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Abstract

Solar energy has been actively used to drive cooling cycles for domestic and industrial
applications, especially in remote areas with a lack of electricity supply for running
conventional refrigeration or agonditioning systems. A number of solar cooling
technologieexists but their market penetration level is relatively low due to the high capital
costs involved and a long pdémack period. Extensive R & D activities are underway at
Universities and industrial companies across many countries to imgpev®rmance and
reduce capital and running costs of solar cooling systems.

Systems based on applicatioh a liquid piston converter for solar water pumping and
dynamic water desalination have been developed at Northumbria University. Some
preliminary wok has been completed on the development of a new solar cooling system built
around the above fluid piston converter. In this wahle task is to experimentally and
numerically investigate performanas the solar cooling system with thituid piston
converter. The developed theoretical model then can be used for determination of its rational
design parameters.

Experimental tests were conducted in the Energy Laboratory of the Faculty. The test rig
consisted of a solar simulator and evacuated tube solar cqlleatgiedto the liquid piston
converters equipped with a heat exchanger. Three different configurations of the solar
cooling unit were tested and a data acquisition system with pressure, temperature and liquid
piston displacement sensors was used to evaluate the experimental performdahee on

cooling capacity.




In the theoretical part of the stydiie thermodynamic model of the solar cooling system was
developed. In the calculation schertltee system was split into a number of control volumes
and ordinary differential equations of energy analssnconservation were used to describe
mass and heat transfer in each such volume. The system of ordinary equations then was
solved numerically in MATLAB/Simulink environment and information on the variations of
pressure and temperatures in the contralwmas of the system over the cycle were obtained.
Calibration of the mathematical model with the use of experimental data demonstrated that
the model predicts the performance of the system with accuracy acceptable for engineering
purposes.

Experimental inestigations showed that laboratory prototypes of the system demonstrate a
stable operation during the tests with an amplitude and frequency of liquid piston
oscillations being about 4 cm and 3 Hz, respectively. The reduction in the air temperature

in the cooling space was about 1 and 2 K, compared to the ambient temperature. The
cooling effect increases with the raise in the heat input into the solar collector and in the flow
rate of cooling water. The developed mathematical model of the syssaonibds the
pressure variation in the cycle, amplitude and frequency of oscillation of pistons with a level
accuracy sufficient for performing engineering design calculations.

Overall, both experimental and theoretical investigations confirm that thesnsyst
demonstates a capacity to produce a cooling effeith utilisation of solar energy. However

further R & D is required to enhance its performance.
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Chapter 1 Introduction

Chapter 1 Introduction

Solar energy is one of the most important clean sources of renewable energy, which can be
used to produceelectricity, heating or cooling indoorstc. Seitz and Hite [1ptatethat the
Earth receives energgver a one yeaperiod which is equato about ten times of that
reservedn the form of all fossil fued and uranium. Hassan et 2] highlight that the total
amount of solar energy reachitite Earth’s surface is mudgreater than the global energy
demandon the planeover a yeaperiod The energyate incoming from the is 82 10"

W and this valués about 5200 times greater than the overall ens¥gyirement of the world
wasin 2006[2]. In addition,the International Energy Agency (IEA) reported that, in 2010,
the world’s total final energy consumption waé#, million tonnes of oil equivalent (Mtoe)
or 363 ExajoulesEd [3, 4]. In 2011, the International Energy Outlook predicted that the
world’s energy consumption expected to rise from 533 EJ in 2008 to 812 EJ ifb20B3e
growth of energy demand which takes placecountries outside of the Organization for
Economic Cooperation and Development (I@BED) from 2008 to 203%s 85%, while the
15% growth occurs inthe OECD countriesBased orthe report isuedby the Renewable
Energy Policy Network for the 21st Century, currerdlyout 81% of the world’s energy
consumption is satisfiely usingfossil fuels while 16%comesfrom renewable sources and
the remaindercovered bynuclearenergy as demonstrateith Figure 1.1 The report shows
that renewable energy replaciessil and nuclear fuels in sommearket sectorsincluding

power production, heating and cooling, and ruralgitl energy servicel®].
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Figurel.1 Renewable energy and the global final energy consumption, 2009 [5]
Solar energy iextensively used to heat indoors or domestic water by using solar collectors
which receive the sunlight by reflection fromirrors or leses on the absorption surfacef
apipecarrying fluid. Whilst the fluid (mainly wate} passes through the pipe it is headed
sometimes changes its phase to steam which can be used in heating applicdtioesef)y
has also been usedor the cooling purposes bgctuatingcooling cycles for two main
purposes. The first is to provide refrigeration which can be used in applications such as in the
food and pharmaceutical industries, especiatiythe remote places where there is a lack of
electricity. Secondly, it may be used in-aonditioning systems to provideliving comfort
in areas wherehe climate is todot or/and humid(the subSahara and tropical regior$].
The use of solar energy fooolingin some particular places is sufficiamhich makesthis
source of energy vemttractive for govenment or private sector invesents [7].

Although several types of solar cooling systemghaeen proven to be feasible, their
market penetratiotevel is relatively low due to the high capital cost, long-pagk period
and low coefficient of performance when compai@the conventional vapour compression
cycles Figure 1.2 shows the coefficient of performance of different kind of the solar thermal

cooling systems as a function of the heat source temperature.
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Figurel.2 COP as a function of heat source temperature [8]

1.1 Problem Statement

Extensive R & D activities are underway at a number of universities and industrial companies
to reduce the capital and running costs of solar desalination systems. Operational principles
of the systems for solar water pumping and dynamic water desalination test rigs were
developed and built at Northumbria University and described previously in a number of
paperd9]. These systems are built around the fluid piston converter with a simple design and
made of lowcost materials. In the water pump and desalination systems, the fluid piston
converter works as an engine driven by solar thermal energy accumulated pjate or
evacuated tube collectors. Such the test rig contains solar evacuated tube collector to heat an
evaporator. In addition, it contains condenser and fluid piston engine as shown in Figure 1.3.
The solar collector receives heat from a solar satoulcontained 110 halogen floodlight, and

uses this energy to evaporate water. The produced steam drives the fluid piston engine which

actuates the circulation pump and increases the vaporisation process [9].




Chapter 1 Introduction

Figurel.3 Schematic diagram of dynamic solar desalination unit [9]
If in a design the fluid piston is driven using an external source of energy without heat input
then such a converter works as a cooling device. In this study, the solar fluid piston
converter/engine is coupled to the cooling unit and the fluid piston of the latter is driven by
the solar fluid piston converter/engine. The resulting effect is producing of a cooling effect
using solar energy. The task in this study was to investigate operation of such the system
theoretically and experimentally. For this, therthodynamic model, consisting of a system
of ordinary differential equations, was developed in MATLAB/Simulink environment to
simulate the operation of this thermal aosillation system. Experimentally, tests have
been conducted on the developed tesgt in the Energy Laboratory of the Faculty.
Experimental facilities allow estimating the instantaneous parameters of the cycle in the
engine and cooling machine sides (pressures and temperatures) and also the cooling effect.
The obtained experimental dataasvused to evaluate the accurateness of the developed

mathematical model and for its improvement.
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1.2 Aims and Objectives

The overall aim of this research is to butlie design of a novel solar cooling ubésed on a
fluid piston converter and create its accurate mathematical model.
The main objectives of this research can be summarised as follows:
x To accomplish a comprehensive literature review related to the different types of the
solar thermal drivegooling system$o analyse the statd-art in thefield.
x Develop the mathematical model of the solar cooling system tvéhgoverning
equationsdescribing energy transfer processeth@éphysical model.
x Develop acomputer programmein the Simulink/Matlab environment to solve
equations of the mathemnzal model and simulate the performance of the unit.
X To build the test rig of the proposed system and acquire experimdatalon the
performance of the unit to validate the simulation results.
X To perform a parametric analysis in order to deterrtiealesign parameters which
havesignificant effec$ on the operation performance of tbeoling unit and define

their values.

1.3 Contribution to knowledge

This research is an investigation of the working process of a novelsrall dynamic solar
cooling unit. The unit is actuated by a liquid piston engine which is driven by a solar energy.
x Three different physical models have been proposed in this Aedmain factors
which influence the performance of the system were studied.
x The thermodynamic model of the unit for its various configurations has been derived

and their operation was simulated and analysed for the first time. In the calculation
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scheme,the engine and cooling parts are split into control volumes by means of
control surfaces. The theoretical model has been derived, consisting of the mass and
energy conservation equations applied to all control volumes.

The three prototypes, which are thetecally simulated in the first part of the
research, have been built and the experimental data have been obtained for the first
time to validate theoretical results. A parametric analysis has been conducted in order

to find the rational design parametefghe system.

1.4 Research outcomes

The findings of this research were partially described in the following conference papers:

1-

K. Mahkamov, G. Hashem, B. Belgasim, and I. Makhkamova. A Novel Solar Cooling system
Based on a Fluid Piston ConvertBroceeding of the 16th International Stirling Engine
Conference(ISECRBilbao, Spain, 2014.

K. Mahkamov and G. Hashem. Development of a Solar Cooling System Based on a Fluid
Piston ConvertorProceedings of The European Conference on Sustainability, Energy &
the Environment 201®righton, UK, 2015.

K. Mahkhamov, G. Hashem, B. Belgasim, K Hossin, I. Mahkamova. Parametric Analysis of
Dynamic Solar Cooling System Based on Liquid Piston Convétteceedings of the 17th
International Stirling Engine Conference(ISEGewcastle upon Tyne, UK, 2016.

1.5 Thesis Construction

This researchhas beersplit into severalphases andherefore,the structure of the thesis

reflects the logical sequence of the reseammtocess.The thesis has been dividedinto

Chapters as follows:

x Chapter 2 Solar Cooling Technologies. This Chapter presentsresults of the

comprehensive literature review of publicationstba solarcooling systems The

review concentrateson the operation principle of suclkystems, design and

6
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components, advantages and drawbacks and latest achievemetsolar cooling
technologies. At the end of this Chaptéine summary part discussesthe main

findings and researdhsues in the subject area.

Chapter 3 Mathematical Modelling of the Coolhg Part of the System This
Chapterdescribes the thernodynamic mathematical model of tliynamic solar
cooling unit with liquid piston cooling device. The physical model is described
including its design and operationalrinciple Thereafter,the mathematical model
derivation is presented. The mathematical model is basedhass and energy
balanceequations applied téhe unit componentencludingtheliquid piston cooling
device, cooler and cooling space. Then, the resulting governingaetuate solved

in the Matlab/Simulink environment.astly, the results from the theoretical model
are presentednd discussed.

Chapter 4 Experimental Study of the Dynamic Solar Cooling SystemThis
chapterdescribes three different configurations of dgmic solar cooling system
prototypes. Additionally, the main components of each experimentalittethese
three proposed configurations anditheperational principles are describehll
sensors and data acquisition systémat were utilised during experimentsraxord
data,are describedFinally, the procedures of the experiments and the examples of
experimental data obtained are preseitsd discussed

Chapter 5 Development and Validation of the Whole System Mathematical
Model. The matrematical modek of the whole system weredevelopedin this
Chapter and validated against experimental dateomparison between theoretical

and experimental results waserformedandresults were discussed in terms of the
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oscillationamplitudes of the liquid pistonspressures and temperatures both he
engine and cooling patrt.

x Chapter 6 Parametric Analysis of the Dynamic Solar Cooling System for
Designing Purpose In this Chapter a parametric analysis of the solar cooling
systemwas performed The effecs of the cmling waterflow rateand temperature

and the effect of the hemputinto the cooling systerare discussed.

X Chapter 7 Conclusions and Future Recommendationhis Chapter presents the
main findings anadonclusions from the performed research work and describes

recommendations for future research.
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Chapter 2 Solar Cooling Technologies

A comprehensive review related to the solar thermal driven refrigeration systems are
presented in this ChaptéfFhe review concentrag®n the operation principle of a number of
systems,their design and components, advantages and drawbacks and latest research
achievementsn the solar cooling technologies. Lastly, théaPterdiscuses the main

research questions and describes the contribution of this study in this subject area
2.1 Introduction

There are numerousechnologiesvhich use the solar energy as a main source in order to
producea cooling effectfor particular purposes. These technologies could be defined as solar
cooling systems which are consideréal be the best alternative tioe conventional vapour
compression cycleand which may reduce the consumption of the electric power. [10]
Figure 2.1 illustrates a classification of the different kinds of the solar cooling systems which
are either solar thermabr solar electric driven processes. In this review, the study is
concentrated on the solar thermal cooling technologies ThE| solar edctric driven cooling
technologies arpowered by a Photo+oltaic (PV) panels. In solar thermal driven cooling
technology, the sunlight caught by a solar collectarbe used to generate mechanical power

to compress avorking fluid in a conventional vapour compression cycle or as a heat source

for the generator of a sorption cooling cycle.
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Figure2.1 Classification of the solar cooling technology [11]

2.2 Solar sorption systems

In solar sorption cycles, the drivingower is the thermal power instead of the electrimad
supplied to the compressor of a conventional refrigeration machine. Such cycles use physical
or chemical affinitypbetween a pair of substances (the sorbent and the sorbate) to generate the
cooling effect. The systems can be split into two types ofssas, namely: closed and open

cycles. The closed sorption system’s principle is illustrated in Fig@re 2.

10
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Figure2.2 Solar sorption refrigeration procesgEz)
The generator receives the he&om the solacollector in order to heat upe sorbent with
the absorbed refrigerant The refrigerant is vaporized and afterwasndensed in the
condenser by rejecting of the condensation heat to the enviranmEantime, the
regenerated sorbent flowsack to the absorber in which the sorbent absorbs the refrigerant
vapour from the evaporator. This process is followedabyejection of sorption heat to the
ambient. The liquefied refrigergnivhich comes out from the condensewaporates in the
evaporator by assuming heat from the cooling space. In the adsorption systems, the sorbent
is porous material such as activated cartiat is able to desorthe refrigerant. In such
systems, the coefficient of performance (COP) is :[12]

3g (2.1)

%12 ——
° 3ut g

where 9 4 glenotes to the additional electrical work déwyehe pump, gis the heat

extracted in the evaporator, ;18 the regeneration heat received by solar collector.

11
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2.2.1 Solar absorption cooling systems

The phenomenon of absorption has been used widely in solar cooling along the last century.
By using the absorption systems, it is possiblgtoduce a cooling effect fapplicatiors in

the range betwee0 and U f.3]. The absorption cycle contains a pair of fluids that works

as a refrigerant such as ammonia/water or water/Lithium Bromide (LiBr). The secondary
fluid, absorber, absorbs the vapour of the main faidhat the result of both fluids is a dilute
solution that can be pumpetty a pump which cause the circulationtime cycle. Solar
energy is the source of heat which is required to circulate the refrigerant rather tharaklectric
compressor as in the conventional vapour compression cycle. On the other hand, in both last
mentioned refrigeration technologies there is a condenser at higher pressure side for rejection
of heat from the refrigerant also there is an evaporator to heat the refrigerant at the lower
pressure side of the cycle. There are many configurations of the absorption systems such as
half, single or double effect [14]n addition, there aréwo other absorption refrigeration
systems, hybrid systems and Diffusion Absorption Refrigeration (DAR), which can carry out

better performance [15]

2.2.1.1 The single effect solar absorption cooling cycle

The lkasic single effect absorption cooling cycle consists a generator, condenser,
evaporator absorber and economizEi0]. In the solar absorption system, in additit;mthe
previouscomponentsthere isa solarcollector as seen in Figure32.The heat collected in the
solar collector is exchanged in the generator where the refrigerant is extracted from the
working fluid mixture. The volatile refrigerant flow® the condensem which it is cooled

and expands in the throttling valve. In the evapordteat transfer from the surrounding to

12
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the cooled and expanded refrigerant so that the desired ceffiaafjcan be produced. After

that, the absorber receives the refrigerant from the evaporator and the strong solution from
the generator. This mixing ttie two fluids causes heat released in the absorber. The mixture,
week solutionflows out from the absorber to the generator by means of a pump. Before the
generator, the mixture receivé®at in the solution heat exchanger, economizer, to be

preheated and so on.

Figure2.3 A basic diagram for the single effect solar absorption cycle [10]

Nakahara et al. [16Jeveloped a systemimed to use solar energy for glypng a building

with cooling, heating and hot water. They used flat plate collewtithsarea of 80 m* and
absorption chiller. The binary mixture was water and Lithium Bromide. During the summer
time, the cooling capacity reached && but the coeffieent of performance was 0.14. To
investigate the feasibility of using a comfort solar cooling system in Hong Kong, Yeung et al.

[17] designed and built an absorption-eamditioning unit drivenby solar power on the

13
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campus of the University of Hong Kong. The unit collects the sunlight by using a flat plate
solar collector array with an area of 38.2 and the cooling capacity of the LiBi20
absorption chiller is 4. kW. In addition, the system has a hot storage water tank with a
capacity of 2.75 t a fancoil unit, a cooling tower and is equipped with a data-
acquisition system. This unit has bemraluated and compared to similar systems after two
years of operation by Lazzarin et al. [18{ is found that the assessed solar cooling unit had

an annual efficiency of 7.8% and an average solar fraction of ¥¥edaet al.[19]
presented a numerical model of ammonia/Lithium Nitrate solution, which is able to produce
cod DW WHPSHUDWXUHYV O R Z&ddihgW &fed absdptiahkcitle m&lRlividda
liquid-vapour ejector to wk as adiabatic absorber and compressor for refrigerator vapour. It
was noticed that the cooling capacity improved remarkably. Some models of single effect
cycles with and without refrigerant circulation wernwestigated analytically by Kim and
Infante Ferriera[20]. The study focused on describinghe cycle behaviour to predict the
performanceof new working fluids as a function of generation temperature. Yan et al. [21]
presenteda numerical study under the conditions of steady working for an arrangement with
an absorption cycleusing water/Lithium Bromidas a working fluid. In thisrrangement,
theywere able to reduce the waste gas discharged temperaW XUH E\ DERXW U& |
the conventional single effect cycle. Furthermore, the cooling capacity per unit mass of waste
gas achieved by novel arrangement Wagher than for the conventional one at the same

simulated conditions.
2.2.1.2 The half effect solar absorption cooling system

Single effect absorption systemseda minimum temperature ofheat source at "& LQ

order to produce a cooling effeat the temperature of a E R X With "&reasonable COP

14
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[22]. The half effect systems can provide cooling effect with a relatively lower driving
temperature than the single effect solar absorptiotirapsystems. Because its coefficient of
performance is roughly half of the single effsgstem it is called half effect solar absorption

cooling system [10]it is also called doublkft or two-stage cycle, see Figuged.

Figure2.4 A basic diagram for the half effect solar absorption cooling system [10]
This system has beetested experimentally by Arivazhagan et gR23] and studied
numerically by Lin at al. [24]Arivazhagan eal. [23] built a prototype to produce a cow
effect at the rate kW utilizing HFCGbased working fluids as shown in Figure 2.5. The
system can lower the evaporative temperature of the systemtdown & ZLWK JHQHUDW

WHPSHUDWXUH EHWZHHQ DQG " & W LV tn@&&ureR X QG W
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was ranging between 6&nd “"& LQ RUGHU WR KDYH D FRHIILFLHQW RI
examinethe feasibility of lowprice aircooled slar absorption cooling systenKim and
Machielsen [25] compared many systems based on themanufacturing costs and
performance. The comparis@emonstratedthat half effect systems miginéquire about

40% more heat exchanger area anebQ®% more collector area compared to single effect
system of the same cooling capacitypweéver, the half effect system is capabletoduce

the higher average cooling efficientlgana single effect VA\VWHP ZLWK WKH ORZ FR
collector And the opposite is true in the case of the use of vacuum tube colle@yprs
comparing some working fluids, it wdsund that the NH3/LINO3 mixture provides the

better performance and lower cost than NHIH2vhile NH3/NaSCN is themost
unfavourable because of thgh pumping power requirement. Furthermore, numerical and
experimental investigations of a twstage lithium bromide absorption solar cooling system

in south China is presented by Sumathy et al..[Z6fy found that théow range of hot

water temperature, which can be supplied by solar hot water generator, can drive the two-
stage chiller. iey constru@d solar cooling and heating system wilie two-stage chiller.

The operating data of the proposed cycle showed that the cooling capacity reack¥d 100

and its COP was nearly the samefor the conventional cooling cycles with a financial

reduction of about 50% the running cds.
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Figure2.5 Half effect absorption refrigeration system. (a) Schematic; (b) PT diagram [23]

2.2.1.3 The double effect solar assisted absorption cooling systems

The double effect solar absorption cooling cycle consists of same componérgssagle

effect cycle with an additional stage as a topping of the cycle. The double effect absorption
chillers havea doublel coefficient of performancecomparedo the single effect system

On the other hand, the double effect systems requiedatively high generation temperature,
namely PRUH W K 027], whidh8eliminate the possibilty of using many types of solar
collector types that cannot fulfil this requirement. To overcome this limitation, the high
pressuregenerator should receive hdabm another source of energy such as natural gas
boiler,as seen in Figure 2.6. The lgmessuregenerator receivedseat mainly from the solar
collector. Beside that to have an efficient generation process, the systsapplied with

heat released in the condenser from the vapour generated in th@dsghregenerator. Liu

and Wang [28]nvestigated a double effect solar cooling system with LiBr/H20 mixture

17
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Shanghai, China. The cooling capacity of the system was 10 kW. ddresydered the
system driven by theolar energy and natural gasiler. The hot water temperatuyupplied
to the lowpressuregenerator LV "& G6LPXODWLRQ UHVXOWYVY VKRZHG

system is feasible and economical.

Figure2.6 A basic tcagram for the double effect solar absorption cooling system [10]

A dynamic simulation study for modelling a real double effect £tHBO absorption cooling
systems was conducteoly Shin et al. [29] The mathematical model describdae dynamic
behaviour of the working mixture. Nonlinear differential equadi were derived and solved
in order to simulate the system. The simulatiesults were comparedto test dataand
results showed good agreement. It is found that -@nystallization and control performance

could be improved using the dilution cycle.
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A comparison between single and double effect absorption cooling cycles with the same
cooling effect production conditions wasesented by GonjB80]. Figures 2.7 and 2.8 show

the schematic illustration of single and double effect absorption systems that have been
studied in that researchn thetheoretical part of studyhe effect ofa number of operation
factors, such as the thermal loawld total change in exergyn the coefficient of performance
(COP) was investigated A FORTRAN computer program was developed for
thermodynamic analysis. The model was built on the use of energy balance equations and
theemodynamic properties for each reference point. The initial conditi@ne describedh

the program including the ambient conditions, the component temperatures, pump efficiency,
the effectivenes®f heat exchangers and cooling load. The study concluded that the COP of
the double effect arrangement wisibled compared to tlsngle effect arrangement but the
exergeticefficiency of the double edict is slightly higher comparet the single effect
system In addition, it was concludedhat the total change in exerfyr both arrangements

was minimum when the generation temperatutependingon evaporator and condenser
temperatureswas optimal. Moreover, it wagroposed that the evaporator temgbere and
condenser temperatushiould be LQ WKH UDQJH RI WR , réspectivBl) G W R
whilst the high-pressuregenerator temperature wastween 60 and 190 & 7KH\ DOVR IR X(
that the maximum value of the COP for the single effect agraegt ranges between 0.73

and 0.79 and for double effect arrangement this value was betive2nto 1.42. The
maximumexergeticefficiency values of the single effect absorption systems are in the range
between 12.5and 23.2% while for thedouble effect absorption systems these values are in

the range of 14.3 to 25.1%.
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Figure2.7 The schematic illustration of single effect absorption refrigeration system [30]

Figure2.8 The schematic illustration of double effect absorption refrigeration sy38m

Xu et al. [31]presented a simulation study of a novel arrangement of the absorber, generator
and condenser with mulgressure levelsThey stated that the proposed arrangement
(AbsorberGeneratorheat exchanger, AGX) had a relatively simpler configuratitran

classc absorption cycles. In addition, the AGX had a wider range ofg#meeration
temperature which enabled AGX with high@OP. In this cycle, thel2O/LiBr mixture has

been used as a working fluid, with single and double effect. The AGX absorption cycle can
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work at generation temperatures rangine HW ZHHQ D Q G an evaporatiohV K
WHPSHUDWXUH RI "& DEVRUSWLRQ WHPSHUDWXUH RI
The results of simulati@revealed that the proposed cyctauld work in single and double
effect modeswhen the generation temperatures war¢he ranges betwee85and ~&

and “& DQGand " &with achieving a COP of 0.75, betweelh75and 1.08 and

between 1.0&nd1.25, respectively.

2.2.1.4 Properties of working fluids for solar absorption cooling system s

The binay mixture should have some certaropertieq32]. Firstly, the refrigerant should
have a high latent heat in order to reduce the circulation rate of both fluids in the cycle.
Secondly, the volaitly of the refrigerant should be higher than tHat the absorbent so the
mixture canbe separatd easily to avoid the need faa rectifier. Thirdly, the soligpghase
should not be present in the range of temperagtw@sposition and concentration$ the
working mixture Fourthly, the affinity of the absorbent for the refrigerant should be strong to
optimise the absorption process, decrease sensible heat losses and recabsorthent
circulation rate. Finally, the working pressure should be madeleto avoid designing
problems caused by high pressureuch as thick wall equipment or high electric power
necessary for the pump. At the same tirtleg low working pressure requirekargevolume
equipment. Although many refrigerant/absorbent miduteave been suggested and
investigated recently, the two mixturgmmely ammonia/water and water/LithiuBromide

are the most common working fluids [33, 34Fach binary mixture has its own
thermodynamic and physical properties which distinguestery mixture among other
working fluids. Masheitj13] presented a comparison of working fluids summarized in

Table 2.1. In general, types of working fluids and effect of the system arrangement (half
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effect, single effect, or double effect), have beewestigated recentlyn a number of works,

namely [3540].

Table2.1: Comparison between®/LiBr and N3OH,0 mixture properties [13]

Water/Lithium

Property
Bromide Ammonia/Water
Refrigerant
1 | High latent heat Excellent Good
2 | Moderate vapour pressure | Too low Too high
3 | Low freezing temperature Limited applications Excellent
4 | Low viscosity Good Good
5 | Toxicity No Yes
6 | Flammability No No
7 | Non-Volatility Excellent Poor
Absorbent
1 | Low vapour pressure Excellent Poor
2 | Low viscosity Good Good
3 | Toxicity No No
4 | Flammability No No
5 | Non-Volatility Excellent Poor
Solution
1 | No solid phase Limited application Excellent
2 | Low toxicity Good Poor
3 | Solution circulatiorflow rate | Low High
4 | Odour No Yes
Features
1 | Coefficient of performanc{ Higher Lower
(COP) at low heat input
2 | Need for rectifier (Separator) | No Yes
3 | Lower equipment cost Yes No
4 | Performance at low drivin| Excellent Poor
temperature (<10€C)
5 | Lesssystem complications Good Poor
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2.2.2 Solar adsorption cooling system

The adsorption technology was fitstedfor refrigeration and heat pump applicatioimsthe
early 1990s,. The main difference between the adsorption and absorption process is that the

absorption is a volumetric phenomenon, whereas adsorption is a surface phenomenon [41]

2.2.2.1 Principles of adsorption

In general, the adsorption systems can be divided accordiqgdecesss taking place into

the physical[42-44] and chemical adsorption [46¢]. The physical adsorption occurs as a
result of thevVan de Wlls force actingbetween the molecules of the adsorbent and the
refrigerant, adsorbate, [48There are not any changes in the chemical composition of the
adsorption pair. The enthalpy of adsorption ish&f same order as the heat of condensation
of the gas. The binding molecules can be dpjitapplying heatwhich usually does not
exceed 80 kJ/mdH9]. Physical adsorbents with mesopores can adsmrbecutivdayers of
adsorbatevhile those with micropordsave the volume of the pores filled with the adsorbate.
Physical adsorbents develop the selectivity to the adsorbate after the former undergo specific
treatments, such as react with a gas stream or with certain agents. The kind of treatment
will deperd on the type of sorbents [50]

The chemicahdsorption is caused by the reaction between the adsorbate and surface
molecules of the absorbent. This includke atons rearrangementelectrontransfer, and
fracture or the chemical bond51]. Only one layer of adsorbate reacts with the surface
molecules of thechemical adsorbent. The chemisorption process includes valence forces
caused by sharing of electrons between the adsorbent and the adsorbate atoms. This results in

the chemial reaction and formation & complex surface compound. The forces of these
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formed bonds are much stronger than the Van der Waals force in the physical adsorption.
Consequently, much more heat of adsorption is required to release the adsorbate, up to 800
kJ/mol [49]. The adsorbate and adsorbent molecules after adsorption never thetain
original state, for instance, a complexation occurs between chlorides and ammonia.
Moreover, salt swelling and agglomeration may be present which are critical to heat and mass
transfer performance [48]

The adsorption characteristics of particular paaanly dependn the nature of the
adsorbate, the nature of the adsorbent, the reactivity of the surface, the surfaocel dhea
temperature and pressure of adsorption. When a solid surface of the absorbent istexaosed
gas, the molecules of the gas come in contact Wl surface of the solid. Some of $ke
moleculesare adsorbed by the solid surface, whereas othensain unattachedAt the
beginning, the rate of adsorption is high because the whole surface is uncoated. The rate
continues to decline as moradamore of the solid surface is covereyg the adsorbate
molecules. Te rate of desorption increases because desorption occurs omeleticaurface.

The system will reach equilibrium when the rate of adsor@mhthe rate of desorption are
equal. At this stage, the ga®lid system can be described toibeadsorption dynamic
equilibrium in which the number of moleculé®ndedto the surface and the number of
moleculesfreeing from the surface ighe same [52] In both physical and chemical
adsorption, the adsorption process is an exothermic process while the desorption process is an
endothermic process. Therefore, the solar adsorption cooling systems uggdbesse$o

produce a cooling effect [49]
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2.2.2.2 Adsorption cooling technologies

In the physical adsorption system, the primary component is a solid porous surface, with a
large surface area and a large adsorptive capacity. In the beginning of the process, this
surface remains unsaturated. When a vapour molecule of the refrigerant contacts the surface
of the adsorben@n interaction occurs between the surface and the gas molecules and
conseqguence, the porous material adsorbs the gas molddugephenomenon is used in the

solar adsorption refrigeration machines which generalysistof a generator,condenser
pressure relief valve and evaporator. The adsorbent matesighpdied by solar energy heat

by means of integrating with a solar collector bed in order to activate the desorption process

of the refrigerant as shown in  Figure 2.9[53]

Figure2.9 Schematic diagram of the solar adsorption cooling system [49]
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The solar adsorption cycle can be operated without any compression device sychmgs a

or compressor. This type of cycles is silénighly reliable, mechanically simple and hasy

long lifetime [6] However, the basic orged cycle performance see Figure 2, varies
because of the alternatimglsorption and desorption processesulting in a decrease in the
COP. In order to have a continuous cooling effect, two or more beds are suggested to
exchange their functions periodically, as shown in Figure 2.10. In this cycle, the generation
and the cooling effect are shifted between the beds to ensure the continuity of production of

the cooling effect inhe cycle.

Figure2.10 Schematic diagram of the continuous-tvedadsorption cooling system [49]

In the cycle shown in Figure 2.9, the first half of the cycle starts when the first bed (RI) is
isolated from the evaporator by closing the valve 1E and heated to start the desorption

process. Then the refrigerant vapour flows from RI to the cmatemough the opewalve

1C. Meantime the cooling effect occurs atie refrigerant flows to the second bed (RII)
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where the valve 2E is opened and the valve 2C is closed. The second half of the cycle
happens by reversing the refrigerant fldisection and so reversing the heating and cooling
steps. The cold production in the evaporator is due to the condensed vapour flowing from the

second reactor R[49].
2.2.2.3 Advantages and drawbacks of the adsorption over absorption systems

Although both the adsorption and absorption refrigeration systems can be powered by a
low-gradeheat source, the adsorption systems lsawederoperationatemperature range. A
KHDW VRXUFH ZLWK D WHPSHUDWXUH RI U& FDQ EH XVHG
DEVRUSWLRQ F\FOH WKH KHDW VRXUFH VKRXOG EH DW OH|
may be used directly in thadsorption process without producing any kind of corrosion
problem, whereas in the absorption cycles, intense corrosion may comraerbe
WHPSHUDWXUH P48 HlovédBrQn the @dhditions of strongbration such as
present in fishing boats docomotives, the adsorption refrigeration systewtsch use solid
absorbentare more suitable compared to the absorption systems[)&é]to vibrations, the
liquid absorbent used in the absorption systems miflbtv from the generator to the
evaporator or from the absorber to the conderisethis casethe refrigerant would be
polluted which may affect the system performance.[A8orpton cooling machines do not
require any extra cooling equipmestthigh ambient temperatures because they have high
storage capacity and energy densityhere are fewer problems associated wittorrosion
and crystallization and these machiaes more ppropriate for working in dry and hot areas
than absorption ones [49]

On the other hand, the mairagibacks of the adsorption cooling systems are the need

of special designs to maintain higracuum, the large volume and weight relative to
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traditional refrigeration systems. Also, the coefficient of performance COP is lower for the
adsorption systems conmegd to absorption systems under the same operational conditions

which limit the wide application of this technology [55]

2.2.2.4 Adsorption working pairs

The working pairs, adsorbents and refrigerants, affect essentially the coefficient of
performance and the technical specification of the solar adsorption cycles because each
working pair has specifigphysical and thermodynamic properties. One of these properties is
the latent heat of the refrigerarithe highrefrigerant latent heag¢nsures the lowirculation

rate of the working fluidn he cycle In addition, the volatility of the refrigerant should be
higher than thatfor the absorbent in order to separate them easily without the use of a
rectifier. Besides, the affinity between the absorbent and the refrigerant should be strong
under the sorption conditions to havess absorbent to be circulatedachievethe same
refrigeration effect, touse a smaller liquid heat exchanger and reduce the sensible heat losses
[49]. Furthermore, the operating pressure should be moderated to avoid -avalack
devices The nost widely used working pairs whicatisfy the above requirements are
activated cartborPHW KD QRO DFW L éPriiétdianol,Faxtyvae&dQcarpd@&ihanol,
activated carberammonia, silica gel-water, and zechtater. The results obtained by
Anyanwu andOgueke[56] showed that zeolite/water wése best pair for air conditioning
application while activated carbon—ammowaspreferred for ice making, deep freezing and
food preservation. The maximum possible net solar COP was found to be 0.3, 0.19 and 0.16
for zeolite-water, activated carbeammonia and activated carborethanol, respectively,

ZKHQ D FRQYHQW LR xGorARdged CChondHury Riuted that the pair of
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zeolite-ZDWHU FDQQRW SURGXFH FRROLQJ EHORZ W& EXW LV

that of silica gel which makes the zeolite based systems more compact.

2.2.3 Solar desiccant cooling systems

The evaporative cooling systemas inventedbout 2500 B. C. imancient EgyptThey used
porous clay jars filled with water and located them in the buildings for cooling purposes [57]
In the modern age, in the late 1930s, air conditioning macghiasgd on direct or indirect
evaporative coolersvere irventedfor applicationin the southern west of the United States of
America. In general, the solar desiccant cooling systems are aftygenlehumidification/
humidification process. The desiccant system needs heat and water to actuate the system. The
water is the most common working fluid since it is environmentally friendly and cheap. The
desiccant cooling cycle generally consists of three main processes, hamely, dehumidification
process, regeneration process and humidification pgoédighese three processes take place

at the atmospheric pressure. To achieve these processes, three components,anamely
dehumidifier, regenerator and cooling unit are used side by side as shéigure 2.11

[58]. In addition to these components, heat exchangers aremitbéd the cycle in order to
increase the cycle efficiency. The solar desiccant systems utilee solar energy for
generation of the desiccant material. Several cycles have been described amnd teme

are briefly discussenh this section.
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Figure2.11 Principle of desiccant cooling [58]
The process of dehumidification and regeneration of a desiccant dehumidifier is ishown
Figure 212 [57]. The desiccant removes moisture frome air (+2) and thedesiccantis
regenerated by removing moisture from it using hot a#3)2During process (3) the

desiccant is cooled down again.

Figure2.12 Dehumidification and regeneration prss of a desiccant dehumidifier [57]
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2.2.3.1 The desiccant dehumidifier

The desiccant dehumidifier contains a desiccant material in solid or liquid state. The most
common configurations of the solglate dehumidifier are the ating wheel or the absorbent
bed.In the case whethe desiccant material is in the liquid state, the process air stream is
brought into contact with the liquid desiccant which is contained in the dehumidifier
(absorber). This absorber coulge in the fom of a finnedtube surface, spray tower, coil

type absorber and packed tower [59]

2.2.3.2 The cooling unit

The cooling unit may be an evaporator of a conventional air conditioner, an evaporative
cooling system or a cold coil. The cooling unit is used in the desiccant cooling systems to
handle the sensible load; meantjritiee latent load is removed from the process air by means
of the desiccant material. In the systeomntaining a desiccant wheel (solid state), a heat
exchanger is commonly needed in tandem with it in order to prosndmitial coolingof the

dry andheat up ofthe air stream before its additional cooling by an evaporative cooler or a
cold caoil, etc. In such case, the combinatiorthef heat exchanger and the cold coil or the
evaporator cooler constitutes the cooling unit. The process air stream through different
configurations of the cooling unit is illustrated on psychrometric chart in whible
deployment of an evaporative cooler is shoam a line 3—4 while the use of the heat
exchanger cooler in tandem with the cooling coil is shown as a lineaRd33—-4’

respectively, see Figurel3[58].
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Figure2.13 Psychrometric chart illustrating the principle of desiccant cooling [58]

2.2.3.2.1 Basic principle of evaporative cooler

Evaporative cooling units are fit for dry and hot climatic conditi¢é8]. These cooling units

may be used asdirectcontact evaporative cooling unit [61, 6&]direct contact evaporative
cooling[63] or asa combinationof both.In the indirect evaporative cooling, the evaporative
cooler is used to reduce the temperature of air without adding moisture content tolit [60]

the indirectevaporative system, the treated air stream does not mix directly with the cooling
fluid stream however it is cooled sensibly. Tlsyghrometricchart shown in  Figure 2.14

shows the cooling process inside an indirect evaporative cooler.efpetatureof air is

reduced by using differerttypes of heat exchanges which primary ailoses sensible heat

that absorbed by the secondary air stream. Meantime, the secondary air is cooled by means of

the effect of the water spray. In the indirect evapogativoling system, both dry and wet
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bulb temperatures of the air are lowered [FFe schematic arrangement inside the indirect

evaporative cooler is shown in Figure 2.15.

Figure2.14 Cooling process represertatof indirect evaporative cooler [57]

Figure2.15 The schematic of the indirect evaporative cooler [64]
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In thedirectevaporative system, humidification process takes place by adding moisture to the
cooled air stream where the treated air stream moves across the spray of the cooling water,
see Figure 26 [57]. In this cooling unit, high moisture content in the air causes a drop in the
temperature of the treated air. Therefore, the processiabaticwhich is appropriate for the
climate of the hot and dry areas while for hot and humid areas indirect evaporative cooler is
more suitable. In the direct evaporative cooling processpdlty temperature of the air is
lowered but wet bulb temperature remains constant. The effectiveness ofraadelldirect
evaporative cooler may reach the level 8% [57]. Figure 2.16shows both the schematic

and psychrometric process of the direct evaporainater.

Figure2.16 The direct evaporative cooler (a) schematic diagram (b) and psychrometric

process [57]

The outdoor air mixes in direct contact with theagedwater which drops the temperature
of the supply air and increases the content of the moisture in it, see the psychrometric chart.
The operational principle of a direct evaporative cooling process during the summer time to

provide the human thermal comfoconditionsis studied by Camargo et al. [65Riffat and
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Zhu [66] presented thestudy describing the fundamental proesss the indirect
evaporative cooler based on porous cerami¢®e study concluded that a high cooling
capacity of the system can be achiewrethe dry and windy coolingpace. The increase of

air velocity by about 0.6 m/significantly enhances the thermal conductivity and thus
increases the heat transfer in the heat exchanger. The dimensions of the air flow passage,
velocity of air and intake air ratio are the main parameters that affect the effectiveness of the
heat exchanger. On the other hand, the effectiveness is affectdédseeextent by the
supplyof water[67]. Figure 2.17illustrates the difference in the cooling processes between
the direct evaporative cooler and conventional air conditioning unit plottedhen
psychrometricchart[68]. The difference in the enthalpy in the evaporative cooler is smaller
than the difference in the enthalpy of the conventional unit which results in the evaporative
cooler requiring the muchgreater value of mass flowrate achieve the same cooling load
which is produced by the conventional unit. Figure 2.17 shows thater thesame
operation conditions, the air supplied by the evaporative cooling unit has higher humidity

than the air supplied by the conventional unit.
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Figure2.17 Psychrometric chart of air supplied by the evaporative cooling unit [68]

2.2.3.3 The regeneration heat source

The regeneration heat source provides the system with the thermal energy needed to extract
the moisture which the desiccant matkehad absorbed during the sorption process. There are

a number ofsources of the thermal energy whicdn be used to drive the system including

solar energy, waste heat and natural lgasiing In the systems equipped with a liquid
desiccant, the regeration heat is supplied to the desiccant solution in the structure of a
regenerator ito which a hot air stream is blown in order to separate the moisture from the
solution. The various aspects of the liquid and solid desiccant solar cooling systems have
beenintensively studied by researchers. The feasibility, performance of the system, material

of the desiccant and the optimization of the cycle are the most common topics reported in

publications, see for example [69]
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2.2.3.4 Feasibility studies

The feasibility of the desiccant cooling systems was intensively investigated to evaluate these
systemsoperating in differert hot and humid outdoor climatic condition¥ain et al]70]
examined four solid desiccant cyclemmely the ventilation cycle, the recirculation cycle,

the Dunkle cycle and the wet surface heat exchangers cycle. FidiBestibws the
ventilation cycle in which the fresh air is dehumidified and then sensitdlyegaporatively
cooled before being sent to the conditioned space. The return air, after heating, is used for
regeneration. In the recirculation cycle, the return air-sraulated through the dehumidifier

while the outdoor air is used for regeneraidrihe desiccant wheel as shown in Figure 2.19.
The Dunkle cycle, see Figure 2.20, which in a cedaimse is a crossovéretween the above

two cycles, has an additional sensible heat exchanger for improving the cycle performance.
The recirculation cye and the Dunkle cycle have 100% of the akcireulated which does

not fully take the health considerations. Therefore, the study proposed the ratio of ventilation

air to bel0%.

EA Exhaust Air

EC Evaporator Cooler
HE Heat Exchanger
HTR Heater

DR Dehumidifier

OA Outdoor Air

Figure2.18 Schematic of ventilation cydié0]
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Figure2.19 Schematic of recirculation cycle [70]

Figure2.20 Schematic of Dunkle cycle [70]
The forth proposed cycle usasvet surface heat exemger in which the supply air is cooled
to its dew point temperature. In this cycle, the percentage of tbhectdated airin the
supply air is 50%The study is done for various outdoor veeib temperature and diulb
temperature of 16 cities in Iradi The influence of the effectiveness of evaporative coolers
and heat exchangers on the COP and the volumetric circulation rate of the air in the chosen
cities werethe main airs of this study. It is found that the Dunkle cycle achieaduketter
coefficiert of performance compared to ventilation and recirculation cycles in the most of the

climatic conditions. However, the cycles equipped with wet surface heat exchacigiersed
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the best performance. Mavroudaki et al. [&tld Halliday et al. [72¢lescribedwo separate
feasibility studies of desiccancooling for many European citiegepresenting different
climate condition across the continent. The proposed cycle uses the solar energy as the source
of the regeneration. The solar collectors were indirectly connected to the desiccant system by
using awater storage tank as shown in Figure 2.21. In addition, some solar coils were

inserted in the incoming and exhaust airstreaas Figure 22.

Water to solar
regeneration coil

Figure2.21 Solar colletor arrangemerji72]

Figure2.22 Solar desiccant cooling system [72]
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The authors in both studiencluded that in the dry zones in the continent éhergy
savingswere achieveadvhile in the humid zorg in which the energy saving wasprimary
task,a decline in the saving was noticed. This decline was relateithe high temperature

needed to regenerate the desiccant in the climatksthehigh content of moisture.

2.2.3.5 Performance studies

A simulation model was developed to predict the thermal performance of d foacallel

flow solar colectorfegeneratosystemby Alizadeh and Saman [7.3The system proposed

uses a liquid desiccant of Calcium Chloride. The moisture is removed from the desiccant
liquid solution as a result of absorption of solar energy in the collector/regenerator by using
forced air stream that flows icounter or paralletlirectionto the weak solution film. The
effect of climatic conditions and the system variables such as Reynolds number of the air
flow, regenerator length, solution concentration and flow rate are investigated. It is found that
the preheating of the aand the solution improgethe regenerator performance to a large
extert. In addition to this analytical study, Alizadeh and Saman [dd$cribedan
experimental study of the forced flow solar collecegéneratosysten. The test rig was
designed, optimized and built to compare the results of the describedrabdekwith the

same aqueous solution aslesiccant The effect of the climatic conditions and the system
variables on the performance of the regenenatigstudied. The authors concluded that the
increase in the air flow rate enhances the performance of the regenerator and the solar
collector efficiency as well. Furthermore, the study revealed that the introduced system
worked satisfactorily under the summalimatic conditions corresponding to that in

Adelaide, Australia.
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A hybrid cooling system which consistefla conventional vapour compression cycle
combined with a liquid desiccant dehumidifier based osplar regeneration source was
simulated by Yadav [75The liquiddesiccant cycle is employed to keep the humidity within
the desirable range by partially converting the latent heat load to a sensible heat load and then
meeting this load with a conventional vapour compression (VCec¥yelsuch system, the
heat rejected from the condenser of thé ®ycle is used to regenerate partially the liquid
desiccant which enhances the COP of the system. The study concluded that the hybrid system
waspromisingin the high ambient humidity condns, as the energy savings reacB6ééo
when the latent heat load w&0)% of the cooling load. The hybrid cycle made\WE and
liquid desiccant dehumidifier wagxperimentallystudied by Dai et al. [76]The cycle was
linked to an evaporative cooling. The cold production and COP of three cycesely
standalone VC cycle, the liquid desiccant associated with the VCS and the desiccant and
evaporative cooling associated with VO8ere compmared. The study concluded that the
hybrid system with evaporative cooling hal increase ithe COP by20-30% compared to
the standalone VC cycle. Was also found that the electric coefficient of performance
(ECOP), which wasdefined as the ratio of cooling production to the electric power
consumptionwasincreased by 396% dependingn therelativehumidity of the outside air.
Consequently, the electric power consumption and size of vapour compression system could
be further reduced.

Mazzei et al. [77presented a theoretical study to compare the operatistg of the
desiccant and conventional cooling systems to cool a commercial building. They used three
software codes to simulate and predict the cost savings. The study showed that, in the Italian
summerconditions the use of the desiccant cycle mighate up to 35% of the operating

costs and the thermal cooling power could be reduced by 52%. Furthermore, the use of the
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waste heat fothe regenerationouldincrease the savings up to 87%. In addition, the authors
found that the use of the indirect evaporative cog¢liagsociated with desiccant
dehumidification emphasizedhe reduction of the coolingower and cost savings. At that
point, it was necessary to takeo account that the local electricity fares, which varfeam

one country to anotheaffectedthe operating costs savings.

Techajunta et al. [7§)resentedndoor experimental and analytical study to evaluate
the performance of a solar soliddesicoamtling system in whickhe desiccant material was
silica gel. Six incandescent electric bulbs of 120 Watts s utilised to simulate the
solar radiation in the laboratory where a light intensity meter (solarimeter)usexs to
measure the radiation from the solar simulator. The collectoA@@s200 mmn dimensions
and hada 3 mm thick single glazingn addition, it contained wire mesh to carry about 25
mm thick of spherical silica gel particles. A schematic diagram of the test rig for the air

dehumidification process is shown in Figure 2.23.

Figure2.23 Expeimental apparatus for air dehumidification by silica gel [78]
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The authors found thdhe regeneration rate increasa&tchigh irradiation values and drops
with the air flow rate. On the other hand, it wésund that the dehumidification rate
declined with irradiation and increasedlightly with the air flow rate. The results also
showed that the proposed cooling system f@asible in high humidity conditionsvhen the
regeneration process coulie used in the daytimend the dehumidification procesé the

night time.

2.2.3.6 Desiccant material studies

The desiccantmaterial may be categorizeds solid or liquid desiccantphysisorption or
chemisorption desiccants, natural or artificial desiccants, bio or rock based desiccants,
composite and polymer based desiccants etc. The péryrisorption or chemisorption refers
to the strength of the bond between the adsorbate and adsorbent. The removal of water
vapour from the air is normally considered as physisorption becausewflond strength
between adsorbate and adsorbenth&desiccantir-conditioningsystem the bond strength
is kept optimally low for an efficient regeration process. Novel desiccamat® also
developed, including composite materjaidich givebetter results compared to conventional
desiccant silica gel [79, 80]

The performance and the age quantifying of six desiccant materials were described
by Belding et al. [81] Adsorption isotherms for the every desiccant waggermined by
subjecting the materials to varying numbers of a set of thermal processes in a test unit

specially designed to carry oatdsorption/desorption cycling every 10 min, see Figuzé.2.
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Figure2.24 Desiccant aging apparatus [81]

The results showed that the desiccant materialposed to cyclic hydrothermal
adsorption/desorption processes deteriorated more quickly in the early time of its use and the
degradation alleviated thereafter at an insignificantly small tlateughout a period of time
depending on the desiccant. This ipdrwas trailed by a more noticeable deterioration
tendency that directed the desiccant to the final decay. The deterioration in desiccant
performancavas detectedy the drop in the equilibrium water adsorption rateadsorbing
WHPSHUDW XU HwaR tonclud&d thatVAlumina and silica gelere ageing more
severely after a largemumber of adsorption/desorption cycles. Therefore, the authors
recommended that the use of Alumina and silica shdeldestricted to the applicatis with

low regeneration temperatures. On the other hand, the desiccant hadadolecular sieve
showed more stability and less severe loss of water adsorption capacity. The most stable
amongst the proposed desiccants was LtB&X-Type 1M desiccant whit had a large

QXPEHU RI DGVRUSWLRQ GHVRUSWLRQ F\FOHV DW D GHYV
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significant loss of its water vapour equilibrium capacity. Furthermore, the increase in the
desiccant wheel rotational speedsalso found to decrease thdeet of desiccant ageing on
the system performance. In this studywasalso concluded that the overall performance of
desiccant cooling systems wast affecied significantly by the slight decrease in adsorbent
capacity of adsorption.

Factor and Grossam [82] concluded that the solid desiccants hadignificantly
higher degree of dehumidification than the liquid desiccants. The solid desiccant systems
usually use fixed beds or movable rotary wheel beds in order to pack the desiccant materials
in them. In the first system, two or more fixed desiccant beds are built with an arrangement of
valves in order to make these fixed beds work alternately iadkerption and regeneration
phaseln the other system, the air to be desiccated flows through one side of the rotary wheel,
whilst the heated air stream regenerates the desiccant on the oppositetisedehafel The
two air streams must be separatedmpletely to maintain the functions of each stredm
both systems, solar air heaters are particularly suited to provide heat for regeneration of the

desiccant because air is the regeneration medium.

2.2.3.7 Applications of desiccant air conditioning

In addition to the application fair conditioningof a particular pace, the desiccant cooling
systems can be used to for preservation of products and foods such as stored cereals. Thorpe
[83] presented a mathematical model of a solarcdast cooling device, which usétk solar

energy for regeneratinge desiccant, in order to preserve stored grains. The author validated
the results he found witbxperimentatlata which had been published earlier. In a subtropical
climate, the presented cooling device can reduce the wet bulb temperature of ambient air

from approximately 17.3°C to approximately 12.3°C. At these conditionsiévice was to
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provide a cooling energyorth 50 times ofthe electrical energy consumed. Dai et al. [84]
investigated a hybrid sat cooling system which consisted a rotary dehumidifier wheel

associated witta solar adsorption refrigeration to produce the cooling effecpfeserving

stored grains 7KH VWXG\ FRQFOXGHG WKDW DQ RXWOHW WHPSHU
given enry humidity and temperature coulde producednd the coefficient of performance

of the hybrid system of O.dould beobtained. In addition, the authors analysed a number of
parameters which couldhave an effect on the system performance, for instance, ambien
conditions, evaporative cooler design, the effectiveness of the heat exchanger and-mass air
flow rate.

Nagaya et al. [85proposed a new type of air conditioning system for automobiles in
which the energy lossvas small comparetb the previous system. For an automobile, any
small reduction othe energy loss in the air conditioner is significant, bectheseompressor
is driven bythe engineln the previous system, the air waoled ata lower temperaturend
then reheated to produce dry air in the system, therefore, the energy efficiency dewined
the humidity could not be controlled properly. the newproposed system, a desiccant was
mounted in the air conditioning system for controlling both temperature and humidity. The
energy of the new system wasompared with that ofhe traditional one athe same
operating conditions Results demonstated that the desiccant system controlled the

temperature and humidity amgdhieved the much highenergy efficiency

2.2.3.8 Comparison between conventional and desiccant air conditioning systems

The thermally driven desiccant air conditioning (DAC) systems have many advantages over
the conventional vapour compression air conditioning (VAC) systems. The advantages

mentioned in the next section reflect the increasing importance of the DAC.
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2.2.3.8.1 Green technology

The traditional VAC systems are the main cause of the depletion okztme layer, global
warming and greenhouse gas eff¢@86], however, DAC is a green technology which
warrantsthe environmental safety [87]Bolaji et al. [88]stated that CFCs and HCFCs were
found harmful to the earth’s protective ozone layer. Accordingly, their production was
banned by the Montreal Protocol and other international agreements. HFC refrigerants have
been replacingCFC and HCFC reigerants But, they are still similar t&€FCs and HCFCs

and a much preferableoption is to utilise natural refrigerants, which are environmentally
friendly. The authors presented the environmental effects of some common refrigerants on
the ODP (Ozone Depletion Potential) and GWP, see Table 2.2, where GWP is the amount of
infrared radiation that the gas can absorb, relative to carbon dioxide (which has GWP of 1),

over a period of 100 years.

Table2.2 Environmental effect of some common refrigerants on ODP and GWP

Compositional group Refrigerants| Ozone Global warming potential
depletion [(GWP) (100 years’ horizon
potential
(ODP)

CFCs R11 1 3800

R12 1 8100
R113 0.8 4800
R114 1 9000
R115 0.6 9000
HCFCs R22 0.055 1500
R123 0.02 90
R124 0.022 470
R141b 0.11 630
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R142b 0.065 2000
HFCs R23 0 11700
R32 0 650
R125 0 2800
R134a 0 1300
R143a 0 3800
R152a 0 140
Natural R290 0 3
Refrigerants R600a 0 3
R717 0 0
R718 0 0
R744 0 1

2.2.3.8.2 Control of temperature and humidity

Humidity control is clearly needed in the daily life, however, it is more needed in some
sectors, e.g. hospital buildings in which the patients and working staff are under the risk of
infection because the effect of humidity anicrobes, bacteria or viruses evolution plays a

vital role as shown in Figure 2.25 [89]
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Figure2.25 Relative humidity percentage associated with different health issues [89]

The VAC systems control the humidity by keeping the temperaturdae supply air lower
thandew point, thusthe heating is required to achieve the wanted conditions of temperature
and humidity as shown in Figure 2.86ough processes (1-3—-4-5) [80,.90herefore, the
VAC system cannot handle the sensible load and latent load .d®A@he other hand, ithe
caseof DAC systemsthe latent load of AC is transformed irttze sensibleload by using a
desiccant dehumidification through processe2{b) as shown in Figure 2.26. Moreover,
the indoor air quality may be enhanced significantly by using high ventilation, air flow rate

and the capability of removing airborne pollutants.

49



Cha&uitar Cooling Technologies

Figure2.26 The operation of production of VAC and DAC sys{80]

2.2.3.8.3 Energy conservation

As in the VAC the humidity is controlled by keeping temperaturef the supply air below

the dew point, then an additional amount of energy is required to achieve the desired
conditions of temperature and humidity [91] Asit was shown in Figure 2.26, it possible

to avoid overcodhg the air andhen reheat it in DAGystems compared to VAQnes.
Saving energy is also importanfior avoiding depletion of fossil fuelsLee and Led92]
preseted a parametric study involving number of ventilation rates in wet markets in hot

and humid conditions of Hong Kong. The study indicated thaiiskeof DAC system in such
environmental conditions couldad to energy savings, as well as CO2 emissieduction

of 13% depending mainly on the value of ventilation rate. Besides, a DAC system provided
the electricity saving up to 24% in hot and humid climatic conditions of Thailand according

to Hirunlabh et al. [93]
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2.2.3.8.4 Waste energy or renewable energy

Unlike conventional VAC systems, heat is the mdriving energy required to actuate DAC
systens, which makes it possible to use lowgrade waste heat and renewable energy.
Hurdoganet al. [94]investigated the use of solar energy in DAC systeéBolar radiation
data forthe city of Adana in Turkey wasused in their study. By applying th&olar energy

in the DAC system, an increase of the COP by120% could be achieved.

2.2.3.8.5 Potential applications

The DAC system can be applied for various humidionditions forair conditioners’
applications in moreefficient way compared to VAC such as AC for automobiles [8&ét
markets[92], drying grains [83, 84]|greenhouses [95]marine ships [96]museumg97],
and product storage hospitals. Figure 2shbws some of the humidity based AC
applications plotted on psychometricharts [80] The DAC systems are more effective in
the lower humidity processes mmarufacturing and storage facilitiewhich are shown irthe

red dotted lines in Figure 2.27 (a) and (b), respectively.
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Figure 2.27 Temperature and RH for different kinds of storage and manufacturing

processe§30]

2.2.3.9 Implementation of solar collector s in desiccant cooling systems

Solar poweredesiccant Systesare widely adopted in various sectorghe basictype of
solar desiccant wheel cooling system is implemented in the ¢ydetaining rotary wheel
and solid desiccant matesd98]. In such systems, the solar energy is absorbed by solar
collectorsand then igused to regenerate the wet desiccant. Manjects usedflat plate or

heat pipe vacuum tube solar collectors to drive the presé@sshe solid desiccant cooling

systens.

2.2.3.9.1 Flat plate sdar collector drives Desiccant system

Preisler et al. [99¢xperimentallystudiedthe annualperformance of an actual solar desiccant
evaporative cooling systenSDECS. The experimental investiian was conductedin an

administratiorbuilding in Vienna, Austriawhere the humidification of air wasbig issue as
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the outdoor air had a very low humidity { to 2 g/kg. Figure 2.28illustrates the

configuration of the proposed system

Figure2.28 Schematic design of SDE(39]
The data collected for the proposed system was compared with simulated résulés
conventional compression chiller obtained WiRNSYS 17. Resultsshowed that average
COP*el of SDECSn the winter time couldreach 7.In 2010, the SDECSprovided the
60.5% primary energy savings compared to the reference system. The highest energy saving
was found to be irthe winter time when the system was used fobeating and humidity
recovery of fresh air. Anoderate energy saviagvere shown inthe summertime when
system was used for aooling and humidity control. In additiodpudiand Dhaiban[100]
evaluated the performance of thaar driven heating and desiccanbling system deployed
in a residential building in Baghdad, Irag. A simulation model was developed to investigate
both heating and cooling performance of the proposed system.stindiedthe effects of
main operation parameters on the system perform&tesilts revealed that the use of the
flat plate solar collector alone could SURGXFH D UHJHQHUDWLRQ WHPSHUL

an additional heat source to reach higher regeneration tempenaagenecessary

53



Cha&iuitar Cooling Technologies

Furthermore,the solar desiccant cdog system could satisfactorily supply air to the
conditioned areat local climatic conditions The effectiveness of the evaporative coaled
sensible heat exchanger haddominant effect on the performancettod desiccantcooling
systemwhile theeffect of the dehumidifierwasrelatively small. The preooling and final
coolingmodes were developed by Guidarat al [101]in order to fulfil the required cooling
capaity. Figure 2.29shows the schematic diagram of the proposed system. Tieraut
suggested two indirect evaporative coolers to be fittedthosystem, one of them before
ambient air entering desiccant wheel while the second one was usedtheforecess air
enteringthe cooling space. The analysis of the performance of the system was simulated for
three different climatic conditionsn Tunisia namely Bizerte, Remadaand Djerba. The
simulation study included three madef functioning for thethree climatic conditions
relatively cold and humid imizerte, hot and dry ilRemadaand moderatein Djerba. The
results showed that theasic DECS mode was feasible fahe ambient temperature and
humidity conditions in Bizerte. However, fohe dry climate in Remadand moderate
climate in Djerba, systems with pmoling mode and with both padoling andfinal-

coolingmodes had to be installed to satisfy all demands.

Figure2.29 Solar desiccant cooling system with-poeling and finalcooling[101]
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2.2.3.9.2 Heat pipe vacuum tube solar collector drives Desiccant system

Bourdoukan et al. [102@ssumed that low efficiency of flat-plate collectors is the main
cause of low potential of solar enerfyy the use in solid desiccant cooling, therefore, heat
pipe vacuum tube (HPVT) collectorseve introduced in the study to drive normal DECS.
Mathematical models of HPVT collectors and water tank were used to simw@ate
validated in the study, and then the outputs of these models were integrated with existing
desiccant wheel models [103, 104ke Figure 2.30. Based on this integrated model, the
performance of the system was simulated to producecdibleng capacityor a building with

an area of 1350 frin three locations namely, La Rochelle, Bolzano and Berlin in order to
investigate the potential of such configuratiomeTindoor comfort level temperature was
DVVXPHG WR EH O Htehudt i@tio less&thdhQG8 g/kg. Simulation results
over a summer time revealed that the cooling system could maintain the conditiooed spa
temperature and humidity at theomfort level for the three suggested locationse daily
efficiency of HR/T varied from 50% to 64% and the daily solar fraction varied from 87% to
97%, and the corresponding seasonal overall efficiency and solar fraction were higher than

51% and 90%, respectively.
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Figure2.30 Desiccant cooling integrated with HPYID5]

Improving the above studyBourdoukan et al. [102developed an experimental test rig of
the HPVT powered DECS. The actual operatiomdta showed that the system was feasible
and it was verified that HPVT collector could acquire the fieghperature level and steadily
maintain the regeneration temperatuecording to the study, the use of the solar energy as
asoleregeneration source coudtisfymaintainng the indoor temperature and humidity at
comforiable conditionswith the temperature at " & Dnh@Qrddity of 12—14g/kg. The
overall efficiency of the solar installation could reach the level55% whereas the
thermodynamic coefficient of performance achieved wa45. The performance indicator
based on the electrical energy consumption &v&sover thewvhole day. Besides, effects of
outdoor and regeneration conditions were investigated, andutdeor humidity ratio was
shown to be the most sensitive parameter.

Ge et al. [106, 107toncludedthat the performance of thetary desiccant wheel

decreased mainly as a result of the rejected adsorption heatdyrnidw@ic dehumidification
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process. Therefore, they developed an int@ling twostage rotary desiccant wheel cooling
system (TSDCS) to achiewn enhancemerit the performance of the system. It was shown
that TSDCS hadthe advantage of thhigh thermal COP as well as low regeneration
temperature. Further study to enhance the performance of the solar powered TSDCS was

conducted by Ge et al. [1085 illustrated in Figure 213

Figure2.31 Schematic diagram of tv@bage rotary desiccant wheel cooling system [108]

In the research, the performance of two different cooling systems including a solar driven
TSDCS and vapour compression system were simulated totimeasetolingdemand forone

of storesin a commercial office building in two different cities with different climatic
conditions, namely Berlin and Shanghai. The aims of the study were to evaluate and
compare the thermodynamic and economic performance of the #@woveystems. he
results showed that the desiccant cooling system cpubdiuce the needed cooling demand

as well as tgrovide process air to create comfortable conditions in both citi@erlm, the
required regeneration temperature was & ZKLOW WDV Shagha ltwas also

found that the desiccant cooling system laoktter supply air quality and consumed less

electrial energy comparedo the vapour compression systeniihe results of the financial

57



Cha&uitar Cooling Technologies

analysis revealed that the dynamic investment payback periods were 4.7 y&amdirioand

7.2 yeardor Shanghai.

2.3 Thermo-mechanical refrigeration

The main target in any solar therfmmeechanical refrigeration system is to use the solar
energy to drive theompressor of the refrigerating cycle to produce the cooling effect as

showing in Figure 2.32.

Figure2.32 Solar thermanechanical refrigeration principle [12]

2.3.1 Rankine cycle

Most of theglobal electrc power is producedusing thermodynamic power cycle$hese
power cycles can be classified according to ukedworking fluid: gaspower cycles, and
vapour power cycles. In the gas cycles, the working fluid throughout the cycle is in the
gaseous phase.g. the Brayton cycldn a vapour power cycle, the working fluid that enters
the turbine is inthegaseouphaseproduced by vaporizing a liquid in the boiler [109]
Cogeneration, producing power and cooling effect, has imprthedustainabilityof the

thermal power cycles, where aan increase the energy application efficiendy. JQL¢ FDQW O\
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In the early 1950s, the use of Rankine cyalgth a working fluid beingammoniawateras

an absorption power cycle wagroposed by Maloney and Robertson [110he binary

component mixtures exhibia boiling temperature that varies during the boiling process, and

their use makes it possibldéo maintain a more constant temperature difference between the
working fluid and variable temperature heat sourdéss reduceexergylosses in the heat

addition process [111] Maloney and Robertson concluded that there was QR VLJQL¢ FIL

advantage over the steam cycle operation for the conditions considered.

2.3.1.1 Kalina cycle

Kalina [112, 113]developeda combined power cycle which employs an ammonia/water
PL[WXUH DV WKH ERWWRPLQJ F\FheprabRidiN ItH@ ydexhyG DQG
Maloney and Robertson by replacing the condensation process with an absorption jprocess.
thiscycle as seen in Figure 2.33, the vapour solution stream from the distillation unit (stream

5) is combined witta bypass basic solution (stream 3). Thereafter, the mixed stream (stream

6) is cooled and condensed in tlsecond condenser, which makes it giole for the

distillation unit to work at a lower pressure than tbétthe boiler. The lowepressure
minimises the amount of energy needed to separate the combined mixture, which enhances
the performance of the cycle. Then, the mixturdested, in théoiler, and superheated

before it is directed to the turbine. The turbine exhaust is used to rebevenergy and to

heat the basic solution [35]
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Figure2.33 Schematic diagram of Kalina power cycle [35]

The Kalina cycle has been studied for many years [114, Reéddent appreciatigrof its
advantages has renewed the interest in the ammonia/water absorption cooling cycle. Where
the waste heat rejected from the power cyclasitised to run the absorption process in the
absorption refrigeration cycle for producing power and cooling simultaneously. In those
combination cycles, the benefit of the enecgyversion criteria and the cycle characteristics
may be different from one application to anoth@he absorption cycle idlexible for the

usein a wide variety of practical process schefid$, 117]

2.3.1.2 Goswami cycle

Goswami presented 118, 119] a unique feature of the cycle (called the Goswami cycle)

used to produce a combination of power and cooling cycle simultaneously in the same loop.

60



Cha&iuitar Cooling Technologies

This cycle is a combination of a Rankin cycle and an absorption refrigeration cycle with a
working fluid beéng ammonia-watermixture

The Goswami cycle [120]see Figure 34, works in the following way: he basic
solution, which is a mixturef ammonia and water, is pumped from the low presswed in
the absorber (state 1) to high pressure Iéstalte 2) by the circulation pump. It is then split
into two streams (state 2A and 2B) to recover heat (state 13 and 14), then the two streams
mx WRIJHWKHU ZLWK WKH FRQGHQVHG © lomeXdtréanm drijRientdfKH UH |
the desorber (state 3) which is called a boiler by Goswami amdeers. The working fluid
is partially boiled in the desorber where a vapagh in ammoniais produced as a result of
this process (state 4) together wiihhot weakin-ammonialiquid solution  (state 10). The
vapout rich in ammonia passes through theectifier to increase the percentage of the
ammonia in the vapour by reducing the emtof water in the vapour in theondensation
process. The resulting rectified vapour (stateriers the supetheaer (state 7) and then
expands in the expander (state 8),iahproduces useful powelPower production is
accompaniedoy a cooling eféct in the caseof expanding the vapour below ambient
temperature (states—8). The expanded stream providea refrigeration effect in the
refrigeration heat exchangby receiving a sensible hedtom another fluid (states 89).
After recovering heat from iin the solution heat exchanger, the pressure of the weak liquid
solution is reduced ia throttling valve before it flows bactk the absorber (states 10-12). In
the absorber, the heat is rejected from the cycle when the weak solution (statd 12 a
vapour (state 9) are mixed togethgenerating the basic solution (state 1) [1Z3 shown
in Figure 2.33 for the condensatdhat flows back from the rectifier (state 5 be mixed

with the basic solution after recovering heat, it may either {fo&reelated into the desorber
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[120-122] or be mixed with the weak solution after reducing its pressure in the throttling

valve [123]

Figure2.34 Schematic diagram of the Goswanytle with internally cooled rectifier [35]

The heat sourcein this cycle could be geothermal energy, solar energgte heat, etc. In

addition, the cycle may be a bottoming cycle &tronventionalpower cycle. The coolm

effect can be accomplished because the working fluid is a mixture (ammonia and water) at

the constant pressure. Also, the condensing temperature ddrtiraoniarich vapour can be
VLIQL{;FDQWO\ ORZHU WKDQ WKH VDW X Udd ahinivQawdidrP SHU D W
mixture. The ammonia can be expanded lmnatemperature by increasing the concentration

of the ammonia vapour that enters the expander and by decreasing the expander inlet
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temperature, which negativegffects the power production. Accordingly, the superheating
process of the vapour in the rectifier enhances power production but it lessens cooling
production. Using the Goswami cycle, a number of studieere performed tdake into
account some specifieaturessuch as refrigeration output, cycle optimisation, parametric
analysis and cycle development to enhance power and cooling production simultaneously.
Goswami et al. [120presented a thermodynamic parametric analysis oGtssvami cycle.

The analysis wasarried out with the assumption of the ideal conditions by neglecting the
irreversibilities that mighbccur during the heat transfer agxpansion processes. The results
showedthe possibility of using the low and medium temperature solar collectors to drive the
cycle. In addition, the proposed cycle hachigh thermal efficiency but the cycledhi@ be
optimized to produce themaximum powver, maximum cooling effect, or a maximum overall
thermal efficiency. Another parametric analysis of a Goswami eyateperformed by Xu et

al. [124] seeFigure 2.%. Thetheoretical mvestigation®f this cycle demonstratighat the
combined cycle achieved high thermal efficiency of about 23.5%th a het source
WHPSHUDWXUH RI U& 7KLV Y DO X Hth& lofwWh& ebnkentiofriall HQ F\ L
steam power cycle, working at the same operating conditions. Additionally, the output power
production of the proposed cycle w&MW together with a cooling output of 700 kW for
refrigeration. Also, it wasound that the cycle wafficient thermally with a heat source
temperaturef 400K, which could be provided byflat plate solar collectgror many other

sources of the heahcludinggeothermbhone

63



Cha&iuitar Cooling Technologies

Figure2.35 A modified ammonidased combined power/cooling cycle [124]

The cycle which had been studied by Xu et[AR4] was optimised by Pouraghaie et al.
[109]. The optimisation wagarried by changing the value of superheat temperature,
condenser temperature and turbine inlet pressure in a limited range. The objective functions
considered in this studyere turbine output work, cooling capacity and cycle thermal
efficiency and the Pareto approach optimisation hogtwasused. The first law of
thermodynamiavas applied to find the objective functions ignoring the irreversibilities. The
obtained results demonstrated that two extreme points in the Pareto metbddd those of
singleobjective optimization results, therefore, provided more choices for optimal output
designs.

Xu and Goswami [125proposed a new method to calculate the thermodynamic
properties of the working fluid, ammonrieater, by using Gibbs free energy equations and
emgrical bubble and dew point temperature equations when calcutagnghase equilibria.

The equations weresolved iteratively and the results weremparedo experimental data

and showed good agreement. By using the first and second laws of thermodynamics, Hasan et
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al. [126] optimised the thermodynamic performance of the cycle in order to maximise the
second law efficiency using a commercial optimisation progrsimg Generalised Reduced
Gradientmethod(GRGZ2). The study considered the heat source temperature ranging between
57 and 197 U& ZK L F KepRwdedsby low to medium temperatuisolar collectors.

They concluded that the second law efficiency cobkl maximised up to 65.8%.
Furthermore, it was found that the absorber tinedlargesi(44%) contributionto the cycle
irreversibility with the front of the rectifier and solution heat exchanger addié% and
24%to the total irrevesibility, respectively. h some cases when the heat source hagtya

low temperature, therreversibility in the boiler hadh significant value. For Hasar
Goswami-Vijayaraghavan study [126an exergy analysis was carried out by  Vidal et al.
[127]. They applied The Redlich—-Kwor§oave equation of state in order to evaluate the
thermodynamic properties of the working fluid in the cycle simulation. The study included
the effect of the irreversibilities caused by théfedent components of the cycle. The
simulation of the cyclevas done using the process simulator ASPEN Plus. When the heat
source temperatures were EHWZHHQ DQG U& LW vededivenesmst the exergy
wasbetween 53% and 51% respectiwelhe production of cooling was less than the power
production. The exergyanalysis of the cycle revealed thaithb cooling effect and power
could be generated using letemperature heat sources even in the caseimwéversible
cycles.

Lu and Goswain[121, 122] studied he enhancement of the cooling effect by
reducing the refrigeration temperature and the effect of the ambient temperattine
cooling effect. It was found that both first and second low efficiencies decrease@
function of the drop in the refrigeration temperaturebe Tesults showed that a low

refrigerdion temperature of 205 K coulae reached by using this cycle. Furthermore, they
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showed that both cooling effect and power generatonld be produced at optimum
conditions with thesourcetemperature of 360 KVijayaraghavan and Goswami [128, 129]
developeda number of expressions to evaluate the total efficieicyhe cyclewhich
included effciencies forthe refrigeration effect and the power productioThen, the cycle

was optimised for themaximum efficieicy by using Generalised Reduced Gradient. The
definition of resource utilization efficieng)RUE) was presented to express the total desired
effect needed from the combined power and cooling cycles. An improvemeRUBfwas
achieved by adding a thenal distillation scheme to the cycle with two different
configurations: namely, configurations 1 anda®, shown in Figure 2.3&nd Figure 2.37,
respectively. By optimising RUE of the modified cycle, an enhancement of more than 25%

was achieved

Figure2.36 Modified power and cooling cycle configuration 1 [129]
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Figure2.37 Modified power and cooling cycle configuration 2 [129]

A new parameter, calleeffective COP, was introduced by Goswami andvookers[123,

130] to evaluate and optimise the gain in do®ling This COP definition relates the cooling
produced with this cycle and the theoretical amount of work production which was
compromised in order to fia combined cooling production:

_ CoolingProduced (2.2)
ddcargtpotential Work Lost

COP,

The rectifier conditions wereoptimised by using the effective CQRIlue Values of COP
were achieved close to 5, when the parameterus@d to optimise the gain in cooling. But
this parameter was at the level 1.1 when contbm@erationwas considered.he simulator

in ASPENwas used to optimise the cycle to reduce the expenses of the work production
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when the cycle waoptimised for the cooling production [130]he theoreticatesultswere
compared with experimental data and showed good agreement

The Goswami cycle was alsetudied experimentally to proveettieasibility of the
cycle and tovalidate the theoretical results [131, 13Phe authors included in these studies
some realistic irreversibtles to improve agreement between theoretiaatl experimental
results.A number of organic working fluids wergroposedto substitute the ammoniaater
mixture used irother studieg133]. The benefits and drawbacks of those organic fluids were
discussedwith comparison to the ammoniawater mixture It was concluded that the
efficiencies achieved by using organic mixture werelower than thatshown with the
ammoniawater mixture. Optimisation of operatica conditions in terms of theboiler
pressure, isentropic turbine efficienbyr a range of ammonia concentration in the basic
solution was carried out by Demirkaya et al. [134]t wasshown that the cycle can be
optimized forthe net work, cooling output, effective first law and exergy efficiencies. The
effect of rectification of theooling source on the cycle output was investigated, and it was
found that an internal c#ification of the cooling source always producéae higher
efficiencies. Furthermore, they found that the superheating process of the ammonia vapour
afterthe rectification process léd an increase in the cycle efficiency and to a decrease in the

cooling output.

2.3.2 Stirling refrigeration cycle

Stirling engine can be driven byanythermal energy source including waste heat, rice husk
combustion orsolar energy. Basically, the Stirling refrigeration cycle prodube cooling
effect based on volume chasraused by piston displacementghich result in the gas

pressure and temperatwariations over the cyclelThe working gas during the cycle does
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not experience any phase changs3b]. Such thesystem is suggested to be used for certain
applicationan whichheat sourceareof a low-temperatureange. By applying the condition
of the ideal regeneration, the thermal efficiency of this refrigeration cycle is equal to the
thermal efficiency of th€arnot cycle. Moreover, compared with all reciprocating piston heat
engines working at the same conditions, the ideal Stirling engine has the maximum possible
thermodynamic efficiency [136]

Chen et al. [137imodelled a soladriven Stirling engine as a combined system. The
system consists of solarcollectorintegrated with a Stirling enginasshownin Figure 2.38.
The authors investigated the performance of the system with the irreversibilities of heat

conduction and regenerative losses.

Figure2.38 A solardriven Stirling engine system [137]

Le’an et al [138]presented a theoretical and experimental study on tiypé/ integal
Stirling refrigerator (VISR). The VISR consists of an expansion cylinder, a compression

cylinder and a heat exchangerbetween as shown in Figure 2.39. Both the expansion and
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compression cylinder pistonare driven by a crankshathdthe machine ia V-shapedThe
authors concluded thahe cooling capacity increasemith the charged pressure of the

working gasup to 1.0 MPdor nitrogen and up to 1.3 MRar helium.

Figure2.39 Schematic and prototype of thaype integral Stirling refrigerator [138]

The main advantages of the sgbmwered Stirling enginer cooling machine are firstly their
high efficiency at low capacity and secondly its abitaygeneratdoth power and coldOn

the other hand, the Stirling engineare quite complex and need a highality heat at
temperatures between 600 and 7Q@lhefeforethe solar thermal energy should be of a very
high grade Lastly, this technology is practically restricted in terms of capacity since its

efficiency is a decreasing function of the capafdgj.

2.3.3 Solar ejector refrigeration

The ejector refrigeratiortechnology is generally driven by low-grade thermal energy,
including solar one. In this technology set madeof a generator, ejector and punipused

to replace the compressor in the vapour compression ¢¥8]. The solar ejector
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refrigeration technology could be classified into three main categories inclsidigig and
multi-stage and hybrid systems in whithe ejector technology is combined with other

cooling technologies.

2.3.3.1 Single stage ejector refrigeration systems

Thesingle stageejector systemarethe simplest form of this technology and aneely used
around the worldFigure 2.40shows a single sg@ solar ejector cooling system which
consists of three circulating logpscluding solar loop, power loop and refrigeration loop
The solar loop comprisessolar collector, generator heat exchangeat storage tan&nd
pump. The solar loop delivethermal energyto the generatorln the power loop, the
working fluid absorbs the heatfered in the solar loom order toprodue a vapour of high
temperatureand pressure (point 1).The highressurevapour primary fluid, passeghrough

the ejector invhich it accelerates as movdsough the nozzleart of the ejectorsee Figure
2.41. Flow pressureeducesas its velocityrises. The primary fluid pressure, the nozzle

exit, becomes leghanthe flow pressure insidéhe evaporatorAt this point as a resulof

the pressures differencethe low (point 6) is sucked ito a mixture of the flow and the
primary flow. The fluid mixture emerges from the mixing chamber, and as it enters the
diffuser its velocity dropsind pressure increases. The presstitbe emerging flow (point

2) is slightly above the condenser pressure. In the refrigeration loop, the fluid inside the
condenser becomes liquid by rejecting heat to the surroun@ioo 3). A partof the liquid
(point 7) is pumped to the generator in order to complete the power loop. iNbilest of

the liquid (point 4) is expanded by passthgough a throttling valve (poir) and enters the

evaporator aa mixture of vapourandliquid. In the evaporator, the heat is transfédifrom
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the coolingspace to theefrigerant which is convertet vapour (point 6), andenters the
ejector to completéne refrigeration cycl§L40].

Although the performance of ejector cooling systems is less than 0.3 andifower
comparison with other hedtiven cooling systems, the simplicity of their constructitdme
absence of moving parts(which reduces the need for the maintenarer&j their low
operating and installation costmake them an attractive alternative. Their major
disadvantages are the difficulty to run them ovevide range of theambient temperature

values and the complicated design of the ejdat |.

Figure2.40 Schematic diagram of a solar ejector cooling system [140]
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Figure2.41 Schematic diagram of an ejector [140]

2.3.3.2 Multi -stage ejector refrigeration systems

Due to the variation of operation conditions, it is difficult to keep the ssigigeejector
systems running at the optimum regitecausehe ejector, which is the main pat the
ejectorcoolingcycle, is a static device. The cygerforms well for the designedegimebut

it is unable to deal with changes in operating conditions. For instanc&caease in the
ambient temperatures above design conditions may lead to operation difficultiesTja42]
give the refrigeration cycle more flexibility to work withlagh COP atdifferent operational
conditions, Sokolov and Hershgal [148jcommendedising a parallel array of ejectors
positioned between a common inlet and a condereseshown in Figure 2.42. A number of
ejectors withdifferent dimensionsre placed in parallel; the condenser pressure determines

the selection of the ejector that will opés.
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Figure2.42 Schematic diagram of mustiage ejector cooling system [140]

The overall entrainment ratio is illustrated in Figuré32.In this kgure,the ejector 1 works
when the condenser pressure is higher than Pclejdutor 2 works at thecondenser
pressure in the range between Pcl and Pc2hargjector 3 works at theondenser pressure

higher than Pc2 and less than Pc3 [142]

Figure2.43 Performance of the mufttage ejector refrigeration system [142]

2.3.3.3 Working fluid for the ejector refrigeration systems

The old fashion solar ejector cooling systems USE€ and HFCF refrigerants [144, 145]

but in the recent years these were tested with erorgonmentdy friendly refrigerantsuch
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as hydrocarbon [146G])r hydrofluoroether [147]The characteristics of a working fluid affect
the coefficient of performanceenvironmental impagctoperating conditions and economic
viability of the solarcooling system. The marharacteristicsvhich should be considered for
choosing working fluids arf148-150];

a) Thermodynamic and physical properties:

Working fluids withthe high latent heat of vaporisation are preferred which reduce the size
of the facility, the refigerant flow rate per unit of theooling capacity and consequently the
pump consumption. In addition, refrigerants wighlow viscosity and high thermal
conductivity are preferred. Furthermore,working fluids with a large value of molecular
weight requie more compact ejectors and provitigher ejector efficiency and entrainment
ratio.

b) Environmental aspects

As to the environmental characteristitBe leadingconcerns include the ozone depletion
potential (ODP), the atmospheric lifetime (ALT) and global warming potential (GWP).

c) Stability and compatibility with materials:

The working fluids should be chemically stable #ite operation conditions especially thie
high-temperaturegange, alsoshould be nomeactive or corrosive to the materials in contact.
d) Safetyconsiderations

In generalthey should be noflammable, norexplosive, nortoxic and noncorrosive

e) Economic viability:

The lowcostworking fluids are the more favourable to be used in these systems
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2.3.3.4 Solar collectors for the ejector refrigeration systems

Many types of solar collectors have been proposedeliver generation heat to the ejector
refrigeration systems such as flat plfid3], evacuated tub§l51] and parabolidrough
[152]. Nehdiet al. [151]showed that for a solar ejectrefrigeration systems with R717 as
the working fluid, using evacuated solar collectors produbechigher cooling efficiency
compared to botlsingle glazed and double glazed flat plate collectdeszertheless, some
otherstudies concluded that theaud high-temperaturesolar collectors it is natecessaryin

all cases. Pridasawamd Lundqvist[153] conducted an exergy analysis study of a solar
driven ejector refrigeration cycle with the working fluid R600. The study showed that the
highest exergy losses in the system occoed in the solar collectors and the ejectdn
addition, it was found that therewvas no need to employ very high temperatsaar
collectors In the case of solar insolation of 700/m? the generation temperature ranges
EHWZHHQ Dv@asssufficiedt for operation of the systemHuang et al. [154]
developed a higiperformanceejector refrigeration systemsingR141b, as shown in Figure
2.44. They experimentallybtained a COP of 0.5 atatdeHQHUDWLQJ WHPSHUDWXU't

an evaporating temperature of "~ &
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Figure2.44 A solar ejector cooling system as proposed by Huang et al. [154]

To select the most suitaldelar collector three different collecttypes werenvestigatedoy
Huang et al. [155]ncluding a conventional single glazed flat plate solar collecadnigh
efficiency single glazedlat plate with a selective surface aad evacuatedube collector.
The studyrevealedthatthe optimum choice wathe single glazedcollectorwith a slective

surface.

2.4 Passive solar cooling systems

One of the biggest consumers of the produced energy around the world is the building sector.
In 2010, the fraction of energy consumption in this sector wd898.9% of the grossmal
energy consumption in the Eur@reUnion (EU27) [35]. Chan et al. [156¢0oncluded that
about 35.3%of the overall energy demand wasnsumed by theuilding sector. Tie main

proportion was consumed for the heating or cooling of buildings.
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2.4.1 Evaporative cooling

In this type of coohig, a stream of air is passed ovlee surface ofwvater so thatwater

absorbs heat from the air and turns into steam. In contrast, the air loses heat and becomes
colder. According to Amer [157}he cooling effect of the evaporativeoting is very good

if comparedwith the solar chimney cooling system. Chan et al. [tie8cribedtwo types of
evaporative cooling, Direct Evaporative Cooling (DEC) and Indirect Evaporative Cooling

(IEC), as show in Figure 245.

Figure2.45 Evaporative process for (a) direct evaporative cooling and (b) indirect

evaporative coolin¢l56]

The main principle in those two types is to transfer heat (sensible heat) from the air stream

to the water leading to evaporation of some of it.
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In DEC the evaporated water mixes with air which makes the treated air is more humid. This
may reduce the efficiency of the cooling system and producerdisrt especially inthe

humid regions around the world. That is why in such cooling systems, it is needed to install a
dehumidifier by passing the air through a desiccant [58, .18]ile in IEC there is no direct

cortact between the air and water

2.4.2 Porous roof layer

In this type of solar cooling systems, a poroissyer is used to collect water during the
rainfall. This water may be used foevaporatiorprocess when the is a strong irradiation.
Because of the release of the latent heat, the temperature of the day@usremainsiower
than that of ambientDuring the nighttimeor cloudy days whethe humidity isrising up, the

porous materiallzsorbs water vapour from the surrounding, see Figud&2.

Figure2.46 Mechanism of porous roof layer [159]
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The performance ofselected types of porous materiahsvinvestigated experimentally by
Wanphen and Nagano [158ecause of its higher vapowbsorption from the surrounding
air, they found that sdeous shale hadhe best cooling performance among other studied
materials which were silica sand, pebbles, volcanic ash and siliceousisigdacral, there
are many other techniques are used to mairdaoting in buildings suclas coatingwith
reflective material4160, 161]or using solar chimney [162, 163h additionto the above,
Raman et al. [164¢levelopedan integrated arrangement which consistédboth solar air

heater an@n evaporang cooling system.

2.5 Liquid piston engines

The liquid piston engine (Fluidyne) is a fspiston Stirling engine with liquid columns
acting as pistons. Such the engine can be built using sections of pipes. Since the pistons are
liquid then no additional sealing rings and high precision manufacturing is required. The
liquid piston engines function at pressures close the atmospheric one, and have a low
frequency which is typically between 1/2 and 1 Hz [1&)nsequently, the power density is

low, and large machines are required if a significant power output is needed. Liquid piston
engines usually used to pump water, particularly for drainage pumping or irrigation in
developing countries, or for the generation of the electric power, if other means are not
readily available. As any other Stirling machine, the liquid piston engine can be used as a
heat pump or refrigerator and several studies proposeditaxglsuch the option [165]

Since the liquid piston eliminates gas leakage and need for a sliding seal mechanical loses
are not significant [166]

Mahkamov and Belgasim [9, 167, 168judied the Ilaboratory solar water pumping and

dynamic water desalination system based on the liquid piston engine, built by Mahkamov.
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The liquid engine was made of two concentric acrylic cylinders with aluminium flanges on
their top and bottom. Theswd cylinders were connected at the bottom and filled with a
water to work as a liquid piston, as shown in Figure 2.47. Periodical oscillations of the fluid
piston change the volume and pressure in the plant. For the duration of approximately half of
the periodic cycle the pressure in the plant drops below the atmospheric level causing flash
boiling of saline water in the manifold of the solar collector. Generated vapour is turned into
fresh water in the condenser which surrounds the cooling jacket \with gater. The flash
boiling effect improves the fresh water production capacity of the plant. Additionally, the
fluid piston converter drives a pump which provides lifting of saline water from a well and

pumps this through the cooling jacket of the cors#e to a saline water storage tank.

Figure2.47 The liquid piston engir8]
A theoretical study on a liquid piston concept was proposed to improve the efficiency of gas
compression and expansion by Van de Ven and Li [ITB& liquid was used as a medium
to carry heat into and out of the compression chamber. The authors found that the use of
liquid piston decreased the energy losses by 19%. The liquid piston and the reciprocating

piston machines exhibited the overall efficiency of 83% and 70% respectively. The liquid

81



Cha&iuitar Cooling Technologies

piston engine demonstrated significant improvements in the total compression efficiency in

comparison to a conventional reciprocating piston engine.

2.6 Conclusions based on literature review

The cooling gstems driven by solar energy ain attractive optionbecause the cooling
effect is provided in regionsvhere the solar energy &undant The vastmajority of solar

cooling techniques usenvironmentallyharmless working fluids. §ing such systems is an
innovative, promisingway to alleviate the risein the energy consumption caused thg
excessive use of conventional vapour compression systems, particularly in the summer time
In this Chapter arextensive review of existing technologies was performed and their
operational principle, design and components, advantages and drawbacks were described.
The literature review conducted shows that a numbesaér cooling technologies have a
great potential because of their environmental advani@gésnergy savings.Generally,
studiesperformedon solar thermal cooling systems demonstrate sufficient potential e&ists
meet cooling loads in a number of regioregound the world. For instance, masych
systemsemployedin different climatic area®f Europe demonstratedsignificant energy
savingsbetween29 and 55% for adsorption cycles armktween25 to 52 % for absorption
systems It was shown that absorption cycles wemere efficient than adsption cycles but

the later need ORZHU KHDW VRXUFH WHPSHUDWXUHY UDQJLQJ
adsorption systems there are no moving parts and consequently they haosver
maintenance costs. In desiccant cooling systitras main feauures arethe good humidity
control and the possibilityto be readily integratk with heating and ventilation systems.

Thermamechanical technologiegspeciallyRankine and Stirling cycle based onbave
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high capital and maintenancestsand herefae, these are not appropriate for low cooling
capacity applications.

The operating costs are low fejector cooling systems ardese can operate at low
heat source temperatures butithgerformance substantipl dependence on the ambient
temperature.

The coefficient of performance for the solar thermal cooling technologies in general
needs to be enhanced in ortieicompete with the conventional vapour compression cycles.
This enhancement can be achieved by further R & D activities and design optimisation.

In this PID research, the task is to experimentally and numerically investigate
performanceof a novelsolar cooling system with f#uid piston converter. The main aim of
this research is tdevelop an accurate mathematical model of this nowsksy perform
tests on the laboratory prototype tacquire experimental data on its performance and
validate the mathematical modélhe developed and validated mathematiceddel then can
be used for theletermination of the rational design paranetef the novel solar cooling

system.

2.7 Summary

In this Chapter, the review was focused on existing stiarmal cooling
technologies. The operational principles of a number of systems, their design and
components, advantages and shortcomings together recent advances made in research on
solar cooling technologies were described. Table 2.3 summarisesithdeatures of the

different systems considered in this Chapter.
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Table2.3 Specific features of different solar cooling systems

No.

Solar Cooling
System

Specific features of the system

1

Solar
absorption
cooling systems

X

X
X

It is possible to produce a cooling effect for applications in th
range between DQG U& > @

Can be classified as single, half and double effect systems |
Single effect absorption systems need a minimum temperatt
of heat soure at 100C and have coefficient of performance
(COP) of 0.75 [22, 30].

Half effect absorption systems need a heat source at tempe
between 55 and 7% and have COP of 0.36 [2Z5].

Double effect systems require a relatively high generation
temperaK UH QDPHO\ KLJKHU WKDQ

[30].

9HU\ KLJK KHDW VRXUFH WHPSHUDW
intense corrosion [48].

Solar
adsorption
cooling systems

Adsorption systems have a wide range of the heat source
WHPSHUDWXUH YDU\LQJ EHWZHHQ
without corrosion problems [48].

Suitable for operation in strong vibration conditions such as
present in fishing boats or locomotives [54]

The adsorption cooling systems need to maintain in the des
high vacuum, have large volumes and weight compared to
traditional refrigeration systems [55].

The COP is low for the adsorption systems (0.4) compared {
absorption systems for the same apienal conditions [55].

Solar desiccant
cooling systems

It is possible to control the humidity of the cooling space whi
is needed in hospitals to decrease the risk of infection [89].
CO2 emission reduction of 13% compared to the vapour
compressioniaconditioning [88].

Electricity saving is up to 24% in hot and humid climatic
conditions [93]

The coefficient of performance is about 0.75 [8].

13].
ure

rature

e > @

XUH DE

DQG

agn

Goswami cycle

X X

Generates power output and cooling effect [120].
SHIHQHUDWLRQ WHPSHUDWXUH LV
[124]

U& ZL'

Stirling cycle

X X X X

Stirling engine has high efficiency at low capacity [135].

Stirling cycles are able to generate both power and cold [136].

The main drawback is quite complex design [12].
It needs highguality heat at temperaes between 600 and 70(
U& > @

|=)
—_

Solar ejector
refrigeration

X

X

The construction of the solar ejector refrigeration system is
simple [140].

No moving parts in these systems which reduces the need

84



Cha&uitar Cooling Technologies

the maintenance [140].

x The operation and installation costs of these systems are lo
compared to other solar cooling types [141].

x The COP of these systems is very low at about 0.3 [141].

W
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Chapter 3 Mathematical Modelling of the

Cooling Part of the System

This Chapterdescribes the physical model o& dynamic solar cooling unit with lagquid
piston converterand its themodynamic mathematical model. This mathematical model is
used for numerical simulations of the operation of the unit and theoretical results, describing

the working process of the unit, are presented and discussed.
3.1 Physical Model

Figure 3.1 shows the general schematic diagram of the dynamic solar cooling system
analysed in this studylhe solar cooling system utilisehe solar energycollected by the
solar collector This energy is usedo drive a fluid piston heat engine. The enginagut
work is used to drive a reverBeat machine to produce the needed cooling effect.

The physical model of the cooling part s@is of three main components namely,
thecylinder with the liquid piston, cooler and cooling space. The liquid piston engunéch
is driven by the heat generated tine solar collector, works as an actuator to generate
fluctuatiors of pressure inside the closed system. The temperature in every compartment will
change as a function of this oscillation in gressure. When themperatures high, heat is
rejected in the cooler by using theounter flow concentric pipe heat exchanger. The cooling
fluid is water with temperature of U& ,Q WKH O D Viammelyed&lisgspasePtHeQ W

temperature is lowest in the systempgomducehe cooling effect.
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Figure 3.1 General schematic diagram of the dynamic solar cooling system

3.2 Mathematical Model

In order to derive the mathematical model of the operation, the proposed scheme is divided
into three separate control volumes, namely: the liquid piston cooling device, cooler and

cooling space, see Figure 3.2.
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Figure 3.2 Schematic diagram of dynamic solar desalination unit
In this diagram, indexe, ¢ and e indicate the above three control volumes, respectively,
and indexes cpndec are used to denote two interfaces between the corresponding control
volumes. The working fluid in all the system is air only, whichaasidered as an ideal gas.
The liquid piston cooling device is presented as a +spgsg oscillating system with a it
piston and a dumper. Using such the calculation scheme, the lumped parameter mathematical
model of the system can be presenésda system of energy and the mass conservation
equations written for each control volume in the form of ordinary differeetjahtions. By
solving these equations, information on the cyclic variatiooisthe pressure inside the
system and the temperatures in each control volumes can be calculated. During calculations
the value of temperaturescBnd T¢, depend on the direon of the flow across control
surfacesec and cp and equal tothe temperature in the correspondiragljacent upstream
control volume. The temperature in the cylinder of the liquid piston cooling deyicari€s

as a result of expansion and compressibthis control volume and the flow of air pags
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through the cylinder’s control surface. The general forithefenergy conservation equation
for unsteady flow closed control volume could be written as [169]

@8 @
36 (%I @ gaF( %I B e 2—@T:, 0/8@(56) (31)

where Cp and Ciare the specific heat capacities at the constant pressure and constant
volume, respectively, T is the temperature, P is pressure, V is the volume, M is the mass of
air, m 6is themass flow rate ito or out the control volume. The specific heags G, can be

calculated by using the universal gas constant R and isentropic iffex @

% 4UX
9:,\—
OF1 32)
0= _405
®” OF1U

As mentioned above that the air in the siyste assumed to be an ideal gas @hd equation
of the state can be used for the gas in each control volume as follows:

28= 146 (33)

3.2.1 The control volume of air in the cylinder of the liquid piston cooling device

By applying the energy equation (3.1) fine liquid piston cooling deviceybtaking into

account the heat loss from or into this control volume, the following equation can be:written

& @L ) U @8
TFL @P | @é?éGOéFm L—@E 3P 26 ez (34)

whereT , is the temperature at the control surface betweelquid pistoncylinderandthe

cooler. This temperature can be defined as:

& 1620

%f\% 16,< 0 (35)
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The input value in calculations is the displacenwrihe piston, which is denoted as X and
can be expressed:as
= #1 ?2K@R 2D+ 1, (3.6)
i=2eB (3.7)
where Xis the angular velocity, fis the frequen@/Ds the phase angle in the displacement

of the piston \Which generallycan be assumed to b%) , #1 is the water level amplitude

and finally : 4is the initial value of the piston position.
The volume of the air in the cylinder of the liquid piston can be calculated as
&= : U#s (3.8)

whereAsis the liquid piston cylinder’s crosectionalarea.

3.2.2 The control volume of cooler

The cooler is similar tdouble pipe heat exchanger which is ugedool air in the inner pipe
by means ofcirculation of the cooling waterat20& LQ WKH RXWHU SLSH 7KH H
for the air in the cooler may be defined as:

%%% FloZtd | 686 d 3 (39)
whereec denotes the control surface betweendbeler and cooling space, ,ds the heat
rejected in the cooleThe heat rejected from air to the water jacket in the cooler can be
calculated by using effagenessNTU (Number of Transfer Unijsmethod described in
[170]:

36= Y16 24kes F &0 (3.10)
whereT, ¢s the temperature of inlet cooling water and tBe cooler effectiveness can be

calculated fothe counter flow heat exchangerqHa0]:
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1 FATIEO67(1 F %]

= - 311
¥ 1 F %UAT LFO67(1 F %) (311)
In equation (3.11) the values of C and NTU are defined as follows:
% 16Nbdd &MLocoa (312
067= — 70 (3.13)
1&boa '

In the above equatiot is the overall heat transfer coefficient and its value is taken to be

constant at 230 W/hK [9].
3.2.3 The control volume of cooling space

The last chamber in the system is the cooling space in which the heat is trarsfemeeh
the system and the surrounding. The energy equation for the cooling space is:

& @L . .
TFL @P FI®&6s3 3ua (3.14)
To obtain the pressure variation in the system, the equations (3.4), (3.9) anc@.adjled

to produce the following equation:

& @L 5 U @8
s == | =c . 3.15
UF1 @PF3aFUF1L@E3§*¥ 3u (3.15)

Here V, is the total air volume in all three compartments:
&= &+ &+ & (3.16)
By applying the equation of state for ideal gas, the temperatures of air in the cylinder of the

liquid piston, cooler and cooling space can be expressed as

_ 2§
6‘5“4|

(3.17)

a
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_ 2%
6= 4—|® (3.19)

Regarding the masses of air in the system, the total mass in the whole system is constant
because the system is closed and it is calculated as follows [171]
le=lat Lot lg (3.20)

The derivative of equation (3.20) gives the relation between masses passes through the

contol surfaces;

@é+ @b+ @b: 0 (3.21)
@P @P O@P

Physically, in equation (3.21), the terméj—gU : XTa;and%;D representhe change in the
masses of air in the cylinder, cooler and cooling spaspectivelyThese terms in equation

(3.21) can be writteas:

@ 3

= 163
@P b (322)
9o g,
@ (o]
Also, for the air mass in the cooler
| o= | &+ %OPU@ P (3.23)

wherem{ is the initial value of air mass in the cooler which is calculated from the previous

time step and drepresentshe time step in calculations

3.3 Matlab/Simulink Model

The equations of the above mathematical modeltlod dynamic solar cooling system were

solvedby using Simulink which works in th&latlab environment. The Simulink model was
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built as a closed loop as shown in Figure 3.3. The mamdists of four main subystem

blocks. The first block simulates the liquid piston cooling device; in this block the input
signal is the piston’displacement (X) which is used to generate the volume of the air in the
cylinder, so the system pressure can be calculated. Thereafter, the mass and temperature of

air in the cylinder can be calculated, see Figure 3.4.

Figure 3.3 The Simulink model of the dynamic solar cooling system
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Figure 3.4 The Simulink model of the liquid piston cooling device

The Figures 3.5 showthe second main block which is used for the first part of the cooler’s

calculatiors. In this block, the mass and temperature of the air in the cooler are calculated.
Figure 3.6 shows the simulation block usedtfa part of the cooler calculations in

which the heat rejected from the air to the coolant (water) is defined by using the NTU

method.
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Figure 3.5 The first block of the Simulink model of the cooler

Figure 3.6 The first block of the Simulink model of the cooler
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The fourth main lck simulates the cooling space and used to determinéhich the mass

and temperature of traar in the coahg space, seEigure 3.7.

Figure 3.7 Simulink model of the cooling space

3.4 Discussion of numerical results

The theoretical simulations of the proposed solar dynamic cooling systeencarried out
by usingthe abovedescribed Simulink system. In the simulati@nthe displacement in the
water levelwas assumed to be an input dataevaluate the rest ofariables such as air
pressure, temperatures and masses. The physical dimensions of thecyistter, cooler

and cooling spaceere the same as tife prototype on the test rig in the laboratory.
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3.4.1 The water level in the fluid piston engine

The displacement of the water level in the liquid piston cooling device as a function of the
angle degree for one operating cycle is illustrated in FigureTB@&.horizontal coordinate

units in Figures 3.8 to 3.16 are shown degrees, in analogy with conventional engines with a
shaft, completing the full rotation (one cycle) in 360 degrdesan be seethat the position

of the piston from the top of cylindéuctuatesbetween 0.1%nd 0.05m where 0.05mis

the initial position of the piston from the top of the cylind&he strokeof the piston is0.1

m.
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Figure 3.8 Amplitude of oscillations of the water level in liquid piston cooling device

3.4.2 Volume and mass of the air in the cylinder of the piston

As a result of the change in the water level in the liquid piston cooling device its volume can
be calculated, see Figure 3.9. The volume of the cylinder changes bebwedio* m®. And

2.84x10* m®. The amount of the air mass in the cylinder follows the same trend as
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demonstrated irFigure 3.10. This value varies over the cycle betweenxa®' and

3.5x10% kg.
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Figure 3.9 The volume of the air in the cylinder

3.4.3 Variation in the system pressu re

Thecalculated variation of the pressure in the sysillustrated in Figure 3.11. It changes

between 0.958 and 1.D®ar.

3.4.4 Variation in the air temperature in the cylinder

The variation in the air temperature in the cylinder is illustrated in Figure B.YAries
between 290 and 304 K. Unlike previous results, the shape of the temperature variations
differs that of the harmonic function and this is results of mass exelhwétig adjustment

control volume.
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Figure 3.10 The mass of the air in the cylinder
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Figure 3.11 The pressure variation in the system
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Figure 3.12 Air temperature in the cylinder

3.4.5 Variation in air mass and temperature in the cooler

Figure 3.13 showthatthe mass of the air in the cooler varies between starts the cycle with a
certain value of 1.695x10 and1.697x10* kg. There is approximately 8Gag in compared
to the mass variation curve in the cylinder, which is also a result of heat transfer and mass
exchange with adjacent control volumes.

As shown in Figure 3.14 for the air temperature in the cookailates between the
values of 30&K and 278 Kdemonstrating the presence of the cooling effect in the system

(temperature ofite cooling water is 293 K).
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Figure 3.13 Variation of mass of air in the cooler
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Figure 3.14 Air temperature in the cooler
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3.4.6 Variation in the mass and temperature of air in the cooling space

Variations in the mass and temperature of the air in the cooling space are shown in Figure
3.15 and Figure 3.16respectively. The air mass during the cyatbanges from1.1992x

10° to 1.2008x 10° kg andthe air temperature fluctuates between E78nd 308 K. Tie
pressure effect and that of the air mass transfer on the variation of the temperatures of air in
the cooler and cooling spaage dominant in the obtained results since the vokiofethe

coole and cooling space are constant.
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Figure 3.15 Variation of the air mass in the cooling space
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Figure 3.16 Variation in air temperature in the cooling space
3.5 Summary

In this chapter, a theoretical study of the dynamic solar cooling system based on the liquid
piston converter was carried out. The calculation scheme presents the cooling system as a
combimation of three control volumes with the governing equationsass mand energy
conservation for each volume. This set of equations of the mathematical model is solved in
the MATLAB/Simulink environment. The typical variations of the air temperatures in the
cylinder, cooler and cooling space are presented. Also, an example of the change in the air
pressure in the whole system over the cycle is shown. The numerical results obtained show
that the cooling effect can be obtained in the cooling space using such systems powered by

solar energy.
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Chapter 4 Experimental Study ofthe Dynamic

Solar Cooling System

The theoretical simulation model of tlweoling part of the wholedynamic solar cooling
system described in @apter3, need to be evaluated by comparing theoretically obtained
results to experimentatlata. Operational principles of the systems for solar water pumping
and dynamic water desalination were developed by Prof. K Mahkamov at Northumbr
University. These systems have béeiit based on thaduid piston converterwhich has a
simple desig and made of low cost materials.the waterpump and desalination systems,

the liquid piston converter works as an engine driven by solar thermal energy accumulated by
flat- plate or evacuated tube collectors. In this part of PhD study the test ragseaabled to

test the dynamic solar cooling system which consisted of the liquid piston engmgled

with a cooling unit to produce a cooling effectThis Chapterdescribes tests on three
different configurations of thelynamic solar cooling system. Additionally, the main
components of akxperimental set gpand the operational principles of all three systaras
described Additionally, the Chapter includes descriptionatif sensors and data acquisition
systemwhich were used to monitor and record experimental data. Finally, the procedures of

the experiments are presented and the experimental data obtained is analysed.

4.1 Experimental Test Rig

Each of he three testedxperimentabystems consistof two parts namelythe engine part
which absorbs the solar energy and produagsk, and cooling part which is driven by the

engine part to generagecooling effect in the cooling space.
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4.1.1 The first configuration

The first testecconfigurationof the solar cooling systemas a liquid piston engine and a

liquid piston cooling device, as shown in Figure 4.1 and 4.2. The liquid piston cooling device

is made as a{dhaped pipe with a height of 500 mm.

Figure 4.1 The test rig of the first configuration

4.1.1.1 The engine part

The engine part has five masomponentsnamely solar radiation simulator, heat pipe

evacuated tubesolar collector, evaporator, doulppge countefflow condenser and liquid

piston engine, see Figure 4.3.
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Figure 4.2 Schematic diagram of the first configuration

Figure 4.3 The engine part

4.1.1.1.1 Solar radiation simulator

The solar radiation source is simulated in the laboratory using an array of floodlight lamps,

connected to variable voltage three phase transfdiiigt. The simulatorconsiss of 10x11
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tungsten halogen floodliglampswith a maximum electrical power of 150 W/lamp. This set

of lamps is mountedn a steel frame so that thairadiationis perpendicular to the surface

of the evacuated tube solar collector, see Figure 4.4. The lamps in the solar radiation
simulator aredivided into three groups and each group is connected to one of three phases of

the variable voltage transformer. It is possible to vary the voltage from 0 to 240 V in each

phase

Figure 4.4 Solar radiation simulator

4.1.1.1.2 Evacuated tube solar collector

Twernty evacuated tube solar pipes arestalled on the frame directly beneath of the solar
simulatorto transfer the produced heat to the water in the evaporator, see FiyuTde.
evacuated tube solar collector was chosen to be used in tests lddeidegher efficiency

DW D ZRUNLQJ WHP S H Ud®MWpxredo DtRER typés73], duelt&the vacuum
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insulation of the absorber element and the highly selective surface coating Th#&4]
condensing side of the heat pipes of the evacuated tubes (the top sdeyted into the
evaporator through the cylindrical ports as shown in FigureEaéh heat pipes inside the
evacuated glass tubk normal conditions,hte solar radiationheatsup the external surface

of the heat pipe in the vapeaitionzone. The working fluid inside the pipe is vapourised

moves under the effect of the densityfeliénceto the condensing zora the top whae the

heat is transferred to the water in the evaporator. The working fluid inside the heat pipe is
then condensed and returned to the vapianzone[175]. The detailed specifications of the

evacuated solar pipes used in this test rig are presented in Table 4.1.

Figure 4.5 Evacuated tube solar collectors
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Figure 4.6 Schematic diagram of evacuated tube solar col[éG@)

Table 4.1 The evacuated tube solar collectors’ specification

Parameter Description

Collector Type Evacuatedube with heat pipe
Number of tubes 20 tubes

Tube Length 1.74m

Outer Tube Diameter 0.047 m

Collector Area 2.250 M

Absorber Area 1.80 nf

Dimensions LxWxH 1760x1500%130 (mm)
Weight 55 kg

Maximum Operating Temperatur U&

Stagnation Temperature U&

4.1.1.1.3 Evaporator

A copper manifold pipés used an the evaporator. The dimensions of the evaporator are 150

cmin length and 6 cm in the diameter. It can be seen in FigurthdtZhe evaporator has
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twenty cylindrical ports built in andhe axes of these ports are normal to the main axis of the
evaporator. The aim of inserting these ports into the evaporator is to house the condenser side
of the evacuated tube solar pippsrmitting the solar energy to be absorbed from the solar
simulatorand then transferredo water in the evaporator as a resulttieé direct contact

between the ports and evacuated tube pipes. With such the arrangement the evaporator is

sealed and watertight.

Figure 4.7 The evaporator
To reduce the contacthermal resistance between the surfaces of ports and heat pipes, a
special metallic glue is used between them and this glue has a high thermal conductivity. T
reduce the heat losses from the evaporator to the surroundings, the evaporator is Wyapped

a glass wool and then placed into a wooden box

4.1.1.1.4 Condenser

The condenser used in this study is a counter flow double pipe heat exchasigenwas
Figure 48. The cooling water flows between twoncentricpipes The diameter of the

inner pipe is 15 mm the diameter of théernal pipe is 50 mm works
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Figure 4.8 The condenser of the dynamic desalination unit

4.1.1.1.5 Fluid piston engine

The liquid piston engings made of plasticpipes[165] and runs atthe pressurelose to the
atmosphericat a relatively low frequency ofbout3 Hz. In this study, the main function of

the liquid piston engine is to convert the heat energy collected by the evacuated tubes into
oscillations of a water column the cylinder The material of the pipes used in the engine is
PolymethytMethacrylate which is known as clear acrylic tubes [1THE engine is made of

two vertical pipes installed agentrically. The combination of these acrylic pipesich

form the cylinder itself and then bouncing spacde,closed at the top, middle section and
bottom with the aluminium flangeasshown in Figure 49. The upper aluminium flange is
designed to house the pressure sensgaterlevel sensor and thermocoupl&he upper and

middle flanges also house ports to allowconnection of the engine to other units. The

concept of the operation process of the liquid piston engine is descriGadpier 3.
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4.1.1.2 The cooling part

The cooling part is a combination of three main componéamtiiding U-shape tube fluid
piston machine, doublpipe counteflow cooler and theooling space, see Figureld. It
can be seen thaté cooling part is &hermodynamic” revese of the engine part. The fluid

piston machine is driven by the energy provided by the fluid piston engine, described above.

4.1.1.2.1 Fluid piston cooling device

The fuid piston cooling device is designed to have thehidpe, see Figureld.. The U

shaped tube is madgom two clear acrylic tubes with aluminium flanges on the top of both
sides and connected to each other at the bottom using two PVC elbows. The height of acrylic
pipesis 500 mm. he design of aluminium flanges shown in Fyure 4.12and can house

pressure and temperature sensors together with water level sensor.

Figure 4.9 The liquid piston engine
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Figure 4.10 The cooling part

Figure 4.11 The liquid piston cooling device of 500 mm long
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Figure 4.12 Aluminium flange for sealing the cylinder and housing sensors

4.1.1.2.2 Cooler

The cooler used in the prototype is a counter flow double pipe heat exchanger which has the
same design and dimensionglas condenser on the “engine” pade Figure 4.8. The cooler
in the cooling parfunctions as théeatsink in the cooling cycle. It uses water as a coolant to

absorb the heat rejected from thedairing compression phase of the cycle

4.1.1.2.3 Cooling space

Next to the cooler there is the cooling space in whibb cooling effect takeglace. The
cooling space is eonfined copper pipmanifold which hashe same design and dimensions

as the evaporatoon the “engine’s” side , see Figure 4.7The cooling space is insulated in
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the same way + is wrapped into glass wool beforand placed in the wooden bpsee

Figure 413.

Figure 4.13 The cooling space

4.1.2 The second configuration

As the first configuratiorof the cooling systenthe second oneonsists of the “engirigpart

and cooling part. The difference is that the liquid piston cooling device has pipes with height
of 1000 mm Figures 414 and 4.15show the laboratory prototype and the schematic
diagram of the second configuration. With the exception of this difference, the rest

components of both configations are identical.
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Figure 4.14 The test rig with the second configuration of the system

Figure 4.15 Schematic diagram of the second configuration
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It can be seen in Figure 4.15at thee is a gas connection between the fluid piston engine
and fluid piston cooling machine and oscillations of the water column in the latteluaesica

by variations of the pressure generated in the engime I&hgth of the kshaped tube is a

very importat factor to have the optimum tuning between the pressure change amplitude in
the cylinderand the mas®sf water in the fluid piston inthe engine or cooling machine.
Therefore, to obtain additional experimental information rational combination of tke

two parameters these two different (the heights of 500 and 1000 mm) cases were tested.

Figure 416 illustrates the fluid piston cooling device used in the second configuration.

Figure 4.16 The fluid piston cooling device with pipes of 1000 mm long
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4.1.3 The third configuration

In this configurationthe U-shaped pipe was used as bothligeid piston engindthe first
column)andthe liquid piston cooling machine (the second columit)e use of completely

two different machine arrangements in the first and second configuration leads and gas
connection between them results losses of the “driving” power of the engind perthird
configuration of the whole system is shown in Figudel7 and 4.18. In this case, the
identical set of temperature andepsuresensors are installed on both flanges of pipes as

illustrated in Figure 4.9.

Figure 4.17 The test rig of the third configuration
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Figure 4.18 Schematic diagram of the third configuration

Figure 4.19 Cooling part of the third configuration
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4.2 Data Measuring and Collection

In the describe above laboratory prototypes, several sensorsiseel¢o monitorand record
working parameters of the engine’s and cooling part cysdesFigure £0. The parameters
needed to be monitoreate amplitudes of thavater level in both liquid piston machinesir

pressures and temperaturesamponents of both sides of the test rig.

Figure 4.20 Sensors mounted on the flange at the top of liquid piston

The amplitudes of the water level in the liquid piston engine and liquid piston cooling
machine weremeasuredusing an aluminium Reries liquid level sensor [178The level
sensoris shown in Figure 4.2And hasthe SAE 5bolt flange mount with fullyintegrated
electronics The sensor has a bar with a diameter ofrit6 and 24cm long. It is factory

calibrated device with a sampling rate of 80 Hz.
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Figure 4.21 Aluminium Rseries liquid level sensor

The change in theair temperaturein the system is measured using thréaype
thermocouplesOne of these thermocouples is edded intothe flange at the top of the
interior cylinder of the liquid piston engine. In addition, to monitor changes in air
temperatures on the cooling part of the system, two sitiéamocouples are inserted into

the cylinder of the cooling machine and in the cooling spHeermocouplesised are PFA
insulated,2 m long and with thethickness of wires of 0.08 mm [179] see Figure 22.
Because the fluctuatisrof the air temperature over the cycle has the same frequency as the
cycle (about 3 Hgthen the use of such théin thermocouplecan reflect the tendency in the
change of the temparture but this will not be suffcient to record instanteneous tempetaure
variations over the cycle due to their thermal mass/in@rtia amplitude ofte temperature
change recorded by these thermocouples will be reduced compared to real process and also
there will be phase lag in the temperature recording. fdrneation of the waterfilm on the

thermocouple surface in the wet environment introduces additional errors in readings.
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For measuring the temperatures 0boling water in the inlet and outlet of the cooler
and condenser, four -kpe thermocoupleswere used with thediameter of 0.2 mm as

shown in Figure 4.23.

Figure 4.22 Fype thermocouple Figure 4.23 Ktype termocouple

The variation in the pressure in the system is measured by means of two UNIK 5000
instantaneous pressure sensors made by DRUCKSsEl Figure 24. The sensors are
installedat the top of corresponding flanges of the fluid piston machines. These Druck PMP
5073TB-A3-CCH1-PG aredifferential bidirectional gage pressure transdusewith a 4

bar to + 4 bar [180] The pressure sensohave an accuracy range of £0.04% and the
frequency responsealp to 5 kHz athe temperaturgange from- XS WR U& ZKLFK
within the temperature range in the system. The calibration of this sensor is made by the

manufacturer.
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Figure 4.24 Pressure sensor

The radiation from floodlights lamps wameasured and calibrated using a PMA 2200
photometershown in Figure 4.25. This photometer measuttes full spectrum of radiation
from ultraviolet tovisible and infrared waves with a sampling rate of 3 Hze photometer
was calibrated by the supplier and has an accuracy of 0.2% tbnverfull range of

measurementd 81].

Figure 4.25 Photometer PMA 2200
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4.3 Data Acquisition System

The data acquisition system was assemiledh modules supplied by National Instruments
and connected to sensors in order to rec@xperimentaldata on the parameters in the
cycles. Figure 4.2@llustrates the schematic of connections of componentstheofdata
acquisition systemLabVIEW software was used in conjunction with the abowata
acquisition systemrhe system consists of two types of modulezsamely N#9213 module
with 16 “slow” chanels andthe 4 “fast” channelsimultaneous analogue 1922 module.
These modules were mounted the 8slot USB chassis of the NI cDA@178 model
connected to a PC wiltabVIEW software.

The thermocouplesneasuring the temperature of the cooling water in the condenser
and cooler and that used for measuring air temperatures were connected to a Néparate
9213 moduls. The NI 9213 module has a hbwith coldjunction compensation with the
accuracyof measuremestat U &he high-speedmodewas chosen to operate for this
module with a sampling rate of 1208z in aggregate whichresults in every channel
sampling rate 75 Hz if the module weennectedo 16 thermocouples [182] To increase
the sampling rate vaé for eachdeployed thermocoupleéwo NI 9213 modules were used
with one of them beingconnectedo 3 thermocouples measuritite temperature of thear.

The second module was connected to 4 thermocouples measuring the temperature of cooling

water in the inlets and outlets of the condenser and cooler.
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Figure 4.26 The arrangement used in the data acquisition system
The highspeed 4channels NI 9222 module has a chartnethannel isolation with enhanced

sampling rate and accuracy [183Jhese four fasthannelswere used for two pressure
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transduces and two liquid level sensor€£ach channel in this module has a sampling rate of
500 KHz with an accuracy of +0.2% of the measuring value

Theall above modules were mounted on the@ NI-cDAQ-9178 USB chassis which has
built-in timing controllerfor synchronizingoperation of modules and sampling procdsse
cDAQ chassis is connected to a PC through a USB cable [184]

For experiment controlling, visualisation of signals and datnga computer program in
LabVIEW wasdeveloped185], Figure 4.27. Example of results visualisation in\gdv is

shown in Figure £28.

Figure 4.27.abVIEW block diagram panel
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Figure 4.28 abVIEW results visualisation panel
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4.4 Experimental Procedure

Before conducting experiments on the solar cooling system, the solar radiation simulator had
to be calibrated to simulate the solar irradiance daily variatiartypical summer in

Benghazi, Libya, seeFigure 4.29.

Figure 4.29 The total solar radiation atypical summer day in Benghazi city, Lik@éh

The calibration operation waaiming to quantify the average radiation delivered by the
halogen lamps at different values thfe voltage controlled by the $hase transformer.
Because the radiation generated from the lamps is high at the centre of theaosimula
compared to that on its periphetlye whole simulator’s area was split intgrad as shown in
Figure 430. Thearea was split intd1 rows and 10 column3he photometePMA 2200

wasused to for calibration of the simulator.
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Figure 4.30 Apart of solar simulator
The measuremest of radiation were done ina two-step procedure. Firstly, the average
guantity of the rdiation in the central area of ealedmpwas measured and then multiplied
by the total area of lamps. Secondly, the average quantity of the radiation in the area between
lampswas measured followinghe sameprocedure. Those two values ofaidiationwere
added in order to find the total amount afradiation generated by the lampgsnally, to
calculate the averageradiaton generated from the solar simulator, the total amount of
irradiation generated by the floodlights wdsvided by the total area of the simulator. The
relation between the average solar radiation and transformer voltage percentage is shown in

Figure 431.
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Figure 4.31 Average irradiation versus transformer voltage

After assembling the wholsystem components together, the pressure in the system was
raised to 1.5 bargaugeand tha all the fittings and the pigeints were checkedby using a
gas leakage detector to ensure that the system is hermetic and thene wagssure drop.
To reduce the heat loss the system wathermally insulated by wrapping the connection
pipes and heat exchangers with a low conductivity mineral wool.

The dynamic solar cooling unit was tested experimentally forithediation level of
700 W/nf which corresponds to transformer voltage of 83%te test procedurstars with
filling the evaporator with a halftre of water and setting the certain mass flow rate of
cooling water in thecool the cooler and condenser. Thigre solarsimulator is switched on
and the three phase transformer regulet@et in the position to achievthe required level
of irradiation according to the calibration curitetakes about 90 minutés reach the steady
state condition of operation of theooling unit after which the measurements are taken and
recorded. Theprocedureor a certain level of irradiation was repeatsVeral to eliminate

any human err@rin measurements
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4.5 Discussion of experimental results

The experimental investigatiswereconducted foall three proposed configurations. For the
first and second configurations, the experimental findings on the water level amplitude in the
engine cylin@r, the air pressure artdmperature of the engine cylinder, the water level
amplitude in the coolinghachinecylinder, the air pressuandtemperaturen the cooling
cylinder and the air temperature in the cooling spam¥e recorded For the third
configuration the water level in the engine cylinder only was measured since this was
identical to that in the cooling device cylinder, taking into account that displacements are in
counter phase. The other measured parameters were the same as fet #mal fiecond

configurations.

4.5.1 Experimental results for the first configuration

Theoscillationof the water level in the cylinder of the engine over a single cycle is shown in
Figure 432. Itcan be seen that the maximum value of the displacement cis 1hilstthe
minimum value is 9 cmlhe frequency of the engine operatisrabout 3 Hz. The increase in
thedisplacemenof the water level in the cylinder results an increase in the volume of air

in the cylinder and consequently an increase in the total air volume of the engine part of the
system.In Figure 4.33, the variation of the air pressure in the engine part over the cycle is
presentedThe pressure in the engine fluctuates between 1045G0d°méximum, when the

total air volume is minimum)and 100700 Patl{e minimum, when the total air volume is
maximum) Figure 4.34and Figure 4.35showoscillations of the water level in the cooling
cylinder and the air pressure in the cooling pafthe air temperature variation in the cooling

space of the first configuration of the system is illustrated in Figure 4.36.
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The water level in the cylinder of the cooling machwexillates between 18 and 12 cm with

a stroke of water column being 6 cifhe air pressure in the cooling part of the system
fluctuates between 106000 and 98000 Pa.

It was observed during experiments that at frequencies higher than 3 Hz there were
distortions of the fluid surface during fluid piston oscillations. Such splashes resulted in
losses of kinetic energy of fluid pist oscillations, reducing effective power output of the
engine, see Figure3¥. Fluid piston oscillations with frequencies below 3 Hz were
smooth, see Figure 4.38. The main reasorsdch behaviourwas considered to be is that

the mass of the water in the liquid piston waset sufficient to have necessary movement

inertia.
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Figure 4.32 The water level oscillations in the cylinder of the engine
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Figure 4.34 The wat level in the cylinder of the cooling machine
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Figure 4.36 The air temperature variation in the cooling space of the first configuration of the

system

134



Chaptéxperimental Study of the Dynamic Solar Cooling Unit

Figure 4.37 The liquid surface distortion during the liquid piston movement

Figure 4.38 The smooth oscillations of liquid piston
4.5.2 Experimental results for the second configuration

Figures 439 to 4.43show experimental results obtaiior the second configuration of the
system.The variation in the water level in the engine cylinder over the cycle is shown in
Figure 439. The fluidpistonoscillateswith a frequency of 2.5 Hz. Theninimum value of

water level is9 cm, with the maximum level being 13.5 cm, with piston’s stroke being 4.5
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cm. The air pressure in the engine part varies between 92780dPH04900 Paas shown in

Figure 440.

On the coolingside of the system, the water levelthe liquid piston cooling machingaries
between 8.8 cm and 12 ¢mvith the stroke of the piston bei@g2 cm, see Figure 4.41. This
change in the water level ithe cooling machineylinder generates an oscillation in the air
pressureébetween 97700 Pand 102000 Pa, as illustrated in Figure 4Hgure 4.43 shows

the experimental results on the air temperature variation in the cooling space of the second

configuration of the system.

0.14

0.13

-
=
-

Water level (m)
o
|_\
|_\

o
[

0.09 ,’\v/\/ \,\f\’\

0.08

0 0.1 0.2 0.3 0.4 0.5
Time (sec)

Figure 4.39 The variation of water level in the cylinder of the engine
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Figure 4.41 Thevater level in the cylinder of the cooling machine
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Figure 4.43 The air temperature variation in the cooling space of the second configuration of

the system
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4.5.3 Experimental results for the third configurat ion

As mentioned previously, the third configuration differs from the firsatnd second
configurations irthat it does not have a separéitpiid piston enginend cooling machine
but insteadthe water columns in the 4ube work as pistonsfor the above machines.
Accordingly, the water level is recorded only in aveter column and this igdentical to the
water level variation in another colummf the Utube pipe(in counter phase)The
experimental results for sucltonfiguration are shown in Figwwd.44 to4.47. The water
level sensor has been installed the Utube on the cooling part andoscillatiors of the
water levelare illustrated in Figure 44. The frequencyf oscillations is 3 Hz. The
minimum value of the water level is 1 cm and the maximum value is 3.5 cm. The variation in
the air pressure in the engirpart is shown in Figure 4.4a8nd it varies between 104800 Pa
and 107750 PaFigure 4.46shows the air pressure variation in the cooling part it occurs
between 99500and 101700 Pa The variation in the air temperature in the cooing space of

the third configuration of the system is illustrated in Figure 4.47.
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Figure 4.45 The air pssure in the engine part

140



Chaptéxperimental Study of the Dynamic Solar Cooling Unit

102500

102000

101500 N\ //\
101000 \ /
100500 \ /
100000 \ /
99500 \/\/\/

Pressure (Pa)

99000
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Time (sec)
Figure 4.46 The air pressure in the cooling part
296
) /\/\ A
X 294 \/
g
=]
[<
(¢}
Q.
£ 202 ~
= M\
290
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Time (sec)

Figure 4.47 The air temperature variation in the cooling space of the third configuration of

the system

141



Chaptéxperimental Study of the Dynamic Solar Cooling Unit

4.6 Summary

In this chapter, three different configurations of dynamic solar cooling system prototypes
have been introduced and tested experimentally. The test rig was for performing experiments
was described together with three configurations of the system andriastation used for
measurements. Examples of obtained experimental results on oscillations of water columns
and variation of air pressure inside the engine and cooling parts are presented and discussed.
The results showed that the oscillations of the liquid piston in the first configuration are less

stable thanin the second and third configurations.
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Chapter 5 Development and Validation ofthe

Whole System MathematicaModel

In Chapter3, the mathematical model of the cooling part of the whole system was presented
with the equation of the prescribeabtion of thefluid piston in the coolig machine being

used as an input parameter. In this Chapter the mathematical model of the whole system is
described, consisting of equations describing the simultaneous and interconnected operations
of the engine part and cooling part of the whole dyicasolar cooling system.Theoretical

results obtained for operation of the whole system are validated using obtained expememntal

data.

5.1 Development of simulation model

The Simulink model of the cooling part presenteirapter3 will be furtherdeveloped for
the second and the third configurations of the whole sysfEne first configuration of the

system is not modelled due twetinferior performance of such system compared to others.
5.1.1 Mathematical Model of the Second Configuration System

Figure 5.1 shows the general schematic of the whole second configuration system containing
both the engine and cooling parts. The engimewpas previously simulated by Mahkamov
andBelgasinj9, 167] In the mathematical model the solar irradiance valiiebe used as
the inputand this value was assumed to be 700 ¥W8nch the value of irradiance is the

mean solar nadiation in a typical summer day in Benghazi city, Libya
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Figure5.1 Thesecond configuration of the solar cooling system

The operation of the whole plantan be described as followBhe system receives the heat
through absorption of irradiation bthe evacuated tube solar collecéord transferring this

heat to the water and air ithe cylindrical evaporator. The wataragoraes in the evaporator

and this togeteher with heating up of air results in the pressure rise in the engine part. The
evaporated steam then is condengethe condenseand is eliminated from the cycle.The

rise in the pressure results in the power stroke of the liquid piston and its returned to the
initial position due to potential energy accumulated by the external water column in the
engine part. The engine has a gas connection with the water column hshla@ead pipe

and pressure oscillations in the bouncing space of the engine part cause oscillations of the
liquid piston in the Wshapedpipe. This oscillation of the liquid piston in thedbige pipe

drives the cooling cycle.he entire system works as a dynamic thermal oscillation system.
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5.1.1.1 Description of the Mathematical Model for the second configuration

system

5.1.1.1.1 The engine part

In the mathematical the engine part is divided into three control volumes, inclading
evaporator condenser and liquid pistaylinder as shown in Figure 5.2. In this schematic
indexes e, ¢ and p correspond to the abdiwee control volumes, respeely, whilst the

two oontrol surfaces between the three control volumes are demsted and cp. The
evaporator has a volume of two litres but it is normally fildfd by water and the rest is
occupied byair. The generation of saturati seam is a continuous processhe evaporator,
therefore, in this control volume, and the working fluid in the model is assunhedjtst the
generated steam. In the control volume of the condenser, the working fluid consists of the
mixture of the steam coming out from the evaporator andrathe liquid piston engine, the
working fluid is assumed to be only air because all the steam passing through the condenser
is considered to be converted to the liquwdater and collected in the water trapr And

steam in the system are assahio behave as an ideal gas The fluid piston engine is
considered as a masspring oscillating system ith a rigid piston and a dumper. The
displacement of the piston can be described by the Newton’s second low with forces action
on a rigid body witrsome mass due to pressure in the ¢ymlessure in the bouncing space
(spring) and in the damping deviceBy using such thealculation scheme, the lumped
parameter mathematical model of the system can be described as a system of energy and the
mass conservation equationsvritten for each control volume in the form of ordinary
differential equations. By solving these equations, the information on the cyclic change of the

air pressure in the system and air temperatures in each control volume can be found.
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In the modelling process, the temperature in the evaporation spaseadsimed to
be equal to the saturation temperature depending on the instantaneous pressure value in the

system. Emperatures Tec and Tdepend on the direction of the How.

Figure5.2 The calculation scheme of the engine part
The general form of energy conservation equation foordrol volume could be written as
[169]:

8
TD %_g(lg 6) (5.1)

®l®

3¢ (%1 ®uaF(%! Baee 2

5.1.1.1.1.1Control volume of the evaporator
The space of the evaporator contains two different fluids, namalgr and a mixture of
steam and airTherefore, the entire volume of the evaporator has been dividedwnt

control volumes as shown in Figure 5.3.
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Figure 5.3 The control volume of the evaporator
Application of the energy equation (5.1) fahe vapour space of the evaporator leads to the
following equation:

& @2
2 T 2
Gri@r CRFIG& (52)
where | @ is the vapour mass production rate inside the evapora@gs the vapour mass
flow rate from the evapator to the condensemy, is the enthalpy of the vapaqur Q is

isentropic index of vapour ang; is the vapour pressure in the engine part.

The mass balance equation for the vapour space is:

@
—@blg IéFIQO

(5.3)
In this equationm; can be obtained from the energy equation of the liquid saline water in the
evaporator:

| ¢<QyoF %k b1 eF 6de= 3ua (54)

HereT, 4, is the boiling point of the saline water, which is assuméx tconstant during the

operation of the syster, 4,= 103 *.
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5.1.1.1.1.2Control volume of the condenser

For the control volume of the condenser, the energy equation takes the following form:

1%%%%I@&FW@FM@%%%FM@%%%Fﬁ (55)

where | § and Barethe mass and enthalpy of the freshwater conden8&is the heat
rejected from the working fluid in the condenser,; &d % gare the heat capacity of the
water vapour and air, respectively, and the temperature of the working fluid in the condenser
is Tc which is equal to saturation temperature.

The temperature of the control surfaég ;depends on the direction of the flow

between the two control volumes and is:

& 1620
& \g, 1650

(5.6)
The heat exchanged in the condenser, which isdmeentric double pipe counter
flow heat exchanger, is calculated by using the effectiveN@&ts method described in
[170]:
36= Y1 Grafhoakbeof 6l (5.7)
In this equationBis the heat exchanger effectivenes$§, jm,andC, ; , @fe mass flow rate
and heat capacity of cooling water in the water jacket, respectively, gl the inlet

temperature of the cooling water.

067= — 2 (5.8)
| GaafBoaan

where #gdenotes theontact surface area between the two fluids, @nsl the overall heat

transfer coefficient which is
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DDy
D+ D

(5.9)

Herethe outer and inner heat transfer coefficients, Dy are the convective heat transfer

coefficients on the condensation and water jacket sides, respectively.

Céf & F &) GO i
= H : ' 5.10
O~ 0555 H ) | (5.10)

The termh 1 denotes the modified value of the condensation heat:

~ 3
B Qo 5 %6 6eof 6 (5.11)
The outer convective heat transfevefficient Dy is usually determined as a function of

Nusselt number Ndound from a heat transfer correlation [186This correlation is a

function of the flow regime which depends on Reynolds numbanB&randtl number Pr

5.1.1.1.1.3Control volume of the cylinder of the liquid piston engine converter

The energy equations ftime cylinder of the liquid piston engine can be written as:

& @2 ) ) U _ @8
OFl @p Ne#Mbat HeNGHFryrr 25 F 3B (5.12)

where V, is the volume of the cyIindeQJﬁm s the heat exchanges between the cylinder and
the surrounding.
To obtain the pressure variation inside the engine part, the equations (5.2), (5.5) and

(5.12) are addednd rearrangeds

@2 UF1 U @8
BF g | RFIBRFg 2-5 5 38F Rale (513)

where &:is the total volume of the engine part:

&= &*+ 8+ & (5.14)
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As highlightedabove, i was assumed that the whole amount of the steam is completely

converted to liquid and no water enters the liquid piston cylinder

5.1.1.1.1.4Displacement of the liquid columns of the engine and cooling part
The relatioship between water levels in the liquid piston engine during expansion and

compression strokes are illustrated in Figure 5.4.

Figure 5.4Fluid piston engin@peration

In the engine, thequation of motion of the liquid piston can be written as
| o5Teft %THr (-s#+ 2#6CTs= -LNAOOMBKN?AO (5.15
where M, s the massof the liquid piston; kand %are the spring stiffness and damping

coefficient, respectively#sis the crosssectional area of the cylinder; andTs is the
displacement of the liquid column.

The pressure forces canderessed as
-LNAQDRBRKNZAQ+ [(*s F*9 F(1+ # :4 € C#s (5.16)
Here A = % , and(Hs FHy is the difference between the height of the water columns. The

spring stiffness can be calculated as [165]
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o
= e 8) (5.17)

where U is isentropic index of vapourAg and 2 are the cross sectional area and the air
pressure in the external cylinder, respectively. Also, the (&&m 8-) is the total volume of
air in the external cylinder of the liquid piston engine andhm left branch of the liquid
piston cooling device.

Accordingly, the displacement of the liquid piston cooling macleae be defined
as:

| o T+ %BTHF (-6+ 2#,6CT,= (2 F 2) # (5.18)
Here in the liquid piston cooling machine/ z5 is the mass of the water,; i the
displacement of the liquid column, ; ¥ the cross sectional areag and % arethe spring
stiffness and the damping coefficient?; is the air pressure in the cooling part.

The spring stiffness in the cooling part can be written as

2 #8

- 5.19
o= 5 (5.19)

5.1.1.1.2 The cooling part

The cooling part of the system is describetesnatically in Figure 5.5. From the figure, it
can be seethat the cooling part is a reverse thermodynamic machine of the enginé part
consists bthree control volumes, namelyquid piston cooling machine, cooland cooling
space. The pressure or piston oscillatiagenerated in the engine part will drive the liquid
piston of thecooling machine leading to variatiomsthe air pressure and temperaturethe
volumes of the cooling part.h€ coolerabsorbs heat generated during the compassion of the

air resulting in the production of the cooling effect in the cooling space.
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Figure 5.5 The calculation scheme of the cooling part

5.1.1.1.2.1Control volume of the cylinder in the liquid piston cooling machine

By applying the general form of the energy equation (5.1), the energy equation for the

cylinder is
& @2 U @8
—_—— = ~?~ N sE———— L—— 5 2

Equation (5.20) is used to calculate the nflss of air | , ;between the cylinder and the

cooler. The temperatur&, gdepends on the direction of the mds§ 3

& 1620

©F g  1ge0 (5.21)

5.1.1.1.2.2Control volume of the cooler
The geometryand dimensions of the cooler are identical to that of the condenber émgine
part. The energy equation for the cooler can be written as

& @2 ) o .
OFL @b FI§264 | &&6F 39 (5.22)

152



Chapter 5 Development and Validation bfe Whole System MathematicalModel

The effectivenesdlTU method is used in order to calculate the heat rejected in the cooler
[170]:

36= VG Yhkes F &0 (5.23)
where the effectivenessis\talculated from the formula

1 FATIEO67(1 F %]

= ~ 524
1 F%UATIEO67(1 F %) (5:24)
In this equation:
% 16Nbid ©Hdocoa (5.29)
067= — 70 (5.26)
1&boua '

5.1.1.1.2.3Control volume of the cooling space
The cooling space has the sageometry and dimensions as that of the evaporatorthe

cortrol volume of the cooling part the energy equation is

V. dp
GFia- MesTeat 36 (527)

The air pressure in the cooling part of the system can be calculated by adding and
rearranging the energy equations for the cylinder of the liquid piston cooling madhiae

cooler and the cooling space:

V. dp @ dv,
@Eidt F@DT*L 3P et 36+ 38 (528)

where &:is the total air volume confined in the cooling space:
&= &+ &+ & (5.29
The temperature in each control volume can be calculated from the equation of state

for the ideal gas:
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28

&= 27 (5.30)
_ 28

o g (5.31)
_ 2%

T (5.32)

The total mass of the air the cooling part is a constant:
| 9: I a+ | C‘)+ I 1%} (533)
The exchanged masses between the control volumes are found as[171]

@a @b @b

58 6b &F"° (5.34)

bk .
Here the termb—: and the terncankrL are defined as

@5

®a
@Pp b (5.35)
&o

@ g

—=F
@P
Finally, the mass of air in the cooler can be calculated as

, @
| o= | % —@OPU@ P (5.36)

wherem § is the mass of the air before the variationthe pressure ardt represents the

time step in numerical integration of equations .

5.1.2 Description of the Mathematical Model of the third configuration of the

system

The schematic ofthe third configuratiorof the system is shown inigure 5.6. The only
difference in this rathematical model, compared to the previous onkeidisplacement of

the liquid piston, which is common for both engine and cooling parts.
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Figure 5.6 The third configuration of the solar cooling system
The displacement of the water level can betamiis
| 058 %T8 (-g+ 2#,6CT= (2 F 2) #, (5.37)
where Tas the displacement of the water level in the liquid piston cooling device. And the
spring stiffness an in the cooling part be calculated from the formula:

25
6~ 8,

(5.38)

5.2 Matlab/Simulink Developed Model

The equations described the previous sectiowere solved to simulate the operation of
second and third configurations of the dynamic solar cooling system. The disptaadrthe
water level of the liquid piston engines considered as an input for the calculations of the
cooling part. The equations of the mathematical models were solved using SiMatiak

environment.
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Figures 5.7 and 5.8 show the Simulink model'astarface for the second and third
configurationsof the system It can be seen from tbefigures that the system is divided into
separatdlocks to simulate the whot®ooling system. The solar radiation is input data an the
value of 700 W/rhwas used in simulationdhe three first blocks simulate the engine part
whilst the remaining four blocks simulate the cooling part. The results on pressure

temperature and volume variations are displayed and recbydesing scope blocks

Figure 5.7 The Simulink model féhe second configuration
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Figure 5.8 The Simulink model for the third configuration

5.3 Validation of Theoretical Results

The validation ofthe theoreticalresults is presented in this sectiohis is doneby
comparing the theotieal results obtained usinipe developed mathematical modétsthe
experimental results obtained on the prototype in the laboratory. The comparison is
performed in terms ofwater level displacemesin the engins and cooling machine’s
cylinders, pressure in the engine andooling pars, air temperaturef the engine cylinder,
coolingmachine cylinder and inthe cooling spaceln the theoretical models, the design and
working process parameters such as dimensions of the different congaufribet prototype,

the dead volunmeof the cylinders and the flowrateand inlet temepraturesf the cooling

water in the condenser and cooler were used the same as during the experiments.

5.3.1 Validation of theoretical results obtained for the second configur  ation

For the second configuration, Figure 5.9 shows a comparison between theoretical and

experimentakesults on oscillations of the liquid piston in thengine over a period of one
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cycle. It can be seen that both the theoretical and experimental reautisthe same
frequency of 2.5Hz. The maximum absolute valuetberelativedeviation between the two
curves is 18.24% whilst the minimum relative deviation is 0.15%. The relative deviation is
calculated according to the formula

@RE=PE K-, (539)

For calculating the deviation in the temperature the following equation is used:

@RE=FPHRIL=1F (5.40)

&
56’
where E is the experimental result and T is the corresponding theoretical result.

This deviation between the theoretical and experimental results cautieedynain
reasonsincluding accounting for the heat losses in the prototype, dampling rate of the
level sensor and assumptions madehe model guch as that the air behaas an ideal gas
etc.) Although the experimentaystem is well insulated, theege still heatlosses in the
joints, adapters for installation of measuring sensors and from the aluminium flanges
mounted on the top of the liquidsmns This effect of he heat losses is neglected in the
numerical modelThe level sensor used in this study is steteof-the-art with a sampling
rate of 80 samples per second, but it still low value taking into accounhéhfietjuency of
the liquid piston oscillationssiabout 3 Hz which means thatvery cycleonly about 25
readings of the water level are taken during the cycle. The comparison between theoretical
and experimental amplitudes thfe waterlevel in the cooling machine is demonstrated in
Figure 5.10. In this figure, the maximum relative deviation is 21.5% while the minimum
relative deviation is @8%. In Figures 5.9 and 5.11d can be seen that the amplitude of the

oscillatiors of the liquid pistonin the engine is €tm while the amplitude of the water level

oscillationsin the cooling machineis 4 cm. This is because the diameters of timner
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diameter of the liquid piston engine and coolgchine are 8.5cm and 1G&m respectively.
Additionally, this reduction in the amplitude is a result of friction losses between the

moving water column and the wab$cylinders
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Figure 5.9 Comparison between theoretical and experimental amplitudes of the liquid piston
engine
Figures 5.11 and 5.12 illustrate the variation in the operating pressure in the engine and
cooling machine, respectively. The operating pressure in the engine varies between 104700
Pa and 92040 Parhe pressure in the cooling part changes from 102230 Pa8@6Pa
The theoretical and eepmental results orthe pressure variatioms the engine and cooling
partsare ina very good agreement. The maximum relative deviation in results for the engine

part is 3.07% and for the cooling pé#ris value is 1.15%.
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Figure 5.10 Comparison between theoretical and experimental amplitudes of the liquid piston
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Figure 5.11 Comparison between theoretical and experimental prestweesimyine part
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Figure 5.12 Comparison between theoretical and experimental pressure in the cooling part
The experimental and theoretical results on the temperaamation inthe engine cylinder,

in the cooling machirie cylinder and irnthe cooling space are shomn Figures 5.13, 5.14

and 5.15respectively The temperature in Figure 5.13 fluctistetween 358 Kand 347 in
numerical simulations and between 358 &d 350 K in the experimentse maximum
deviation between these two curves is 27.2%e deviation in this case caused by the
themal inertia of the thermocouple, low sampling rat&00Hz and formation of the liquid
film on the surface of the thermocoupl€onsequently, the thermocouple is nalble to
recordaccuratelythe amplitude of the temperature oscillation in the cyliradet its phase
angle These fine thermocouples were used since hot wire sensor deployment was restricted
by the wetness level in cylinder$§187, 188] In Figure 5.14,the comparison between
theoretical and experimental results on tliemperaturesn the cylinder of the cooling

machine is shown. The temperature varies between 294.3 and 290.8 K and the maximum
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deviation between these two curves is 6.4b%ure 5.15 shows the comparison between the
theoretical and experimentadsults on the airemperaturesariationin the cooling space. In

this case thetheoretichtemperature varies between 296.8 and 287 K witésexperimental
temperature changes between 295 and 288 HKhe maximum deviation between
experimental and theoretical curves iSGPA. It can be seen that the deviations between
curves in Figure 5.14 and Figure 5.15 are lower than that in Figure 5.13 and this is because
there is less or no formation of the liquid film on the surface of the thermocouple in the
cylinder of the coolig machine and in the cooling spa€verall, both theoretical and
experimental average temperatures in the cooling space are below than the inlet cooling water
temperature in the cooler (about 293 K) and this demonstrate the production of the cooling

effect in the system.
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Figure 5.13 Comparison between theoretical and experimental results on the temperature in

engine cylinder
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Figure5.14 Comparison between theoretical and experimental temperature in the cglinder
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Figure 5.15 Comparison between theoretical and experimental temperatooding space
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5.3.2 Validation of theoretical results obtained fort hird configuration

Figures 5.16 to 5.21 show the comparison between the experimental and theoretical results
obtainedfor thethird configurationof the system. A comparison between the theoretical and
experimental results afne water level oscillations is demonstrated in Figure 5.1¢ritbe
seenfrom the figure that the water level fluctuates with a stroke of about 2.5ndntha
maximum relative deviation in results is 27.02%. The stroke of the piston in this
configuration is less than in the second configuratiOm the other hand, the frequency in

this configurations 3 Hz which is 20% rise than in the second configiza. Experimental

and theoretical results dhevariation in the cyclic pressure in the engine par¢ shown in
Figure 5.17, It can be seen thifie maximumpressure value is 107800 Pa and the minimum
pressure value is 104800 Pa. The maximum relatvéation between the experimental and
theoretical results in this case is 0.48%gure 5.18 illustrates a validation of the numerical
modelin terms of pressureariationin the cooling partBoth theoretical and experimental
curves oscillate between 102000 and 99500 Pa and the maximum relative deviation is 0.37%.
Figures 5.190 5.21 show the comparison between the experimental and theoretical results on
the temperature variations the system. Figure 5.19 presents comparisahetheoretical

and experimentaltemperaturevalues in the engine cylinder. Theoretically, the maximum
value of the temperature is 356 Kn the experimental resultthis value is 362 K anthe
maximum deviation between experimental and theoretical results is 3h&%mMihmum
temperature in both experimental and theoretical resu?s7%K. Again, the reasons for this
differencein results are the thermal inertia of the thermocouple dadmation of the
condensation film on its surfacdzigure 5.20 displaystheoretical and experimental

temperature variationsin the cooling machineylinder. The temperature variégtween
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297.2 and 291.3 K with a maximudeviation between these two curves is 22.Fgure
5.21 shows the temperature changehim cooling space which mas between 295 and

289.2 K with the maximum deviation is 13.4%.
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Figure 5.16 Comparison between theoretical and experimental amplitudes of the liquid piston
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Figure 5.18 Comparison between theoretical and experimental prestueecovoling part
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Figure 5.21 Comparison between theoretical and experimental cooling space temperature
In this case too both theoretical and experimental average temperatures ifitigespace
are below than the inlet cooling water temperature in the cooler (about 293 K) and this

demonstratehe production of the cooling effect in the system.

5.4 Summary

In this Chapter, the mathematical models were developed for the whole systemingclu
both engine and cooling parts. The equations of mathematical models were solved in the
Matlab/Simulink environment and obtained theoretical results were compared to that
obtained in experiments. The investigation involved comparisons of the watdr leve
displacement in the engine cylinder and cooling device cylinder, the pressure in the engine
part, the pressure in the cooling part, the air temperature in the engine cylinder, the air
temperature in the cooling device cylinder and the air temperature of the cooling space. For

the water level cylinders, the maximum relative deviation ranges between 18% and 27% for
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the engine and cooling parts, respectively. The maximum relative deviation for pressure
curves is between 3 and 1%. Overall, the accuracy of the developed mathematical models in

prediction of the performance of the whole system is sufficient for caring out engineering

calculations.
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Chapter 6 Parametric Analysis of the Dynamic
Solar Cooling Systemfor Designing

Purpose

This Chapter presents results of theetailed parametric analysis conducted on tiérd
configuration of the dynamic solar cooligystem The effecs of the heat input in the
evaporator from the solar collect@mooling water temperature and cooling water flow cate

the performance of the urate defined

6.1 Introduction

Severaloperatioml parametersn the system affect the performance of the dynamic solar
cooling unit The design parametric analysis for the engine part \wagsadyconductedn

[9] and this included the diameterof the cylinder of the liquid pistoengine, the dead
volume of the cylinderand the condenser length. Therefore, the focus in thépi@ris on

the operationalparameters namelythe heat input to the evaporator from the solar collector
cooling water temperature and cooling water flow rdte.previous investigations the
constant valugof the heat input to the system7dl0 W, the cooling water temperaat 20

~ 8&and the cooling water flow ratg 270 kg/hour were used in both numerical simulations
and experiments. He theoreticalparametric analysisvas carried out using the developed

mathematical model and by variation of above operational parameters
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6.2 The effect of the heat input to the evaporator

Figures 6.1 6.5 show the effect of the heat input to the evaporator on the amplitude of the
water level oscillationgn the piston cylinder, the pressure in the engine part, the pressure in
the cooling part, the air temperature in the cylinder of the cooling machirek the air
temperaturen the cooling space. The heat input to the evaporator directly influences the
performance of the liquid engine in terms of its coolaapacity The heat input to the system
used for simulations was equal to 700, 800 and 900 W while the cooling water temperature
was kept at 20 ¢ and the cooling water flow rate wafixed at 270 kg/hr. Figure 6.1
demonstrates thathe amplitudeof the water level remained approximatebt the same
value of 2.3cm for the heat input values of 7@Md800W. Howeveratthe heat input value

of 900W the amplitude increased t8.8 cm. The frequency of the liquid piston oscillations
decreasedtom 3Hz at 700W heat inputo 2.8Hz at 800W heat input and to 2.8z when

the heat input wag00 W.
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Figure 6.1 The effect of the heat input on the water level oscillations ampmadeequency

The pressure variations the engine and cooling paire demonstrated in Figures 6.2 and
6.3.In thesefigures, it can be seen that the engine pressure increases with the increase in the
heat input to the evaporatahist the pressure ithe cooling partdeadeasesThe values of

the heainput to the evaporator o700 W, 800W and900W lead to average values of the
engine pressure at06410Pa, 141080Pa and 167568a and average values of the cooling

part pressure were 100670 Pa, 99870 Pa and 9742€spactively.
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Figure 6.3 The effect of the heat input on the cooling part pressure
The effect of the heat input to the evaporator on the air temperature in the cooling cylinder is

shown in Figure 6.4. The increase in the heat input causes a decrease in the air temperature in
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the cooling cylinder which occues a result otthe decrease in the cooling part pressure. The
average valuesf the temperatureof air in the cooling cylinder are 293.8 fir the heat
inputof 700W. This value decreases to 291 K when the heat input isA\8&@d becomes

289K when the heat input is 908. The sametrend can be seen Kigure 6.5 which shows

the effect of the heat input on the temperaturéhe cooling space. The figure demonstrates

that the temperature of the cooling space decreases with the increase in the heat input to
producean increasingcooling effect in the cooling space. Th&erage temperature of the air

in the cooing space decreases from 291.8 K atlthat input value of 70WV to 289.7 K at

the heat input 0B0OO W. In the case ofhe heat input aB00 W, the air tempeture in he

cooling space lowers to 282 K.
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Figure 6.4 The effect of the heat input on the air temperature in the cooling cylinder
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Figure 6.5 The effect of the heat input on the air temperatuhe icooling space

6.3 The effect of the cooling water temperature

The cooling water temperature in the cooler affects the heat rejectecthe cycle in the
cooling part which consequently changeshe performance of the cooling unit. In this
section, the effect of theooling water temperature is investigated and three value of this
temperature were considered, namely DQG Thé &mperature of the cooling
waterin the condenser, which is the heat sink in the engine partkegmsatthe constant

level at 20" &Figures 6.66.10 show the influence of this parametar the amplitude of the

water level oscillationsn the cylinder, the pressure in the engine part, the pressure in the
cooling part, the air temperature in the cylinder of the cooling part atlteaair temperature

in the cooling space. The values of the heat input to the evaporator and the cooling water flow

rate were kept constant at 700 W and 270 kg/hr.
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The effect of the cooling water temperature on the amplitude of the water level osdaillation
the cylinder is shown in Figure 6.6 can beseen that the amplitude of the water level
oscillationshas the same value of 2.5 cm and the same frequency of 3.3 Hz for all the three
cooling water temperatura the cooler. This is because the coglater temperature in the
condenser isépt constant

The effect of the cooling water temperature on the engine pressure is demoistrated
Figure 6.7.The engine pressure decreases with the decnedlse cooling water temperature
in the cooler.The figure demonstratebat the average values of the engine pressure are

106410, 106100 and 105770 Pa when the cooling water temperafe is DQG, &

respectively.
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Figure 6.6 The effect of the cooling water temperature in the cooler on the liquid piston

amplitudein the engine
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Figure 6.7 The effect of the cooling water temperature on the engine pressure

The cooling water temperature has the same influencéhenpressure of air in the cooling

partas shown in Figure 6.8 he cooling part pressure decreases with the reductidimeof

cooling water temperature. Theerage value of the pressure in the cooling part is 100670 Pa

for the cooling water temperature of

" &hen thecooling water temperaturé V "& WKH

averagevalue of the pressure in the cooling part is 99080 Pa. Hw cooling water

temperature of

"& WKH FRROLQJ S DddouhdDu4H0/RaxX U H fluctuates
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Figure 6.8 The effect of the cooling water temperature on the cooling part pressure
Figure 6.9 shows the effect of the cooling water temperature in the cooler on the air
temperature variation in the cooling machine cylinder. In flyareit can be seethat the air
temperature in the cooling machiog@inder reduceswith the reduction in the cooling water
temperature. When the cooling water temperatui20isl5 and "~ & 8vd€ddie values of
the air temperature in the cooling machieinderis foundto be 293.8, 288.8 and 284.6 K
respectively.

Figure 6.10 shows the effect of the cooling water temperature in the cooler on the air
temperaturevariationin the cooling space. Witthowering the cooling water temperature, the
air temperature in the cooling space is decreasedvas found that the averagair
temperaturesn the cooling space were291.8, 287.4 and 282.6 Kor the cooling water

temperature of DQG &
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6.4 The effect of the cooling water flowate

Since the condenser on the engine part and cooler on the cooling part are connected to each
other in series then the flow rate in both these heat exchangers is the same. The cooling water
flow rate (CFR) directlyaffectsthe amount of the heat rejectedthe surroundings both

the condenseand cooler. The effect of the cooling water flow rate on the water level
oscillationsin the engine’s cylinder, engine pressure, cooling part pressutejrgerature

in the cooling machineylinder and on the air temperature in the cooling space were
investigated in this sectiomn the theoretical model, the cooling water flow rate weito

180, 220 and 270 kg/hr. The heat input to the evaporator and the cooling water temperature
were NHSW DW , rEsedively.” &

Figure 6.11 shows the effect of the cooling water flow rate on the amplitude and
frequency of the water level oscillatioms the enginecylinder. It can be seemhat the
amplitude of the water level oscillatiodscreasdrom 2.9 cm at theooling water flow rate
of 180 kg/hr to 2.2 cm attheflow rate of 220 kg/hr. Finally, the amplitudecreaseso 2.4
cm at the cooling water flow rate of 270 kg/hr.

The effect of the cooling water flow rate on the engine pressiuliastrated in Figure
6.12 which showshat the engine prese decreases with the increase in the cooling water
flow rate. The average amount of the engine pressure decreases from 139390tHa for
cooling water flow rate 0180 kg/hr to 123100 Har the flowrate of 220 kg/hrThe average

pressure is 106410 Pfar the coahg water flow rate is 270 kg/hr
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Figure 6.12 The effect of the cooling water flow rate on the engine pressure
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Figure 6.13shows thatthe cooling part pressure increagesn an average value of 100160
Pafor the cooling water flow rate ol80 kg/hr to 100600 Pa for thdlow rate of 220 kg/hr
and to 100670 Pa at thBow rate of 270kg/hr. This increase in the cooling part pressure
leads to arincreasein the average value of the air temperature in the cooliigdey, as
shown in Figure 6.14.The average air temperatures in the coolingchinecylinder is
291.4, 292.4 and 293.8 K at flawates of 180, 220 and 270 kg/hespectively.

Figure 6.15 shows the effect of cooling water flow rate on the air temperature in the
cooling space. By calculating the average value of the air temperatures in the cooling space
for the three flow rates was found that the air temperature increases with the increase in the

cooling water flow ratand is290.7, 292 and 292.05 K.
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Figure 6.13 The effect of the cooling water flow rate on the cooling part pressure
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6.5 Summary

In this Chapter, the detailed parametric analysis for the tloinfiguration of the dynamic

solar cooling system was performed to determine the effect of the heat input to the
evaporator, cooling water temperature and cooling water flow rate on the fluid piston
amplitude, the pressure in the engine and cooling parts and the air temperatures in the cooling
machine cylinder and cooling space. It can be concluded from this study that the increase of
the heat input has the most profound positive influence on the system performance compared
to effects of the cooling watemgperature and its flow rate. It was shown that the raise in the
heat input from 700 to 900 W in the laboratory prototype of the solar cooling system might
reduce the air temperature in the cooler by 7 K. Therefore, one of the feasible ways to
increase lie cooling capacity of the system is to increase the absorbing surface of the solar

collector.
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Chapter 7 Conclusions andRecommendationdor

Future Work

7.1 Conclusions

[ —
1

The literature review demonstrates thet tooling systems driven by solar energy is

an attractive option which in certain cases can replace the conventional fossil fuel or
electricity driven vapour compression cooling systems, especially in regions with
high solar irradiation.

The physical modslof the three modifications of the dynamic solar cooling system
based on a liquid piston converter were developed and experimentally tested to
demonstrate their capacity to produce the cooling effect using solar energy.

The mathematical modelof the solar cooling systems weredeveloped and
numerical simulations of the systems operation were performed in
MATLAB/Simulink environment.

The numerical simulatiors demonstratedthat in the built physical modelshe
reduction in the air temperature in tbeoling part of about 3 K can be achieved
compared to the ambient temperatiirehe liquid piston amplitudes 10 cm.

In the experimentaltests all three configurations of the solar cooling system
prototypewere investigatedThe first configuratia with the height of theliquid
pistonin cooling machine equal to 500 mimas the frequency higher than 3 Hz
which resulted in the distortion of the fluid surface during oscillations and this had a

substantial negative effect on the cooling performance of the system.
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Both the second and third configurationsf the system dwuonstrated a stable
operation during the tests witheduction in the air temperature in the cooling space
being about 1 and K, respectively, compared to the ambient temperature.
Comparison of theoretical and experimental results demonstratedhé¢hdéveloped
mathematical models predict the operation of the solar cooling system with the
accuracy acceptable for engineering calculations.

Using the experimentally validated mathematical models pégr@ametric analysiwas
performed to investigate the effect obeveral operational parameters on the system
performance. These operational parameters includedeat inpuin the evaporator,

the cooling water temperature and ilow rate The heat input inthe evaporator has

the mostprofound effect on thesystem performance. It was shown that the rise in the
heat input from 700 to 900 W in the laboratory prototype of the solar cooling system

might reducehe air temperature the cooleby 7 K .

7.2 Recommendatiors for future work

The theretical moded of the solar cooling systems developed in this theais be
efficiently used for the prediction of tive performance.Nevertheless the developed
mathematical models can be furtmectified for a more accurate predictionsieTaboratoy
prototypeof the solar cooling system also can be further moditiedvork more #iciently
and to have higher cooling capacity. Recommendafionghe further investigations are as

follows:

1- In this study the air was used as a working fluid. It is recommended to test
different gases with superior thermgisysical properties, such as hydrogen or

helium, to improve the system performance.
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In the engine and cooling machine, water was usedefighid piston. Other,
more volatile, liquids could be tested instead of water which can improve the
performance of the system due to increased evaporation rate.

The mathematicalmodel can be further developedby including the exergy
analysis of the sygtem which enables improving the design of separate
components of the system.

The mathematical modef the system should be coupled to the optimization code
to determine its optimal design parameters

More advanced sensors which havehlgher samphg rates and accuracy should
be usedin the experimental work,especially for the measurinigquid piston
oscillations and the temperature measurements.

Theeconomical feasibility studies of the dynamic solar cooling system should be
carried out to determine its competitness level compared to other types of solar

cooling systems.
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Theoretical and experimental data for the second
and third configurations of the dynamic solar

cooling unit

1. Second configuration

1.1 Theoretical and experimental values of the amplitude of the liquid piston

engine
Sampling theoretical experimental
time amplitude amplitude
(Second) (m) (m)

0 0.086296296 0.087387101
0.01 0.086672225 0.091594638
0.02 0.087793427 0.091212101
0.03 0.089640161 0.089044638
0.04 0.092179562 0.096439565
0.05 0.095365734 0.091594638
0.06 0.099139907 0.099372101
0.07 0.103430682 0.104472029
0.08 0.108154416 0.104089565
0.09 0.113215812 0.113779493
0.1 0.118508779 0.114289493
0.11 0.123917679 0.113779493
0.12 0.129319041 0.118241957
0.13 0.134583843 0.117349493
0.14 0.139580436 0.12244942
0.15 0.144178139 0.126911884
0.16 0.148251452 0.12856942
0.17 0.151684742 0.132649348
0.18 0.154377149 0.134051884
0.19 0.156247332 0.13009942
0.2 0.15723765 0.134944348
0.21 0.157317276 0.13009942
0.22 0.15648394 0.13009942
0.23 0.154764051 0.13086442
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0.24 0.152211204 0.12117442
0.25 0.148903242 0.122066957
0.26 0.14493825 0.118496957
0.27 0.140429883 0.114161957
0.28 0.135502463 0.114161957
0.29 0.130286237 0.110337029
0.3 0.124913067 0.106257029
0.31 0.119512722 0.103197029
0.32 0.114209835 0.099372101
0.33 0.109121512 0.094782101
0.34 0.10435552 0.096567101
0.35 0.100008973 0.091977101
0.36 0.096167407 0.094272101
0.37 0.092904137 0.094399565
0.38 0.090279834 0.089172101
0.39 0.08834226 0.092487101
0.4 0.0871261 0.087259638
0.41 0.086652866 0.089299638
1.2 Theoretical and experimental amplitude of the liquid piston cooling
machine
Sampling theoretical experimental
time amplitude amplitude
(Second) (m) (m)

0 0.120121867 0.12048553
0.01 0.120253804 0.12048553
0.02 0.119917032 0.120010826
0.03 0.119119025 0.119536122
0.04 0.117877141 0.119536122
0.05 0.116218394 0.111465878
0.06 0.114179092 0.1138394
0.07 0.111804333 0.104819748
0.08 0.109147336 0.104819748
0.09 0.106268597 0.097224209
0.1 0.103234849 0.096749504
0.11 0.100117809 0.091527487
0.12 0.096992712 0.090578078
0.13 0.093936617 0.089153965
0.14 0.091026537 0.091527487
0.15 0.088337376 0.091527487
0.16 0.085939771 0.092476896
0.17 0.08389789 0.090103374
0.18 0.082267299 0.092002191
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0.19 0.081093011 0.091527487
0.2 0.08040782 0.090578078
0.21 0.080231046 0.088204557
0.22 0.08056777 0.091052783
0.23 0.081408634 0.091527487
0.24 0.082730211 0.098173617
0.25 0.084495891 0.099123026
0.26 0.086657252 0.105294452
0.27 0.089155799 0.105769157
0.28 0.091924986 0.103870339
0.29 0.094892389 0.110991174
0.3 0.09798192 0.112889991
0.31 0.101115999 0.111940583
0.32 0.104217586 0.112889991
0.33 0.10721206 0.120010826
0.34 0.110028871 0.120960235
0.35 0.112602966 0.119536122
0.36 0.114875993 0.120960235
0.37 0.116797294 0.121434939
0.38 0.118324696 0.118586713
0.39 0.119425119 0.120010826
0.4 0.120075021 0.118586713
0.41 0.120260701 0.120010826

1.3 Theoretical and experimental pressure in the engine part

Sampling theoretical experimental
time pressure pressure
(Second) (Pa) (Pa)

0 105161.6811 104890.7
0.01 104952.4804 104694.1
0.02 104580.7495 104580.7495
0.03 104055.8093 103928.5
0.04 103391.1819 102945.6
0.05 102605.3585 101910.9
0.06 101719.7635 101962.6
0.07 100758.0223 101497
0.08 99745.20948 101031.4
0.09 98702.63462 99686.4

0.1 97659.23439 99376
0.11 96641.46668 98134.4
0.12 95673.56135 96996.2
0.13 94778.12544 96634.1
0.14 93975.73108 96375.4
0.15 93287.48021 95392.5
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0.16 92727.80467 95237.3
0.17 92306.66467 94000
0.18 92033.52753 93300
0.19 91913.0884 92700
0.2 91947.45584 92700
0.21 92134.75617 94000
0.22 92470.48458 95237
0.23 92946.78208 95651.1
0.24 93554.05177 95754.6
0.25 94277.09239 96789.3
0.26 95100.22832 97668.8
0.27 96008.10902 98962.1
0.28 96980.53269 98962.1
0.29 97995.25985 100255.4
0.3 99028.41843 99686.4
0.31 100056.2157 100721
0.32 101055.2458 102428.2
0.33 101996.182 103669.8
0.34 102854.3698 103669.8
0.35 103606.8091 103876.8
0.36 104232.9407 104187.2
0.37 104715.3995 104715.3995
0.38 105038.4955 105038.4955
0.39 105193.6685 105193.6685
0.4 105179.4313 105179.4313
0.41 105179.4313 105179.4313
1.4 Theoretical and experimental pressure in the cooling part
Sampling theoretical experimental
time pressure pressure
(Second) (Pa) (Pa)

0 98817.66794 97723.35
0.01 98835.54168 97904.5
0.02 98892.10309 98189.15
0.03 98986.20667 98008
0.04 99115.90344 98266.75
0.05 99278.57759 98887.85
0.06 99470.90611 98887.85
0.07 99688.82759 99276
0.08 99927.6246 99793.55
0.09 100181.9835 100492.25
0.1 100446.0792 99638.3
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0.11 100713.7036 100259.35

0.12 100978.0298 100854.55

0.13 101232.3428 100983.9

0.14 101469.9922 100906.3

0.15 101684.5543 101837.85

0.16 101870.0636 101372.1

0.17 102021.2264 102122.55

0.18 102133.6639 102122.55

0.19 102204.0724 101605

0.2 102230.3736 101372.1

0.21 102211.5135 101605

0.22 102147.6281 101579.1

0.23 102040.707 101682.6

0.24 101894.0554 101190.95

0.25 101712.1637 100828.65

0.26 101500.4342 100647.5

0.27 101264.9435 100155.85

0.28 101012.2584 100725.15

0.29 100749.1785 99819.4

0.3 100482.5588 99508.9

0.31 100218.8183 99405.4

0.32 99964.17444 99327.75

0.33 99724.48525 98577.3

0.34 99505.01106 98499.65

0.35 99310.36769 98525.55

0.36 99144.48716 98473.8

0.37 99010.60195 98396.15

0.38 98911.3024 98215

0.39 98848.34537 98215

0.4 98822.84555 98499.65

0.41 98822.84555 98499.65

1.5 Theoretical and experimental temperature in engine cylinder
Sampling theoretical experimental
time temperature temperature
(Second) (K) (K)

0 357.5102809 358.1720109
0.01 357.7845274 358.09356
0.02 357.8918191 358.4505164
0.03 357.9707914 357.9668509
0.04 357.9312902 357.5976436
0.05 357.7272982 357.9847564
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0.06 357.3619992 357.6447527
0.07 356.8480701 357.8937891
0.08 356.2052203 356.7225273
0.09 355.4576999 355.9713055
0.1 354.5114488 355.1614764
0.11 353.5095523 354.6382327
0.12 352.4930966 354.0351091
0.13 351.4901922 353.3334945
0.14 350.527441 352.8046036
0.15 349.6295509 351.6733273
0.16 348.8800358 351.0959418
0.17 348.2616195 351.3101127
0.18 347.7497756 351.5121127
0.19 347.3588401 350.73728
0.2 347.0629079 350.0461564
0.21 346.8812812 349.9231236
0.22 346.8542174 351.6774327
0.23 346.958357 352.9193127
0.24 347.1787006 353.0111236
0.25 347.5131962 353.9003927
0.26 347.8923394 355.3496982
0.27 348.3246206 356.2180545
0.28 348.8402427 355.7330582
0.29 349.4298526 355.4442618
0.3 350.082566 355.6211855
0.31 350.7862755 355.6682509
0.32 351.5666691 356.6242473
0.33 352.4528859 357.1191564
0.34 353.3412727 357.9652073
0.35 354.2143766 357.8539091
0.36 355.0539117 357.4949891
0.37 355.8405427 357.6799527
0.38 356.5538639 357.3054764
0.39 357.0870722 356.9200545
0.4 357.4565778 356.7698545
0.41 357.4565778 356.7698545
1.6 Theoretical and experimental temperature in the cylinder of the cooling
machine
Sampling theoretical experimental
time temperature temperature
(Second) (K) (K)
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0 290.8931051 290.300128
0.01 290.9018241 291.0937218
0.02 290.94286 290.8505878
0.03 291.0154612 291.6018244
0.04 291.1194092 291.0866503
0.05 291.2526798 291.198128
0.06 291.4128154 291.7004093
0.07 291.5969682 291.6724137
0.08 291.8019399 291.5027575
0.09 292.0242003 292.2676459
0.1 292.2595808 291.9440566
0.11 292.5038643 291.8491816
0.12 292.7523978 292.5372843
0.13 293.000107 293.1635878
0.14 293.2414704 293.051561
0.15 293.470038 293.3129718
0.16 293.6798828 293.6
0.17 293.8648923 293.65
0.18 294.0193254 293.8
0.19 294.1430175 293.45
0.2 294.2392423 293.88907
0.21 294.3008611 293.1380521
0.22 294.3205421 293.1209405
0.23 294.2934594 293.062253
0.24 294.2162472 292.9210119
0.25 294.0870367 292.6187575
0.26 293.908425 292.4546682
0.27 293.6859175 292.4546682
0.28 293.4274249 292.2194673
0.29 293.1421831 292.0646994
0.3 292.8407001 291.8647039
0.31 292.5337187 291.7873066
0.32 292.2317022 291.7567753
0.33 291.9443941 291.6956101
0.34 291.6804964 291.42357
0.35 291.4474644 291.42357
0.36 291.2536744 291.1495164
0.37 291.1014538 291.0122485
0.38 290.9935834 290.9813244
0.39 290.9278715 290.8983378
0.4 290.8974739 291.1244539
0.41 290.8974739 291.1244539
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