and caused 

ammonia-water vapour generation disruption. However, in the subsequent experiments 

with experience, the flow control was much precise 
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Despite the above issues, the heat engine prototype integrated in a trigeneration system, 

facilitated to perform the experimental analysis successfully. The scroll expander which has 

an unique characteristic of working with two phase fluid validated the feature as described 

in the result section. By experimental investigation, it is found that the expander operation is 

influenced by the inlet temperature, inlet pressure, mass flow rate and condenser pressure of 

the system. The experimental result shows a maximum isentropic efficiency of 67% and an 

overall energy efficiency of maximum 7% at 120Ԩ source temperature, while the exergy 

efficiency is about 30%. In the trigeneration facility, the cooling and heating can be adjusted 

without affecting power generation. Also, the experimental result shows that the 

concentration of ammonia is a dominant factor in determining the optimum efficiency with 

a range of ammonia-water mixture. 40% ammonia concentration found optimum, however 

higher concentration drastically reduces the work output.  

7.2 Recommendations 

Based on the experimental analysis, a further research is recommended to improve the 

performance of the system by integrating additional components and through automation. 

The suggested areas for future studies, as summarized below:  

1) Like a steam boiler, the ammonia-water boiler in this trigeneration system needs precise 

control of ammonia-water feed to the boiler. This feed system mainly depends on supply 

of the vapour out of the boiler and the level of the liquid within the boiler. An automatic 

control system of the liquid pump or the flow control valve in the feed line may be used. 

There are ‘two element’ and ‘three element’ liquid feed control systems are popular for 

the vapour generating boiler. Whatever be the system, it is recommended that in future 

an automatic liquid feed control mechanism should be incorporated to the system. 

2) As the experimental result shows, a continuous vapour flow is required for the steady 

operation of the expander a boiler with adequate steam space is required to operate the 

system practically. 

3) Proper size of check valve in the ammonia-water feed line and automatic vapour flow 

control valve in the supply line need to be installed in the future experimental set-up or 

for practical use. 

4) For desired cooling demand, cascading of the ejectors can be integrated.  
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