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ABSTRACT

Compared to the conventional solar-assisted heatpp(SAHP) water heating
system, a relatively more compact direct-expanswmlar assisted heat pump (DX-SAHP)
has been introduced, in which the solar collecds as an evaporator. Details of the
analytical studies of a GQranscritical cycle on SAHP water heating systeen@esented
in this study. A numerical model has been develdjpedptimize the system design and
operating parameters. The simulation model canigiréde performance of the system
COP, collector efficiency and heat capacity. An exxpental prototype using the
evacuated tube U-pipe solar collector utilized ¢oify the simulation results. The results
show that both the solar radiation and ambient exatpre have a significant impact on the
DX-SAHP system’s thermal performance. Year roundfgmmance showed that,
theoretically, the system could achieve on an aer@OP of 2 — 3.2, collector efficiency

of 40 — 62% and water temperature to be about &5°C.
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1. INTRODUCTION

1.1.General Introduction

Rapid economic growth around the world is largefpehdent on the excessive
utilization of the fossil fuels (e.g. crude oil,atcetc.). In this process, large quantities of
pollutants are being pumped into the atmosphersinguserious damage to the natural
balance of the eco-systems. In addition, contirdesdrease of fuel deposition compels
intensive research in further developing the altewe energy resources. In particular,
renewable energy sources have the capacity to alasignificant role in replacing
conventional fuels in four distinct zones, suchedectric power production, hot water
production, transportation of fuels, and countrgs{@ff-grid) power services. Figure 1
represents the average annual growth in variouswable energy sectors, and by 2010
over 100 countries had initiated policy targetgrmotion incentives related to renewable
energy. Since 1980 the use of solar technologyrweased at a rate of about 30% yearly
[1]. In 2010, Renewable Energy Policy Network hegarted that about 70 million houses
are now using solar water heating (SWH) systemsldmadle [2]. The total installed
capacity of SWH systems and space heating systaorsaised by an estimated 16%,
reaching only about 185 GW of thermal energy glyt@lable 1).

Table 1: Existing capacity of SWH from the year 2@0 2010 [2, 3]

Selected indicators 2007| 2008 2009 201c
Renewable power capacity (including hydro) (GW) 850 1,150| 1,230 1,320
Solar hot water capacity (existing) (GYV 125 130 160 185
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Figure 1. Average annual growth rates of renewable
energy capacity, 2005 to 2010 [3]

Considering environmental pollution and energy éssias a background, there
exists a need to further research in exploitingeveable energy sources for various
applications. Since the signing of Kyoto protoaolli997 [4], to reduce greenhouse gas
emissions by about 5%, the technologically developauntries have had a motivation to
switch-over to the ecologically safe chlorine-freefrigerants. The use of hydro-
fluorocarbon (HFC) fluids was once thought to be thost acceptable replacement of
hydro-chlorofluorocarbon (HCFC) fluids. However,tlhhdhe categories are in the list of
scheduled phase-out because of their influencehengtobal warming potential (GWP)
being far more high, typically above 150 GWP coregato the natural refrigerants. This
fact has renewed the interest in utilizing enviremtally benign natural fluids, such as:
water, air, ammonia, silicon oil, propane and,CO

The present study is focused in utilizing solarrgges the heating source; to meet
the hot water demand in solar-adverse regions. \@xwyambient temperature and wind

chill temperatures that prevail in these regiongehposed a hurdle (freezing issues) in
2



utilizing conventional solar collectors. To overadrthis issue, the COis used as an
alternative refrigerant in this study. As such,istnon-toxic, non-flammable, has low
freezing point, low GWP and has shown to have aéw@tifect on depleting ozone layer.
Moreover, its’ inert gaseous behavior, ready abditg overcomes the issues pertaining to
the corrosion problems and production ability/dsttion logistics.

Research on CObased system started since 1990 when Lorentzentij&ed a
transcritical refrigeration cycle. A wide variaty heat pump and air conditioning systems
have used CPas refrigerant. Recently, Gheat pump investigated water heaters are
commercially available in the market [6]. One oé tystems that could utilize the benefit
of using CQ is the direct expansion solar-assisted heat pubXpFAHP) water heating
system. In a DX-SAHP system, refrigerant passesctlyr through the solar collector where
evaporation process takes place. This system ferelit from the conventional SAHP
system, in which, generally a secondary circulatamp is used to transfer thermal energy.
By the removal of any secondary circuit in the sgs{DX-SAHP) requires less refrigerant
fluid compared to the conventional one (SAHP). Ald® use of C@is benign, since it is
naturally safe and poses no threat on environnmecaise of leakage.

In the present study, a detailed numerical modsl been developed for a SWH
system using transcritical direct-expansion heapeycle and C@as refrigerant. Model
accuracy has been verified for the evaporator @ecijsolar collector) using the
experimental data obtained at Fargo, ND, USA, werationditions. The developed model
has been further verified by comparing with the eskpental results reported by other
researchers. The current study aims at using etextuabe U-pipe solar collector as an

evaporator and examines the influence of variouarpaters on the system performance.

3



Operating parameters, such as: solar radiatiofeatol area, compressor speed and storage
volume are varied to obtain the optimal performanoé the system in terms of COP,
collector efficiency and heating capacity. Thesauwated results will be useful for to

optimally design heat pump integrated SWH systesmguCQ as the working fluid.

1.2. System Description

Figure 2 shows the schematic of a direct-expansadar assisted heat pump (DX-
SAHP) water heating system consists of an evacuaitael U-pipe solar collector as an
evaporator, a compressor, an immersed heat exahangehot water storage tank which
acts as a condenser and an expansion device.lynifiguid CO, is allowed to flow
directly through the heat removal U-pipe that isented into the evacuated tube solar
collector. With gain in solar radiation, liquid GQyets heated and eventually gets
vaporized. The evaporated refrigerant is then cesgad in the subsequent compression
process [1 — 2] to a supercritical vapor presstagesEnergy released by the supercritical
CO, vapor through the coil condenser immersed in tbeage tank, used to heat water.
Finally, the high pressure but low temperature, @Othrottled [3 — 4] to the evaporator
pressure. All the events described above are showthe idealized pressure-enthalpy

diagram (Fig. 3).
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Figure 2: Schematic diagram of a direct-expansion
solar assisted heat pump water heating system
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Figure 3: P-h diagram of transcritical g@eat pump
cycle

1.3.Outline of Thesis
The present study is detailed in seven chapteterdiure review pertaining to
SWH systems including the performance, recent seadd various economic aspects of

SWH systems are presented in chapter 2. An overuiethhe scope and objectives of the



present study is given in chapter 3. Chapter 4igesvan in-depth thermodynamic analysis
of different components considered into the systé&hapter 5 describes the model
development and the simulation procedure. Chapteclades the model validation and
design optimization of such system. Based on th&mopn results, the seasonal
performance variation is also shown. Final chaptenmarizes the important merits of the

system and also suggests future research dirdotibve said field of work.



2. LITERATURE REVIEW

The present study’s focus is about the SWH systemgboperated in a direct
expansion heat pump mode, using carbon dioxide rafrigerant in a transcritical cycle.
This review attempts an in-depth analysis of ddfertechnologies used in SWH systems

for the purpose to determine important featuresitiimence the SWH performance.

2.1. Available Solar Radiation in North Dakota

North Dakota receives higher percentage of avalabhshine hours yearly. On an
average, this state receives 58 — 62% of totaliplessunshine hours annually [7]. The
percentage of sunshine hours is the measure of high@een sunrise and sunset. About
three-fourths of the possible yearly sunshine ggstered for the month of July and hence
the most sunny and November receives minimum soashoburs compared to other
months. Annually, an average of 2,600 to 2,800 lsmeshours are recorded in North
Dakota with an average of daily 14,644 — 15,4808l of solar insolation. Even though
the sunshine hours between January to June vavesiderably in North Dakota, the

percentage of available sunshine hours remain©mumjf+/- 55% for any given month

(Fig 4).
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Figure 4. (a) Average temperature range [8] and (b)
average percentage of possible sunshine by months
[7] in Fargo, North

2.2. A Brief History of SWH Systems

SWH advanced from hypothesis to a prototype inytbee 1767 by Swiss naturalist
De Saussure, who built an insulated box painteckida its bottom with two panes of glass
covering at the top [9]. It was called as “Hot Bpkience the invention was capable of
aiding in cooking, heating, and producing hot waiBart the first commercial SWH, named
Climax, was patented in the US by Clarence M. Kemp891 [10]. His idea was further
implemented as an integral collector storage sekter heater. Kemp placed a metal tank
within a wooden box covered by a glass cover attéipepart. His system produced hot
water (38.8C) on sunny days. As an alternate to burning woodxpensive fuel for
heating water, the SWH became popular in Califoamd many other states very quickly.
A third of all of the homes in Pasadena, Califotmsa SWH systems by 1897 [11]. In early
1900s, several researchers focused their attemtiomproving the design of the SWH

system to make it durable and efficient. In 1909ljisvh Bailey tailored the Kemp’s SWH



system, by segregating it into two major parts; sb&ar thermal collector for collecting
solar radiation along with storage tank for storthg produced hot water. Further, to
prevent heat losses the storage tank was insulktadthe first time in the SWH field,
William Bailey introduced the thermosyphon prineipb aid the circulation of water in the
collector and storage tank [12]. In 1950, Japain® tommercial SWH was designed by
Yamamoto by getting an inspiration from a view dagge bath tub, filled with water that
was kept outside in the sunshine for a longer pesidime. Later, SWH units based on the
closed-pipe system were introduced.

Solar heated water was utilized for several appboa. Until 1930, hot water for
domestic purposes and for space heating were mamipged by the coal fired boilers
[13]. SWH become a commercial product in the e&a8§0s. Typical thermosyphon-based
SWH uses an absorber area of 3-4flat-plate type solar collectors to energize aacily
of 150-180 liters storage tank. Yet another popiylaes of SWH, is the forced circulation
water heating system. Except for solar collectotiser accessory items such as the storage
tank incorporated with piping, pump, and differahthermostat are usually kept indoors.

Solar assisted systems not only rely on the comweaidt mode of utilizing energy
but also other systems, such as heat pump (HPplaotvoltaic thermal (PV/T). In 1927,
HP technology was first patented by an English mee Haldane [14]. However, before
the 1960s, due to a record poor reliability of H units, the commercial distribution was
very limited. Since then, research focus was deean, and by the year 1970, the HP
technology has been improved in quality and reliigbiMoreover, the researchers had
been motivated to find new alternative energy sesifor energy production since the big

oil crisis in 1973. This further aided the applioat of HP technology and it became
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widespread for both heating and cooling purposdthofgh solar HP technology has
shown higher efficiencies (400-600%) in respecfivections, its capital cost is high, and
hence it may not be suitable in places where cdstthe system becomes a
constraint [15, 16].

Production of the SWH is now in packaged form aadetbped into a considerable
business in the 21st Century. In countries suclClasa, Australia, Germany, Greece,
Israel, and USA, the manufacturing of SWHs has tveca part of the industrial sector.
Self-motivation is a factor that worked behind tapid expansion of SWH manufacturing
industries in most parts of Europe. Currently, carsially available SWHs employ the
following types as the packaged form: a system@eiperated by passive mode with an
anti-freeze working fluid, solar-assisted heat pusyptem, a variety of evacuated solar
collectors of both flat-plate and tubular in shapel an active circulation system driven by

pumps facilitating a wide range of flow rates.

2.3. Categorized Studies Conducted on SWH Systems

Depending on the nature of heat transfer throughwtbrking fluid, SWH systems
can be broadly classified into: direct systems entlirect systems. In the direct system,
water is heated directly in the collector. In tmglirect system, a heat transfer fluid is
heated in the collector which is then passed throagcondenser or a heat exchanging
device to heat water. Similarly, depending on tireutation of working fluids, SWH
systems can also be grouped into either: passicelaiion system or active circulation
system. Passive circulation systems refer to theyptwonic method in which the density
difference induces the circulation of the fluid,turally. On the other hand, active

circulation employs a pump to effect forced cirtaa of the working fluid.
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Kalogirou [17] classified solar energy systems uggdvater heating application into five
different categories: (a) thermosyphon systems, iflggrated collector storage (ICS)
systems, (c) direct circulation systems, (d) indirevater heating systems, and (e) air
systems. The first two category falls under passiveulation mode while the rest three
into active circulation mode. To overcome the fregof the working fluid, during adverse
weather conditions, different techniques have leeployed such as recirculation or drain-
down technique and drain-back technique for diracd indirect SWH systems,
respectively. Usually differential thermostats ased to control the system in accordance
to the hot water demand with an exception to thegpbon and integrated collector
storage systems. In the following sections, a Wareg SWH systems are reviewed and

classified in terms of circulation methods and aaions.

2.3.1. Passive SWH Systems

The passive system (Figure 5) works on the priecipi density difference to
transport heat energy. Potable heat transfer {iued water) is heated by a solar collector
and the natural convection drives the water from gblar collector unit to the hot water
storage tank. Water becomes less dense due tohsating and expands according to the
temperature rise. Hot water is circulated to tleeagje tank, and the relatively cooler water
from the bottom of the tank is circulated to thdasccollector device. This flow is
dependent on the duration of sunshine, since & dahsity variation which in turn affects
the flow of water. To reduce pipe friction, a largepe diameter is recommended rather
than the normal size (2-3 inch diameter). Usuaibnnecting lines are kept at an angle to
prevent the development of larger air bubbles Walild resist the flow of water. Also, the

solar collector-inlet is connected to the bottonthaf storage tank to avoid reverse flow. In
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situations, where the collector working pressuress than the direct supply of city water,
suitable pressure reduction valves are used. Wsaall auxiliary heater is included to
augment the heating process of a SWH, in partigulathen used in solar adverse

regions [18].
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Figure 5: Schematic diagram of thermosyphon SWH
system [19]

Unlike the conventional SWH system in which a odlbe acts as an absorber of
sunlight, the ICS system utilizes both the collecds well as the storage tank as an
absorber to collect solar radiation (Fig. 6). Insthoases, the entire exterior part of the
reservoir acts as an absorber. However, thesensystee subjected to heavy heat losses,
especially during non-sunshine hours. Several measgsuch as selective absorber surface
coatings, insulating materials, and a single orbiglazing glass covers have been used to
reduce the heat losses. A few other techniques alsceattempted to culminate the heat
loses: movable protection cover, insulated bafféeey and utilizing phase change material
(PCM) inside the storage tank. Researchers havwe aftempted to use transparent

insulating materials for the appropriate exposeatsp&urther, to reduce the heat losses, the
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storage tank was operated on thermal stratificatmaes, by drawing the hot water from

the top of the storage tank and cold water inleh&bottom of the tank.
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Figure 6: Schematic diagram of ICS solar water
heating system [20]

2.3.2. Active SWH Systems

Unlike passive systems, active circulation systeegsiire a pump to circulate water
from storage tank to the collector to get heatdtk Mot water flows back to the storage
system and is ready for the end-user (Fig. 7). phep is usually controlled by a
differential thermostat that regulates water attthge header by a sufficient margin to the
bottom of the tank. A check valve prevents the mewecirculation to avoid nighttime
thermal losses from the collector. The collectan be positioned either above or below
the storage tank as pump is used to activate ationl Direct circulation system is
generally used only under situations when freezgngot a concern. Sometimes, water
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from the cold storage tank or city water supply banused directly into the system. Care
should be taken when quality of water is hard adiacin a direct circulation system since
it would result in scale deposition which in turrayncause clogging or corrosion of the
collector tubes. Direct circulation systems morenownly employ a single storage tank
which is with an auxiliary heater. However, in fease-studies, two-tank storage systems

have been used as well.
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Figure 7: Schematic diagram a direct circulation
SWH system [21]

Indirect systems of SWH utilize two circulation o to effect heating: (a) the
closed-collector loop and (b) the open storage taog. Usually, the heat transfer fluid is
circulated within the closed-collector loop, to mdhe heat and is then passed through a

heat exchanger where heat is transported to ttableotvater that flows in an open loop to
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the storage tank. There are several different tgp@gorking fluids used in the closed loop,
such as water, refrigerants, and anti-freeze nesturhe heat exchanger can either be an
internal system (Fig. 8) (placed inside the wateragje tank or outside of the storage tank)
or as an external system. An expansion tank intedgraith a pressure relief valve is used
in the closed circulation loop system. In the pueiged system, the tank is provided (an
additional expansion tank) to have a control onperature and pressure of the working
fluid. However, for the unpressurized system, #gktis provided to release the pressure

when required to vent.
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Figure 8: Schematic diagram of indirect water henti
presented by Kuang et al. [22]

Unlike water or other refrigerants, air has alserbased as working fluid, for its
unique advantages. Compared to the conventional S#tem, air can be used as a

working fluid even during freezing weather condito is non-corrosive, and requires only
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low maintenance requirements. However, the systengenerally large and requires
considerably large space for air handling unitypi¢al arrangement of a solar air heating
system incorporated with a pebble bed storage isnitlustrated in Fig. 9. Fans and
dampers are incorporated to aid the system oparafibe heat gained by the air in the

collector duct is released through a heat exchategaird domestic hot water supply of up

to 8C°C.
Auxiliary
Fan Unit to
Unit house
Heat Exchanger
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Figure 9. Schematic diagram of standard air system
configuration [23]

A major drawback of the air systems is that air loag heating capacity and its
performance deteriorates further when the ambiemperature is very low. During the
inevitable situations, when the SWH system hasdceimployed, to operate in adverse
weather conditions (where ambient temperature @abejow 0°C) certain modifications
are introduced in the design of SWH system to avee the freezing issues. One such
modification is to operate the direct circulatioystem in drain-back mode. Generally, a

differential controller integrated pump is usedcta@ulate water from the storage tank to
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the solar collectors. A drain-down valve provides tfreeze protection function. While
turned on by the controller, the valve isolatesgbkar collector inlet from the storage tank
outlet. At the same time, the differential conteolbpens a valve that permits water to drain
away from the collector. In order to drain watert &tom the bottom of collectors, a
vacuum breaker is installed at the top of eachectdr to allow the air circulation. For
well-known reasons, such as, low cost and supeti-freeze performance, all-glass
vacuum tube collectors are commonly used in domeSWH system. In the past few
decades, majority of vacuum tube collectors weredufor domestic water heating
purposes. As expected, the performance of vacudiactars is higher than flat-plate
collector due to low convection heat loss from #iesorber. The heat transfer model
evaluates the performance of all-glass vacuum uwdikectors incorporated in a direct
circulation system was developed by Li et al. [2%his simplified model takes into
account of natural circulation in single glass taisewell as forced flow circulation in the
manifold header. The flow equations were obtaingcabalyzing the friction losses and
buoyancy forces inside the tube. A positive agregmeas observed between the predicted
and computed collector outlet temperatures, andléweation was within 5%. The system
schematic is shown in Fig. 10. Walker et al. [2&8$idned and installed a direct circulation
SWH system at the Social Security Administratioifgl-Atlantic Center in Philadelphia.
Evacuated-tube heat-pipe solar collector of 36 mat absorber area was employed to
energize the storage tank. The simplicity in desigd low erection cost made the system
attractive to be implemented in commercial buildingnlike conventional systems, in this

system the incoming water was preheated in thecxdation loop.
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Figure 10: Conventional domestic SWH system in
adverse weather regions [24]

Due to the fact that evacuated tube collector gaaenigh temperatures beyond
100°C, it might be a point of concern when opemtin regions where the ambient
temperature and solar radiation availability ishhiduring summer. To prevent thermal
losses from the evacuated tube, a high temperatiteh can be employed. This control
switch can overcome the abovementioned issue. Tercomne the two temperature
extremes, such as overheating in summer and figeainvinter, air can be used as the
working fluid in the circulation tubes rather thasing water directly. A fan is used to
mobilize the air through the flow distribution tudand the concentric air-to-water heat

exchanger delivers the heated water to the hotstdrage tank.

2.4. Comparison Between SAHP System and DX-SAHP System
Heat pump systems transfer heat energy from lovpéeature heat source to a high

temperature heat sink against a temperature gtadibe delivered heat is generally used
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to heat air or water. The heat usually absorbewh fambient air, solar, geothermal, or any
reusable waste energy source. The energy transptité heat pump system is carried out
by a refrigerant fluid which follows four thermodymic stages in a complete cycle.
Figure 11 shows the basic processes of the heap mywie. During evaporation, the
abounded heat energy is being absorbed by the mgpfkiid and goes through the phase-
change phenomena from liquid to vapor. The satdratgpor is then pumped by a
compressor to rise up to the condensation pressihie. raised pressure eventually
increases the temperature of the working fluid. tAts condensation pressure and
temperature, the heated fluid rejects heat energy tarottles to a lower evaporator
pressure to complete a full thermodynamic cyclee Bhsic thermodynamic processes are

also shown in the pressure-enthalpy diagram of Fg.
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Figure 11: Schematic of Heat Pump system
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Figure 12: Pressure-enthalpy (P-h) diagram of HP
cycle

The thermodynamic cycle explained above shearsstiteritical zone since its
pressure and temperature remains below the cripoait for its complete cycle. Critical
point is the peak point on the saturated dome atlwhoth saturated liquid and vapor
states are similar and beyond this point the fhhdse is called as supercritical state [26].
Most of the heat pump systems are designed tohesedrking fluid having higher critical
point and hence always work in the subcritical mddee performance of the HP systems
is measure by the coefficient of performance as QOB the ratio of heat delivery to the
work energy input into the system. The COP of thHe $ystem can be more than unity
because of the delivered heat energy very ofteohe=mamultiple times higher than the
compressor work input.

_ Heating Capacity
~ Work Input

copP (2)
Conventional solar-assisted heat pump (SAHP) systatitize the solar collector
and heat pump as separate units and used an idliaten@eat exchanger to complete the

heat transfer circuit. The use of SAHP increasetha€ommercial solar collectors entered
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into the market. Several researchers have developed tested various SAHP
models [27 — 30]. However, recently developed diexpansion solar assisted heat pump
(DX-SAHP) systems integrate the solar collector &edét pump evaporator unit into a
single unit [31-36]. The above mentioned types hased flat-plate solar collector as
evaporator and halocarbons as refrigerant. A DX-BAfjistem employs solar collector as
an evaporator. The refrigerant that passes throlglsolar collector expands directly by
the useful heat gain from the solar radiation andengoes a phase transition phenomena
from liquid to the vapor state. The differencesnsEn the SAHP and DX-SAHP system

configurations can be understood by observing Bgand Fig. 14.
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Figure 13: Conventional solar-assisted heat pursfesy

The performance of a DX-SAHP system directly infloed by the incident solar
radiation due to the elimination of an extra heansfer loop as it is needed in the
conventional SAHP system. This useful heat gairthgyrefrigerant can be improved by
maintaining the evaporator temperature slighthhbigthan the ambient conditions. Higher

the temperature difference between the evaporatdrtiae surroundings result in higher
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heat losses reflecting in lower efficiency of thystem. Hence, it is preferable to maintain
the evaporator (collector) temperature at low oset to ambient temperature in order to
minimize heat losses from the collector. Howevers preferred to operate the evaporator
in the temperature range of 0° — 10°C higher thanstrroundings, because of the fact that,
higher temperature effects higher useful heat d&if]. One of the critical designs
pertaining to the solar-assisted heat pump sysgetha proper sizing of solar collector.
Sizing of the solar collector is necessary becafsthe heat absorbing capacity which
needs to be matched with the evaporative capatitgeocompressor. A proper matching
between solar collector and compressor minimizest hesses and impacts the system
performance as a whole. By adding a compressorcitgpmodulator, an off-design

condition such as, seasonal variation can be optidhi
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Figure 14: Direct Expansion Solar-assisted Heat
Pump (DX-SAHP) system

There are many potential benefits of using a DX-8Adystem over a conventional

SAHP. Due to the use of many synthetic refrigeracasrosion problem can be minimized
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into the DX-SAHP system. Therefore, long term us@s be assured of the solar collector
used in DX-SAHP system in comparison with a watesda solar collector where

corrosion is a big problem. In a water-based systesezing is an issue for solar-adverse
region. However, a DX-SAHP system easily overcories problem since most of the

refrigerants have a very low freezing point. Sillb¢-SAHP system does not require an
extra intermediate heat exchanger, it improvesntakmperformances of the system and
reduces the initial system cost.

There exists numerous works [38 — 45] related o tlthat pump mode of SWH
systems and some significant investigations areudsed in this section. A variable
capacity direct expansion solar-assisted HP systenthe DWH purpose was tested by
Chaturvedi et al. [38]. The system used a bare soléector acting as an evaporator for the
heat pump system. The system was tested for thelywarying ambient conditions, and
accordingly the compressor speed was varied thrauglariable frequency drive. The
observational results showed that the coefficidrpesformance (COP) of the system can
be enhanced extensively by reducing the speed efctmpressor when the ambient
temperatures are higher. Hence, such systems pefbetter in summer compared to
winter.

Hawlader et al. [39] designed, fabricated, andetkst combined solar-assisted HP
dryer and water heater that had been examined theembient conditions of Singapore.
The system consisted of a variable-speed reciproratompressor, solar collector as
evaporator, water storage tank and, an air-cootedtienser. To assess the influence of
different variables and the performance of theesysta Formula Translation (FORTRAN)-

aided simulation program was developed. The sygierformance with and without an
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auxiliary water heater, was compared in terms efghrformance parameters, such as SF
and COP. The COP values of the predicted and empatal studies were reported to be
7.0 and 5.0, respectively. Similarly, the SF w&b@&nd 0.61, respectively.

The performance of an integral-type solar assiseat pump (ISAHP) water heater
was carried out by Chyng et al. [40]. Simulatioreyevperformed based on the assumption
that, except the storage tank, all other componargsat steady-state. The model agreed
well with the experimental data and the predicesults were within 10% of the measured
data. Analytical and experimental studies on acthexpansion solar-assisted heat pump
(DX-SAHP) water heating system were conducted byarfuet al. [41]. The system
comprised of a 2 fbare flat-plate collector was used as an evapogsca part of the
refrigerant cycle. The long-term thermal performamé the system was predicted by a
simulation model. The results have shown that mgratierage COP ranged from 4 to 6,
while the solar collector efficiency varied from-BD%. A similar work was carried out by
Li et al. [42]. The DX-SAHP system comprised of 41 area of solar collector as
evaporator, a 0.75 kW hermetic compressor of rotgpe, 150 liters water storage tank
with a copper coil of 60 m length submerged int® tdnk, a thermostatic expansion valve,
and R-22 refrigerant was used as the working floiide system was shown to heat 150
liters of water a day to a temperature of 51°C, mtiee maximum solar radiation received
at noon was about 955 W/nThe exergy analysis on each of the element obtieSAHP
water heating system, identified that most heads<ccurred in the compressor, followed
by the collector, and the condenser. To furtheraanb the thermal performance (for the
SWH system as well as all the other componentsltiadal methods were also suggested.

Hepbasli [43] also carried out exergy analysis tmlgate the performance of a
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solar-assisted domestic hot water tank coupled gittund-source heat pump (GSHP).
Along with the GSHP system components, a solaectit of 12 m surface area and a
water storage tank was integrated to it. Resuldsqat that, it is possible to attain 14.5%
efficiency for residential SWH system and 44.06%ewthe entire system is taken into
account.

Heat pipes were also introduced in heat pump agpdic for water heating
purposes. Huang et al. [44] worked on heat piparsadsisted conventional heat pump
(HPSAHP) water heating system. The performancehef ¢ombined solar heat pipe
collector and conventional HP were examined towate the overall COP of the system.
When solar radiation was low, the system operatdd” mode. However, during the clear
sunny days, the heat-pipe mode operated indepeodfl@hkctrical energy input, to higher
thermal efficiency. The results showed that the @D#e hybrid-mode of operation could
attain as high as 3.32, and as such its performamasehigher by about 29% compared to
the HP mode of operation. Guoying et al. [45] elrout a numerical study to evaluate the
operational performance of a solar air-source lpeahp (SASHP) water heater. This
system was specially designed which utilizes adlate solar collector being provided
with spiral-finned tubes to collect energy bothnfr@olar radiation, as well as from the
surrounding air. For the given meteorological ctinds of Nanjing, China, the theoretical
results showed that the designed SASHP water hesHdtet50 liters capacity could

efficiently heat water up to 55°C.

2.5. Transcritical Heat Pump Cycle
Unlike conventional HP cycle, the transcritical IiHfects thermal energy at above

critical point. The evaporated refrigerant is beammpressed by a compressor and raised
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to a pressure and temperature higher thanaRd T.i.. As there is no condensation process
beyond critical point, the cooling of the heatedidlis called gas cooling process. In the
supercritical phase, there exists only single pltzakhence the heat rejection takes place
as sensible cooling. The rest of the thermodynastaiges in transcritical HP cycle remain
the same as the conventional one and the differeanebe seen by comparing the P-h

diagram of Fig. 12 with that of the Fig. 15.
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Figure 15: Pressure-enthalpy (P-h) diagram of a
transcritical HP cycle

As it can be observed from the saturation dome dn dtagram of CQ the
advantage of using transcritical cycle can be zedlin terms of heat of vaporization. The
heat of vaporization of COdecreases significantly as the condensing temperat
approaches near to critical point (31.1°C, 7.38 MFamilarly, heat absorption by the
liquid-vapor phase change minimizes if the evapogatemperature nears the critical
temperature. Therefore, the €€ystem which operates in subcritical manner rgjsotall
amount of heat and correspondingly the outlet teatpee of the condenser remains low.

For air-cooled C@refrigeration system which operates in subcritivalde, offers lower
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performance when surrounding air temperature reatttescritical temperature. Hence, for
better system performance, condensing temperahoeld remain higher than ambient.
Therefore, in a C@transcritical cycle, higher heat rejection tempge can be achieved

which improve the heat pump system applications.

2.5.1. Thermophysical Properties of CQ

Refrigerants are primarily developed for vapor coespion refrigeration systems
for cooling rather than heating. The utilization GO, as refrigerant for the vapor
compression cycle was introduced in 1866 by Thasldemwe. Pearson [46] studied a
detail historical development of GOn the refrigeration systems. However, £Ras a
limitation since it needs robust components fohith pressure system. At the early 1900,
the invention of HFC and HCFC fluids took the ietgtr from CQ for its expensive and
robust design. Although HFC and HCFC fluids havghbr thermodynamic efficiency,
they also have many detrimental effects on therenment. Therefore, interest on using
natural refrigerants into the refrigeration, aindgioning and heat pump systems renewed
for environmental safety issues and its protection.

There are many natural substances, such as, veategmmonia, sulfur dioxide,
silicon oil, propane and GQwhich have the potentiality for using as refrigegraAmong
these fluids, water has freezing issues, when @gtisthe weather conditions below 0°C.
Similarly, the thermodynamic cycle dealing with ag working fluid has relatively low
cycle efficiency. Ammonia and sulfur dioxide alsave their own drawback of being
slightly toxic. The use of silicon oil is restrickdo its use due to the high viscosity.
Although purified propane as refrigerant is gainfagor, but when mixed with air it is

highly flammable. CQ@is the natural refrigerant which imposes negligibhpact on the

27



environment. In 1990, Gustav Lorentzen first padnCQ transcritical cycle for the
automotive air conditioning system application [5The patented automotive air
conditioning system using GQranscritical cycle was further tested by Lorentznd
Pettersen [47] and compared the performances wsimdar R12 system. The test results
showed a positive encouragement for further devetoap of such system [48].

Design of heat pump system and its performancepemdent on the selection of
refrigerant, since the thermophysical propertiesaofefrigerant are important for heat
transfer process. Table 2 is showing some of thgsipal natures of COwhich are
different from many other conventional refrigeranis this section, a detail of GO
properties will be discussed in order to get advettea about the use of @ transcritical
heat pump systems.

Table 2: A brief comparison of GQvith other conventional refrigerants [49]

Refrigerants R-12 R-22 R-134a] R-410A| Ammonia CoO
ODP/GWP 1/8500| 0.05/170¢ 0/1300D 0/1900 0/0 0/1
Flammability/toxicity N/N N/N N/N N/N YIY N/N
Normal boiling point (°C) -29.8 -40.8 -26.2 -52.6 33:3 -78.4
Critical pressure (MPa) 411 4.97 4.07 4.79 11.42 .387
Critical temperature (°C) 112 96 101.1 70.2 133.0 1.13
Refrigeration capacity (kJfn 2734 4356 2868 6763 4382 225415

As it can be seen from the table 2, the criticahgerature of C@is very low
compare to other working fluids. Due to the hightical point of any HFC and HCFC
fluids, the conventional vapor compression cycjeats heat in the condensing temperature
below the critical point. But in the system periaghwith CQ, as refrigerant, this heat
rejection temperature very often exceeds the atifwint and hence does not share the

liquid-vapor mixture phase region. The heat regactin this process is called the gas
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cooling process and rejects heat only in the séngiboling. Therefore, heat rejection
process of the gas cooler undergoes in the traicatrcycle. However, the critical pressure
of CQO, is relatively very high (7.38 MPa). This makes t8€®, heat pump cycle
experiences with high working pressure. Althoughte CQ HP cycle, evaporator
pressure ranges between 2 — 5 MPa, the gas caelesype can reach up to 15 MPa [50].
This pressure range is quite low in the case oa1M8here at 50°C the condenser pressure
is only 0.13 MPa [51]. Due to high working pressute CQ systems face many design
challenges. One of such is the design of compressgacity. However, current
technological development on the manufacturing igh tpressure compressors make the
transcritical CQ heat pump cycle feasible for the commercial ud8s [In fact, it could be
beneficial in terms of heat transfer propertiesisiig such high pressure €€ystem. This
leads to higher vapor density (shown in Fig. 16(@3ulting higher volumetric refrigeration
or heating capacity of the HP system. The profih ¢ drawn compared to other
refrigerants in terms of smaller volumetric masswflrate for the same magnitude of
energy gain. Thus the system design is compadtura [49 — 50].

The heat transport properties of £@re favorable especially near to its critical
point compared to other conventionally used workilugds. Supercritical properties of
CO, need to be understood in order to realize thegesfint behavior in transcritical HP
cycle. There occurs a sudden supercritical propedsyation near the pseudo-critical
temperature point (F) of CGO,. It is the temperature at which specific heaf) (@aches to
its maximum value for a given pressure, as it ensikom Fig. 16 (b). Besides,,@alue
decreases with the increase of working pressurgpaaddo-critical temperature, €alue

attains much higher only near the critical press@@, transport properties (thermal
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conductivity and viscosity) also vary abruptly néae T,.. These heat transport properties
affect the performance of the transcritical HP eyawh the gas cooler heat rejection process.
Oh and Son [53] predicted the heat transport ptseof the supercritical GOn order to
evaluate heat transfer coefficient in horizontéletsi for the gas cooling process and found a

significant variation near the pseudo-critical meyi
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Figure 16: (a) a comparison of vapor pressure of CO
with other refrigerants; (b) specific heat variatiof
CO; for different pressures [49, 52]

Figure 17 illustrates these variations of L@ansport properties as thermal
conductivity and viscosity. Thermal conductivity ©0; is 20% higher for saturated liquid
and 60% higher for saturated vapor conditions camgdo R134a at 0°C temperature. In
contrast, liquid viscosity of COs 40% lower than R134a [54]. A unique propertyCad,
over other refrigerants is that it experiences oalywery small change in saturation
temperature with a given change in saturation presglable 3). Decrease in evaporator

pressure creates a saturation temperature drophwhpacts the cycle efficiency by
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lowering down the evaporator outlet temperatureer&fore, saturation temperature drop
for a given pressure drop is an important paranfetethe evaporation process. Thus the
efficiency of CQ direct expansion heat pump system does not affech with the large

change in pressure.
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Figure 17: Variation of transport properties of £0
(a) thermal conductivity; (b) viscosity [53]

Table 3: A comparison of saturation temperaturepdod CGO, with other
conventional refrigerants [49, 55]

R-134a

R-410A

CcQ

(dTsq¢/dPsq,), (°C/1 kPa)

0.1

0.04

0.01

2.5.2. Fundamentals of CQ Transcritical Cycle and Performance
Since CQ has a low critical point compared to other refraggs, CQ systems
undergo the transcritical cycle operation whenainbient temperature is relatively higher.

As the heat rejection process occurs in the sujpeadrstage at higher pressure, the low
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pressure heat addition remains subcritical. The hejaction pressure is an important
operating parameter for the transcritical heat puygle operation. For a given condenser
outlet temperature, there exists an optimum coretegmessure. Kim et al. [49] explained
this optimum pressure which depends on the paatic@-shaped isotherms near the
pseudo-critical or in the supercritical zone. Focanstant condenser temperature, the
rejected heat amount changes by the change of nsadeutlet pressure (shown in Fig.
18). Consequently, the compressor work also chainyearly. The effect can be realized in
COP value. Since the heat rejection increaseswarlpressure and slows down at higher

pressure, it increases the COP value up to a neptaissure limit and decreases beyond

that.
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Figure 18: CQ transcritical P-h diagram describing

the effect of condenser pressure on heating cgpacit
and COP [49]
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Air and water heating are two major applicationgpkying heat pumps. However,
the gas cooling process of the £@anscritical heat pump is particularly suitalde Wwater
heating purpose. Gas cooling occurs at the supieadrstage and there exists no saturation
condition at supercritical pressure. Thereforet lieasfer process in the gas cooler takes
place in the sensible cooling process. A continutaisperature gliding profile occurs
across the C@transcritical gas cooling process which is differom other condensation
process following by the latent heat rejection. Mafghe commonly used refrigerants have
higher critical point compared to GOTherefore, these refrigerants share the two-phase
mixtures at the condenser during the latent hgattren process. Figure 19 is illustrating
this distinction between continuous glide profiladathe latent heat rejection. It is
beneficial for water heating since both the wated £Q temperature profile matches

closely and hence recovers heat exchanger effeetsgeand decreases entropy generation.

A A
Refrigerant Pt o i K
o Condensation 5| Supercritical
2 s s| CO,Cooling .~
o ST @
o I/ o ‘___,,
S / g
e ater Heating ~ Water Heating

Enthalpy Enthalpy
@ (b)

Figure 19: Temperature profile for (a) latent
condensation process; (b) &Gsupercritical gas
cooling process [56]

In this study, the use of GOn a transcritical cycle has primarily been foaise
which heat rejection occurs in the supercriticagjstwhere only sensible cooling or heating

takes place. Several researchers have conductdeesston transcritical COheat pump
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cycle for automotive cooling and heating applicasid57 — 58]. Transcritical CQcycle
can also be applicable for water heating purpodesrevlarge temperature increments are
generally required. Literature shows that therestegeveral studies on transcritical £0
heat pump water heaters [49, 59 — 63]. A detailethparative study [62] between heat
pump water heater using G@nd R134a has been presented by Cecchinato aehal.
concluded that COcould be a potential alternative for synthetigiggfrants. Richter et al.
[64] reported that when a heat output is subjeteldw outdoor temperatures GOased
heat pump water heating system showed higher lgeapacity than a similar system

using R410a.

2.6.Influence of Key Variables on SWH System Design

The potential of any renewable technology is depahdn the proper assessment
of planning and promoting the system among the tm&is. A method to evaluate the
market potential for DWH has been presented by Wmitas et al. [65]. The method has
been based on a Geographical Information Systen)(GThe model took into
consideration the parameters associated with gpbmga variability that influenced solar
radiation and power requirements for the specifiezh. The size of the population and the
number of families greatly influenced the energydad in residential energy uses. The
above discussed model provides some special inBightthe energy savings and profits
that could be obtained from a large-scale deploynaérDWH systems. This model is
helpful to analyze the variation in energy demarnthwhe time discrepancies of solar
radiation. However, it was restricted only to tlwereestic sector and did not account for the
variation in load. A typical domestic hot water dopattern has been analyzed by Mutch

[66]. Minor variations of time discrepancies ondgaatterns do not have any major impact
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on the performance of DWH systems. The techno-aoamevaluations play an important
role in establishing a strong market strategy ffEsystems and also persuade necessary
information for energy policy decisions. Chandraseknd Kandpal [67] have developed a
comprehensive nomograph to determine the potedatitdrs influence for the performance
of SWH systems. Using some of these potential sydillai and Banerjee [68] developed
a methodology to estimate the potential for SWHesys, by taking into account of both

micro and macro level inputs as shown in Fig. 20.

INPUTS OUTPUTS
Weather data —>) —» Technical Potential of
- Solar Radiation SWHS

- Ambient temperature

5. Economic Potential of

Population data SWHS

- Income groups —>

- Occupation _

- Household size L Market Potential of
| o mopeL |  SWHS

Economic data

- Price of conventional fuel ) —> Potential Fuel Saving
- Capital cost of SWHS

L ». Load Curve of Electricity

Infrastructure for Heating (No SWHS)
- Potential end use sectors
- No. of end use points in each sector ™ L, Monthly average hourly

Hot Water Usage Patterns

Figure 20: Input and output parameters for modeling
the potential approximation of solar water heating
system [68]
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Another simple method to evaluate the effectiver@d@sSWH systems is to assess
the energy savings by the product of the solartibac(SF) and the numbers of SWH
integrated buildings. To implement the cost-benefialysis more effectively, Pan et al.
[69] proposed the concept of number of effectiviarsdays and effective solar radiation
(ESR) instead of using the total annual solar tamhgparameter which may overestimate
the amount of energy benefits. ESR calculation besed on the tap water temperature and
the solar insolation for each region to figure th& applicability of SWH system. Their
model was based on Taiwan and estimated the raftiBSR to total annual solar radiation
in the range of 82 — 89%. The popular f-chart metfy®] and the demographic data for a
target region can also be used to assess the tsdipawer savings due to the installation
of domestic SWH systems.

Optimization of solar collector area to the storéayek capacity for a hybrid SWH
was studied by Misra [71]. It was reported thatuke of auxiliary heater inside the storage
tank causes large amount of heat loss due to thétfat the hot water storage tank needs to
maintain a large volume of water at constant dejitemperature. Reducing the auxiliary
energy consumption could improve the economics haf $ystem. Therefore, it was

recommended to provide auxiliary heater at the |o@dt.
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3. SCOPE AND OBJECTIVES OF THIS STUDY

Based on the overall understanding of the litemtthie performance of solar heat
pump systems, particularly the direct expansior typlar-assisted heat pumps has a scope
to utilize for a broad range of end-users. Moghefexperimental works summarized in the
literature were carried out widely varying condit$p using HFC and HCFC refrigerants.
However, due to the environmental concerns, manthefconventionally used HFC and
HCFC working fluids have lead to scheduled phade{dance, researchers have renewed
their research focus on natural working fluid lik&,, which has proven to have less
detrimental impact on environment. Yet another esp¢ SWH is uses of water solar
thermal collectors are limited in the solar-adveesgions due to freezing issues. However,
the state of art in turns of technological develepirhas shown that direct expansion solar-
assisted C@ transcritical HP systems can also show competifpegformance like
conventional SAHP systems using traditional refiagés.

An attempt has been made in this study to investigheoretically a SWH
integrated system direct expansion solar-assistat pump, using C{as refrigerant. For
the evaporator component of the heat pump, an ewedutube collector with a heat
removal U-pipe is considered as the heat sourae eltpected that the combination of heat
pump technique with evacuated tube U-pipe soldecir, using C@ as working fluid
would meet the heating load requirement, even whgrosed to solar adverse conditions
(low ambient temperatures and wind chill tempegur

This thesis intends to accomplish the followingkgag(i) to perform a thorough
thermodynamic analysis of the said system, (iifléeelop a numerical model of a direct

expansion solar-assisted heat pump (DX-SAHP) wheating system using GOn a
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transcritical cycle under a quasi-steady state aijmar, (iii) to simulate the numerical
model of DX-SAHP system in order to identify thendoant operating parameters of the
system under study, (iv) to investigate the desigd operating parameters on the system
performance and to understand the relative sigmfie of these operating parameters, (v)
to optimize the system component based on the ncaheesults, especially to bind an
optimal match between compressor capacity and afeaolar collector, to ensure

successful system operation.
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4. THERMODYNAMIC ANALYSIS

The schematic of the direct expansion solar-askistat pump (DX-SAHP) system
using CQ transcritical cycle is shown in Fig. 2 of ChaplerA quasi-steady state process
has been considered to determine the performaneacbf component as well as the overall
system. Model development of the system entailstaildhermodynamic analysis for each
of the component pertaining to the system. The foam stages of the cycle such as —
evaporation, compression, heat rejection and expamse shown in Fig. 3 in p-h diagram.
Based on the®ilaw of thermodynamics, the generalized energy &mudor the chosen
control volume (component of the system) is givelow:

Q+m%m+%ﬁ+ga)=W+ﬁ%0%+%@+g4) 2)
Considering the following assumptions, the abowergnequation can be expressed as
() A quasi-steady state system operation

(i) Kinetic and potential energy differences are ingigant

Q =W +m(h; — he) 3
Depending on the operating conditions in the evapoy the atmospheric air acts
like an additional heat source or sink beside setergy. The thermodynamic process 4-1
represents the evaporation process in which @@lergoes phase change from liquid to
vapor (Fig. 2 in Chapter 1). The evaporated refage is then compressed in the
subsequent compression process 1-2 to a supakrii@por pressure stage. The
supercritical CQ at a high pressure and temperature goes throwgprtitess 2-3 in the

condenser, where the working fluid gets condensHae energy released by the

39



supercritical CQ vapor (in coil condenser) is then utilized to hdeg water by sensible
cooling process through a heat exchanger, whichbeas immersed into the hot water
storage tank. Finally, the high pressure but lomperature CQ is throttled to the
evaporator pressure by the throttling process shasvporocess 3—4, where pressurizeg CO
flashes through the thermostatic expansion valvattain its initial pressure conditions
(evaporator pressure). This completes one fullecyBlubsequent cycles follow the same
sets of events, by which water in the storage &rdntually gets heated up. The process
continues as long as solar radiation is availahléhe solar collector. The events described
above are shown in the idealized pressure-enthdiipgram (Fig. 3 in Chapter 1). As
shown, the transcritical cycle shares a low-pressub-critical zone and a supercritical
high pressure side in any given cycle of operatlarthe studied transcritical cycle, it is
ensured that COis compressed close to its critical point. Thisbecause, one of the
distinct characteristics of supercritical €@ that, near the critical point it shows a rapid
change in thermodynamic and transport propertiesnewith a small change in
temperature. This particular region is called theeudo-critical’ zone where the specific

heat coefficient reaches its maximum for a giveaspure and temperature [49].

4.1. Evaporator/Solar Collector Model
A number of studies have been performed to imptbeeexisting solar collectors
design as well as its efficiency [17, 72 — 75]. Tihgprovement methods used include
structural changes, introduction of new materiald eoatings, and various working fluids.
Recently, one of the new collectors, namely, evethitube U-pipe solar collector has been
studied for electric power and heat generationgu€i®, as the working fluid [76 — 79].

Zhang and Yamaguchi [80] have studied the convedigat transfer characteristics of
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supercritical CQ@ in a horizontal circular tube in forced convectiomde and identified
several heat enhancement mechanisms which arei@upera water-based collector
system. In order to investigate the influence o, @®a working fluid in a U-tube inserted
glass evacuated solar collector, Zhang e{&ll] made a detailed study on the collector
characteristics with COas the working fluid and found that the annualreraged
efficiency could attain above 60% which is muchhaigthan the water-based collectors
where annual maximum efficiency could reach onlyaip0%.

Moreover, proper selection of the solar collectan aninimize the heat losses.
Selective surface coatings along with the vacuusulation between the two concentric
tubes are two main distinct design aspects of vaewated tube solar collector, compared
to the flat plate solar collector. Thus, evacuatdse collector enhances higher useful heat
gain along with minimal heat losses [74]. Due tealxe of air or any other heat transfer
medium between the two concentric tubes, the lusgebk pertaining to convection is very
much minimized. Figure 21 illustrates a comparatigsign benefit of using evacuated tube
solar collector over flat-plate solar collector.

Therefore, evacuated tube collectors are curremitiely used in the solar adverse
regions, especially for residential solar thermppleations. However, glass evacuated
tubes cannot sustain high pressure condition. Aglt@nnative, U-pipe inserted evacuated
tubes are commonly used solar collector to dedl wihigh pressure thermodynamic cycle

in the solar heat pump systems.
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Figure 21: A comparison between flat-plate and
evacuated tube solar collector with respect torthei
design benefit

The evaporator component (U-pipe inserted glassuatad tube solar collector) of
the heat pump system used in this study is showign 22. Important features of this
system are: (a) the outer and inner glass tubeggleoncentrically to provide the vacuum
space in between them, (b) selective absorberngpatinted inside the inner tube and (c)
copper U-pipe placed inside the inner glass tubth \&i fin connected together. The
characteristic features of glass evacuated tuber sollectors are its collective effect of
vacuum insulation between the concentric tubes thedselective surface coatings that
results in enhanced heat extraction efficiency.[A4]the solar radiation passes through the
glass tubes, it is absorbed by the surface coataxged inside the inner tube. The absorbed
heat is then transferred to the U-tube by condoctiad in turn to the working fluid inside
the U-tube by convection heat transfer method #iffgan increase in the temperature and

pressure of the working fluid.
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Figure 22: Schematic of the evacuated tube U-pipe
solar collector and its components: (a) Lfbw
direction; (b) construction of the unit glass tuke)
cross-sectional view of the collector tube; and (d)
differential control volume used in the present
analysis
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4.1.1. Two-phase Flow in the Solar Collector

The two-phase flow condition in the solar collectabes is assumed to be at
thermodynamic equilibrium. It is also assumed thatchange in enthalpy solely effect the
change in the vapor quality (dryness fraction)hoy solar radiation input. In addition, the
pressure drop across the solar collector tubesignificant since it is assumed to have a
negligible effect on the vapor quality change du¢he second-order effect. Depending on
the mass flow rate of the fluid, different flow regs develop in the liquid and vapor
phases ranging from mist flow (small droplets irpmg to bubbly flow (small-sized
bubbles in liquid). Hence, determining the exaotwflregion is essential, for the analysis of
the two-phase flow since it varies depending ontyipe of flow region. Baker [82] has
illustrated a map-based two-phase flow region fiffiegbnt vapor and liquid mass flow
rates. In the context of the present study, thahghsaid two-phase flow regions develop,
but it is extremely quick and reaches saturatedovapperheated conditions. Hence,
incorporating the flow field in the analysis is faitilt, since there involves uncertainties
regarding the determination of proper boundary g@amns for each flow field. In the
available literature, pressure drop across the aadipn process is predicted either by
Martinelli Nelson’s method or Owen’s homogeneoughuoéd [83]. The Martinelli Model
calculates the pressure drop for two-phase sephfie region and the Owen’s Model
deals with that of misty or bubbly flow regions. \WMever, none of these models properly
match the predicted pressure drop to that of theemxentally obtained data, especially
during the evaporation process in the solar callectherefore, a simple Homogeneous
Equilibrium model could effectively predict the pseire drop characteristics to the

acceptable accuracy levels in the two-phase flapores. The model assumes that both the
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vapor and liquid phases undergo the same veloadycan be replaced as a single phase
pseudo-fluid. Though the property of this singlagd fluid is different compared to vapor
or liquid phases, its value represents an averafee\of the two distinct phases. Thus
Homogeneous Equilibrium model employs a simple fafhusing single phase flow and
includes the vapor and liquid mixture flow effec®haturvedi et al. [84] investigated the
flow effects on two-phase flow regions and notickdt dispersed flow region could be
achieved in solar collector evaporation processméifgeneous Equilibrium model
incorporates the dispersed flow region in the asialyo predict the pressure drop in the
solar collector and hence this model has employdle present study.
4.1.2. Governing Equations for Evacuated Tube U-pipe SolaCollector
Following assumptions are made to simplify the dimeensional heat transfer
analysis of the evacuated tube U-pipe solar callacsed in the present study:
i. Heat absorption by the outer glass tube of thersotdlector is considered
insignificant.
ii.  Thermal resistances of the outer glass tube, sudaating, metal tube and fin are
neglected.
iii. Radial temperature gradients among surface coatmgjal U-tube and fin are
assumed to be negligible.
iv. Averaged heat flux in the circumferential directiam used as the boundary

condition [75].

45



For one-dimensional, steady, two-phase flow, trefuldeat gain@,) of the solar

collector is defined from Wallis [85] equation as

Qu = AcollF,[IT(Tgag) - UL(Tf - Ta)] (4)
In Eq.(4), overall heat loss coefficietd,() is defined as the sum of top loss coefficiasy) (

and edge loss coefficiert§).

u,=U+U, (5)
Edge loss coefficient is neglected due to the aptiom of proper heat insulation at the

edges of the solar collector. Top loss coeffic{@h} can be defined as:

-1
Ut=(1+1+1> ©)

hg,conv hg,r hg,cond

wherehg conviS the heat transfer coefficient between the ogtass tube and the ambient
due to convection (W/fK), hyr is the radiation heat transfer coefficient frone thner
glass tube to the outer glass tube (WK1 and hy cond represents conduction heat transfer
coefficient between the inner glass tube and thé\ii/m? K). The heat transfer coefficient

hg.convandhg, can be written as:

hg.cony = 5.7 + 3.8V @)
o&
hyy = at (T2 + T2)(Tae +T,) (8)
’ EatDat _
1+ D (1 —¢4)
Eatlat

The conduction heat transfer coefficient expresaefq.(6) and the edge loss coefficient

can be obtained from the theoretical [75] and expemtal results [86] which were
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calculated as 0.2796 (W) and 0.1687 (W/MK) respectively. From the Fig. 22(c), the

heat loss of the evacuated tube can be written as:

Ut(Tat = Ta) = hgr(Tar = Tg) + hycona(Tar — Ty) 9)
In the above Egs.(6)-(9), the unknown parameteesUa hy,, V, Ta, Tg andTa. Using the
known parameter¥, Ty and T, rest of the unknown parameters have been calculate
iterative numerical procedure (secant method). Taleulated values are then used to
compute the overall heat loss coefficient of tharsocollector which is one of the important
parameters to estimate the performance of the solkctor.
The collector efficiency factoi() is determined by the following formula as given

by Hottel-Whilliar Bliss model [23]

1/U,

14+0,/C, 1 1 (10)
U1d+ W —dF] " T " hynd

F =
14

The standard fin efficiency] is given as:

B tanh[m(W — d)/2]
 om(W=d)/2

(11)

and the constant valum is defined as:

U 1/2
_ L
=126+ U, /Cy)

For the evaluation of inner tube temperatdrg) ( copper tube connected between the inlet

(12)

and outlet of metal U-tubes is treated as fin armk@nd-order temperature equation is

derived by considering a small element on the7l.[

dZTat _ -5+ UL(Tat - Ta)
dy?  A8(1+U,/Cp)

(13)
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Temperature of the working fluid inside the U-tuise determined by dividing the
evaporation process into differential control voksmof lengthdz shown in Fig. 22(d).
Such discretization is employed to improve the eacy of the calculation and the thermo-
physical property variations near the critical oegof the CQ. Thermodynamic properties
are assumed to be constant in each of the diffateatntrol volume segments. The
calculated outlet properties of each element thesoime the inlet state of the successive
element. Applying the first law of thermodynamiacs dach segment of the differential
elements, the following thermal expressions araiabt.

Outer glass tube

100 (Tae — Ty)

/ey + (rae/1,)(1/e5 — 1) (14)
= 1yha(Ty — T,) + 08, (TS — TH)

a’grng + Tathat(Tat - Tg) +

Inner glass tube

Kg (Tc - Tat)

o+ (2

Surface coating and U- tube

Tat0(Tar = Ty)
1/e4 + (rat/‘rg)(l/sg — 1) (15)

Tgagratl’[‘ + = Tathat(Tat - Tg) +

Kg (Tc - Tat)

2 rgly = 57+ 2rmhe(Te = Tf) (16)
In [1 + (Z—t)]
Tat
Working fluid (CQ):
dT,
s Cp d—Zf = he(T, — T) (17)

The Eq.14 through Eqg.17 are simplified to formulatesingle expression in first order

differential equation for calculating the temperataof the working fluid as
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dTy  tiactacdr + Ty0Tady + agryly — 1,085(Ty — Tad) — 1o (T, — Ta)
dz 2111, C;

(18)
The heat transfer coefficieng() of the working fluid for the two-phase flow regian the

horizontal tubes is defined by the following redatship [84].

hy = % (ReZ JAxhy,/1)"" (19)
whereJ is the dimensional constant with a fixed value7@B and4x is the change in
quality of the CQ between inlet and exit state [84]. Quality chamgthe above equation is
assumed due to the enthalpy change only, negletimgressure effects on the quality.

Reynolds number is based on internal diamed@rafpd liquid viscosity of the two-phase

CO.. In the superheated region, the is obtained using the following Dittus-Boelter

relationship.
' 0.8 04Kf
L
Pressure drop of CQinside the U-tube is obtained by considering tloenbgeneous

two-phase mixture flow and by using mass, momentama, energy balance relationship

explained by Chaturvedi et al. [84]. The simplifiemirelations are listed below.

2C,G2 d
f X
dP di ('Uf + xvfg) + szfg E
E - 1 GZ dUg 1 dvf (21)
+62 (x g+ -0 Gh)
dx WF (22)

iy —— = o [Ir(za) = U,(T; — T,)]
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The frictional pressure drop coefficier@;( depends on the laminar and turbulent nature of
the fluid flow inside the U-tube which is the furmet of Reynolds number and it is defined

using the following:

16
=——, Re <2300
"~ Req e (23)
0.079
f = =025’ Re = 2300 (24)
Reg;

In Eq. (21), the saturated fluid properties arewalted by choosing a polynomial fit curve
for v, vy andvig as a function of pressure. A fourth-degree polyiabfit is chosen to find
the above properties of G@vhich is valid in the pressure range of 2 — 7.3aMPhe error
involved by this polynomial fit remains within 1%mnge and is mainly useful for numerical
solution method. The degree of superheating in éaddtive process is evaluated using the

following expression.

AT =T, —T, (25)

The superheated single-phase region starts aetigghl of U-tube denoted agand can be

written as
T, =T, —S/U,] .
- Cwlose [p— sy, | (26)
%= FUW

The instantaneous efficiency of the solar collecisr calculated by the following

expression:

=— 27
nCOll ACO”IT ( )
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The useful energy received by the solar collector also be obtained as a function of the

change in enthalpy of the inlet and outlet (exites of the collector.

Qe =iy AR (28)

4.2.Compressor Model
In a positive-displacement reciprocating compregsiston-cylinder arrangement is
used to deliver working fluid at a higher pressaral hence, compressor runs the heat
pump cycle. The performance of the heat pump cgatebe controlled by regulating the
mass flow rate of the working fluid delivered bx@mpressor. The mass flow rate of the

carbon dioxide through the compression procesbtemed by the following expression as:

N (29)

mf = PsuclvVs 5

where N is denoted as compressor speed in rpm.sWept volume (V) using the

following formula.

B inD,fS (30)
ST 4

The volumetric %,,), mechanical 1{,;,) and isentropic7,.,) efficiency formulas of the

compressor is used from the correlations develdpe@ritz et al. [57]. All the efficiency

expressions are obtained as the function of sutbi@iischarge pressure ratios.

" P, P2 (31)
My = —————— = 0.9207 — 0.0756 ( ‘“5) +0.0018 ( d‘s)

pSUCVS N/60 suc suc
M = —5 - = 0.9083 — 0.0884( ‘“5) + 0.0051< d‘s)

in suc suc
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' — hz,isen - hl
nlsen h2 _ hl
2

P, P,
— —0.26 + 0.8952 ( d‘s) —0.2803 ( ”“5)

suc suc
3 4

P, P,
+ o.o414< d‘s) _ o.oozz( d‘s) (33)

suc suc

The internal compression workV,,) is the function of power consumption which
depends on the mass flow rate, isentropic effigieard the isentropic enthalpy change of

the refrigerant.

. (hz,isen - hl) (34)
VVcom B mf Nisen

Compressor work can also be expressed in termstbhékpy change of refrigerant between

the inlet and outlet state.

Weom = myAh (35)

4.3. Condenser/Hot Water Storage Tank Model
For the water storage tank model, water temperatitten the tank is assumed to
be uniform at any instance of time. The schematit the modes of heat transfer between
CO, and water in the storage tank is shown in detalfig. 23. The hot water demand is
supplied to the load directly from this tank. THere, for non-stratified or a mix tank
model with the immersed condenser, the followingression could be used to evaluate the

increment rise in water temperature.

drT, 36
Mprwd_:/ = Qcon — (UA)t(Tw —Ta) — Qioaa (36)
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Heat rejected in the condenser to the water irsthiage tank takes into account of the heat

absorbed by the evaporator model and the work tgriee compressor.

Qcon = Qcon + Weom (37)

e
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Figure 23: Hot water storage tank with immersed
single coil condenser: (a) schematic of the storage
tank; (b) heat transfer between £@ow to the
surrounding water; (c) top view of storage tankg an
(d) thermal network between the ¢®@ow to the
ambient

Similarly, the total heat dissipation from the cender is also obtained by the following

expression.
Qcon = (UA)coil(Tcon - Tw) (38)

In the above expression (Eq. 38UA).i is the overall heat transfer coefficient of the

condenser coil. It is the sum of the thermal resswalues, including the convective
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resistance offered by GO conductive resistance of the cooling coil and vemtive

resistance of the water.

1 Scoil 1 >‘1 (39)

(UA) i :< , + +—
cot hcAc,i KcoilAc,o thcoil

The condensation process will be in the superatitiegion for any steady-state
cycle and hence it follows the single-phase seastololing process. The heat transfer
coefficient of CQ within cooling coil to the inner tube wall of tleeoling coil is evaluated

using the following Nusselt correlation.

, KcNui (40)
h, = 7
l

The overall Nusselt numbeNgG) within the cooling coil includes the temperatuh®p

across and is evaluated based on the Petukhov-Rop@fation [87].

_ (f/8) (41)
Ky + Ky(f/8)V/2(Pr2/3 — 1)

Nui

where the friction factof and the constant§; andK, are defined as:

f = (1.821n(Re) — 1.64)"%; 3000 < Re <5 x 106 (42)
Ky = 1+34f (43)
K, = 11.7 + 1.8/(Pr)/3 (44)

Similarly, the outside film coefficient between tbeter tube walls to the water in the
storage tank is evaluated using immersed heat agehnatested by Farrington and

Bingham [88].
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Kwa”Nu (45)

h, =
0 do

Nu = CRal}! (46)

The convection coefficien€ and the constanh of the above equation are taken from a
similar immersed heat exchanger tested by Farnmgtad Bingham [88] of 0.9 and 0.25,

respectively. The Rayleigh number in Eq. (43) camfitten as

gﬁdg (Twall - Tw) .UCP (47)
v? K,

Ray, = Gry Pr =

Pressure drop of CGOthrough the immersed condenser is calculated ugiegDarcy

friction factor, using the Blasius correlation toe flow in a smooth tube.

AL (G2
AP =fo (7) (48)

4.4. Expansion Device
The CQ pressure drop from condenser pressure to the eatapopressure is
affected through a thermostatic expansion valveallg, the throttling process is assumed
to be isenthalpic, and considered to be a steadg device. Therefore, enthalpy across the

expansion valve can be written as:

hs = h, (49)

4.5. Available Solar Energy from the Solar Collector
The total radiation intensity received on a horiabplane at any given instance is

assumed to vary sinusoidally from sunrise to sureshccording to
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o
I7 = Lyay Sin (T) (50)

where Inax iIs the maximum intensity of solar radiation ocowgrat solar noon (12:00
hours),l is the length of the day in hours af& the difference between time of the day (at
any given instance) and the sunrise time in hollhe diffuse solar intensityld) on a
horizontal plane is assumed to be 15%.qf

The daily total solar radiation intensitlg)(on an inclined surface includes: beam,

diffuse and ground reflected radiation. This forenisl obtained as

1+ cos 1 —cos
where beam radiation factdR) is defined as
R - cosf  cos(¢p — ) cosd cosw + sin(¢p — f) sin§ (52)
b_COSHZ_ cos ¢ cos § cosw + sin ¢ sin

Beam and diffuse radiation are usually measuredstaye of meteorological
stations; but, North Dakota Climate Office [89] ymheasures global solar intensity. It
needs to consider both beam and diffuse radiataralculate the total solar incident on a
tilted surface. An hourly average diffuse radiatisrusually measured by correlating the

ratio of diffuse to global radiation consideringuinly clearness index;.

1.0 — 0.249%k; for ky < 0.35
I—d ={1.557 — 1.84ky; for 0.35 < k; < 0.75 (53)
T (0.177; for 0.75 < kr

whereks is the ratio of total solar radiation intensity)(to that of extraterrestrial radiation
(Io) on a horizontal surface.
Using the meteorological parameters of Fargo, NDdkota as tabulated in Table 4

can be used to estimdtgon a given day of the year by the following foraul
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360n
I, = Gy [1 + 0.033 cos(

in which angle of deflection denoted@&ss defined as

365

6 = 23.455i [360(284+ )]
= 23.45sin | o n

)] (sin ¢ sin § + cos ¢ cos § cos w)

Table 4: Geographical data of Fargo, North Dak8€j [

Parameters Values
Latitude @) +46.90°
Longitude -96.82°
Tilt angle ) 46.90°
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5. SYSTEM MODELING AND SIMULATION PROCEDURE

The mathematical modeling of the proposed DX-SAHBtesn to predict the
thermodynamic performance is simplified based enféfiowing general assumptions:

() Quasi-steady state conditions are approximatedmiitie chosen time interval.

(i)  The refrigerant is uniformly distributed among #ie heat removal pipes in the
evacuated tube solar collector and is considerdoketsaturated at the exit of the
collector.

(i)  Pressure drop and heat loss in the connecting pigeiseglected.

(iv)  Frictional losses in the evaporator and the conetesn® negligible.

(v) A good thermal insulation over the g@op is assumed, i.e. thermal loss to the
surroundings is neglected.

(vi) A non-stratified hot water storage tank is congdéor the simulation.

(vii)  Kinetic and potential energy changes are assumbd toesignificant.
5.1. Solution Procedure
A numerical computational model in MATLAB has be#eveloped to analyze the
characteristics of the components mentioned in @nafy which holistically dictates the
thermal performance of the DX-SAHP system. Inputapeeters (Table 5) for the
simulation cycle include: collector properties (Tealh), meteorological data [89], initial
storage water temperature and the compressor speedhermodynamic properties of the
CO, used in analyzing each component of the systers generated using REFPROP 8.0

software.
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Table 5: Main parameters used in the performaneduation of DX-SAHP
water heating system

Components Parameters Value
Evacuated tube U-pipe solar collecto] Absorbtance 0.927
Properties of absorber coating Transmittance 0.08
Reflectance 0.033
Thermal conductivity 1.25 (W/m K)
Transmittance 0.90
Absorbtance 0.05
Properties of glass tubes Reflectance 0.05
Emittance 0.83
Outer tube outer diameter 47 mm
Thickness 1.2 mm
Inner tube outer diameter 37 mm
Length of the tube 1.7m
Outer diameter 8 mm
Properties of U-tube Conductivity 400 (W/m K)
Bond conductance 30 (W/m K)
Compressor(Reciprocating-type, Swept volume per stroke 0.00001972 m

hermetic)

Thermal conductivity of insulation 0.0346 (W/m K)

Condenser/Storage tank Thickness of insulation 5 mm

Outer diameter of the condenser cpil 8 mm

Thickness 1 mm

Initial water temperature 7°C (winter)
Simulation parameters(standard) 15°C (fall and spring)

Wind speed 3.0 (m/s) (all seasons
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Figure 24: Flow chart of the simulation model
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Figure 24 describes the flow chart of the simulapoocedure. To start a simulation
cycle, the operating parameters are set as infaurtg avith the assumed solar collector and
condenser temperature at the outlet state. Theatofl temperaturer,) is determined by
adjusting the initial guessed degree of superhalatev The compressor and solar collector
model are called upon to determine the inlet arttbbstate of each process. Once the solar
collector temperature has come under the spedidiedance limit, the program proceeds to
evaluate the outlet state of the condenser. Findily condenser temperature is adjusted
with the value less than the tolerance limit areldbrrent operating condition is considered
as steady-state. The program evaluates all theank outlet states of each components of
the system, heat gain of the collector, heatin@ciy, compressor power, and COP.

In real situation, when the working fluid exits iinothe solar collector with a
specific degree of superheat, there remains a nebdéi both superheated and two-phase
flow in the collector tubes. Except for the energguation, all the other equations
explained in Chapter 4 are suitable for two-phasa&ysis. Therefore, it is necessary to
determine the length of the collector tube overachhsuperheating state takes place. For
developing the solution procedure, it requires étetmine the case when the refrigerant

exits the solar collector in the saturated vapatest
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Figure 25: Boundary conditions at solar collectdet
and outlet points

Forth-order Runge-Kutta method [90] is used fovsw the differential equations
described in Section 4.1.2 (Eq. 21 and 22). Boundandition of vapor qualityx] is
specified at the beginning of the U-pi@=0) which has a value of 0.0 (Fig. 25). Boundary
conditions determining the pressure is unknownadh bhe ends of the U-pipe£0 and
z=L). However, az=0, the enthalpy at the exit of expansion valve isaddo the enthalpy

at the inlet of solar collector. Therefore, the hadary condition can be expressed as:

hy = h3 = he(Py) + x4k g (Py) (56)
As hz is known, Eq. (56) offers a compatibility conditidor pressure in terms of vapor
quality. Therefore, determination &% andx, should satisfy the above condition. For the
starting point of any numerical simulation, it iseded in Runge-Kutta method to specify
the value of pressure and vapor qualitg=. To start a cycle analysis, pressure at the exit
of solar collector ;) is assumed. A good starting guess is to assumeh saturation

temperature of solar collector is to equal the ambiemperature. For saturation condition,
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there exists a saturation pressure for each smmr@mperature. This saturation condition
is the second boundary condition which is assumedla Now, as the specific volume at
the solar collector exit can be obtained, the casgor mass flow rate (described in
Section 4.2) is determined. With all these valaif$erential equations described in Eg. 21
and 22 can be solved by Runge-Kutta method in t@fhpsessure and vapor quality. This
in turn useful to predict solar collector inlet=Q) state. Therefore, enthalpy at the inlet of
collector fi;) can be determined frofy andx,. The computed enthalpy is then compared
with h; and if it satisfies Eqg. (56), the initial guessluweais correct. It is unlikely to
converge the solution only in one iteration andef@e a new assumption Bf is needed.
This solution procedure repeats unless boundaryditon described in Eg. (56) is
achieved. Once the solution process determiigs within tolerable limit, the
thermodynamic cycle analysis is carried out to wake the performance parameter

as COP.

5.2.Cycle Performance Measurement
The performance of the entire DX-SAHP system iddigted by evaluating the
heating capacity and the coefficient of performaf@@®P). Heating capacity is the amount
of heat rejected by the condenser (Eq.38) and tG&® Ceflects the ratio of the heat
rejection by the condenseiQ4n to the electrical power required to operate the

compressoreon).

QCOTL
VVcom

COP = (57)
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5.3.Error Analysis
To compare the simulation results of the presertS®XP water heating system to
the experimental work, a method of error calculateed to be defined such as root mean

square percent deviation. The root mean squareati@viis expressed as the following

formula:
_ Z(ei)z (58)
N n
Xi—Z;
where, € =——* 10 (59)
i

In the above expressiorX; is the ' data point of the theoretical valug is the
experimental value arlis the total data points. The root mean squarétien is used to
predict as to how well the simulation results & groposed DX-SAHP design correlates to

the experimental studies.
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6. MODEL VALIDATION AND PARAMETRIC STUDIES

6.1. Model Validation

A model validation is essential to ensure that $heulation results are reliable;
additionally, the model can be used to identify dpgimal design and operating values
which are essential in erecting experimental pymes and in turn pave a way for
commercialization.

However, to the best of the authors’ knowledge,emperimental or theoretical
results have been published on this particular PpeSAHP solar water heater, using
evacuated fin-integrated U-tube collector with L& the working fluid operating in a
transcritical cycle. Hence, model validation haérbeonducted by separately investigating
the evaporation model in isolation from the systerhich is the most critical to overall
simulation accuracy. To examine the accuracy ofetporation model adopted in this
study, a simple thermosyphon based experimentalpsetas designed and fabricated. The
predicted results were then compared with the smector under stagnation conditions.
The experimental design and operating parametetseotollector were then used in the
theoretical model to generate the simulation resdlhe design details of the experimental

set-up (Figure 26) are listed in Table 6.
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Figure 26: Evacuated tube U-pipe solar collectedus
for experimental set-up

Table 6: Design parameters used for the experirhsetaip

Components Material Parameters Value
Absorbing coating Absorptivity 0.92
Emissivity 0.193
Outer diameter 0.047625 m
Outer glass tube Inner diameter 0.0381 m
Thickness 0.0015875 m
Conductivity 1.2 W/imK
Solar Collector Properties | Air layer Thickness 0.001 m
Conductivity 0.03 WimK
Copper fin Thickness 0.0006 m
Conductivity 307 W/mK
Outer diameter 0.00635 m
U-tube inner diameter 0.003175m
Thickness 0.015875 m
Length of tubular collector 3.6576 m
Bond conductance 30 W/mK
Collector area 1.15Mm
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The validity of the analytical approach adoptedhis study was verified with the
experimental results, in terms of collector effrg and the temperature of the working
fluid. Experimental results pertaining to"@®lay, 2013 were used for comparison. Figure
27 shows the efficiency profile of the evacuatdaketl-pipe solar collector. The maximum
global solar radiation intensity recorded by theapymeter on the day of experiment was
600 W/nf. As seen in the Figure 27, experimental data painé clearly scattered about
the straight line which confirms that the collecsfficiency agrees well with the predicted
results. Figure 27 also shows that efficiency regdutnearly with an increase in the
parameteT; — T,)/It. The slope of the profile is negative and is acfiom of U,. This is
due to the fact that, as the difference betweenmitrking fluid and ambient temperature
rises, the radiation and convection losses fronttliector also increase. In general, as per
the law of conservation of energy, the collectorfggenance can be further improved by
increasing energy transmission through the coltettidhe working fluid (useful energy)
and minimizing the collector heat losses, with ioyad insulation techniques.

The theoretical model was further verified by commpa the predicted CO
temperature with the measured data of the colleotdlet. As shown in Fig. 28, the
simulated results are in well accordance with tkeeemental results until noon. However,
beyond noon, there exists an inconsistency betwleemmeasured and predicted values,
which is caused by the sudden overcast of cloudsngl the test day. The experimental
collector efficiency during the test day was aleonpared with the simulation results, as
shown in Fig. 29. Simulation results follow a sianitrend to that of experimental values

and found a mean absolute deviation of 15%.
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Figure 29: Comparison between theoretical and
experimental results of solar collector efficierayer
the test time of the day

Based on the validation results shown in Fig. 229 it can be said that the

accuracy of the theoretical model is adequate testigate the year-round performance of

the proposed DX-SAHP water heating system.

6.2.Baseline Simulation and Parametric Studies

Theoretical analysis performed in Chapter 4 is usete to show the thermal
performance of the proposed DX-SAHP water heatiygtesn in terms of COP, solar
collector efficiency and heating capacity. A numbg&pperating parameters such as: solar
radiation, collector area, compressor speed, arhlgnperature and storage volume,
strongly influence the overall performance of tlystem, and are used to investigate the
system under study. The simulation model identifiessimportant variables and therefore

enables to perform the parametric study. A standase is defined to evaluate the effects
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of various parameters and is listed in the Tabté¢ Section 5.1. To evaluate the effect of
each parameter, all other variables remain constathieir standard values. The inlet water

temperature to the storage tank is taken as amage@f circulating tap water temperature.

6.2.1. Effect of Compressor Speed and Collector Area

To avoid the two-phase properties at the inlethef compressor, it is assumed to
deal with only the vapor phase discharged fromsthlar collector as either saturated vapor
or at supercritical state. Therefore, though a pathe solar collector will go through the
two-phase region, it is ensured that it is in tleor region before entering into the
compressor inlet. Throughout the steady state cstotevn in Fig. 30, it is observed from
the simulated results that a transcritical opegatondition is achieved. A heat sink of
relatively low temperature (-5° — 10°C) plays a kele to ensure efficient transcritical
operation.

The compressor effect on the overall performancthefsystem has been assessed
by varying the speed of the compressor. Figurergivs the effect of compressor speed
within a range of 900 to 1500 rpm on COP and hegiw at the condenser, for different
solar intensity levels. The collector area andaheient temperature were set to the base
values of 1.91 mand 10°C, respectively. At any given speed of acbepressor, COP
increases with an increase in the solar intenlitg.due to the fact that solar intensity has a
positive influence on the evaporation temperaturgurn requiring only low compressor
speeds to accomplish the task of raising the fui@mperature to the desired value. It
could also be noted from the Fig. 30 that, as thapressor’'s speed increases, the COP
value reduces. It is due to the fact that the disgph temperature increases along with an

increase in speed of the compressor. At lower cesgar speeds (around 1000 to 1100
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rpm), the DX-SAHP system could reach a COP valu2-ef2.5 with a heat capacity rate of
about 2.4 — 3.0 kWHowever, as the speed of the compressor furtheeases, the COP
value decreases, although the heat extractionigateuch higher. This is due to the fact
that, increase in the compressor speed is aidgdvath the work input which reflects in

lower COP values.

— # — COPat 700 Wim?
- @ — COPat 600 Wm? 380
— & — COPat 300 Wi ’

—e— Heat Output at 700W/m?
—F— Heat Qutput at 600W/m*
——ir— Heat Output at 300W/m’

cop
Heat rejection at the condenser, Q,, (kW)

132%: 1 2:20
1 1 1 1 1 1 E-DD
500 1000 1100 1200 1300 1400 1500

Compressor speed, N (rpm)

Figure 30: Effect of compressor speed on system
COP and heat rejection at the condenser

Figure 31 illustrates the variation of COP as acfiom of compressor speed
considering solar collector area as a parametar.aHixed compressor speed, the COP
rises with the increase in collector area. If thiaiscollector area is more, the working fluid
evaporates in the evaporator comparatively at denigemperature which results in

decrease in the compressor work and thus leadiadghigher COP.
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Figure 31: Effect of compressor speed for different
collector area

Effects of the compressor speed on solar colleeficiency and evaporation
temperature are shown in Figure 32. The resulte baen predicted for the solar radiation
of 600 W/nf and collector area of 1.91°mAn increase in the compressor speed facilitates
higher refrigerant mass flow rate through the saolatector which lowers working fluid
temperature. This phenomena leads to a lower lusat from the solar collector and
increase the solar collector efficiency. However, dny given compressor speed, as the
collector area increases, it effects higher worklogl temperature, eventually leading to a
decrease in the collector efficiency. This perfonocedisparity between the system COP
and the solar collector efficiency, for the giveollector size and ambient conditions,

shows that, there is room to identify an optimunmpeoessor speed, which will help in
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attaining a reasonable value in the COP and sol&ctor efficiency. Based on the results
it could be discerned that, the predicted optinmhpressor speed matches the existing
collector design. In the situation of mismatchégan be easily overcome by integrating a
variable speed compressor to the DX-SAHP systenchaliould ensure an increase in the

seasonal thermal performance.
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Figure 32: Variation of collector tube temperatansl
solar collector efficiency with compressor speed

6.2.2. Effect of Solar Radiation Intensity
The results discussed in Figures 27 and 28, pettaim given intensity of solar
radiation. As the radiation can vary over a widegein a year, it would be interesting and
informative to study its effect on the performarafeDX-SAHP water heating system.

Accordingly, the analysis was carried out for vagantensities, the noon values of which

73



are varied in steps of 100 Wimfrom 200 — 700 W/ The results obtained for three

different commercially available [91] evacuateddutollector areas, are shown in Figure
33. This figure shows that, the system COP increasth increase in the intensity of solar

radiation, for any given collector area. This isdese of two reasons: (i) the higher solar
radiation intensity heats the G@ a higher temperature; consequently, the heatvesy

in the storage tank is higher, (ii) rise in coltactemperature also aids natural convection
currents and the cumulative effect of the natural #orced convection, results in higher

mass flow rate, which in turn lowers the evapordtmilector) temperature. Lower the

evaporator temperature, lower would be the heae®snd higher the collector efficiency
as well as the system COP.

The combined effect of, and intensity of solar radiation on the colleq@ssorber
tube) to ambient temperature difference is showfigure 34. It puts in the perspective
year-round performance of the system. It is welbwn that the collector efficiency is
dictated by the collector tube loss, which scal@h (T, — Ty). In general, low ambient
temperatureT,) and low solar insolationi+) correspond to winter operation, and similarly
high values ofT, andl+ correspond to summer operation. As seen in ther&ig4, for a
given solar insolation, as the variation ofT,(— T,) increases, the collector performance
deteriorates since the heat loss from the collexgmificantly increases, in turn impacts the
overall performance of the DX-SAHP system. Simyarffor any given ambient
temperature, as solar insolation increases, thiatiar in (Ty; — T,) increases. Though it
results in a marginal increase in heat lossesngindghe evaporator/collector temperature
(Ta) reflects an increase in the average fluid {C@mperature. This raise in fluid

temperature would translate into a higher coefficed performance of the heat pump. This
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is because, for a given condensing temperaturead fump be more efficient when the

evaporator temperature is raised.
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Figure 33: Effect of solar radiation for different
collector area on COP values
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The variation of the mass flow rate in the collecemd the rise in collector
temperature over thg,, are shown in Figure 35. As shown with an increagbe value of
Tafrom -10° — 25°C, the fluid flow rate in the cadter increases approximately by a factor
of 2. For a given solar intensity, and mass flowe rim the collector, results in drop in
collector temperature below ambient temperaturencde an apparently matched
collector/compressor operation at low ambient tenamjpee becomes a mismatched

operation at higher ambient temperature.

6.2.3. Effect of Ambient Temperature and Wind Speed
To determine the effect of ambient temperature wimdl speed on the collector
efficiency and system COP, the ambient temperatag varied in steps of 5 degrees
from -10°C to 20°C, and in steps of 1 m/s from & /s, respectively. Figure 36 shows

that higher ambient temperatures have positivai@nites on the thermal performance of
76



the system. This is because, higher ambient temperaeflects less heat losses from the
collector, for the given operating range, affectimgher collector efficiency. Also, the
required compressor work is reduced, thereby aildighger COP.

Wind speed also plays a pertinent role in the sygperformance. As one would
expect, an increase in the wind speed would enhdnecdeat transfer between the solar
collector and the surroundings. Under the condstisinen the absorber tube temperature
(Ta) is lower than the ambient temperatuiig)( an increase in the wind speed increases
forced convection currents between the surroundimdyabsorber tube, resulting in higher
rates of heat transfer. However, based on this/stuith the given operating conditions, the
effect of wind speed is not predominant compareother operating parameters. Figure 37

shows the effect of wind speed on the system’s COP.
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Figure 36: Effect of ambient temperatuiig)(on the
system performance in terms of COP and solar
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6.2.4. Effect of Condensing and Evaporating Temperature

Condensing

temperaturel ) is also an important operating parameter that

influences the system performance. For the givese{oase Figure 38 illustrates the effect

of Tcon 0N COP and collector efficiency and it could berséhat with an increase hon,

though there is a sharp reduction in COP value, cihikector efficiency reduces only

marginally. Higher condenser temperature interptétst the collector absorber tube

temperature is higher which aids higher heat losses the collector system. Hence, the

COP of the heat pump cycle is dictated both byTagandT,. A substantial rise in the

condensing temperature along with a marginal irsrea collector temperature leads to a

considerable drop in the COP. Also, it could beamppt from Figure 38 that, at low

condensing temperature, both COP and collectociefities are relatively higher. This
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observation suggests that the proposed heat purofe ¢§ more suitable for low
temperature applications like domestic water hegatisimilar to the condensing
temperature, the evaporating temperature also ptysle on the overall system
performance. Figure 39 shows that an increase apaating temperature improves the
COP of the system positively. It should also beeddofrom Figure 38 and 39 that both
condensing temperature and evaporating temperaawve an inverse relationship on the
COP of the system. Hence, for a given collectoa@fel.91 m, it is better to operate the
system with a storage water temperature (condertgimgerature) within the range of
40° — 45°C. Higher condensing temperature resaltower COP values, because of the
fact that higher compression ratio (indicates tlkednfor work input) is required to aid
higher condensing temperature.
6.2.5. Combined Effect of Solar Collector Area and Storag&/olume

Other than the condensing temperature, also a pompebination of solar collector
area as well as storage tank sizing is necessatgtemine the reliability of the proposed
system design. Figure 40 and 41 illustrate the eoetbeffects of solar collector area and
storage tank volume on its performance. It is evideom the trend that, initially an
increase in storage volume effects a rapid risdooth COP and collector efficiency.
However, for the storage tank volume beyond 1®0djtthe performance parameters (COP
andrco) do not improve much. On the other hand, an irsren solar collector area for
chosen tank volume effects the system COP posititlebugh having a negative impact on
the collector efficiency. This phenomenon couldaiebuted to two main reasons: (i) for a
given solar collector area, increasing tank volulowers the condensing temperature

which eventually results only a marginal decreasethe solar collector/evaporator
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temperature. This paves a way for a relativelydessnount of compressor work, in turn
boosting the COP; (ii) For a given storage tankuia#, an increase in solar collector area
aids a rise in the fluid temperature of the evafmoravhich results in an increase in COP,
affecting a lower collector efficiency due to hé&zdses. Based on the numerical results, for

the proposed DX-SAHP system, 100 — 150 {.torns out to be the optimum storage tank

size.
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6.2.6. Effect of Solar Collector Area and Condenser Coil kength

This section of the study analyzes the influenceadér collector area on COP by
varying condenser coil length. For solar collectvea of 1.43, 1.91 and 3.15°nthe
simulation was performed to optimize an appropriedege of condenser coil length
(Figure 42). Simulation results show that syste@PCis significantly impacted by
condenser coil length. For each solar collectonatieere is an optimum condenser coil
length for obtaining the best COP. As the solalectdr area increases, the optimal
condenser coil length also increases. Howeverhascondenser length increases for a
given solar collector area, COP value increasegohbefore reaching the optimum value
and decreases marginally after the optimum padinmplies that an undersized coil length

have more negative impact to the performance thamversized length.
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6.2.7. Seasonal Performance Variation

Apart from the above parametric study in specificséasonal variables, computer
simulation was also carried out to learn aboutyéesr-round performance in terms of COP
as well as the storage tank water temperature efsyistem. Accordingly, the monthly
averaged global solar radiation aigpertaining to the North Dakota region were used as
the input, obtained from a local weather networtad&9]. It should be pointed out that,
the simulation was performed only for radiationues above 250 W/mThis is to ensure
that the collector temperatur€,{) does not fall below the ambient temperatdrg, (which
might drastically affect the system COP. Monthlyelmaged COP and solar collector
efficiency of the proposed system is shown in Fegdi8. It is evident from the calculated
results that COP of the system during winter morf#out 3.0 — 3.2) is generally higher

than the COP during fall and spring period (about 2 2.5). This is because, the
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difference between the condensation and evaporsioperature during winter months is
particularly lower (Figure 44). Lower temperaturdedence reflects less work requirement
in the compressor which impacts an enhancemerttarCOP. The system COP can be
improved by lowering the compressor speed in ngdtiwarmer seasons. The monthly
averaged collector efficiency variation (45 — 6286)shown in Figure 43 also confirms that
the proposed system’s collector efficiency is re&dy higher compared to the conventional
water driven solar flat-plate collector (about 40%\lonthly averaged year-round
temperature variation of solar collector, conderem®a storage tank water are shown in
Figure 44. It is evident from the results that diféerence between collector and condenser
temperature stays higher during summer period (J#ug) than that of winter months.

Higher compressor work is needed when the differdretween condenser and evaporator

temperature remain higher and thus negatively inspac COP value.
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Figure 43: Variation of monthly averaged COP and
solar collector efficiency
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7. CONCLUSIONS AND FUTURE RESEARCH

The focus of the present study was to investigageperformance of the direct-
expansion solar assisted heat pump (DX-SAHP) sysigng a CQ transcritical cycle for
the water heating application. The theoretical yialwas used to develop a numerical
simulation model assuming a quasi-steady stateatiperof the system. Experiments were
also conducted to verify the simulation results eamthe meteorological conditions of
North Dakota. The simulation and experimental rtissshowed a reasonable agreement
between them and hence, the model can be a gooohdéation of the actual system.

Using the developed numerical model, the study @xadnthe influences of several
design and operating parameters on the overallopeance of the DX-SAHP water
heating system. The summarized design and operahagacteristics identified by the
simulation model can be described as follows:

e The simulation model has shown that the thermalopmance of the discussed
system is greatly influenced by solar collectoraaiglobal solar radiation, ambient
temperature, compressor speed, storage volumegwqbrating and condensing
temperatures. Results revealed that solar radiamohambient temperature have a
significant impact on the DX-SAHP system’s thermpatformance, although wind
speed has shown to have negligible effect.

* To ensure improved system performance, it is pamtiio choose an appropriate
compressor speed which highly depends on the totlevaporative load. It was

observed that average COP value increases by 57&»n wbmpressor speed
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decreases from 1500 to 900 rpm, given that allradperating parameters remain at
their standard values.

With a given compressor power, the higher collecga leads to an improved
COP value and hence lowers the system operatinigbgoslecreasing electrical
power input. However, the higher collector areadéed# a higher evaporating
temperature and lower solar collector efficiency.

Simulated results showed that it is possible taeaehabout 62% solar collector
efficiency for an evacuated tube U-pipe solar adtie which is much higher than
the conventional glass evacuated tube solar coleficiency, using water as the
working fluid (40 — 45%) [81].

For a constant water volume in the tank, an ina@a®vaporator or solar collector
area increases the overall COP, although it hagative influence on the collector
efficiency. An optimum relation between the storaggume and solar collector
area is found to be 100 — 150 liter8/m

With an increase in condense temperature, thermyséformance (both COP and
collector efficiency) decreases, which indicatet tthee said system is suitable for
low load heat applications. However, evaporatingigerature has a positive
influence on the system COP. Therefore, conderanievaporating temperature
have an inverse relationship on the overall sygierformance.

As the length of the condenser coil increases,htbat rejection capacity of the
condenser also increases and eventually COP vatueaises up to a certain length
of condenser coil. Therefore, an optimum lengthcohdenser coil exists for
different solar collector areas.
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e« A year-round thermal performance study on the psedoheat pump system
revealed that the overall system performance washrmore pronounced in winter

months in terms of COP value when compared toofetfie months.

In terms of installation expenditures and energgt caver the total life of the
system, solar water heating technology has provdietcost efficient for several domestic
and industrial applications. Residential solar walteating is a promising age old
technology, which has been evolved and developeti bo range and quality as a
successful packaged market-product. Although tigé imitial cost of the evacuated tube
U-pipe solar collector makes the proposed DXSAHRewheating system expensive, the
low cost and environmentally benign g®as great potential to be used in other intedrate

solar thermal applications as well.

7.1. FUTURE RESEARCH
The study comprises alternative natural refriger@arbon dioxide as a working
fluid in a DX-SAHP water heating system in whictaeuated tube U-pipe solar collector is
utilized as an evaporator. More in-depth analysseds to be carried out in order to
improve the feasibility of such a system. Therefduture potential studies include:

» Theoretical analysis indicates that certain desigulifications can be beneficial for
obtaining higher heat energy output. In particullie stratified storage tank
maintains the thermal stratification to deliver mbreat, which is superior in design
over conventional non-stratified or mixed storageatew tanks. Therefore,
incorporating the stratified tank analysis moddbithe DX-SAHP system may

enhance the heating effect significantly and timugrove the overall system COP.
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» Technical feasibility of such a DX-SAHP water hagtisystem should be verified
by carrying out extensive experimentation. In tway simulation results can be
validated using experimental results. Experimeatais also useful to identify the
real time design issues of such a system, whickliffecult to encompass in
simulation.

» One of the widely acknowledged benefits of the S®8ystems is in the potential of
energy savings. Therefore, the economic evaluaiahthe life cycle analysis are
necessary assessments to determine the feasibflisuch systems. Economic
evaluation factors that affect the SWH systemsdusefind the specific energy
efficient approaches depending on the size andcpkat energy demands, are also
discussed in the review section.

» This study investigated only on heating applicatidncombined electrical power
and heat generation approach using supercriticddooadioxide can be more
innovative and efficient means of solar energyiadtion. Several studies reveal
that this combined cycle can achieve higher elegtiand solar thermal conversion
efficiency. Therefore, more thorough theoreticallgsis of such combined systems
should be carried out to realize the potentiality.

» Design modifications for the studied DX-SAHP systeam incorporate multi-mode
operations, which may offer winter space heatingnmer air conditioning, and
year-round hot water supply. Although the DX-SAH¥stem complicates this
multi-mode operation, but more study needs to bedeoted to understand its

potential.
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APPENDIX: PROGRAM CODE

A.1. MATLAB Functions
A.1.1. Heat Pump Model

Function: Main_heat_pump.m

% global model for thermodynamic analysis.

clc

P2=zeros(3,1);
T2=zeros(3,1);
%err_h=zeros(3,1);
T3=zeros(3,1);
h3=zeros(3,1);

%lInput parameters
%------- Condenser parameters
T water_i=280.15;
m_water=.035;
viscosity=refpropm\(', T',T_water_iP,101.325WATERY);
Water_min_Re=m_water/(pi()*(.03"2-.0Q%4)*(.03-.008)/viscosity;

1=500;
S=0.8%l;
T air=283.2;

V=3.5;
ha=5.7+3.8*V;
minallow=5;
Tsup=5;

T1=T_air-minallow;
T _p=T_air+10;
Pl=refpropm@, T',(T1-Tsup)Q',1,CO2);

P2(1)=12000;
P2(2)=11000;

Y%iteration 1

[T2 m Wc]=compressor(T1,P1,P2(1));

[P4 T4 h4 x4]=solar_collector(T_air, T1,T_p,P1,m,s3);

[T3 P3 h3 Twout]=Condenser_1(T2,P2(1),m,T_water_iater);
err_h(1)=h3-h4

%iteration 2
[T2 m Wc]=compressor(T1,P1,P2(2));
[P4 T4 h4 x4]=solar_collector(T_air, T1,T_p,P1,m,53);
[T3 P3 h3 Twout]=Condenser_1(T2,P2(1),m,T_water_water);
err_h(2)=h3-h4
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i=2;
while abs(err_h(i))>.1
i=i+1;

P2(i)=P2(i-1)-(err_h(i-1)*(P2(i-1)-P2(i-2))Ke h(i-1)-err_h(i-2))))

[T2 m Wc]=compressor(T1,P1,P2(i));
[P4 T4 h4 x4]=solar_collector(T_air, T1,T_p,P1Smha);
[T3 P3 h3 Twout]=Condenser_1(T2,P2(i),m,T_waiten_water);
err_h(i)=h3-h4;
if i>100
break;
end
end

P_2=P2(i);
P2_1=P2(i);

%output
hl=refpropm’, 7', T1,P,P1,CO2);
h2=refpropm’, 7', T2,P,P_2,C0O2);
h3=refpropm{’, 7', T3,P,P3,C0O2);
h4=h3;

CO2_mass_flow_rate=m;
Water_out_temperature=Twout;
Compressor_work=Wc;
COP=m*(h2-h3)/Wc;
Heat_output=m*(h2-h3);
Heat_absorbed=m*(h1-h4);
C_pf=refpropm(C, T",(T1-Tsup)P,P1,CO2);

Sol_eff=Heatabsorbed/(12*I*2*pi()*0.0229*3.6)
formatshort e
Output=[P1;P2_1;P3;P4;x4;T1;T2;T3;T4; CO2_mass_flmte; Water_out_temperature;

Compressor_work;COP;Heat_output;Heat_absorbed]
formatshort

% Nomenclature

% err J/kg Ah across thermostatic expansion valve
% P1 kPa  comp inlet pr

% P2 kPa  comp outlet Pr

% P3 kPa  Condenser outlet pr

% P4 kPa  Solar Collector inlet pr

% T_water_i K Water inlet temp

% T1 K comp inlet temp

% T2 K comp outlet temp

% T3 K Cond outlet temp

% T4 K Solar collector inlet temp

% Tsup K degree of superheat at evap outlet
% Twout K Water outlet temp

% h3 J/kg condenser outlet enthalpy

% h4 J/kg  solar collector inlet enthalpy
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% i iteration number

% m kg/s Comass flow rate

% m_water kg/s  water mass flow rate

% minallow K min temp difference

% viscosity Pa*s  water viscosity

% Water_min_Re minimum water Reynolds #
% Wc W Comp power

% x4 Solar collector inlet quality
% Sol_eff % Solar collector efficiency
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A.1.2. Solar Collector Model

Function: solar_collector.m

function[P4 T4 h4 x4]=solar_collector(T_air,T1,T_p,P1,n,%0l,ha)
n1=12;%number of tubes

m=m_tot/n1;

sigma = 5.6704*10"-8%Stefen-Boltzmann Const

%Evaporator dimensions
gl_abs=0.018;
gl_tr=0.907,
coat_abs=0.927;
Emsvty g=0.083;
E_p=0.08;

E_0=0.06;

r0=0.0229;

rp=0.0179;

di=0.006;

L=3.4; % U-tube length
dx=0.1;

N=L/dx;

A _r=2*pi()*rO*dx;
qi=I*A_r;

_a=12.7;
g_c=0.2796;

U_e=0.1687;

h_g
h_p

G=m/((pi()/4)*di"2);
k_tube=400;
delta=0.0006;

w=0.0326*pi();

C_b=30;

B=35; %ocontact angle

. — Finding U_L- N
TO0=zeros(3,1);

TO_1=zeros(3,1);

err_TO=zeros(3,1);

%1st Iteration

TO(1)=T_air+1;

h_p_g_r=(sigma*E_p)*(T_p" 2+TO(1)"2)*(T_p+TO(1))/((B_p*2*rp)*(1-E_p)/(E_0*2*r0));
U t=1/((1/h_g_a)+(1/(h_p_g_r+h_p_g_c)));
TO_1()=T_p-(U_tXT_p-T_air)/(h_p_g_r+h_p_g_c);

err_TO(1)=TO(1)-TO_1(2);

%2nd lteration

TO(2)=T_air+10;
h_p_g_r=(sigma*E_p)*(T_p"2+T0(2)"2)*(T_p+T0(2))/((E_p*2*rp)*(1-E_p)/(E_0*2*r0));
U _t=1/((1/h_g_a)+(1/(h_p_g_r+h_p_g_c)));
TO_1(2)=T_p-(U_t*T_p-T_air)/(h_p_g r+th p_g_c);

err_TO(2)=T0(2)-T0_1(2);
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i=2;

while abs (err_TO0(i))>0.01
i=i+1;
TO(i)=TO(i-1)-err_TO(i-1)*(TO(i-1)-TO(i-2))/(ar_TO(i-1)-err_TO(i-2));
h_p_g_r=(sigma*E_p)*(T_p"2+TO(i)"2)*(T_p+TO({L+(E_p*2*rp)*(1-E_p)/(E_0*2*r0));
U_t=1/((1/h_g_a)+(1/(h_p_g_r+h_p_g_c)));
TO_1()=T_p-(U_tX(T_p-T_air))/(h_p_g_r+h_p_g;c)
err_TO(i)=TO(i)-TO_1(i);
TO=TO_1(i);

end

TO=TO_1(i);

U_L=U_t+U_e;

% T_p=T_p_1(i)
m_sc=(U_L/(delta*k_tube*(1+U_L/C_b)))"0.5;
F=(tanh(m_sc*(w-di)/2))/(m_sc*(w-di)/2);

T=zeros(N+1,1); %nodal temp array
P=zeros(N+1,1); %nodal pr array
Q_u=zeros(N,1); %segment heat transfer
x=zeros(N+1,1); %nodal quality
h=zeros(N+1,1); %nodal enthalpy
alpha=zeros(N+1,1);
%HTC_tot=zeros(N,1);

P(1)=P1,

T(1)=T1,

n=1,
h(1)=refpropm’," 7', T(1),P,P(1),CO2);
hv=refpropmiH',' 7', T(1),Q',1,CO2);
Reynolds_min=10000000;

% single-phase (vapor) flotversol coll
while h(n)>=hv && n<=N
[u den k cp]=refpropm(DLC", T',T(n),P,P(n),CO2);
Re=G*di/u; %Re relation
if Reynolds_min>Re
Reynolds_min=Re;

end
Pr=u*cp/k; %Pr relation
%Pr drop
fp=.0791*Re"-.25; %pr friction factor (Blasius)
del_P=2*p*dx*G"2*.001/(den*di); %pr change (Darcy Weishach)
P(n+1)=P(n)+del_P; %segment inlet pr

%heat transfer
f=(.79*og(Re)-1.64)"-2;  %friction factor (Petukhov's formula)
Nu=(f/8)*(Re-1000)*Pr/(1.07+12.7*(f/8)".5*(Pr2(3)-1)); %Nu correlation of Gnielinski
alpha(n)=Nu*k/di; % 1-phase CO2 heat transfer coefficient

F_prime=abs((1/U_L)/(w*((1+U_L/C_b)/(U_L*(di+(i)*F))+(1/C_b)+(1/(pi()*di*alpha(n))))));
T(n+1)=(dx/(2*m*cp))*((gl_abs*r0*qi)+(gl_tr*glabs*qi*rp)+(gl_tr*2*coat_abs*rp*qi)-(r0*ha*(TO-
T_air))-(rO*sigma*Emsvty_g*(T0"-T_air*4))+((2*m*cfI (n))/dx));
% TT=T(n+1)
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Q_u(n)=dx*w*F_prime*(S-U_L*(T(n+1)-T_air));

h(n+1)=h(n)-Q_u(n)/m;
n=n+1;
hv=refpropm@', T, T(n),Q,1,C0O2);

end

hi=refpropm{H','T",T(n),Q',0,C0O2);
x(n)=(h(n)-hl)/(hv-hl);

%__two-phase flow-boiling at solar collector
while h(n)<hv && n<=N && h(n)>hl
[uv pv]=refpropm{/D','P',P(n),Q,1,CO2); %CQO2 vapor properties at inlet pr
[ul pl kI cpl sften]=refpropm{DLCI','P'P(n),;Q',0,C0O2); %COZ2 lig properties at inlet pr
Re_lo=G*di/ul,
if Reynolds_min>Re_lo
Reynolds_min=Re_lo;
end
Pri=ul*cpl/kl; %Pr # at sat liq condition
Xtt=((1-x(n))/x(n))*.9*(pv/p)™.5*(ul/uv)*.12%6Lockhart-Martinelli factor;

% 2-phase pressure drop__
f 10=.0791*Re_lo"-.25; % Fanning friction factor
phi_squared=(1+(pl/pv-1)*x(n))/(1+(ul/uv-1)*X.25; %two-phase multiplier
del_P=2*dx*f_lo*G"2*phi_squared*.001/(di*pl);
P(n+1)=P(n)+del_P;

[T(n+1)]=refpropm(",’P,P(n+1),Q',1,C0O2); %Temp at next node

% 2phase heat transfer coefficient_
bd=.0146*B*(2*sften/(9.81*(pl-pv)))".5;
Fp=2.37*(.29+1/Xtt)".85;
htfus=hv-hl;
coef |=.023*kl/di*(Re_lo*(1-x(n)))".8*Pri*.4;

%first iteration
gguess(1)=100000 ;
Boil=qguess(1)/(G*htfus);
if Xtt<1
NN=4048*Xtt"1.22*Boil"*1.13;
else
NN=2-.1*(Xtt)*.28*Boil-.33;
end
coef _sa=207*kl/bd*(qguess(1)*bd/(kI*T(n)))*.74pv/pl)*.581*Prl*.533;
alpha_1(1)=NN*coef_sa+Fp*coef I;
F_prime=abs((1/U_L)/(w*((1+U_L/C_b)/(U_L*(di+(wi)*F))+(1/C_b)+(1/(pi()*di*alpha_1(1))))));
Q_u(D)=dx*w*F_prime*(S-U_L*(T(n+1)-T_air));

err(1)=qguess(1)-Q_u(1);

%second iteration
gguess(2)=qguess(1)-100;
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Boil=qguess(2)/(G*htfus);
if Xtt<1

NN=4048*Xtt"1.22*Boil"*1.13;
else

NN=2-.1*(Xtt)*.28*Boil-.33;
end
coef_sa=207*kl/bd*(qguess(2)*bd/(kI*T(n)))*.74pv/pl)*.581*Prl*.533;
alpha_1(2)=NN*coef_sa+Fp*coef I,
F_prime=abs((1/U_L)/(w*((1+U_L/C_b)/(U_L*(di+(di)*F))+(1/C_b)+(1/(pi()*di*alpha_1(2))))));
Q_u(2)=dx*w*F_prime*(S-U_L*(T(n+1)-T_air));

err(2)=gguess(2)-Q_u(2);
=2;

while abs(err(j))>.001
=+
gguess(j)=gguess(j-1)-err(j-1)*(qguess@gbuess(j-2))/(err(j-1)-err(j-2));
Boil=qguess(j)/(G*htfus);
if Xtt<1
NN=4048*Xtt"1.22*Boil"*1.13;
else
NN=2-.1*(Xtt)*.28*Boil-.33;
end
coef _sa=207*kl/bd*(qguess(j)*bd/(kI*T(n))y45*(pv/pl)*.581*Pri*.533;
alpha_1(j))=NN*coef_sa+Fp*coef _I;
F_prime=abs((1/U_L)/(w*((1+U_L/C_b)/(U_L*#(w-di)*F))+(1/C_b)+(1/(pi()*di*alpha_1(j))))));
Q_u()=dx*w*F_prime*(S-U_L*(T(n+1)-T_air));

err(j)=qguess(j)-Q_u():;

end
alpha(n)=alpha_1(j);

F_prime=abs((1/U_L)/(w*((1+U_L/C_b)/(U_L*(di+(wi)*F))+(1/C_b)+(1/(pi()*di*alpha(n))))));
T(n+1)=(dx/(2*m*cp))*((gl_abs*r0*qi)+(gl_tr*glabs*qi*rp)+(gl_tr"2*coat_abs*rp*qi)-(r0*ha*(TO-
T_air))-(rO*sigma*Emsvty_g*(T0"4-T_air*4))+((2*m*cf (n))/dx));
% TT=T(n+1)
Q_u(n)=dx*w*F_prime*(S-U_L*(T(n+1)-T_air));

h(n+1)=h(n)-Q_u(n)/m;
hv=refpropm@',’P,P(n+1),Q',1,C0O2);
hl=refpropm','P,P(n+1);Q',0,CO2);
n=n+1,;

x(n)=(h(n)-hl)/(hv-hl);

end

x4=x(n);

% subcooled C®-----
while n<=N && h(n)<=hl
[u den k cp]=refpropm(DLC", T", T(n),P,P(n),CO2);
%heat transfer
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Re=G*dilu; %Re equation
if Reynolds_min>Re
Reynolds_min=Re;
end
Pr=u*cp/k; %Pr
Nu=.023*Re”".8*Pr".4; %Dittus-Boelter correlation
alpha(n)=Nu*k/di;

F_prime=abs((1/U_L)/(w*((1+U_L/C_b)/(U_L*(di+(i)*F))+(1/C_b)+(1/(pi()*di*alpha(n))))));
T(n+1)=(dx/(2*m*cp))*((gl_abs*r0*qi)+(gl_tr*glabs*qi*rp)+(gl_tr*2*coat_abs*rp*qi)-(r0*ha*(T0O-
T_air))-(rO*sigma*Emsvty_g*(T0"4-T_air*4))+((2*m*cf (n))/dx));
% TT=T(n+1)
Q_u(n)=dx*w*F_prime*(S-U_L*(T(n+1)-T_air));

h(n+1)=h(n)-Q_u(n)/m;
P(n+1)=P(n);
n=n+1;

end
T4=T(n);
P4=P(n);

h4=h(n);
end

%Nomenclature

%A r m”2 carbon dioxide-side area

% alpha W/m"2*K carbon dioxide conv teansfer coef
% coef_sa W/m"2*K Nucleate pool boilingcleef of Stephan & Abdelsalam
% cp J/kg*K sp heat of carbon ditexi

% cpl J/kg*K sp heat of carbon dibxi(liq)

% del_P kPa pr drop

% den kg/m"3 density

% di m inner dia of tube

% do m outer dia of tube

% f lo lig only friction factor

% fp friction factor

% Fp heat transfer enhancé faator

% G kg/m"2*s mass flux

% h4 J/kg Evap inlet enthalpy

% hl J/kg sat lig enthalpy

% ha J/kg air conv ht transfer coef

% HTC_tot W/m"2*K total ht trans coef

% hv J/kg sat vapor enthalpy

% k W/m*K therm cond carbon didei

% Kl W/m*K therm cond carbon didgi (liquid)

% ktube W/mK thermal cond of tube

% L m circuit length

% dx m fragment length

% m kals carbon dioxide massvftate in each tube
% m_tot kals total carbon dioxidessdlow rate

% n iteration number

% NN Nucleate boiling factor

% Nu Nusselt number
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% phi_squared
% pl

% Pr

% pv

% Q

% Q_u
% Re
% S

% T1
% T_air
% T p
% T4
% u

% ul

% uv
% X

% x4

% Xtt

two phase multiplier
density (liquid)
Prandtl number
density (vapor)
local heat transfer rate
useful heat energy
Reynolds number
global solar radiation intensity
compressor inlet temp
ambient temp
solar collector plate temp
Solar Collector inlentp
viscosity
viscosity (liquid)
viscosity (vapor)
quality
Solar Collector inletadjty
Lockhart-Martinelli famt
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A.1.3. Compressor Model

Function: compressor.m
function[T2 m Wc]=compressor(T1,P1,P2)

%Input Parameters
N=50;
Vs=.00001972;

%___ Oritz, Li and Groll efficiency relations
n_v=0.9207-0.0756*(P2/P1)+0.0018*(P2/P1)%20lm eff
n_tot=-0.26+0.7952*(P2/P1)-0.2803*(P2/P1)"2+0.04P2/P1)"3-0.0022*(P2/P1)"4;%total eff:
isentropic*mech

n_m=0.9083-0.0884*(P2/P1)+0.0051*(P2/P1y42yech eff of compr

hl s1 rhol]=refpro SD,'T', T1,P'P1,C0O2); %properties at comp inlet
prop prop p

s2s=s1, %ideal discharge entropy
h2s=refpropmt’','P,P2,S,s2s'CO2); %ideal discharge enthalpy
m=n_v*rhol1*Vs*N; %mass flow rate
Wc=m*(h2s-h1)/n_tot; %power input required by comp
Loss=(1-n_m)*Wc;

h2=h1+(Wc-Loss)/m; %real discharge enthalpy[J/kg]
T2=refpropm(T','P,P2,H',h2,CO2); %discharge temp [K]

end

% Nomenclature

% T1 K inlet temp

% P1 kPa inlet pr

% n_v volumetric eff

% n_tot total eff

% n_m mechanical eff

% hl J/kg inlet enthalpy

% sl J/kgK inlet entropy

% rhol kg/m"3 inlet carbon dioxide density

% s2s J/kgK discharge isentropic compo@assntropy
% h2s J/kg discharge isentropic compoessnthalpy
% Loss w Losses of comp

% N rpm compressor speed

% Vs m~"3 swept volume

% P2 kPa discharge pr

% T2 K discharge temp

% m kals mass flow rate of carbon ex

% Wc W comp power

% h2 J/kg actual outlet enthalpy
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A.1.4. Condenser Model: Part 1

Function: Condenser_1.m
function[T3 P3 h3 T_water minRe]=Condenser_1(T2,P2,m,Tewaim_water)

% arrays
T_wi=zeros(3,1);
T_wo=zeros(3,1);
err=zeros(3,1);

%water outlet temp
T _wo(1)=T2-2;
T_wo(2)=T2-4;

SOLVE=Condenser_2(T2,P2,m,m_water);

[T_wi(1) T3 P3 h3 minRe]=SOLVE(T_wo(1));
err(1)=T_water_i-T_wi(1)2%1% iteration water inlet
[T_wi(2) T3 P3 h3 minRe]=SOLVE(T_wo(2));
err(2)=T_water_i-T_wi(2); %2" iteration water inlet
=2
while abs(err(j))>.001
=L
T_wo(j)=T_wo(j-1)-err(j-1)*(T_wo(j-1)-T_wo(j-2y(err(j-1)-err(j-2));
[T_wi(j) T3 P3 h3 minRe]=SOLVE(T_wo()));
err(j))=T_water_i-T_wi(j) %j-th iteration water inlet
end
T water=T_wo(j);
end

%Nomenclature

% T_water K water outlet temp

% minRe min carbon dioxide Re number
% T_wi K water inlet temp

% T_wo K water outlet temp

% err error
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A.1.5. Condenser Model: Part 2

Function: Condenser_2.m

functionSOLVE=Condenser_2(T2,P2,m,m_w)
SOLVE=@shooting;
function[T_w_calc T3 P3 h3 min_reynolds]=shooting(Two)

%Condenser dimensions

L=15;

I=.1; % segment length [m]

N=L/I;

di=.005;

do=.007;

D=.016;

ktube=400;

%parameters

A _r=pi()*di*; %refrigerant segment area
A w=pi()*dol; %H,0 segment area
Dh_w=D-do; %hydraulic diam
G_w=m_w/(pi()*(D"2-do”"2)/4);%mass vel of kD
G=m/(pi()/4*di"*2); %mass vel of refrigerant

%define initial values

T=zeros(N+1,1); %temp gradient values

T _w=zeros(N+1,1);

P=zeros(N+1,1); %pr gradient values
Q=zeros(N,1); %HT for each condenser element
h=zeros(N+1,1);

HTC_r=zeros(N+1,1);

T()=T2; %refrigerant inlet temp
T_w(1)=Two; %assume kD outlet temp
Outletguess=Two;

min_reynolds=10000000%a starting assumption
P(1)=P2;

DIF _cal=20;

for n=1:N

if T_w(n)<274breakend

%----H,O-Side----
[Cp_w visc_w cond_w]=refpropn&VL", T',T_w(n),P,;101.325WATERY;
Re_w=G_w*Dh_wilvisc_w; %Re_water

Pr_w=visc_w*Cp_w/cond_w ; %Pr_water

% H,O-side HT coeff
ffw=(0.79*log(Re_w)-1.64)"-2;
Nu_w=((ffw/8)*(Re_w-1000)*Pr_w)/(1.07+12.7*(fii8)".5*(Pr_w"(2/3)-1));
CF=.86*(do/D)"(-.16);
HTC_w=CF*Nu_w*cond_w/Dh_w;
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[HTC_r(n) Twall]=cond_coil(T(n),T_w(n),P(n),dio,l.ktube,G,HTC_w,DIF_cal);

DIF_cal=T(n)-Twall;
UA=(1/(A_r*HTC_r(n))+1/(A_w*HTC_w)+log(do/di)/2*pi()*I*ktube))"-1;
[Cp_rb]=refpropmC','T", T(n),P,P(n),CO2);
Cr=m*Cp_rb;

Cw=m_w*Cp_w;

Cmin=min(Cr,Cw);

Cmax=max(Cr,Cw);

C=Cmin/Cmax;

NTU=UA/Cmin;
eff=(1-exp(-NTU*(1-C)))/(1-C*exp(-NTU*(1-C)));
T_w(n+1)=(eff*Cmin*T(n)/Cw-T_w(n))/(eff*Cmin/Cwl);
Q(n)=eff*Cmin*(T(n)-T_w(n+1));

T(n+1)=T(n)-Q(n)/Cr;

%refrigerant Pr drop
[dens visc]=refpropnipV',T', T(n),P,P(n),CO2);
Re=G*di/visc; %Re number refrigerant at bulk temp
if min_reynolds>Re
min_reynolds=Re;
end
if Re>=20000
ee=.184*Re"-.2%Darcy friction factor using Blasius
elseifRe<=20000 && Re>=2300
ee=.316*Re"-.25%Darcy friction factor using Blasius
else
dispLaminar CO2 flow.'
ee=64/Re;
end
del_P=.001*ee*G"2*|/(2*dens*di); %Pr drop: Darcy-Wesibach
P(n+1)=P(n)-del_P;

end

if T_w(n)<274
T_w_calc=(N+1-n)*((T_w(1)-T_w(n))/nYoH,0 inlet calculation
%output assignments
P3=P(n);
T3=T(n);
h3=h(n);
else

%Results
T _w_calc=T_w(N+1);
P3=P(N+1);
T3=T(N+1);
h3=refpropm’, T, T3,P,P3,CO2);
end

end

end
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%Nomenclature

% cond_w
% del_P
% dens

% Cmax
% Cmin
% Dh_w
% ee

% eff

% ffw

% G_w

% G_w

% HTC r
% HTC_w
% h

% h3

% ktube
% L

% |

% min_reynolds

% N

% Nu_w
% P

% Q

% Re_w
% Cp_rb
% Cp_w
% T

% T w

% T_w_calc
% Twall

% T_water
% Two

% UA

% visc

% visc_w

kg/m"3
kPa
kg/m”3
kJ/s*K
kJ/s*K
m

kg/s*mn2
kg/s*mn2
W/mn2*K
W/mn2*K
kJd/kg
kd/kg
W/m*K
m

m

kPa
W

kJ/kg*K
kJ/kg*K

SAXAXRXARX
e

Pa*s
Pa*s

40 thermal conductivity
GQr drop
refrigerant densttipualk temp
max rate of heat @itya
min rate of heat ceipa
40 side hydraulic dia
refrigerant frictitactor
HE effectiveness
kO side friction factor
4D mass flux
refrigerant mass flux
local refrigerant HT eff
local O HT coeff
refrigerant local leadpy
refrigerant outletreaipy
thermal conductiviby tube
condenser length
segment length
min refrigerant Renfner
No of elements of memt
1@ Nu
local refrigerant pr
local rate of HT
B side Re
refrigerant sp hebalk temp
bO specific heat
local refrigerantrp
local @ temp
40 inlet temp
refrigerant tube c@mp
10 outlet temp
$O outlet temp
overall heat conduute
refrigerant viscostybulk temp
B viscosity
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A.1.6. Condenser Model: Part 3
Function: cond_coil.m

function[HTC wall_temp]=cond_coil(T_rb,T_water,P,di,do,tkHTC_w,DIF_cal)

%Bulk properties-------

[rho_rb Cp_rb visc_rb K_rb]= refpropdCVL",T', T_rb,P,P,CO2);
Re_rb=G*di/visc_rb; %Re number CO2 at bulk temp
Pr_rb=visc_rb*Cp_rb/K_rb; %Pr number CO2 at bulk temp

f _b=(0.79*log(Re_rb)-1.64)"-2;
Nu_b=((f_b/8)*(Re_rb-1000)*Pr_rb)/(1.07+12.7*8)".5*(Pr_rb"(2/3)-1));

%ocoil temp initial estimations
T _rw(1)=T_rb-.5; %1st estimation
T_rw(2)=(T_rb+T_water)/2; %?2nd estimation

%Calculate heat transfer coef using 1st estimation

[rho_rw Cp_rw visc_rw K_rw]=refpropnifCVL','T", T_rw(1),P,P,CO2);
Re_rw=G*di/visc_rw; %Re number CO2 at coil temp
Pr_rw=visc_rw*Cp_rw/K_rw; %Pr number CO2 at coil temp

f w=(0.79*log(Re_rw)-1.64)"-2;
Nu_w=((f_w/8)*(Re_rw-1000)*Pr_rw)/(1.07+12.7*/8)".5*(Pr_rw"(2/3)-1));

Nu=((Nu_b+Nu_w)/2)*K_rw/K_rb%overall CO2 Nu(correlation of Pitla et al)
HTC_r=Nu*K_rb/di; %CO2 ht trans coeff
UA=(1/(pi()*I*di*HTC_r)+1/(pi()**do*HT C_w)+log (do/di)/(2*pi()*I*k))"-1;
Qc=UA*(T_rb-T_water);

Twall=T_rb-Qc/(pi()*di*I*HTC_r);

err(1)=Twall-T_rw(1)%err between actual and calculated coil temp

%Calculate heat transfer coef using 2nd estimation

[rho_rw Cp_rw visc_rw K_rw]=refpropnif CVL','T", T_rw(2),P,P,CO2);
Re_rw=G*di/visc_rw;

Pr_rw=visc_rw*Cp_rw/K_rw;

f w=(0.79*log(Re_rw)-1.64)"-2;
Nu_w=((f_w/8)*(Re_rw-1000)*Pr_rw)/(1.07+12.7*/8)".5*(Pr_rw"(2/3)-1));

Nu=((Nu_b+Nu_w)/2)*K_rw/K_rb;

HTC_r=Nu*K_rb/di; %CO2 ht trans coeff
UA=(1/(pi()*I*di*HTC_r)+1/(pi()**do*HT C_w)+log (do/di)/(2*pi()*I*k))"-1;
Qc=UA*(T_rb-T_water);

Twall=T_rb-Qc/(pi()*di*I*HTC_r);

err(2)=Twall-T_rw(2); %error between actual and calculated coil temp

n=2;

while abs(err(n))>.001 && n<=25
n=n+1;
%next estimation of coil temp
T_rw(n)=T_rw(n-1)-(err(n-1)*(T_rw(n-1)-T_rn-2)))/(err(n-1)-err(n-2));

if T_rw(n)<T_water % correction if updated coil temp is too low
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TooLow=T_rw(n)
T rw(n)=T_rw(1)

end

if Nn>25
T _rw(n)=T_rb-DIF_cal;

% final value selected if too many iterations

Bulk=T _rb
estimate=T_rw(n)

end

%Calculate heat transfer coef using current cailpe

[rho_rw Cp_rw visc_rw K_rw]=refpropr{CVL', T', T_rw(n),P,P,CO2);
Re_rw=G*di/visc_rw;
Pr_rw=visc_rw*Cp_rw/K_rw; %Pr number CO2 at coil temp
f_w=(0.79*log(Re_rw)-1.64)"-2;
Nu_w=((f_w/8)*(Re_rw-1000)*Pr_rw)/(1.07+T22(f_w/8)".5*(Pr_rw"(2/3)-1));

%Re number CO2 at coil temp

Nu=((Nu_b+Nu_w)/2)*K_rw/K_rb;
HTC_r=Nu*K_rb/di;
UA=(1/(pi()*I*di*HTC_r)+1/(pi()*I*do*HTC_w) +log(do/di)/(2*pi() *I*k))"-1;

Qc=UA*(T_rb-T_water);

%CO2 ht trans coeff

Twall=T_rb-Qc/(pi()*di*I*HTC _r);
err(n)=Twall-T_rw(n);

end

HTC=HTC_r;

wall_temp=T_rw(n);

end

%Nomenclature

% Cp_rb
% Cp_rw
% rho_rb
% rho_rw
% K _rb
% K_rw
% di

% DIF_cal
% do

% Nu

% Nu_b
% Nu_w
% Pr_rb
% Pr_rw
% Re_rb
% Re_rw
% HTC r
% HTC w
%fb

% f_w

% G

% HTC
% k

% |

% P

kJ/kg*K
kJ/kg*K
kg/m”3
kg/m"3
W/m*K
W/m*K
m
K
m

W/m"2*K
W/m"2*K

kg/s*m”n2
W/mn2*K
W/m*K
m

kPa

carbon dioxide spleeat @ bulk temp
carbon dioxide spheat @ coil temp
carbon dioxide deng@ybulk temp
carbon dioxide deng@ycoil temp
carbon dioxide K @ bukmp
carbon dioxide K @ cadmp
inner-tube inner-dia
temp diff betweenlcand bulk
inner-tube outer-dia
carbon dioxide Avg Nu
carbon dioxide Nu @kitemp
carbon dioxide Nu @l temp
carbon dioxide Pr hem@ bulk temp
carbon dioxide Pr fiem@ coil temp
carbon dioxide Re hem@ bulk temp
carbon dioxide Re bem@ coil temp
carbon dioxide heatrtsfer coeff
water heat transfer fiméent
carbon dioxide frartifactor @ bulk
carbon dioxide frami factor @coil temp
carbon dioxide mdsx f
final carbon dioxide trans coeff
tube coil thermal aurctivity
length of segment
carbon dioxide Pr
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% Qc

% T rb

% T_rw

% Twall

% T_water
% UA

% visc_rb

% visc_rw
% wall_temp

SXARAXSE
P

Pa*s
Pa*s

overall heat transtee

carbon dioxide bighnp

calculated carbonxdde coil temperature
calculated carbonxide -side coil temp
water temperature

overall heat conduute

carbon dioxide visdb@k temp

carbon dioxide visac@ temp

final carbon dioxideil temp

116



LIST OF PUBLICATIONS

. M. Raisul Islam, K. Sumathy and Samee Ullah Kha8plar Water Heating
Systems and their Market Trend®&newable and Sustainable Energy Revidws
(2013): 1-25.

. M. Raisul Islam, K. Sumathy and Samee Ullah Kh&erformance Study on Solar
Assisted Heat Pump Water Heater using.d® a Transcritical Cycle,”Int.
Conference on Renewable Energy and Power QualBREPQ12) CD-Rom
Proceedings, pp 1-5, Santiago de Compostela, Sdairch 28-30, 2012.

. M. Raisul Islam and K. Sumathy, “Carbon Dioxideven Solar-assisted Heat
Pump Water Heating System: A Theoretical Analysisiternational Research
Journal of Environmental Science014 edition (In Press; Manuscript ID: ISCA-
IRJEVS-2013-204).

. R.Shukla, K.Sumathy and M. Raisul Islam, “An Expegntal Study on a Density
Driven Solar Water Heating System Using Superaiiti€O, as Working Fluid”,
International Journal of Environment and Resou2@l4 edition (Accepted).

117



