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Abstract

In this thesis an experimental research is conducted on sbasded Organic Rankine Cycle
(ORC) focusing on the expansion process. An important feafutieeoORC is the ability to

utilize low or moderate temperature heat sources derived from renewable energy such as
concentrated solar radiation, biomass/biofuels combustion streams, geothernaicheaste

heat recovery. The ORC is more appropriate $taam Rankine cycle to generate power from

low capacity heat sources-g00 kW thermal). For example, expansion of superheated steam
from 28(°C/1000 kPato a pressure corresponding tG5aturation requires a volume ratio as

high as 86, whereas for tharse operating conditions toluene shows an expansion ratio of 6
which can be achieved in a single stage turbine or expander.

The objective of this work is to experimentakyudy the performance of a selected
refrigeration scroll compressor operating iverse as expander in an ORC. To this purpose
three experimental systenmere designed, built and used for conducting a comprehensive
experimental programme aimed at determining the features of the expansion process. In
preliminary tests the working fluidtilized is dry air while the main experimenésedone with
the organic fluid R134a.

Experimental data of the scroll expandere collected under different operating
conditions. Power generation in various conditioesanalyzed in order to determine the
optimum performance parameters for the scroll exparndeaddition thermodynamic analysis
of the system is conducted through energy and exerggiegf€ies to study the system
performance.

Based on the experimentaleasurementghe optimum parameters fan ORC cycle
operating with the Bitzebased expandegenerator unitare determined The cycle energyand
exergy efficiencies are found 5% and 30% respectively fromaa source af2(°C.

Keywords: Scroll compressor, expandesrganic Rankine cgle, hea recovery, heat engine,
energy, exergy, efficiency
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CHAPTER 1: INTRODUCTION

1.1 Importance of Energy

Energy plays a vital role in theevelopmenbf any country. Ithas been clebr shown that the
energy consumption of a country is proportional to its economic status. By extension, the
development of a country can be quantified as a function of its energymption. Therefore
sufficient and reliable sources of energy are necgsia both developed countries and
developing countries seeking to further their economic groldéveloping countries have the
highest growth ratand he highest energy consumptiorhe EIA hasprojectedthat the global
energy consumptiowill increase by 1.4 percent per year with a total growth of 49% from 2007
to 2035 (USEIA, 2010).Economic growth is considered the most important factor in assessing
and projecting changes giobal energy consumptiofUS-EIA, 2010) This projection includes
thesupply of marketed energy from all fuel sources (see Figure 1). Energy iousedrfything
including heating cooking agriculture, transportation, manufacturing and even
telecommunication.

Concisely put, energgan be classified asonrenewable omrerewable based on its
source Over 85% of the energy used in the world is from-remewable supplies (UGUCCP,
2009). Nonrenewable energy sources can be-dwixled into fossil fuels (coal and oil) and
nuclear power. Thglobal reserve ohonrenewable eergy sourcess finite. They cannot be
reproduced or regenerated quickly enough to meet the growing defifandesult of this energy
imbalance is the depletion of energy reser@ber energysources that areompletely natural
and plentifulare renewald energies. Somexamples of renewable energy sources are: solar,
geothermal, hydroelectric, biomass, and withile renewableenergy sources ambundantly
available in nature, industrializegiations heavilydepend on nomenewable energy sources.
Primaily, fossil fuels are the most widely used r@mewable energgource. Theiapplication
as a main source of thermal energy dte to the increase use of heat engines since their
developmenin 18" century. Today the majority of heat enginesefossil fuels as an energy
source to produce mechanical or electrical power. Some examples of these heat engoads are
power plants, gas turbines, and internal combustion endiiggte 1.1 depict€onsumption
history and the future projection of energy constiompuntil 2030 based on the type of energy

source.
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Figure 1.1 Worlemarketed energy use by fugpe [data from (USEIA, 2010)]

Liquid fuds arethe most widely usesource of energy in the wdt Their consumption
remains the largesind it ispredided as thdastest consumed source of enefd$-EIA, 2010).
The liquid fuel consumption increase predictedyrow steadily per year by 0.9% fmo 2007 to
2035. The use of liquiduels in power generation is declinivghereasin the transportation
sectw, consumptiorcontinues to increase despite rising oil witeS-EIA, 2010).

Theprojeded growthof natural gagonsumption is 1.3%er yearfor 2007 to 2035This
is due to growing use of natural galled power plantsilso, the increase of opirices and the
environmental impact of the burning of coal broaden the use of natural gas in wornttwde
generation

Despite the fact that the burning of coal is a major contributor to greenhouse gas
emissions, globatoal consumptionis predicted to increasat an average rate @f6% per year
This is primarily due to the steady economic developmenChma which requires cheap
electricity to operatecompetitively. China is the one of the largest user of coal (JQTCP,
2009).

However, the use of renewabknergy source in th@ower generationndustry is

projected to grow faster thamuclear powerDue togovernment support throughout the Vebto



construct renewablenergybased power planisis predictedhat the power generation industry
will increasats share fron18% in 2007 to 23%n 2035(US-EIA, 2010)

With respect to nuclear power, several factors sucpla# safety, radioactive waste
disposal, and nuclear material proliferation may hinder plans for new installations in some
countries. Theannuwal growthprojection of nucleabasecelectrical power generatidrom 2007
2035is 2% Thisis a slightly slower rate than the predicted 5% increase in the use of renewable

energy sources in electrical power generatid&EIA, 2010)

1.2 Motivation and Objectives

With respect to heat engindsete are many sustainable energy sources available for heat supply.
Typical examples of #se are solar, geothermal, biomass combustion, nuclearamehtyaste

heat from humaractivities. Coupled with a suitableexternal heat drivenengine the thermal
energyfrom these renewablesrces can be harvested and converted into useful. vioither
possibility is cogeneration to produce heat and power simultaneously. Tleeriéon both
thermodynami@and economipoints of view, the application of exteriig suppliedheat engines

to generaten acceptable amount of power has solid motivafitve. purpose of this work is to
investigate the performance of a scroll expander in an organic Rankine cycle and to develop
efficient design criteria for low capacity heat engirsegoplied bylow grade heat sources to
generate electricity. Scroll machsx@ave some unique and attractive design features as a
positive displacement machin€hey are compact, reliabéd can be used ascampressor or

in reverseas an expander. Furthermore, they are widely available as refrigeration congpressor
Off the delf, refrigeration scroll compressors agasily nodifiable and can be converted to

operate as an expander in@RC.

The goal of thé work is to contribute to the development of loapacity heat engine for
sustainable power production or cogeneratidmus, the specific objectives of this thesis the
following:

1 To evaluate the operation afmodifiedscrollcompressor as axpande
1 To modelthethermodynamic process thescroll expander;
1 To design build and conduct experiments in scralith an expanderdynamometeand

expandeigeneratotestunits;



1 To performan analysis of thexperimentalesults from the @oll expander ifORC test
unit;

1 To validate theheoretical model with experimental result



CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

The industrial revolutiolegansome200 yeas agowith the invention othe steam engineThe

main componentf the steam engine the steam pistdaylinder, a deviceapableof produdng
mechanical work from the expansion of high pressure steam. With current terminology, the
steam piston is cat egoax Eeaendhestsam engioegsas inventee di s p
by James Wattbut the thermodynamic cycleears the name of Rankinthe scientist who
developed the theoretical background of the thermodynamic cycle. With respect to the working
fluid, Rankine cycle can be categorized in thieays (i) steam Rakine cycle (the most
common for large scale power plants), (ii) Rankine cycle with inorganic working fluids, and (iii)
Rankine cycle with organifiuids i or, secalled Organic Rankine Cycle (ORCT.here is an
abundant quantity of published literature thie development of Radane cyclesoperating with
working fluidsotherthanwater Due to lower boiling temperatures and pressuresd fluids are
capable of operatingiith low-capacity heat source$he number of applications of such heat
engines is remarkably larg&hese hdaengines are quite relevant e paradigm ogfficient

power production from renewable sources. In this chatiterliterature pertaining t@®RC is
reviewed with respect to the applications, design, prime movers and experimental systems.

2.2 ORC Applications

There is no standard classificatisystemof heat sources based on thefreratingtemperature
range.However,Peterson et al. (2008signatedieat sources @1 ¢ ve mper aamanmge 0 f or
of 80°C -150°C; fimediumt e mp e r a & rangecd50°C &0°C, a n e efmpiegt@mt ur e o
temperatureabove 508C. BorsukiewiczGozdur and Nowak (2007) considelow-temperature

range between 26 and 156C. Saleh et al. (2007) assuméhat thdow-temperatures around

100°C, while mediurtemperature heatourcesare between 10C-350°C. Latour et al. (1982)
categorize temperature levels 0f°G-121°C as low, 129C-649C and medium, 6491093C as

high. The nature of the heat source is also important. For exaom@enay consider OTEC

(Ocean Thermal Energ@onversion) applicationasthe design constraint for the heat engine

According to Uehara and lkegani (1998)e temperature i¥’°C for the heat sink and 28 for
5



the heat sourcelhese figuresepresent the deep water temperature and the ocean sudtere
temperature, respectiveldost of thegeothermal heat sources are available at temperatures of
80°C-15(°C. Solar radiation on flat panels generates laa temperature of approximately
80°C, while athigh concentration the temperature goes upa@@.

The nature of the application directly related to the temperaturange of the heat
source. Schuster et al. (2009) identified the following applications ofcapacity, externally
supplied heat engines as follows: biomassmbustion, solar desahtion andwaste heat
recovery from biogas digestion. Zamfirescu et al. (2010) illustrate the application of heat engines
for smallcapacity concentrated solar power and heat cogenerétomad shown that with a
grid connected system with possibility séll-back electricity the return on investment time was
approximately 7 gars For all these cases, the heat source temperature can be considered below
200°C. We will restrict the scope of our review to the range of source temperature between the
standard25°C and 256C , and denote -thmpemramnwgredas Tiheo wj u
choosing this range relates to two aspects: the vast majority of renewable and sustainable energy
sources fall within these temperatunesgesand the current technologgilows the use of
positive displacement expanders or expaigdgrerator units operating at temperatures below
250°C, respectively

2.3 ORC Design Aspects
When developing externallgupplied heat engines one has to start the desigih two
thermodynamic consaintsin mind. They are the heat source and the heat sink. déteymine
the magnitudes of the heat transfer that occurs between the heat source and the working fluid
followed by the fluid and the heat sirfRankine cycle and its variatiomseexcellert choices for
the previously mentioned temperature ranges as mentionegainfirescu and Dincer (2008)
This is due totheir flexible natureand the possibility tgreciselyadapt to the temperature
difference between theeat source and heat sink by pnopelection of working fluid.

Among inorganic working fluidsinteresting options are ammonia, ammeneter and
carbon dioxide. Zamfirescu and Dincer (2008) proposed a trilateral flash Rankine cycke with
zeotropicammoniawater as the working fluid.In this cycle, liquid ammoniawater at high

pressure is heate its saturationtemperatureand then flashed io the two-phaseregion to
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generate work with the help of a positive displacement expander. The cycle ahewsrgy
efficiency of 30% whensuppled with a 15°C geothermal heat sourtc&his compares
favourably to the 13% exergy efficiency achieved witkadina cycle operating under the same
conditions. The Kalina (1984) cycle asvariation of th&Rankine cycle that uses ammomater
astheworking fluid. As opposedto the trilateraflash Rankine cyclethe Kalina cycleheats the
working fluid to superheated vapour. During the boiling procéssammoniawater varies its
temperatureDue to this, the Kalina cycleffers the opportunity to bettenatch the temperature
profiles in the heat exchanger&. Rankine cycle operating on pure ammohis also been
investigated for low power applicatianst was found to beattractive for heat recovery
applicatons (Koji, 2004) Carbon dioxidecanbe used ssworking fluid inatranscritical Rankine
cycle configurations. Though carbon dioxide shows excellent heat transfer properties, the main
drawback of this cycle is the high pressure at which the system operates. The condensation
pressure igypically arourd 80 bar and the expander inlet pressurgypscally around 160 ba
this makes a pressure ratio of 2, a pressure difference across the expander of 80 bar. This poses a
problem for the reliability/life time of the expander. Due to such challenges, tb®pgment of
commercial transcritical carbon dioxid@ankine cycledor low capacities may be judged as
difficult. Furthermore, Chen et al. (2006) had indicated that fat46C heat sourcea
transcriticalcarbon dioxide Rankine showed an efficiency9d#% When compared to a R123
organic Rankine cycle operating at the same conditions, only a minor increase in efficiency was
observed (1.4%).

The R123 ORGnentioned byChen et al. (2006) operated aboiling pressure d6.87
and a condensation pressured@b. Thus the pressure ratwas6.9 for a pressure difference of
5.02 bar This is much lower than the 80 bar pressure difference associated with the transcritical
carbon dioxide Rankine. Therefore the organic Rankine cycle poses less technical pradrtems th
the transcritical carbon dioxide cycldhis point emphasizes the advantage of using organic
fluids as working fluidin Rankine cycles. There are many configurations of organic Rankine
cycle derived all from the basic one. In the basic configuration dé@ments are includethe
pump,theboiler, the prime mover (turbine or expandand the condenser component. Dai et al.
(2009) conducted a comprehensive parametric study of multiple configurations of ORC. Apart

from the basic Rankine configuration thigelentified the following:



1 ORC with internal heat recovewa aheat exchangeihisuses the heat of the expanded
gases to prela the liquid before saturatipn
1 Supercritical ORC (also named transcritical by some authors viz. transcritigalyCl®
discussed above) where the liquid is pressurized to supercritical pressure and then heated
to temperature abovedltritical one before expansion;
1 Subcritical ORC operating with retrograde workingidlsi with expansion of saturated
vapour
The nature of theworking fluid is a very important criterion for selecting the
appropriate cycle configuration. For examplea ifetrograde fluid is used then the expansion of
saturated vapour is an expansion into the superheated ré&bisrns due to the fact that thioge
of the saturation curve on asldiagram for retrograde fluids is always positi@enversely, if
the fluid is regulathen the expansion of saturated vapour is an expansion into thghase
region.An example of a retrograde organic fluid wouldSi®xane as mentioned I§§olonna et
al. (2008). Other Rankine cycle configurations are those with expandiorthietwo-phase
region The benefit of expandingtim thetwo phaseaegionhas been emphasized in the work by
Wagar et al. (2010)He had shownh@at expanding ito the two-phaseregionis a means of
adjusting the cycle to the exterior conditio8snith et al. (1996) proposed an interesting cptle
combined flash expansion and saturated vapour expansion working with & 84a working
fluid. In thefirst stage, saturated liquid is flashedoithetwo-phaseregion In the second stage,
the two phase mixtura@s separated gravitationallytom saturated liquid and saturated vapour
componentsThe liquid is flashed in an expandey reducing its presse while the saturated
vapour isexpanded ito the two-phaseregion. The proper selection of expansion device is
absolutely crucial due to the pressure sensitivity ofivase flowsSmith et al. (1994) selected
a positive displacememscrewexpandeto flash the liquid and a turbinfer expanding the two
phase mixture. The reason for selecting the screw expander is its ability to flash the liquid and
expand the saturated vapour while retaining an R134a stream of high quality.
Many works can be found imé¢ open literature regarding thppropriateselection of the
bestworking fluid for an organic Rankine cycle. Available options can include puoeking
fluids or a mixture of working fluids, where the mixtures can be zeotropic or azeotropic. Harada

(2010 emphasized the importance of the retrograde or regular behaviour of the working fluid for
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low-capacity applications using R134a (regular) and R245fa (retrograde). Borsukigeadar

and Nowak (2007) studied propylene, propane, R227ea, R2BGf&®C 318.Schuster et al.
studied (2009) cyclohexane, R245fa, R141b, R365mfc. Larioala (1995) studied R11, R113,
R114, toluenaeandfluorinol (CRCH,OH). Saleh et al. (2007) studied 21 organic refrigerants
and 10 other organic fluids, among whichhexane had théiighest critical temperature
(234.67C) and R41 the lowest (44.25). Mago et al. (2008) R113, R123, R245aad
isobutane. Some zeotropic mixtures of organic fluids were identified by Borsuki®emaur

and Nowak (2007) as propasthane. Colonna et al2@06) proposed siloxanes as working
fluids for ORC; they identified four siloxanes, namely MM, ML D, and B.

The working fluid selectiomshould be the result of technicatonomicaglandecological
analygs. Many criteria can be inferred as identifleg Papdopoulos et al. (2010). According to
them, the most important fluigropertiesare: density, boiling enthalpy, liquid heat capacity,
viscosity, thermal conductivity, melting point temperature, critical temperature, critical pressure,
ozone depletiorpotential (ODP), global warming potential (GWP), toxicity, flammability and
the zeotropic or azeotropic characteristic. The life time of the working fluid is also impdweant
example of this would be eomparison of R11 and R15Barada (2010)eportedthat the life
time of R11 is 45 years while R152 is only 0.6 years. HoweRgt, has a GWP of 6370 and
ODP of 11, while R152 has a GWP of 187 and ODP of 0.

2.4 Prime Movers for ORC

According to Harada (2010he prime mover is the component that affelstsoverall efficiency

of the heat engine. Athe most previously mentionedhen operating witlan organicworking

fluid the pressure rati@cross theprime mover is high. Turbexpanders operate athigh
pressure ratioand need to havea special constretion as developed byLariola (1995)
Remarkable progress the area otcomputational simulation of ORC turbines is attributed to
Harinck et al. (2010)They had shown that real gas effects are crdcialto typical operation in
thedense gas regisnYamamoto (2001) designed a turbine for a small scale ORC and obtained
15-46% isentropic efficiency when the heat input varied from 13 kW to 9 kW. In getiezal,
ORC turbineis characterized by very higtotational speeds as also supportedrbgoub et al.
(2009. According to them, the rotational speeds of the ORC turbines reach 60,000 RPM or
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more.Arguably, designing and manufacturing ORC turbines can be considered expensive due to
the fact that they are sensitive to operating conditions thedefore the design must be
customized for each specific application. Furthermore, due to the tip leakages that are relatively
constant with turbine sizeperationat low capacitieganbe very inefficientThe fact is that at

low capacity the magnitude of the bypafiew is ata higher percentage of the main stream.
Another option for ORC prime mover is a positive displacement expander. Several kinds of
thosecan befound suitable for ORC: axial piston, rolling piston, rotary vane, screw, scroll and
othes. Maurer efal. (1999) performed an investigation on axial piston expanderkadghown

that its volumetricand isentropicefficiendes are approximatelg0% and 41%respectively

Wang et al (2010) used a rolling piston type expander in an organic cycle ORC w#hf&?2
using low grade solar heaburce It had achieved a maximum isentropic efficiency of 45.2%.
Mustafah and Yamada (2010) analyzed a rotam expander with R245fa fax heat source
temperaturerange of60°C to 120P°C. Furthermore, they had projectesemtropic efficiencies
upwards of80%. For a range of capacitidsetweenten and afew hundred kW twin screw
expanders were found suitable (Smith et 40996). Screw expanderhad shown good
adaptability to the operating conditions as they are ableatdle two-phaseflows (Infante
Ferreira et al., 2004}-or low capacities, the best choiokpositive displacement expandéss

the scroll typeexpander.The geometry of scroll machines is simpler than that of screw
expanderdecause the scroll has 2D gesingy while the screw has a 3D geometBgroll units

are quieter thanthe screw typs andeasier to manufacturéor low capacity applications.
Nagatomo et la (1999) investigated the performance characteristics of a scroll expander
modified from a refrigeation compressor in an ORChey hadfound a maximum expared
isentropicefficiency of 74% Also, Yanagisaweaet al. (1988hadmodified a refrigeration scroll
compressoito operate as an expandand tested it in an experimental loop operating with
compresed air. They had found amaximum isentropic efficiencyf approximately75%.
Husband and Beyene (2008) presented a theoretical model grdole heatlriven Rankine

cycle with scroll expander and showadhermal efficiency of 11% for &fixed 10 KW work
output. Kim et al. (2001) used a scroll expander in a low tempetagateecovery system, and
hadfound its volumetric efficiency to be 42.3%. Zanelli and Favrat (1994) converted a hermetic

scroll compressor tmperate as amxpander and testeil in a Rankine cycle.Overall the
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maximum isentropic efficienciesere about 63% at a rotating speed of 24RBM. Harada
(2010) tested a scroll expander modified from a refrigeration scroll compressor with R134a and
R245fa They had found itssentropic efficiencyto beover 70% for 1 kW poweoutput. It was
found that the rotational spestightly influences the performance, but the optimal expansion
pressure ratio was determined to be approximatelyTBe3 geometrical modeling of scroll
expanders ha been invesgiated by Bush and Beagle (199#)d Chen et al. (2002) based on
involute curve theory. Expression for fluid pocket volumesre developed by Wang et al.
(2005) and arevery important in thermodynamic modelinghermodynamic models for scroll
machines were presented by Lemort et al. (2009), Oralli et al. (20a6) Harada (2010).
Leakage or byass flows in scroll machines were studied by Tojo et al. (1986), Sufueji et al.
(1992) and Puff and Mogolis (199Fromthese studies the leakage flow regime isvieen two
limits: Fanno (isenthalpic flow) and isentropic florespectively.

2.5 Experimental Systems

Three kinds of testintpops for scroll expanders angentionedn the literature. The simplest
which is the operoop air test benchAir at a fixed pressure and temperature is provided at the
expander inlet and theesulting torque and rational spea measured wittdynamometer and
tachometer, respectivelAn example of this approachkias that ofYanagisaweet al. (1988)A
second possibility ighe integration of the tested expander in@RC loopin place of a turbine.
This approach has been adopted by a large number of astmesof which ar@eterson et al.
(2008), Lemort et al. (2009&and Mathias et al. (2009)The third possibility is to usa
compressor for working fluid pressurization. Afterwards, the expanded working iBuid
delivered back to the compressalet to close the loogHarada2010).

In summary, the above literature review revéa¢sfollowing:

1 An analysis of the four discesd aspects (ORC applications, design, prime movers and
experimental systemdgads us to believe that a thorough analysis has yet to be fully
completed

1 Leakage was identified by most of the researchers as an important irrdwerfsibior

within the eyander;
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Selection of the expander for the testit seems to be random due to the lack of
selectons based on detailed analysis;

Wide flexibility of the operating parameters of the test bench was not adopted by
desgning a modified Rankine cycle;

Researclin the literature wabased on the performe with a single scroll machine.
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CHAPTER 3: BACKGROUND

3.1 Introduction

There are many sustainable sources of thermal energy that can be used for various purposes,
either directly or converted into mechanieadrk (viz. electric power). Conversion of sustainable
thermal energy sources into mechanical waresents very important issue with regards to

the achievement of a clean, n@olluting, urexhaustible energy supply system for future
generations. In B chapterwe will identify and categorize sushable thermal energy sources

and discuss the available heat engines that can be used to convert thermal energy into useful
work. The importance and scope of applmas of ORCGbased heat engines agplaned and

the main issues regarditigeir development are discussed. As the main organ of this heat engine

is the expansion deviceghe principal categories of expanders and their required design
parameters for optimal operation in OR( reviewedThis wok focuses on scroll expanders in

ORC. Thus attention is paid tthe identification of themachineé main problems for low

capacity applications.

3.2 Sustainable Energy Sources for Heat Supply

Our modern world is supplied with energy that is mainly draswmfcoal, petroleum and natural

gas The combustion gases are used to generate high pressure steam in large scale power plants
to produce electricityThermal energy sources and heat engine systems supply the energy needed
for our societyAs a byproduct combustion of fossil fuels to generate high temperature heat is
accompanied by emissions of large amounts of GB€&en House Gagnd other pollutants.

Fossil fuels are combusted not only to generate electricity, but also for space hsaterg,
heatingand many industrial processes.

Other thermal energy sources have great potential to replace fossil fuel combustion.
These heat sources are mainly derived from renewable energy, nuclear energy and waste
recovery. Figure 3.lillustrates available thermal ergy sources that can be called as
Asust aMinmdh GHGOoemissions can be associated with these thermal energy sources.

Figure 3.1 also suggests that heat engines can be used for sustainable power generation and other
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valuable uagesuchas heating, @oling and so forthThermodynamically, it makes more sense

to ue a heat engint generate poweandheatthanto generat power or heating individually.

Renewable Thermal Nuclear
Energy Sources Energy
% Solar %ﬂ Biomass % N ucr|ear
Fusion
% Geothermal kﬂ Biofuels %

— Ocean Thermal '«——»{ Bio/Landfill gas'—

Municipal Waste
Waste Heat
y
Waste
Incineration
y
Moderator
Heat

ﬂ Direct Use ‘ ‘ Combustion F Heat Rw
A Y ) J Y
Sustainable Thermal Energy Sources
Heat Power
Engine Generation
Rejected Heat
Recovery
A
Space heating Water heating Cooling Drying Other Uses

Figure 3.1Sustainable thermal energy sources anal #pgplications in heat engines

A simple eample can clarify He importance of heat engines for better resource

utilization from the point of view of thermodynamigssume thathe temperature of aiveed

to be heated from 28 to 23C for space heating in a household application. Two poskibilit
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are considered: (i) heating with a heat pump, (ii) heating with a gas furnace finsttbase (i)

the working fluid of the heat pump is a refrigerant that condenses@t iB@chanical power is
consumed to run the heat pump. On the expense of dohamical powerthe working fluid
temperature is increased at a suitable level to heat the air with minimal exergy destruction as
indicated schematically in Figure 3.2(a). Of course, this manner of heating is justified even more

if renewable electricitys available to run the heat pump.

T A T A Exhaust gases T A Exhaust gases . 75°C"
TR
Heat pump 150°C _\\\\\,‘\\\\\' =
condenser )
(temperature W
profile) Ideal Heat Engine e
o : RN
18°C wﬁﬁi‘g:guc Air heating JSUC SIS &\Air heating -
(a) o (b) o (c) s
k\% Exergy destroyed O —heat flux s —specific entropy T - temperature ' — work output

Figure 3.2 Examplef justifying heatengine applicationfor better resource utilization

In the second case (iijhe primary energy used to generate heat is natural gas (or,
possibly biomasslerived fuel) which iscombusted to produce hot exhaust gases. Typjdhkiy
combustion gas in higgfficiency furnacesevolves from about 15C to 175C. A heat
exchanger is interposed between the air to be heated and the hot exhaust gases. The temperature
profile of the heakexchanger looks similar to that illustrated in Figure 3.2(b). As this figure
suggests, the exergy destruction is very important in this case due to the large temperature
differences. Thus, froma purely thermodynamic point of view, heating air with exhayeases
does not make sense because it destroys too much exergy. A better justifiable solution is
indicated in Figure 3.2(c) where a heat engine is interposed between the hot stream and the cold
stream. The heat engine transfers heat between the two stedaishe same time it generates
mechanical work. The exergy destroyed is thus kept to acceptable value. The generated
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mechanical work can be converted into power and used to drive the air blower or for other
purposes.

There are many applications of hemigines driven with external sources of heat. The
heat engines are coupled with the heat soukcheat exchanges used totransfer heat to a
working fluid. Thus the working fluid reaches high enthalpy and is able to expand for generating
useful work. krther, the working fluid is cooled with the help of the heat sink. For this purpose,
a heat exchanger is used. These &iftheat engines coupledth the heat source and heat sink
heat exchangers ref aemed Ths s fiex

t hrough ar e

differentiates from another heat engine, which is the internal combustion engine (ICE).

Table 3.1Characteristics of sustainable thermalrggesources (except waste heat)

Thermal source| Temperature’C | Carnot factor, | Heat transferl Remarks

p "YXY | mode
Solar 80-1500 0.160.83 Radiation With or without concentration
Geothermal 60-350 0.100.52 Convection Sensible heat (brine) heat transfer
Ocean heat 25-30 0.07-0.09 Convection Constant sink/source temperature
Biomass/ 2001000 0.37-0.76 Convection Combustion process; sensible heat (f
biofuel/ biogas/ gas) heat transfer
landfill gas
Nuclear 250900 0.430.75 Radiation Gamma and nuclear radiation
Moderator heat | 60-85 0.100.17 Convection | Constant source terapature
Waste 10031500 0.760.83 Convection | Combustion process; sensible heat (f
incineration gas) heat transfer

Note: the reference temperat@ssumed’Y ¢ 8 ; (*) for ocean heaty 13

Details of the types and temperature levels of various thermal energy soamees
indicated in Figure 3.1. The most important parameter fadheermodynamic point of view is
the temperature associated with the hseatrces Also important is the nature of the fluid that
carries the heaExcepion is the case when the heat is transferred by radiation. If the specific
heat of the hot fluid is high, then the associated exergy is also high.

Table 3.1 list the main cheacteristics (including the exergy content) of the sustainable

energy sources included in Figure 1, except the waste heat that is treated separately. The exergy
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of the source listed in Table 3.1 is estimated with the help of the Carnot factor calcutstdd ba
on the heat sourcemperaturep “YX'Y. The higher the temperature of the heat source the

higher is the value of the Carnot factor.

Table 3.2Characteristicsfovarious sources of waste heat

Thermal source Temperatur€C) | Carnot factor,p "YX'Y
Steam power plants 230250 0.400.43
Gas turbine power plants 600-800 0.650.72
Heating furnace exhaust 175230 0.330.41
Automobile engine 400-700 0.550.69
exhaust

Nitrogenous fertilizers 195230 0.360.40
plants

Pulp mills 140-200 0.27-0.37
Paper mills 140-200 0.27-0.37
Paperboard mills 140-200 0.27-0.37
Alkalines and chlorines 170220 0.320.40
production

Industrial inorganic 120-200 0.240.37
chemical production

Industrial organic 120-300 0.240.47
chemicals

petroleum crudes an 150200 0.290.37
intermediate refining

Glass factory 400500 0.550.61
Cement production 200300 0.37-0.47-
Blast furnace 500-700 0.580.67
Iron foundries 425650 0.570.67
Drying and baking oven 93-230 0.180.40
Aluminum production 650760 0.67-0.71
Copper production 760815 0.72-0.72

There arevarioussources of waste heat due to human activity. For example, common

steam cycle power plants reject heat at the condenser in the environment at temperature level in
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the rangeof 30°C-60°C. Gas turbie power plants reject exhaust gases afG@DFC. Usual

fuel combustion processes for generation of low temperature heat (e.g., gas furnaces) generate
flue gas at 15%-200°C. Automobile engines produce exhaust gases &C80000°C. Table 3.2

lists temprature levels and Carnot factors associated with various sources of waste heat
encountered in commercial, residential, transportation and industrial sectors.

Based on the report by Latour et al. (1982) more than 65% of waste heat rejected by the
industries in the United States is a low temperature level (below 2%D). From this
information, it can be inferred that low temperature heat is available in abundance to recover
from industrialthermalwaste. Table 3.5uggests thatost of the sustainable timeal energy
sources are within this low temperature range. It is of prime importance now to evolve ways for
harnessing thermal energy from such prevailing sources to meet a substantial portion of energy
demand.

Another point of discussion is the capacitytld thermal energy sourceééo precise heat
engines classificatiois foundin the literature based on their capacity (or generated power).
Thus, for the purpose of the present thesis we will introduce the following ranges of electric
power generation witheat engines:

1 Low-power, 15 kW electric or 825 kW thermal energy at heat source.

1 Mediumpower, 550 kW electric or 28250 kW thermal energy at heat source.

1 Intermediatepower, 50500 kW electric or 25@,500 kW thermal energy at heat source.

1 High-power, over 500 kW electric or 2,500 kW thermal energy at heat source.
There are many sustainable energy sources in thepdover range. Recalling the
classification from Figure 3.1, the following sources fit the range for low power generation: solar
energy fran small scale concentrators (of-80 nf), biomass or biofuel combustion, leseale
waste incineration and waste heat recovery. Waste heat sources at low capacity can be found in
processes sucas air conditioning, norefficient heatingand so forth.Thesepotentially allow
heat recovery foenhanced efficiency, cooking, drying, various food processing techniques done
in farms and households, activities at small workshops, restauesmtd/lany processes can be
made more efficient by including heat enginfésr examplea furnace can be replaced with a co
generation unit that incorporates a lpawer heat engindor power and heat production

simultaneously.
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3.3 Heat Engines
3.3.1 General Aspects

Utilization of thermal energy to produce useful work has [seried with the invention of heat
engine. In 1712the practical steam engimeas builtas designed by Thomas Newman. In the
early stageits use was limited to mining and industrial equipment. Later in ,18@%m
locomotive started its journewhich continued for over a centuryin the 19" century, the
internal combustion engirreplacedhe steam engingsan improvement of heat engine for wide
applications.

A heat engine is a device that converts thermal energy to mechanical energy, using
temperaturgradients between the heat source and the heatsimkat engine typically uses the
heat energy to dthework and then exhausts the remaining heat to a sink or environment which
does not take part to do useful work. The fiest and seconthw of themodynamics constrain
the operation of a heat engine. The flest is the application of conservation of energy to the
system, and the secoialv sets limits on the possible efficiency of the machine and determines
the direction of energy floyZzamfirescuand Dincer, 2008).
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Figure 3.3P-V diagram of Carnot cycle
The term fAheat engined is generally wused i

devices that operate based on a thermodynamic cycle. Any heat engine includes a prime mover
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that uses theral energy to do useful mechanical work. The selection and design of the
thermodynamic cycle depends on the temperature range of source anthesankgilability of
resources, safety, and environmental impact.

The most efficient, theoretical, heat engiyele is the Carnot cycle which consists of two
isothermal and two adiabatic processes. A system undergoing a Carnot cycle is called a Carnot
dheat engine, although in real life this type of enginéripossible to bud. The processes
involved in this cyat are considered reversible (Rajput, 2007).

Figure 3.3 shows the Carnot thermodynamic cycle where the working fluid undergoes a
series of four internally reversible processes. Those are as follows:

1 1-2, Reversible adiabatic compression from low temperalur® high temperaturdy
due to work input on the fluid;
2-3, Reversible isothermal expansion at temperdiyi@s heat added to the fluid;
3-4, Reversible adiabatic expansion as the fluid performs work and temperature drops
from Ty to Ty;

1 4-1, Reversil®# isothermal compression at temperafre

1 4
TL l TL Sink

.
-

S

Figure 3.4Representation of Carnbeat enginén T-s diagram
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Figure 3.4 represents the Carnot cycle inTdsadiagram and also illustrates a heat engine
schematically by indicating the heat source, heak, sheat fluxes and work generated. The
characteristic of the Carnot cycle is that it establishes the maximum possible efficiency for an
engine cycle operating betwe&gandT,.

The amount of heat inputQ() in the Carnot cycle from the source is graplyca
represented on Figure 3.4 as the area under BieThe heat rejected)() is depicted by the
area underline -#i. The net work is thus represented by the area of the rectai2gBe4l The
efficiency () of the cycle is the ratio of the network dietcycle to the heat inpud  to the
cycle.This ratio can be expressed as
- pPZ— pPZ— (3.1
where— is cycle efficiencyT, is sink temperature i, andTy is source temperature i

From the above equationdan be seen that the maximum possible efficiency exists when
Ty is the largest possible value Bris at the smallest value. The assumptions madeCarnot
engine are:
1 The piston moving in the cylinder does not depehny friction during movement.
1 Thewalls of the piston and cylinder are catesied perfect insulator of heat.
1 The cylinder head is arranged in such a way that it can be a perfect heattoormal
perfect heat insulator.
1 Transfer of heat does naffect the heat source or sink.
1 Working medum is a perfect gas.
1 Compressn and expansion are reversible.
In practice, all processes are irreversible. That is, for example:
1 Itis impossible tgerform a frictionless process.
1 Itis impossible to transfer the hegithout temperature potential.
1 Isothermal process can be achieved only if the piston moves very slowly and adiabatic
process can be achiald the piston moves very fast.

The above facts depicts that it is impossible to build a Carnot heat engine. However

Carnot's cycle is important singedescribes the best possible use of heat energy and identifies

an optimal system. It also describes theoretical limits of the transformation of heat into physical
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work. Hence the Carnot cycle is very useful for the explanation of an ideal heat enguhe a
represents the upper limit of efficiency for any given systems operating between the same two
temperatures.

In what it follows we will categorize and discuss the available heat engines cycles with
practical implementationsndquantify their efficiencyand their applicability to sustainable heat
sources. The implementation of a thermodynamic cycle in an actual device (or plzaiked
A power incaybooadeway. Obviously, any power cycle requires a working fluid. These
working fluids are moving ttough the equipments and act as media to convey the energy while
flowing. The power cycles are categorized in two kinds based on the nature of the working fluid;
these are nAgas power cyclesdo and fAvapour po
categores is that in the first case the fluid is gaseous and does not encounter any phase change
process; for the second kind, there is a liqtagour phase change process of the working fluid

within the cycle. Figure 3.5 presents a rethaustive classificatioof heat engines.

Heat engines

A v

Vapour power
Gas power cycles cycles
(RANKINE)

v A

No-steam Rankine Steam Rankine

Otto Ericsson
cycles cycles

—

Organic Rankine Non-Organic
cycles (ORC) Rankine cycles

o T

Ammonia-water Carbon dioxide
cycles cycles

Diesel Stirling

v

Brayton

Figure 3.5Classification of heat engines
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3.3.2 Gas Power Cycles
The gas power cycles mainly consist of compressions and expansions of working fluid and
transform the heat supplied to the system into mechanical wonkgthrihe process. Typically,
gas powercycles consist of four different processes. Those are:

1 Isothermal process: This process tagéace at constant temperature;

1 Isobaric process: During #hprocess, pressure is constant;

1 Constant volumetric process: Artstant volume process is isochoric;

1 Adiabatic process: In this process, no heat is removed from the system and no heat is
added to the system.
Some important gagowered cycles are discussedtlir following sections to explain

their characteristics, appability, and scope of loveapacity power generation.

3.3.2.10tto Cycle
The standard Otto cycle is used in the spgrition internal conbustion engines. In this cycle,
four processes occwas shown in Figure 3.6:-2 isentropic compression:2 constat volume

heat addition; 3} isentropic expansion:# constant volume heat rejection.

P A& T.Il

Y

v

Figure 3.6P-V andT-s diagrams of ideal Otto cycle

Despite its wide use ithe automotive industrythe Otto cyclds popular in reciprocating

engines of small capdy for power generation. It uses gasoline or propane or compressed
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natural gas as the working fluid and involves high temperature combustiorba3#d engines

covering a broad spectrum of poweir®m low to intermediateare available on the market

3.3.2.2Diesel Cycle

The airstandard Diesel cycle was introduced by Rudolf Diesel in 1897 and is widely used in
Diesel canbustion engines. It compris#se following processsasindicated in Figure 3.71-2
isentropic compression;-2 constant pressuresét addition, 31 isentropic expansioand 4-1
constant volume heat rejection. The practical Diesel engine works at combustion temperature
limit of 2100K.
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Figure 3.7P-V andT-sdiagrans of anideal Diesel cycle

Because of its relatively low cost, higeliability andhigh efficiency theDiesel enginés
a very mature and widespread technology. Diesel cycle is suitable in internal combustion
engine to transform heat energy into mechanical power at a much higher source temperature.
Diesel enginesre available fronthe mediumpower (road vehicles) to high power range (for

ocean ships propulsion).
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3.3.2.3Brayton Cycle
The Brayton cycle is widely used in gasbine heat engine. The following are the processes that
occur in the ideaBrayton cycle(see Figures 3.8 argl9):

f Process 2: The air is compressed isentropically from the lower pressur® higher
pressur@ with a temperature rise frofiY to”Y . No heat addition or rejection occurs
at this stage.

1 Process B: Heat addition occurs here at constant pressure. Volume increases friom
@ and temperaturgses from’Y to Y.

1 Process 3} In this process air is expanded isentropically fromto 0 and the
temperature dropisom “Y to "Y 8No heat flow occursédre.

1 Process 4.: Heat is rejected in this process with a decreaselume froma to @ and
temperature drop frorfiYto Y. Pressure remains constant here.

The thermal efficiency of the cycle may be represented as:

2 2
_ - (3.2)

where— is the cycle efficiencyqt is the mass flow rat@®, is specific heat at constant pressure.
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Figure 38 Brayton heat engine cycle

25



[¥]

r

-
L

7

Loy

Figure 3.9P-V andT-s diagrans of anideal Brayton cycle

A number of methods are applied in improving the thermal efficiency of a gas turbine: 1)
using twastage compressions, inteooling between them; 2) twatage expansn in turbine
and reheating between them; 3) passing the exhaust gas through a regenerator to extract the
waste heat and preheat the compressed air before combustion. Its requirement for robust
expansion device (turbine), high source temperatmgcomplex control mechanism, declines
the applicability of its use in low capacity, low grade heat engine. The combustion gases
normally rejected by the Brayton heat engine coma lagh temperature; thus, Brayton cycle
can be used astoping cycle in a hybridystem, where the bottoming cycle can be an ORC.
Brayton heat engine can be also agglivithout combustion: this isalled airBrayton cycle.
Jaffe (1989) mentions the application of arBiiayton cycle for concentrated solar power that
converts 30 kW indent solar radiation into mechanical woffor obtaining reasonable high
efficiency with airBrayton cycle, the hot end temperature must be of the order ofC @o&ffe,
1989).

3.3.2.4EricssonCycle
The Ericsson cycle comprises of two isothermal avalisobaric processes. The processes are
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described with the & diagram as shown in Figure 3.10. TH8cgency of the Ericsson cyclis

similar to that of Carnot, nameyy ——.

Vr

Figure 3.10P-V diagram of an ideal Ericson cycle

The cycle processes are:

1 Isothermal expansion 12: In this process the working fluidsually air, is heated by the
external source and expansion occurs at constant tempevathrthe addition of heat.
During this process the work is obtained from the engine.

1 Isobaric Heat removal 23: The air is then passed through the regenerator, where its
temperature reduces at constant pressure. The regenerator absontbedieisttherused
for heating the gas ithenext cycle. The air is then released as the exhaust gas.

1 Isothermal compressioB-4: In this process the air is compressed in the cylinder at
constant temperature maintained by aerntooler. The pressurized #ien flows into the
storage tank at constant pressure.

1 Isobaric heat absorption 41: The compressed air at high pressure then flows through
the regenerator and absorbs the previously stored heat on the way to heated power
cylinder.
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3.3.2.5Stirling Cycle
Stirling cycle in the ideal fornwhich consists of four thermodynamic procesacting on the
working fluid. As shown in B/ diagram in Figure 3.11 the processes are:
1 Constanti volume (isochoric) headdition 12: The compressed gas flows through the
regeneratoand receives heat on thewto the next process;
1 Isothermal Expansion-2: The expansiospace is heated externally, and the gas
undegoes nearsothermal expansion;
1 ConstartVolume or isochoric heaemoval 34: The gas is passed through the
regeneratothus cooling the gas, and transferring heat to the regemeor use in the

next cycle;

1 Isothermal Compression¥ The compression space is intercooled, so the gas undergoes
nearisothermal compression.

The Stirling engine principle is such that thensfer of heat occurs from external sosrce
and that has an advantage of using any bfgeeatsource to run the engine. A disadvantage for
this external heat addition is that the effective heat transfer rate into the system is low (Simon
and Seume, 1990).

Kongtragool et al. (2003) performed a research study on-golaered Stirling engines
and low temperature differential Stirling engine technology. They reported that Stirling engine
efficiency however is low, but reliability is high and costs are lowtl@nother handhey also
pointed out that though Stirling engstgave some advantages to use-ignade heat sources the
operating technology in practical engine has several disadvantages. The cylind&trlaig
engine are heated and cooled by mdé sources which needs some respond time and also
starting warm up time. So it has pulsation type power generation which is not suitable for
synchronization of electrical generatdm. a theoretical analysi§hombare and Verma ( 2008)
explained that Sting engine can be used with low temperature heat source using helium or air
as the working fluid. HoweveiStirling engine design is a most complicated task because the
dynamic behaviour of the engine mechanism and performance of the heat exchariggrs hig

influence the efficient operation of the engine.
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Figure 3.11P-V diagram ofanideal Stirling cycle

3.3.3 Vapour Power Cycles

The vapour power cycle take advantage of the relatively low power needed to pressurize the
working fluid in liquid phasepf the rather high enthalpy gained by the working fluid during
boiling and of the relatively large amount of work generated at expansion in either gaseous phase
or two-phase. Vapour power cycle bear the name of Rankine from its inventor. There are many
variations of the Rankine cycle with regards to configuration and the working fluid; the most
common kind is the steam power cycle. Other working fluids include amm@téx, ammonia,

carbon dioxide, and organic fluids. Known cycle configurations are &swvi&l basic, multi

pressure, regenerative, Kalina, and supercritical.

3.3.3.1Basic RankineCycle
The diagram of a basic Rankine power cycle which involves four composteatpump, the
heatefboiler-superheater, the turbine and the condenseatepictel in Figure 3.12. In the ideal
Rankine cycle the working fluid experiences the following thermodynamic processes, with
reference to the-§ diagram in Figure 3.13:

1 Process 2: The working fluid in the liquid state is pressurized from low pressure to high

pressure with the help of a pump;
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T Process B-4-5. The high pressure liquid is heated in a boiler at constant pressure to
convert theifuid into dry saturated vapour;

1 Process $: The dry saturated vapour is passed through a turbine where it expands and
generates power. This fluid extise turbine at lower temperature gméssure as a wet or
dry vapour;

A Process 4: The vapour then enters a condenser where it is condensed at a constant

pressure and temperature to become again saturated liquid.

¥

Boiler |
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17,
Turbine out
¥
F 3 T 4 Q out
—
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Y . 1 | Condenser
Pump y ‘j |

Figure3.12 Basic Rankine cycle configuration

In an ideal Rankine cycle isentropgxpansion and isentropic pressurization occur in the
turbine and pump respectively, whereas in the boiler and condenser the process is isobaric.
Rajput (2007) described that theankine cycle efficiency can be improved by appropriate
selection of operating conditions as follows: 1) increasing the boiler pressure, 2) stipgithea
fluid before expansion ang) reducing the condenser pressure. Zamfirescu and Dincer (2008)
mentiored that steam power cycle is used in 80% of all electric power generation system
throughout the world, including virtually all solar thermal, biomass, coal and nuclear power
plants. The basic Rankine cycle also operates with organic fluids for spegficaiipn as it
will be detailed subsequently. However, when used with steam fordaege power generation

(power plants) the basic configuration is not technically and economically justifiable because it
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implies too much exergy losses at the boileriied he losses are mainly due to the pinch point
problem which occurs in the boiler at the point where the working fluid reaches saturation. The
exergy losses are illustrated in tekaded area of th&s diagramin Figure 3.13 For better
utilisation of the heat source temperature, the basic Ranine cycle requires a number of

configuration improvements, as discussed next.

400+ Steam

Shaded area: exergy losses
State 1: saturated liquid
State 2: after pumping

%) States 1 & 2: very close
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Specific entropy (kJ/kgK)

Figure 3.13T-sdiagramof a basic steam Rankine cycle

3.3.3.2Reheat RakineCycle

The reheat Rankine cycle aims to better matehtémperature profile of the heat soueral
working fluid by applying reheating of the superheated vapour after a first stage of expansion. In
the reheat cyclgwo staging or two turbines known as high pressure turbine and low pressure
turbine are used After expansion in the high pressure turbitlee steam is reheated and
expanded in the low pressure turbine. The addition of heat to the high pressure steam after
exhaustfrom the high pressure turbinaecreases the cycle efficiency. This cycle is suéabl

where very high pressure and high temperature superheatedistesed. Basicallythe turbine
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stages are divided in two or mgueessuresAssuming thad is the highest pressure afd is

the condensation pressure, then the istage pressa wouldbe 0 0 .

3.3.3.3Multi -PressureSteam RankineCycle

The multipressure steam Rankine cycle is a variation of the reheat Rankinecapdiée of
obtainng aneven better match between the temperature profiles at source side. Inltihe mu
pressure steam Rankine cydlge expansion and reheatiageapplied multiple times and several
direct contact heat exchangers (mixing steam with liquid water) ardegtters are designed for
internal heat regeneration purpose dod minimizing the pinch point problem. The muti
pressure steam Rankine cycle is the base for coal, natural gas and nuclear power plants.
Basically a heat exchanger network is designed to optimally preheat, boil and superheat the
water with minimal exergy losses. For aitgl coatfired power plantthe energy efficiency

goes to 38% and exergy efficiency to 37% (Dincer andaslim, 2001, Dincer and Rosen,
2007). The characteristic exergy destruction of the main components of the coal power plant is
presented in Figure B4.

Also some modifications of the basic configurations can improve the cycle efficiency, for
example: 1) reheat cycle; 2) regenerative cycle; 3) combined reheat and regenerative cycle. In
the regenerative cycle steam after partial expansion in the tuskedefrom different staging
well above the region of phase change. This bled steam is mixed with the saturated liquid of the
condenser in a mixing chamber and ultimately fed to the boiler. The cycle efficiency thus
increases by adding heat at higher terapge. Rankine cycle with the combination of reheat
and regenerative process has the higher efficiency than any other steam power Rankine cycle
operating between similar temperature and pressure regions.
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Figure 3.14 Typical exergy destructioha coalired steam power plant

3.3.3.4Ammonia-Water Rankine Cycle

When the source temperature is in the low range, pure steam is not satisfactory from
thermodynamics point of view for power generation. This fact is due to the low normal boiling
point of water(10°C). At temperatures below 18D, the steam engine must operate completely
under vacuum; this is inconvenient. To increase the boiling point, water can be combined with
ammonia to form a zeotropic mixture. The ammem&er mixture, being zeotropicas the
property to vary its temperature during ligidpour phase change. This brings the opportunity

to obtain an excellent match of temperature profiles at sink and source. In fact, matching the
temperature profiles at sink and source is stringentlyortapt when the heat engine operates
with low temperature differential. OTEC applications are one example where arawvaipia
Rankine cycles are best suited. In these applicattensientioned above, the source temperature

is in the range of 280°C, while the sink is at€. Some recent papers arated in the literature
regarding ammoniavater Rankine cycle development, Desideri and Bidini (1997), Roy et al.
(2009), Pouraghaie et al. (2010) awhgaret al. (2010). By energy and exergy analyses, and
calcuation of the heat exchangers' surfacdweir results show that evaporation pressure

increases with the source inlet temperature and concentration of ammonia in the heat exchanger.

33



The higher evaporation pressure in turn maximises the thermal and exeffjeiencdes The
ammoniawater Rankine cycle can have a basic configuration or regenerative configuration
(discussed latter within ORC section below) and it can be equipped either with a turbine or with
a positive displacement expander.

The advantage dhe expander is that it can be used to expand irptvaseregion afact
that confers more flexibility of the cycle. One remarkable feature of the aniwaiga cycle is
that the ammonia concentration can be adjusted during the heat engine operatregcthgrasm
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 is a pure stesonto 100% when
the cycle becomgsureammonia Rankine. Thus, ammotiater 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@s 250

Some other configurations of taenmoniawater Rankine cycle are discussed below.

3.3.3.5Kalina Cycle
Kalina cycle is a thermodynamic cycle dge convert thermal energy to mechanical power with
a relatively lower temperature heat source. The Kalina cycle was developed by Aleksamalr Kal
in the late 1970 and early 1980 (Zamfirescu and Dincer, 2008) and then several modifications
have been proposed depending on the various applisaifiba Kalina cycle can be depicted as a
modified Rankine cycleusing a mixture of two different compemnts (ammonia and water) as
working fluid rather than a single pure component like water in Rankine cycle. Kalina et al.
(1986) described that this cycle may show up t# 160 20% higher exergy efficiency than the
conventional Rankine cycle. The ammonian@entration in the fluid imposes a property to
increases the thermodynamic reversibility which achieves a higher thermodynamic effiéiency.
basic configuration of the Kalina cycle is shown in Figure 3.15.

As depicted in the Figure 3.15 ammomiater mixtue is pumped to the generator
through the heat recovery unit. In the generdtgh temperaturandhigh pressure concentrated
vapour develops and flows through the superheater to the turbine. In the turbine this superheated

vapour mixture transfers theaienergy to mechanical work. Fingliyhe low temperature low
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pressure vapour mixture flows back to the abso®ace in the absorbeat a low temperature

and mixedwith aweak solutiorit becoms a concentrated low temperature liquid mixture.
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Figure 3.15 Basic ediguration ofaKalina cycle

The heat recovery potential of Kalina cycles is rather high as compared to usual multi
pressure steam power plaras indicated by Corman et al. (192B)dMartson (1909). Park and
Sontag (1990) showsa case study that the exergy efficiency of Kalina cycle was 15% superior

to steam power cycle. Hettiarachchi (200@d shownthe suitability of applying &Kalina cycle

to low temperature sources.

3.3.3.6Ammonia-Water Trilateral Flash-Rankine Cycle

Another configuration of the ammorma t e r

cycl e

swater fasH Rakine na mmo r

cycl e aype ofdydeds applicable to geothermal power generation or to any other case

when low heat is provided by a heat transfer fluid whicly exchanges sensible heat.igh

cycle allows for the best match of temperature profiles at both sink and source. The cycle

operates witbut boiling in a boiler.Rather, after preheating saturation, the working fluid is

expanded by flashing into thevo-phaseregion using a positive displacement expander to
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generatgower.Scroll or screw expanders are preferred for this type of expasisioethey are
capable of handling two-phase flow.

The trilateral ammoniavater flash Rankine cycle is indicated Figure 3.16 in'Y 0
coordinates; heré represents the heat transferiedhe heat exchangers. Observe the excellent
match between the temperature profiles at source andisialdue to the fact thdlhe cycle has
high exergy efficiency. Foa brine temperaturef 150°C, the exergy efficiency dthis cycle, as
calculated by Zamfirescu and Dincer (2008) has been 30% while that of Kalina was 13% in the

same operating conditions.
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Figure 3.16 Cycle diagram of the trilateral ammenater flash Rankine cycle [mdaid from
Zamfirescu and Dincer (2008)]

3.3.3.7Supercritical Rankine Cycle with Inorganic Fluids

Another method to avoid the pinch point problem is by pressurizing the working fluid till above
the critical pointDuring a heating procesms the constantemperatureegion boiling is avoided

due to the supercritical pressurd@he heat exchanger operates in this case with fluids that
exchange sensible he&tue to the high pressures associated with supercritical ¢cysiesmust
exercise care when seleg a working fluid. This is due to mechanical limitations on materials.
Supercritical water Rankine cycles are gaining popularity as an emerging technolsgy.
example of this application is supercritical water heater as illustratdcikhauri et al. (B05)

and Boehm et al. (2005). Water is pressurized2 MPaor overand then heated over 4@
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(supercritical) The high pressureand temperature allowhis cycle to be applietb large scale
power plantsHowever this cycle is not suitable for low powapplications.

Two possible working fluidsire considered for low power supercritical Rankine cycles
carbon dioxide and organic fluids. Supercritical Rankine cycle must operate at pressures above
75 bar Though this high pressure may cause safety conddiecycle is considered due to the
enhancedheat transfercharacteristicsof the supercritical carbodioxide Yamaguchi et al.

(2006) demonstrated a solaowered Rankine cycle with supercritical carbon dioxade had
calculated an efficiency &5% Many organic fluids were tried for supercriti@aidtranscritical

Rankine cyclessdepictedby Schuster et al. (2010).

3.3.3.80rganic Rankine Cycle
Organic Rankine cycle works on the same principle as that of Rankine cycle. The working fluid
in the fom of liquid is pumped to a boiler where it changes its state to vapeurpasses
through an expansion device and finally condsmsdiquid state. In the ORC however instead
of using water, organic fluid is used as working substance. The advantagegobngsnic fluid
over water is that it has a low boiling temperature which is a prime critiendhe use withany
low grade heat sourc®ue to the low liquid to vapowrolume ratios associated with organic
working fluids, a single stageexpansion dege can be used to convert thermal energy to
mechanical work. Invater fed Rankine cycle a robust turbine is used which requires the
working fluid to be superheated to avoid any condensation drdpletsng during expansign
removing chances for possilllamage to the bladds.an ORC, a compact lowspeed expansion
device may be used which does not requirenthedatorysuperheating of the fluid. This has an
advantage on using low grade heat sources as in some cases superheating hasffadverse
theoverall cycle efficiency.
In an ORC, a large variety of working fluids may be used depending on the operating

condition and théemperature difference between source and $iokvever, the purpose @
ORC focuses on use of low grade heat enefpgat beng said, therganic fluid should have the
following characteristics:

1 Low boiling and freezing point.

1 High stability temperature.
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High heat of vaporisation.

High density.

Low environmental impact.

Safety.

A typical example of externallguppliedheat enme applicationi like an ORC1 is a
bottoming cycle coupled withn ICE. Bombarda et al. (2010) studied the applicatiomath

Kalina and ORC typéeat engines asbottoming cyclecoupled to aliesel ICE andadshown
efficiency improvemets. Miller et al. (2009) coupled an ORC as bottoming cycle to a
thermoelectric power converter. Bradz et al. (2005) developed a heat engine coupled to a
moderate temperature geothermal source. Kane et al. (2003) developed a heat engine driven by
solar radiation. Anotheexample of soladriven heat engine is that of Saitoh et al. (2007) which
uses a scroll expander. Manolakos et al. (2007, 2B88khown the benetis of heat enging

used insystems that generat¢her productsn addition to powe They had integratesh ORC

with a desalination plant. Gu et al. (2008) evaluated an ORC theoretically and experimentally
with low to moderate heat sourcé0-200°C). Their findingswerethat the cycle iselatively
insensitive to source temperature but highensitive toevgoorating pressure. Mago et al. (2008
performedan analysis of regenerative ORC and foundcreasedoerformance ovea simple

ORC.

3.3.4 Comparison of Heat Engines

From the above discussiahcan be concluded that thermal energy can be efficieottyerted

to mechanical workwith a suitable heat engine based anproperly choserappropriate
thermodynamic cycléhat is matched with the hestdurce temperature and capacity. Figure 3.17

had been assembled based on heat engimen u f a ccatalogues ah general literature data
regarding the temperature and power generation range for various heat enginegl®tased

heat engines are found to operate at the highest temperature avditkelefroma Al owo t o
Amedi umo p eustlemoretleprgssures are found to be the highest in Diesel cycle

based engines due to high compression ratios. Otto cycle engines are ranked second in terms of

maximum pressures.
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Gas turbines argypically used for largescalepower generation (typically over 100 RW
and feature arelatively low maximum pressure (typicall§5-20 barg. Stirling and Erisson
engines are applicable for low power range due to their construbiamy based on
reciprocating concept; normally the hot end temperature in these enginasyidyrbelow
90CPC. As wpercritical CQ cycle musemployon compact heat exchangers g@nidne movers.
Due to thehigh pressure and temperature the capacity of these madhiedsnited to
applications requiring less tha®0 kW. The Kalina cyclehas ber determined to beleal for
low power applications in the intermediate capacity rafgethermore, decond limitation on
these machines is due to the tendency of ammonia to decompose at temperatures higher than
250°C. OrganicRankire cycles alsohave hgh temperatureDue to the nature of their molecular
structure, organic working fluids have a tendency to decompose at high tempefatgessc
working fluids have limits to a maximum temperature 4860°C. Until recently, the ORC
technology wasimited from low to intermediate power range covering tb approximately800
kW.
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1600 - Otto r
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5 925 - . :
2& Stirling/Ericson Supercritical CO;
.‘é 700 /
Q ORC Steam
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Figure 3.17Comparative chart of heat engines vagplicable temperature range
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3.40ORC Configurations

The use of arorganic Rankine cycle in small scale power generation reygef a growing
interest sinceabout twenty yearslts advantage of working with low grade heat souheel
convinced researchers tocustheir effortin developng a feasibleand practical application of
small scale power generation. Has already been mentioned inSection 3.1 that low and
moderate temperature thermal energy sources are available as sustaidaeleewablenergy
and waste heat sources can be used for ORC applicdfiogia et al. (2005¢onducteda case
study on industrial waste Aeand pointed out that 40% of the heat usetth@cement industry
was lost in flue gaseJ hese flue gases weae a temperature between 2C5nd 315°C. Hung
(2001) pointed out that due to economicahstraintsthis heat energy is not suitable be
recoveed with traditional steam cyclesDelgadeTorres et al (2010had mentioned that
application of ORC generally deals with the selection of the working flbapptimization of
the ORC unit and analysis fifrther modification inorder toachiee higher thermodynamic and
mechanical efficiency. Analysis @il factors is required tdetermine theptimal configuration
for maximumefficiency.

Saleh et al. (2007) performed a thermodynamic analysis of a number of pure working
fluids with and without supedating There reslis hadshown that the highest efficienciegsere
obtained with fluids ina subcritical cycle with regenerah. A pinch point analysis was
performed in theirstudy and it had shown th#te heat transfer between the source and the
working fluid was thelargest in the super critical region for some fluids dne least for
subcritical fluids with high boiling pointd-hey hadrecommended to dan analysis on mixture
of pure fluids which they bele might give interesting results.

Khennichet al. (2010) analyzed the performance of a Rankine power cycle using R134a
as the working fluid and a finite low temperature (100°C) heat source.hgtsshown that the
net power output and the total conductance of the heat exchangers are functioes of th
evaporation pressure and the pimintsof the heat exchangers. Hettiarachchi et al. (2007) in
their research project considered the rafithetotal heat exchanger area to net power output as
one of the criterion folORC design They haddeterminedthe optimum cycle efficiency by
varying the evaporation and condensation temperatures. Athefgur working fluidsstudied,
theyhadfound that ammonia meets the optimum design critetisriirst Law and second.aw
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efficiencieswere foundlower than tlese obtained with the organic fluid HCFC 123 and n
pentaneln an analytical model of an ORC with R1Exdr et al(1984)had explained thahe
evaporator temperature and the expander efficieweye both important parameters in
optimizing the performarec of an ORC. Theyhad varied the isentropic expander efficiency,
evaporator temperature, and condenser temperailiney had concluded that expander
efficiency was the mostsensitive parameterfor cycle efficiencyin a low temperature ORC

system

3.4.1Basic ORC

The basic ORC configuration identicalto that depicted in Figure 3.18 argltypically used

when the working fluid expands tmthe two-phaseregion. This is the case when the fluid
behaviour is fAregul ar o as @&@amuperofbase ORG cycleish e ab

represented in the-3 diagram for the working fluid R134a.
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Figure 3.18 Basic ORConfigurationswith R134a

Basic ORC configurationsould also operateith expansiorof superheated vapoumto
the superheated region. i$ltasewould require the vapours to lseoled ina condenser. In co
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generation applications this rejected heat has some lusiee degree of superheaif the
expanded working fluid is highhen aregenerative ORC configuration should draployed for

greater efficiency.

3.4.2Regenerative ORC

The configuration ofa regenerative ORC is presented in Figure 3.19. An additional heat
exchanger iplaced into the basiconfigurationand itallows for atransfer of heabetween the

hotter working fluid at theurbine exhaust and the colder liquid at the pump discharge. The term
Aregenerativeo suggests that the Duetathis,iess fAr eg

thermal energy is required from a soutcadrive the cyclesince the preheating ¢ie working

fluid is provided through Aregenerationo.
e
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Figure 3.19 Rgenerative configuration of ORC

Figure 3.20 illustrates the-3 diagram of a regenerative ORC, operating with R184e

compared with the basic cyabperading with the same fluiéis shownn Figure 3.18. The energy
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balance on the regenerative heat exchanger usingnthalpy of the state poin{gigure 3.20
canbewrittenasQ Q Q Q.

Fromathermodynamic point of viewthe regenerative ORC configuration maketot of
senseeven moresowhen the working fluid is retrograde. An example e$ @iagram of ORC
with a retrogradeworking fluid toluene is presented iRigure 3.21 It was assumedhat a
superheated vapour is expanded. Establishing the level of vapour superheating is a matter of
cycle optimization from thermodynamic, fluid mechanics, heat transfer and economic points of
view. The parameters that mustdxrounted for the design are gwirce and sintemperaturs,
the pressure ratio acroise expandeand the pinch point of the heat exchanger. In the design
shown inFigure 3.2] the source temperaturis 320C and it is suggested that cycle operates

with 40°C of superheating.
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Figure 3.2@heT-s diagram of a regenerative ORC with regular working flRiti34a

Another ORC designs shown inFigure 3.22 withtoluene as thevorking fluid and
identical pressurdimits. In this case the hatource tempetare is lower; only300°C and the
degree of superheating is zerbhis resultedsaturated vapoubeing directly expandedThe
expansion ofetrograde fluidsat saturation resultsiperheated vapours at lower pressure.
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3.4.3Supercritical ORC

Another ORC configuration is the supercriti€RC, which operates above the critical miaf

the fluid. The diagram for this configuration is similar to tbaedepicted in Figure 3.28uring

the cycle the working fluid reaches stdyitical points as it isexpandegcooled and condensed

before pressurizing it again. The passage of thking fluid to sub-critical pointsand then to

supercriticapointsj ust i fi es t he-cappdlcladtoi.ve of Atrans
An example of supercritical ORC is illustrated in Figure 328 plotted withthe EES

software This had showrhat ina supercritical ORCthereis no constant temperature profile

during heatingof the working fluid due to thaonexistence of boiling at supercritical pressures.

In the example, R404A kebeen chosen as working fluid. The high pressure in this cycle is 38

bar while the low presure is 13 bar, making a pressure ratio of 2.9 whicipicable to

positive displacement expander$ie temperature profiles match very walbving that there is

reduced exergy destruction a supercritical ORCIn the regenerative heat exchangguinch

pointappears due tihe nonlinear temperature profile of the supercritical fluid.

Working fluid: R404A
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Figure 3.2&Example of a supercritical ORC
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Coupling the ORC to the heat source is one of the main issues regarding a proper design.
Depending on the nature of theat sourcesan appropriate heat exchanger must be selected or
designed to minimize temperature differences famither minimizethe pinch point problem if it
occurs. Several cases may be contemglaseollows:

1 If the heat source is a hot liquid (geetimal brine, waste heat streastc), then a plate
type heat exchangesould be installed between the hot fluid and the working fluid
Anotheroptioncouldbe shell and plate or shell and tube heat exchrange

1 If the heat source is a hot gdkie gasfrom cement or metal foundrythen an extended
surface heat exchangevuldbe usedFinned surfaces could be employed in this case.

1 If the heat source is thermal radiation (concentrated solar radiatien) either the heat
exchanger is constructed in tf@m of a solar receive Another option could be that a
heat transfer f | uitie heahfyom the soldifeeldodo thedORG c ar r y
engine.

Coupling ORC with solar collectors hgseviouslybeen described by Delgadmrres
and GarcieRodriguez(2010) The systenmwas equipped with an external heat transfer loop as
shown in Figure 3.24. In this configuratidhe fluid wassuperheated teomedegree andfter
expansion the fluid remasalin a vapour state. A regenerator is used to preheat thd tteam
thus extrating much heat to increase the efficiency of the cycle.

Several kinds of heat transfer fluidse presentlyavailablefor use in an ORCFor the
low temperature range various heat transfer oils are available. At temperatures ulCtor®0
can use siloxanes as heat transfer fluids. For higher tempeyatanious kinds of molten salts

are recommended.
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Figure 3.24xample of coupling of an ORC tocancentrated solar radiatitveat source

3.4.4Trilatera I-Flash ORC
The concept of trilateral flash Rankine cycle introduced above in Section 3.3.3 with ammonia
water is discussed here again as operating with axganic fluid. Based on the study by
Zamfirescu and Dincer (2008he energy and exergy efficienoy this cycle operating with a
hot brine of 156C is indicated in Table 3.3 forréfrigerantworking fluids

A trilateratflash ORC may bagood alternative ta supercritical ORGor some specific
conditions For examplefrom a technicaland economicapoint of view, a trilateral flash ORC

does not requiresupercriticalpressurs to operate In addition to this, its configuration is of
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A b as i ovbichls simpierand more cost effectivas itwould notrequirea regenerative heat

exchanger.

Table 33 Trilateralflash ORC perform@ace with various working fluids

Parameterl R141b| R123 | R245ca| R21
- % 10 9 9 9
r,% 13 16 16 13

Source: Zamfirescu and Dincer (2008)

3.5 Working Fluids for ORC

In the selection of organic fluid fouse withlow temperatre heat sourcaa ORC heat engines

attention should be given to obtamgher cycle efficiency. Simultaneously safety criteria,

environmentalmpact,cost and availability should also be considered. The important parameters

are as follows:

1

If an ORC isrequired tooperate with dow temperature heat souragorking fluid with
low boiling pointis preferred. However, a velgw boiling point at atmospheric pressure
may require a loveondensing temperature;

A lower freezing point below thieat sinkkempeature is desiretb preven freezing of
the working fluid;

A fluid with relativelylow specific heatapacityshould be used toffsetthe possibility
of condenser overloaut;

At high pressure and high temperature orgamarking fluids usually suffer fom
chemical deteriorations and decompositions. This factor should be considered during
working fluid selection;

A working fluid with a high latent heabf vaporization can absorb more heat during
evaporation.Thereforea fluid with high latent heabf vapaization is preferred to
enhancéeatrecovery and by extension further in@gedhe efficiency of the system;

In selection ofa working fluid, Ozone Depletion Potential (ODP) a@dobal Warming
Potential (GWP) rating of theorking fluidsshould be consgted;

A fluid with low toxicity is required.
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Table 3.4 Physical, safety and enviramtal data of working fluisl

Substance | Mol. mass| Ty, Tert Per Safety data Atm. life time, | ODP | GWP
(kg/Kmol) | 3) | 3) | (MPa) | ASHRAE (yr) (100 yrn)
RC318 200.03 -6.0 | 115.2| 2.778 | Al 3200 0 10,250
R600a 58.12 -11.7| 135 | 3.647 | A3 0.019 0 ~20
R114 170.92 3.6 145.7] 3.289 | Al 300 1.000| 10,040
R600 58.12 -0.5 | 152 | 3.796 | A3 0.018 0 ~20
R601 72.15 36.1 | 196.5| 3.364 | - 0.01 0 ~20
R113 187.38 47.6 | 214.1| 3.439 | Al 85 1.000| 6130
Cyclohexane 84.16 80.7 | 280.5| 4.075 | A3 N/A N/A | N/A
R290 44.10 -42.1| 96.68| 4.247 | A3 0.041 0 ~20
R407c 86.20 -43.6| 86.79| 4.597 | Al N/A 0 1800
R32 52.02 -51.7| 7811 | 5.784 | A2 4.9 0 675
R500 99.30 -33.6| 105.5| 4455 | Al N/A 0.738| 8100
R152a 66.05 -24.0| 113.3| 4.520 | A2 1.4 0 124
R717 17.03 -33.3| 132.3| 11.333| B2 0.01 0 <1
Ethanol 46.07 78.4 | 240.8| 6.148 | N/A N/A N/A | N/A
Methanol 32.04 64.4 | 240.2| 8.104 | N/A N/A N/A | N/A
R718 10.2 100 | 374 | 22.064| Al N/A 0 <1
R134a 102.03 -26.1| 101 | 4.059 | Al 14.0 0 1430
R12 120.91 -29.8| 112 4114 | A1 100 1.000| 10890
R123 152.93 27.8 | 183.7| 3.668 | B1 1.3 0.020| 77
R141b 116.95 32.0 | 204.2| 4.249 | N/A 9.3 0.120| 725

Source: Tchanche et al. (2008YA: nonavailable;Ty,: normal boiling point T, critical temperature;

P critical pressure; ODP: ozone depletion potential, relative to R11; GWP: global warming potential.

Tchanche et al. (2008) performed reseancthe area of working fluid $ection for low
temperature OR€and listed20 suitable fluids these are showmable 3.3The selection and/or
sizing of theexpander is very much related to the properties of the working fluid as detailed by
Fraas (1982). Mago et al. (2007, 20080 contudedthat theincreasedlegree of superheating
of retrograde working fluids leads &alecreasén cycle efficiency.

Attention must be paiduring theselecton of the equation state of the working fluid for
design, optimization and modeling purpesd the ORC This is due to theccuracy of its

predictionsbeingvery importantduring operation inthe two-phaseregionand close to the two
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phase region. Expansion of complex molecular fluid in the vicinity of the vapour saturation
curve can lead to the oatence of noflinear gasdynamic phenomenalhese includeshock
formationandexpansion waves. Zamfirescu et al. (2008) demonstrated the existence of a special
gasdynamic regionof dense gases of some orgamiorking fluids where weak shocks may
occur inexpanding flowaundersome conditioa These processes may affect the design of the
expanderand the rational selection of the operating condition for the expansion process as

commented in Colonna et al. (2008).

3.6 Expanders

In anORC heat engingtheexpansion device is the most important component of the cycle. The
performanceand efficiencyof the cycle strongly depend on the expand&wnsequently, this
correlats with working fluid, operating conditions, and heat source characteristics. Expanders
are broadly divided into two categories: turbmachines and positive displacement machines.
Quoilin (2007) and Quoilin et al. (2016jd demonstrateithatthe use opositive displacement
expanders wereadvantageouscompared toturbomachines foruse in low temperature
applications. Héhad illustratedhatdue to theperformance criterigurbomachineshouldhave

high tip speesl compared tsmaller positive displacement machines like scroll machines.

In order to havecomparativeperformancea smaller turbonezhine needs to rotate at
much higher speadThis islikely to generate high mechanical stress, higher bearing friction and
require additional reduction gearingung (1997) described that turbomachines halatively
low pressure rat®per expansionstage whereas positive displacement machicmsdd be built
with much higher pressure ragiper stage. Alsopositive displacement machines were found to
be much more resistant to operate in the-pliase region. This would allow the expansion into
the twophase regionPositive displacement machines also available in a wide variety of
typesfor use as a compressor. Among them are: reciprocating, rolling @istbrotating vane.
Additionally, a msitive displacement compressoperating in reversean function as an

expander.
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3.7 Scroll Expander

The scroll compressawas first developed in 1905t consists of two identical intermeshing
spiral elements placed in a drdike, air-tight chamber with a phase difference of 180ne of
thescrollsis rigidly attached to the drum, while the other one orbits within it during operation. In
a compression modé¢his orbiting motion performs the function of trapping, compressing and
discharging of the fluid between the scrolls. A rotor shaft is attached tmakiang scroll to
couple the machine either to a motor or to a generét@ set orbiting position of the moving
scroll is maintained by a special device knowiii@klham coupling. With the movement of the
inner scrol] the outer periphery forms a liné contact with the fixed scroll forming a crescent
shaped pocket. This pocket acts asdénty of a positive displacement compressor. The size of
the cavitywould depend purelgn the geometry of the scroll wraps.

During operation as a compressor, lovegsure gas enters and fills the pockets to start
the first orbit. With the rotation of the drive shaft the orbiting scroll closes the pair of pockets at
the completion of the first orbit. As the first orbit ends, the first pair of pockets moves inward
andthe ends of the scrofitart openingagainto allow a fresh intake of ga¥he second orbit
moves the gas pockets inwardecreasingts volumeand consequentlycreasingts pressure.

The third orbit further reduces the volume of the gas and finalpkisréhe inner tip contacts and
dischargsthe compressed vapour through the centre discharge port. This completes one cycle of
operation.

The operation of the scroll expander is described with the help of Figure 3.23. The high
pressure gas entefsrough gport inthe scroll centre. This high pressure gas generates forces on
the scroll vanesvhich translatesnto torque and producesn orbiting movement. The orbiting
scroll with the movement transfers the gas to two adjacent vanes amsltfasnsymmetrical
pockets. The trggedgas further expang#rcing the orbiting scroll to move around the centre of
the fixed scroll thus transmitting the rotating motion to an eccentric shaft. The pockets finally
breakup at the periphery of the scroll and discharge thinothhe exhaust port. Several pairs of
symmetrical pockets of increasing volumesexdst at any time during the expander operation.
The number of pockets pair is dictated by the scroll rolling angle. In the example from Figure

3.25 the rolling anglas takenasyf' , thus 4 symmetrical pockets can coexist at the same time.
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Figure 3.25 Scroll expandeperations

Scroll geometry is one of the key components affectingtfigency ofscroll machins.
The builtin volume ratio which is an important parametesanoll machine operation depends
on the scroll geometngcroll geometry is defined with the following parameters:
1 1, orbiting angle.
i , radius of the basic circle of the scroll.
"Q height of scroll vanes.
Uo,o initial angle of the outer involat

dio, initial angle of the inner involute.
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1 Uosstarting angle of the outer involute.
1 JUisstarting angle of the inner involute.
The orbiting angle describes the number of tuhe the orbiting scrollmust dofor a
complete cycle of compression or exigion.The huilt-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.bIhein volume ratio is the most important
paraméer of scroll machine because it directly influencesadeacity and operation ofszroll
machine.
Ideally, the two halves of a scroll compressor remain perfectly in contact as they rotate.
In reality, it is not practical to machine them accurately etotay this to be the cas®ue to
required toleranceghereremainsa narrow gap. Typically the gap approximatelyone micron
across That may be increased by weawer timeand poor machininglt is known that if it
reaches around eight microns, the poessor becomes usele$tere aregwo types of bypass
flow (in the form of leakagedhat occur in a scroll expander: radial and axial. Radial leakage
manifeststself between adjoining flanks of the vanes whereas axial leakage occurs between the
vane tipandthe base plate of thepposite scroll This is illustrated inFigure 3.26. The gas
leakage occurs frorie higher pressure side tbelower pressure siddirectingthe flow toward
the discharge side. The existence ofpags flow decreases the nenhgeted power by the
expander.

Axial leakage Radial leakage
Leakage «q—

\\\ % Leakage flow

-+
Low &ap Orbiting
pressure Leakage scroll
cavity flow
N N \/’ —>
;\\\\\\\\\\\\\\\\\\N ngh pressure Fixed scroll
cavity

Figure 3.26 Bypasgleakage)lows in scroll expander
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Scroll expanders wa numerous advantages, namely

More efficient over their entire operating range

Operate at lower sound and vibration levels than traditiomapoessors

Fewer moving parts

Ability to start under any system load, with@ssistance during starting

Easy to service and maintain due to their compact leghe weight,andsimpledesign
No complex internal suction and discharge valves

Quieter operabn and higher reliabilitylue to fewer moving parts

Sincehigh pressure gas exerts pressure in all diregtangentially, radial and axially

therequirement for axial bearing is omitted.
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CHAPTER 4: EXPERIMENTAL SYSTEMS

4.1 Introduction

Refrigeraton scroll compressor®perating, geometrical and performance parameteese
specifiedin differentma n u f a ccatalogue Tw® sinits are procured and modified to act as
expanders. For each expander a specific test beashdesigne@nd built to determia their
performance through measurements. Eventually, one of the expavaert® beincorporated
into aspecially designed ORC test bendie aim to determine expander performance and ORC
system performanceunder various operating conditions. In this g@hter, illustrations of the
experimental systems, theomponents, the measuring equipmemd the experimental

proceduresire presented

4.2 Selection othe Scroll Machine
An extensive searchhrough catalogues forefrigeration scrollcompress@ from vaious
manufacturersvas performed The purpose of this was identify appropriate units thabuld
operate in reverse as expant@ruse in an ORCThe power rangdor the scope of the present
work is set to 15 kW electric. Theange of manufacturers waarrowed down to 5 choices
Copeland, Bristol, Hitachi, Sanyo, Bitzer. Several critevere identified and applied for the
selection of the compressor tyf#ome of which were:
1 Source temperaturerange
The experimental investigation e berestrictedto lower than 200°C temperature range for
two reasonsHrstly, the majority of renewable sources are below this temperaBandly
at lower temperaturg there are fewer mechanical problems concerned with thermal
expansion Finally, one must safeguaedjainst thepossibility of oil and refrigerant thermal
decomposition.
1 Appropriate pressure ratio
In expander operatigrnthe pressure rationust belower thanin compressr operation
Precautionmust be takerio ensure that the work output from the exparndereasonably

sufficient.
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1 Maximum pressure into the system

Maximum pressure must be lower thanbe lower tha®000kPafor tubesafety andbetter
structural integrity.

1 Built-in volume ratio

Since the builin volume ratio affects the expansion pregeit should be chosen such that

the ORC condensation temperature is higher than the sink temperature to ensure heat
transfer.

1 Ability to modify

It should be easily modifiable to an expander.

1 Motor type

A motor capable of working as a generator in reveqgeration is preferred.

1 Oil circuit

Lubricationsystemworking in revers®peration is required.

1 Refrigerant type

The vapour pressure at standard temperature, the normal boiling point, the critical pressure
and temperature, the Ozone Depleting Poter(t@DP), the Global Warming Potential
(GWP), the flammability and toxicitgf the working fluidshould all be considered for each
potential working fluid.

1 Cost criterion

It should beeffective and easily available.

The main characteristics of the selecteblbcompressors are indicated on Table 4.1.
Basedorper f or mance characteristics of the compre
compressors havieeen analyzed in light of selectiofhe following parameters are the most
important for determinig the characteristics of the scroll unithese arg¢he temperatures of
evaporation, condensation, vapour superheating and liquidaalimg, mass flow rate, electric
power consumption, angular velocity and the displaced volume (given®imfcgas pockett
suction per shaft revolution). The displaced volume has been determined from the displacement
(i.e., volumetric flow rate at suction in nominal conditions, see in Tablethelhominal turning

speedNTS) and according to
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w QT — (4.1)

wherea is thevolumetric flow rate ifr’/s).

Table 4.1 Selected scroll compressor uaitd their main characteristics

Manu Model Type Motor Refrige | Displace Pressurd,kPg | Pressure
facturer Power,(W) | Type rant | ment( m¥h) | High [ Low Ratio
Bristol H20R483DBE | H 4150 TFI | R22 13.60 2149 | 626 3.4
Copeland| ZFO6K4EPFV | H 1730 SFI | R404A 7.14 2540 | 267 9.5
Hitachi G300DL H 3750 TFI | R407C 9.87 2461 | 710 3.5
Sanyo C-SBN303LBA | H 4450 TFI R404A 14.02 2313 443 5.2
Bitzer ECH209Y-02G | SH 1500 TFI R134A 6.21 1471 377 3.9

SFI=singlephase induction motor; TFI=thrgghase induction motor; H=hermetic; SH=sdmrmetic.

The nominal thermodynamic cycle ks diagram for each unis generated with EES
software (Klein, 2010). Td higher and lower pressures in the systegne calculated based on
the condensation and evaporatitemperatures,respectively. The flow enthalpy at the
compressor dischargga ppr oxi mat ed based on energy bal anc
Af lsuiiddeo wri t:ten as foll ows
wea QO 1Q 4.2
whered is the mass flow ratéQis the enthaligs atstate 1(suctior) andstate 2(dischargg
Based on enthalpy and pressure at discharge, the temperature and the specific entropy are
determined with EE®Yy solving tle equations of state for each fluid. The volume ratio has been

determined for each caas the ratio of specific volumes at suctimdischarge according 1o
wyY — 4.3

The volume ratio in nominal conditions is an approximation of thk-louvolume ratio which is
the geometrical characteristic of positive displacement machines that defines their operation as

both acompressor andnexpander.
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Figure 4.1 Performance parameters argldiagram oBristol H20R483DBE scroll compressor

in nominal operation conditions
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Figure 4.2 Performance parameters @rgldiagram ofCopeland ZFO6K4EFV scroll

compressor in nominal operation conditions.
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Figure 4.3 Performance parameters argldiagranof Hitachi G300DL scroll compressor in

nomind operation conditions
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Figure 4.4 Performance parameters @rgldiagranof Sanyo CSBN303LBA scroll compressor

in nominal operation conditions.
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Figure 4.5 Performance parameters argldiagranof Bitzer ECH209Y¥02G scroll compressor

in nominal opeation conditions

Figures 4.1 to 4.5 present the calculated thermodynamic aykckeselected scroll units
in T-s coordinatesThe determined nominal volume ratio is indicated on each diagram. As seen
in these figures, the temperature at the compregisshargevaries from 96C -12(°C. This
temperature imposdle maximum temperature in the OR@h no significant modificationsf
the unitd sdesign. Since scroll units in the air conditioning industry can handle higher
temperatures, the test units shobkl chosen from therénother observation is the range of
volume rati®, which varied from 2.8 to 5.8. This range is reasonable fochbhsenmachine to
operate in reverse assingle stage expander fanORC. This facilitates the design of a compact
organic Rankine power genert system

The selected units afeom Bristol and Bitzer. These units haapproximately thesame
range of pressure and volume rafidne Bristol one hasa power rating 300% greater than the
Bitzer unit. This selectiorallows for testing at lower and higher power rasgéth units having
similar characteristics. Recall that the power range for the present investigation is.8é5.60 1

kW. Table 4.1depicts thathe Bristol unit is hermetic, while the Bitzer one is sémimetc.
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Moreover, the Bitzer unit incorporates a permanent magnet motor which can be reversed to work

as generatoilhesefactsarean excellent advantage with regardstexperimental design.

4.3 Modifications of theSelectedScroll Units for Operation as an Expander
The hermetic Bristol H20R483DBIE carefully cut to remove the check valve and to gain access
to theoutputshaft. The stator of the electric drigemovedbecausét is notrequired to operate
the unit in expander modd&he expander in thisnodified versionlater incorporatedon a
dynamometer bench.

A cut-awayview of Bristol scroll compressor with major components labaBeshown
in Figure 4.6. The scroll unit is located in the top portion of the shell. The fixed scroll is rigidly
attachedo the shell while the meshing orbiting scriglfitted to an eccentric shaft. The motor is
bottom mounted and the rotor of the motor is shfitikd to the shaft.On the other hanthe
stator isattached to the shell wall by compressiitiing. The shaft is supported by two bearings,
one is in the crank case and the other is below the motor. The crankshaft tratsmiteta the

orbiting scroll from tle electrical motor.

Discharge plenum

Check valve

Discharge tube

Pressure relief valve\{

Fixed scroll  ——  __|

Thermal valve

Head cut here

Slider block
Orbiting scroll  =————— L —
.z,
2 — Crankcase
Terminal cover
Power terminal
Counter weight
- f— RoOtOr
Eccentric shaft —] L\
e — Stator
[~ shell
lower bearing rin,
p— g ring
Lowerbearing __ el

\

Oil tube

Thrust washer

Figure 4.6 Cuawayview of the hermeti Bristol H20R483DBE compressor
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Pressure relief valve

By
Intake T | ""-’!( ,

port

Wire inserted to lock
the check valve in
open position

Figure 4.7End cap of the Bristol unit showing tdesplacement of the check valve

Figure 4.8illustrates top and bottom view of tiseroll unit The scroll wrapandthe intake port
arevisible in the top view In the bottomview, thejournal bearings visible where the motor
shaft is insertedh the bushng of the orbiting scroll in an eccentric positiofhe eccentric shaft
which drives the orbiting scroll is shown in Figure 4.9.

Top view Bottom view

Intake port Scroll wrap Journal bearing Orbiting scroll bush

Figure 4.8Top and bottom view of Bristol scroll unit
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h

Figure 4.9 Ecentric shaft wih rotor of Bristol scroll unit

Thegeometrical dimensions of the scroll wi@pickness, height, pitch and rolling angle
aremeaured. Based on these parameters all the geometrical characteristics of the scroll unit can
be calculatedThe geometrical parameters are further useddtoulationof the builtin volume
ratio and the leakage pathighese are botimportant quantities fathe thermodynamic modeling

of the expander.

Table 4.2 Measured geometric dimensions of the Bisstol wrap.

Parameter Symbol | Measured value
Height of the scroll wrap h 29 mm
Thickness of the scroll wra| 3 mm
Scroll pitch p 16 mm
Rolling angle . u

The cutawayview of the Bitzer scroll unit ishownin Figure 4.10This unitis designed
for air conditioning applications vehicles. It alsoncludes a low voltage motor with 26 DC
power suply. A permanent magnet motor is incorporated in the same housing as the scroll unit
There is als@n electronic block whichasan inverterthat convers the DC currentinto three

phaseAC current This is requiredo drive theunit when it isin compresor modeln expander
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mode operation, a thrgghaseAC currentis generatd as the shaft rotates and the inverter plays

the role of a rectifier to transform t#e&C current toDC current.

Gas  Seroll Gas Three-phase permanent
inlet unit  Bearing  outlet magnet reversible electric 3D-View
port T machine
I |
e 4
a9

Seale:

A e ¥ Electrical
Shaft Bearing leads

Intake
port

Discharge Electronic
port block

Figure 4.11 Side view d@itzer ECH209¥02G scroll unit
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The Bitzer scroll unit is shown in Figure 4.11. The check valve of the Bitzerisunit

turned aside as indicated in Figure 4.12 in order to let the unit to opsrateexpander.

Check valve
displaced

Intake port

Gasket channel

Figure 4.12 End view of the Bitzer unit showing theplacement of check valve

4.4 ExpanderDynamometer Experimental System

The first experimental system used within this work is the expathdemometer test bench
depicted inFigure 4.13. The objectivef ahis system is totest expanderoperation with
compresseair. The reason of usingpmpressoair in expander testing ihatrunning the tests

in open loop system iedsy ® adjust pressure ratio with the help of a forward pressure
regulator. Moreowe air is a substance with well known thermodynamic propestieeh for the
range of experimental conditiomsin beassumedo behave close to ideal gas. Tligreases
both simplicity and accuracin experimental data processing. Testing low power pesit
displacement machines with compressed air in open loops is a common practice (see Prins and
Zaytsev, 2001). One practical problem with opemltesting systenmas been identifieds that

of lubrication system. The normal lubrication system has beasedbecause of modification.

In the present experimental systeitme lubrication is performed by splashing oil generously to
the moving components before each run.
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Figure 4.13 Expandetynamometer test bench diagram.

The conceived test bench is simple comprises a commercially available dry air
cylinder compressed td90 atm and containsapproximately80 standard cubic meters of air.
This quantity of compressed air is sufficient for runnlaf-scaletests with small expander
units The pressure grilator allows forthe settingof the operating pressure at which the test is
performed Sincethe fact that the expander discharg@she openatmospherepne can obtain
the desire pressure ratio for testihg adjusting the upper pressuiehe flow rateof air is
measurediy a Rotameter (which typically gives the readingsliter per minute). In order to
accuratelydetermine the mass flow rate of air, pressure measurements are performed before and
after the flow meterFinally, the temperature of air imeasuredat the discharge with a
thermocouple Based on the average pressure over the flowmeter and the air tempeaiature,
density is determinedVass flow rate is calculated by multiplying density and volumetric flow
rate.The expander shaft is couplemlasimpledynamometer to determine the torgyenerated.

The rotational speedf the shaft is measured RPMwith atachometerBased on theotational
speedand the torque, the shaft powerdstermined.The mass flow rate, upper and lower
pressure, r@ad the gas temperature measurements allow for the computation of the power
delivered by the gas. Tough comparison of the power generated at the shaft and the power

produced by the gas, the expander efficieoag be determinedlhe experimental system is
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versatile and allow for testing over a good range of conditions. A picture of this experimental

system is shown in Figure 4.14

Figure 4.14 Expandaetynamometer test benctiont and side view.

The dynamometer is constructed with a set of linkages @ brake pad to apply
controllable brake load on the shaft of the expander unit. The brake pad is made of rubber and
affixed on a pivoted lever. Attached to the lever a weighing scalesiionedn such a way that
its spring can apply tension loadtte lever.

This expanderdynamometer system is set up to determine the torque with the applied
load on the expander shaft as shown in Figure 4.15. The reactionfooaa be calglated by

taking the moment as
Y @Al O (llemPY O — (4.4
where’'O=m g, therefore

Y  4C — (4.5
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Figure 4.15 Dynamometer load distribution.

The coefficient of friction of the rubber pad in aluminumsurface was measuredth

aninclined planeThis inclined planés presented ifrigure 4.16.

aluminum

W -
Coefficient of friction
tan’ =1.04+6.46x107?

Figure 4.16 Coefficient dfiction measurement experiment

A piece of rubber from the same material as used in the brake shoe is attached to a piece
of iron bar of 0.25 kg and placed in aluminum channel with a sliding surface of one mater
length. The inclination of the channel is then slowly increased from the horizontal position till
the piece of rubber started to slide. At this position the gravitational component is just equal to

the resstive force of friction and can be writtais "Oi 0, whereN is the normal force on the
inclined plane. The force balanisawritten as

Wi — woéi — (4.6)
where e 0 @ ¢,—the coefficient of friction. The determined value ©fis foundto be

approximatelyl.04. A detailed view of the dynamometer setting is shown in Figure 4.17.
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Figure 4.1Dynamaneter setting in expander shaft

The main steps followed to conduct an experimental run are:

Fully openthe flow meter control valve.
While theline flow control valves fully closed operedthe cylinder supply valve slowly
to achieve a desired regulated pressure.

1 Theinline flow control valve is then openstbwly to start the scroll expandand
placed at full open position.

1 With expander running theotational speed iRPM is measured first with no
dynamometer load and then with application of braking loads.

9 Braking load is applied with varying magnitude and in each case after stabilization of

shaftrotational speedata recorded.

4.5 ExpanderGenerator Experimental System

The second experimental system developed inwoik is an expender generator test bench,
where a scroll expander turns an electric generator that is connected to an adjustabl@ electric
load. As shown inFigure 4.18 the system is similar to the previoegpanderdynamometer
setup The differenceis that, instead of measuring expander output by a dynamopmbier
system facilitates the measurement of output power by theilbhgénerator output driven by the

expander.
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Figure 4.18 Expandeagenerator test bench.

A 3-phase generator was chosen because it is veosatile with respect to RRMrque
characteristis However, the output of a thrgdase generator is not easy to measure with
regular electric insuments ultimeter). The reason of this is due to the fact thatftequency
of the generated ACurrent is proportional to the RPI8inceammeers are calibrated to 60 Hz
their measurementapability with variable frequencies is not accurate. It wasddd to rectify
the AC current andtake the electrical measurements DC. As indicated in Figure 4.18 a
rectifier is included in the experimental system. The electrical load is of resistiveakthd
adjustable in steps with switches. A simpl€ ammeter and voltmeter areonnectedn the loop
to determine the electric power. Moreover, the measured voltage is proportional to the RPM.
Knowing the manufacturer characteristics of the geneiratspecially its nominal voltage and
RPM1 one can approximate trectual RPM through voltage measuremeRtem these data,
the torque generated can be determiniRdgarding the measurements on fitkas si deo
procedure is same as that previously descriBel.s ed on t he power determ
si de o aad s,ihe éffeciencyrof the expander is calculat8thcethe test bench allows
for conducting experiments for a range of operating conditiansomprehensive expander
investigationcan be completed.

In this experimentalsetup, Bitzer ECH209¥02G expadergenerator unit has been
incorporatedo the system. By compressed air is supplied through the hose and via the flow

meter to the expander. The procedures followed are:
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1 The inline valve was opened at the desired pressure. The effect of this werethat
expander started to turn immediately.

1 Whenthe pressure and flow rate appeared to be stéaelgletric lamp switchwas
turned on to applgloadto the system.

1 With this configuration voltage, current, fluid flow, pressure and temperatne

recaded.

4.6 ORCBenchExperimental System

The third experimental system is the ORC test beleghictedin Figure 4.19. The test bench is a
closed loop configuration comprising an expander, an air cooled condenser, a compressor, a
boiler andotherauxiliary components. The compressoraiseciprocating type for refrigeration
application capable to operate with high pressure ratio and high discharge pressure. Such
previsions are taken to have wide flexibility in adjusting the operating parameters during
experments.

The heater is a radiant electric heater and composed of six heating elements connected in
parallel to operate individually through switches. The heater is designed to operate nandially
to adjust the fluid temperature up to 200 The reasonbehind this is to simulate low
temperature heat sources that can be obtained from renewable or waste heat sources.

There are two bypass lines; one is in the liquid side and the other is in the vapour side.
The liquid side throttle valve imstalled to manipulate flow rate through heater and expander.
The vapour bypass line has the ability to completely isolate the expander and the installed
throttle valve can act as an expansion valve in the cycle.

A number of thermocouple probes, fouregpsure gauges and a liquid flow meter are
installed within the system as shown in the process and instrumentation diagram (Figure 4.19). A
fluid filter dryer is also placed within the system goeventany solid material incidentally
present during testemch construction. A data acquisition system is used to record the

temperature and flow meter reading during operation.
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Figure 4.19 ORC test bench.
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Figure 4.20 Electrical measuremeircuitsfor the ORC test bench.

The expander of the ORC systesrcoupled to an electric generator. The measurement of
the electric generatayutputsis extremely important for the experimental investigatiohis is
becausehe electric power is thdesiredoutput of the heat engine. The electrical diagram and
electrical measurements are indicated in Figure 4.20. The-fiivage current is rectified and a
resistive load is connected to tB€ circuit. Thevoltagepotential and current are measured to
determine the power. Optionally, the current can be measured fopkasé IinAC. circuit (4,

I, 13 in Figure 4.20) and the voltage can be measured between every two phasés, (V).
Sincethe focus of the experiments with the ORC test bench is on the expander performance,
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valuable information can be drawn withgeeds to the overall OR®peration. In this
configuration theBitzer ECH209¥02G expandegeneratoiis foundas asuitablecandidate for

the test bench.
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Figure 4.21Photograplof the ORC experimental systgifnont view).

Figure 4.22 Rotographof the ORC experimental systgside view.
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