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Optimized Solar Water Heater for Scottish Weather Conditions

Abstract

The ICSSWH (Integrated Collector Storage Solar Water Heater), apart from being the
oldest is also the most economical means of solar water heating. The effect of
modifications 1n the collector geometry has frequently appeared in the literature, and
over the time, has resulted in different designs. These designs differ mainly on the site
of installation as well as the target application. A novel design created by Professor T
Muneer at Napier University, utilizes fins inside the storage tank to improve the heat
transfer. The reported field tests of the fin type ICSSWH have indicated a 10 %

improvement in the solar fraction compared to unfinned.

As ICSSWH 1s the lowest cost, 1t presented a possible solution for the Scottish market
where Energy Saving Trust estimates that 50% of hot water demand of a household

can be met through solar water heating.

In the present research program, two prototype collectors (one with- and one without
fins) were fabricated at Napier University by the author. The collectors were then
tested 1n the laboratory on identical experimental schemes to determine their
respective performance. Simulations based on analytical modelling were then
undertaken, using numerous experimental data for vahidation that were obtained
during the course of the present work. A high degree of conformance was noted
between the two. Furthermore, for a deeper insight, Computational Fluid Dynamics

(CFD) analysis was performed.

This research focuses on the qualitative and quantitative assessment of the heat
transfer due to the fins. The difference 1n the performance with respect to the change
in t1lt angle was also studied. This study can therefore be utilised for developing solar
water heating systems for any given location. Note that there i1s an intrinsic link

between the latitude and inchination angle of the collector plate.

[11



The nocturnal loss from the collector 1s the principal factor that has inhibited the wide
spread use of the ICSSWH. The remedies to abate this problem have therefore been
attempted. In addition to that, the collectors have to be integrated with the domestic
hot water supply system and plumbing considerations have to be incorporated within

the overall design. The supply circuits were worked out and the measures for freeze

and boil protection were devised.

The optimization of any system 1s an intrinsic task particularly when several variables
are involved. On the basis of the obtained results from simulations and experiments,
the influential design variables were 1dentified. The values for these variables which
lead to the optimal design in terms of thermal performance were assessed while
keeping the overall manufacturing cost of the collector as low as possible.

Recommendations for future work have also been presented.

1V



Glossary of Symbols & Abbreviations

2D = Two dimensional (referring to dimensions of problem domain)
3D = Three dimensional (referring to dimensions of problem domain)
o = Absorptance
Ol = Solar Altitude Angle
3 = The angle of the plane of the surface in question and the horizontal
Y = Surface Azimuth Angle
Ys = Solar Aztimuth Angle
Jo, = Reflectance
£ = Emittance
£, = Cover Emittance
£, = Plate Emittance
= Stefan- Boltzmann constant (5.67 x 107 W/m*T*
¢ = Angle of inclination of the collector or tilt
@, = Critical angle of inclination of cavity
v = Angle of inclination of the cavity
9. = Critical angle of inclination of the cavity
9 = Viscosity
T = Transmittance/ Transmissivity
A = Vertical aspect ratio of the cavity(A = H/L)
A = Frontal Area of the cover plate
Ay = Hornzontal aspect ratio (Ay = W/L)
Agurtace = Surface Area (mz)
C = Temperature 1n Centigrade/Celsius
Cow = Spectfic heat of water
Costeel = Specific heat of steel
D' = Diameter of the Storage tank
D = Diameter of the cylindrical vessel (m)
Fr = Heat Removal Factor (Dimensionless)
Gin = Incident/ Imposed irradiance (W/m®)
h = Convective heat transfer coefficient (W/ m°K)



h.,, = Convective heat transfer coefficient for convection from cover to ambient

(W/m”K)

h., = Radiative heat transfer coefficient for convection from cover to ambient
(W/m°K)

h,® = Convective heat transfer coefficient for plate to cover (W/m’K)

hes = Radiative heat transfer coefficient for radiation from plate to cover (W/m°K)

h.,, = Heat transfer Coefficient of cover to ambient

H = Length of the cavity (m)

K = Temperature 1n Kelvin

[ = Characternistic length for dimensionless numbers (m)

Lve = Average Insolation on collector aperture

L = Height of the Storage tank

It = Litres of water (dm’)

Tove = Average nsolation over the collector aperture

L = Height of the cavity (m)

m,, = Mass of water (kg)

mg = Mass of steel (kg)

Quserul = Useful energy gained by the collector
Quss = Energy lost by the collector
Qinput = Imposed heat flux/ incident radiation

Qroploss = Energy losses from collector top

t = time step (sec)

T = Temperature (C,K)

Tt = Film temperature

AT = Temperature Difference ('C)

AT = Difference between the average vessel water temperature of the heating

period minus the average ambient temperature over the same pertod

AT' = Difference between the inlet and outlet

T, = Plate temperature ("C)
T = Cover temperature (" C)
T, = Ambient Temperature ("C)

Tay = Sky temperature ("C)

Uy = Free stream velocity

Vi



Vv = Control volume

Vo = Wind velocity (m/s}

Xo = Distance from the leading edge

Yy = First cell distance (m)
Abbreviations

ATA = Abbreviated Thermal Analysis
Bi = Biot Number

CFD = Computational Fluid Dynamics
HTC = Heat Transfer Coefficient

ICS = Integrated Collector Storage
Ipm = Litre per minute

LTP = Linear Temperature Profile
MIG = Metal Inert Gas

MBD = Mean Bias Difference

Nu = Nusselt Nuber

Pa = Prandtl Number

Pe = Peclet Number;

QUICK = Quadratic Upstream Interpolation for Convective Kinetics
RMSD = Root Mean Square Difference
Ra = Rayleigh Number

Ra, = Critical Rayliegh number

ST = Stratification Factor

SWH = Solar Water Heater/ Solar Water Heating
TIG = Tungsten Inert Gas

TC = Thermocouple

TIM = Transparent Insulation Material
ZHF = Z.ero Heat Flux

VI
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CHAPTER 1

Introduction

“Every moment, the sunlight is totally empty and totally full.” - Rumi

For every research assignment, it is imperative on the outset to substantiate the very
basic question “why”? A judicious answer to this not only renders the feasibility of the
work, but also categorizes it into a pure academic exercise or an outcome that could have
a direct influence on the society. The two questions of why “solar water heating” and
why “Scottish conditions” have been addressed in this chapter. The supporting text

leading to the conclusive answers is presented with due reasons.
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1.0 Energy, The Ultimate Goal

The annual consumption of iron, Per Capita Income, GDP (Gross Domestic Product), and
gold reserves are few of the indices that measure the economic health and prosperity of a
society. All these factors more or less relate directly or indirectly to the consumption of
energy. Therefore “energy consumption” is the root factor that can visibly differentiate
between developed and less developed societies. A cursory look at the energy
consumptions by various countries reveals that the per capita energy consumption in

developed states 1s significantly higher than 1n less developed or developing states [2].

Figure 1.1 explicitly illustrates this difference.

Energy Consumption per Capita in Kgs of Oil

Brazil China Ethiopia France India Italy Pakistan Scotland United United

Kingdom States
Countries °

Figure 1.1: Per capita energy consumption for various countries

A world without energy is unconceivable; 1n more philosophical terms “existence” of all
forms, matter, life and even intangible entities would cease if energy perishes. With the
exponential growth 1n global population and the continual endeavor for a better economy,
energy consumption has increased dramatically, particularly in the last two centuries.

With each passing moment the energy gap (deficit between the energy demand and the



supply) is widening faster than ever and has to be bridged by effectively using the
resources at hand. Consciously or subconsciously mankind has chased energy in one way
or another and it is the need for this fundamental element that has driven the current
study. However in the present era, it is not only the quantity of energy that matters but
more importantly the way by which it is accumulated. The following section sheds light

on why the manner of energy extraction 1s crucial.

1.1 Kyoto Protocol (Directives)

On February 16, 2005 Kyoto protocol legislations were implemented, a treaty which
enforces the cutting down of CO, emissions and has fostered the need for effectively
tapping renewable energy. The protocol has stirred global scale efforts to curtail
emissions through binding targets. Global warming has been dubbed the biggest
challenge to mankind so far. An unprecedented arduous task of abating the threat of
climate change looms ahead. Many developed nations have agreed to pursue the
plausibly uphill, yet manageable targets of cutting down greenhouse gas emissions. For
some, the economic constraints hinder sincere efforts. The protocol however has
succeeded in globally embedding a conscience among the general public and creating

wide spread awareness that the problem exists and cannot be overlooked.

Under the international Kyoto protocol and European-Union agreements, by 2003-2012
the UK must reduce its baseline emissions of six greenhouse gases by 12.5%. In addition,
the UK Government has set its own domestic target to reduce carbon dioxide emissions
to 20% beneath the 1990 baseline by 2010. The target set for Scotland is more stringent
compared to the overall target of UK. Scotland aspires to meet 40% of its energy through
renewables by 2020. A closer objective on the timeline is the Scottish Renewable
Obligation (SRO) which enforces attaining 10% of the supplied electricity through
renewable resources by 2010[3]. This target has been revised and increased to 20% by
the Scottish Executive[4]. Therefore workable, feasible and realistic plans to proceed
effectively should be chalked out by the Scottish government 1f any level of target

attainment 1s desired.



Having noted the energy needs and the legislative drivers it would be important at this

point to glance at the current energy situation for a clearer picture of resources at hand.

1.2 Global Energy Scenario

Speaking globally, the present day energy scenario, does not present an encouraging
image. Fossil fuel depletion can be very much sighted with a possibility of total
exhaustion in a generation’s time. Alarm bells for a huge energy crisis are foreseeable to
go off, until, or unless radical steps are taken to change the present course of the energy
attainment. The coupling of fossil fuel consumption with global warming would have
compounded the problem substantially if renewable energy resources were absent. With
the increase in the population, the demand for energy 1s getting higher each passing day.
This in effect will result in swifter depletion of high-grade energy resources whereas low
grade resources will carry on relatively longer. The detrimental environmental effects

caused by fossil fuels are an additional constraint. A snapshot of the world’s available

energy resources 1s shown 1n figl.2 [5].

10
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2 I 0 Hydro
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. . B . o

Figure 1.2: Order of magnitude of energy sources on earth



As indicated in fig 1.2, o1l reserves cannot be pumped for long while gas and coal will
only delay the crisis till they eventually run out. For a more detailed picture, the past and
future discovery of oil has been shown in fig 1.3, clearly indicating total exhaustion by
2050 [1]. Nuclear energy i1s another possible route that can abridge the gap between
demand and supply, however the environmental threat it poses would not be worth
risking especially if a source of green energy concurrently exists. Nuclear energy
currently provides 16-17% of the world’s energy demand. However, this figure 1is
expected to decrease as old power plants are being decommissioned and few new ones
are being built. Moreover it cannot be relied on, as it 1s also an exhaustible resource. The
only infallible way forward 1s an energy source that 1s renewable and sustainable. What
catches the eye in fig 1.2 is the exceedingly abundant solar energy that stands out well
above all the other types as an extremely lucrative option. Although it 1s predictable that
other more instant forms of energy will be momentarily grasped when transiting from the
fossil fuels, however it seems imperative that pool of solar energy would prove to be the

eventual reservorr.
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Figure 1.3: Past and future global oil discovery and production [1]

The exploitation of solar energy is hence seeing a renewed interest. Although the
abundance of solar energy 1s unquestionable, nonetheless it is important to consider other

renewable sources so as to compare the feasibility.



1.3 Global Renewable Energy Scenario

Renewable energy can be split into two groups; namely hydro and non-hydro energy.
Hydropower 1s the largest and most important renewable resource and generates about
17% of the world’s electricity. It 1s estimated that only 33% of the technically and
economically feasible global potential of hydropower has been developed to date,
although there are significant regional variations. In Europe and North America, the
majority of sites have been developed, while considerable potential for new development
remains i Africa, Asia and South America. Large hydropower schemes, however, often
face challenges due to their environmental impacts and long-term returns on investment.
The non-hydro category of renewable energy 1s estimated to make a growing contribution
to global power generation; the total share 1s likely to reach about 5% 1n 2030[1]. The
rencwable sector 1s now growing faster than the growth in the overall energy market.
Approximately £15 (US$ 22) billion was invested in renewable energy worldwide in
2003. In comparison, total mmvestment 1n the electric power sector 1s likely to be in the
range of $120-160 billion/year. Annual investment in renewable energy has grown almost
four fold from $6 billion in 1995, while cumulative investment since 1995 is of the order
of $110 billion. The 2003 investment shares in the renewable sector was roughly 38% for
wind power, 24% for solar PV, and 21% for solar thermal hot water. Small hydro
power, biomass power generation, and geothermal power and heat made up the remaining
17%. Solar collectors for heating water are at present used in the UK to a limited extent.
In 2001 1t was estimated that they contributed 78.5 GWh for heating swimming pools,
while the solar contribution to domestic hot water supply 1n 2002 was estimated at 55.2
GWh [6]. It is estimated that more than 100 million m” of solar thermal collector area
were 1n operation in the world at the end of 2002. The newly installed area during 2002

was more than 10 million m” [1].

Despite the abundant wind resources, the erection of wind farms still sparks controversy
as they are claimed to stain the landscape. Possible detrimental ecological effects

propelled by the wind farms, particularly on migratory birds are also being scrutinized.



To add to the demerits, shadows cast by their huge structures invoke unrest among the
population. For the tourism-based economy of Scotland, these factors amalgamate and
gain greater importance. Similarly the sea or marine current turbines that cash in on the
currents are under examination for any negative eftects on marine life. Solar water
heaters among the huge tidal and wind resources have carved out their niche particularly
in the domestic sector. No adverse effects have appeared in the text, even after nearly 30
years of their implementation in the UK. In Scotland, due to the abundance of sparsely
populated areas where grid energy may deface the scenery, solar water heating provides

an 1deal solution.

This singles solar energy out as the prime renewable energy option. It 1s an encouraging
fact- as depicted by fig.1.2 — that the energy received by the earth over a year 1s 100 times

more than what the world annually consumes. The sun 1s an inexhaustible source of

utilizable energy.

Having gone through the importance of energy, the legislatives of Kyoto protocol and
how renewable energy 1s emerging as the biggest alternative, the question “why solar
water heating?”’ has been to an extent, vindicated. It would be appropriate at this point to

eye the panorama of Scotland’s energy.

1.4 Energy Consumption in Scotland

The total energy consumed and the spectrum of its distribution 1n various sectors for
Scotland 1s important to monitor to determine the energy need that can be addressed

through solar water heating.

The following figures provide a quantitative summary of the energy usage in Scotland
and the UK. The total energy consumption of all forms of energy in the UK was around

2,760 TWh 1n 2001, of which Scotland accounts for roughly 7-8%. The actual energy

used at the point of demand was around 1,750 TWh. The remainder was lost in energy



conversion, transmission and distribution of energy [7]. The average annual energy use of
a Scottish household is 21.4 MWh. The final energy used in Scottish households 1s
approximately 47 TWh, 9% of the UK total of 523 TWh. 82% of energy used 1n
households is for space heating, 58% of space heating in Scotland is provided by natural
oas, while around 30% of households are electrically heated. More importantly, 53% of
the total domestic energy goes into space heating and water heating. Thus out of 47 TWh
of the energy used in Scottish households, 24.9 TWh can be addressed through heating
water from a renewable resource. A research by the “Energy Saving Trust” carried out 1n
June 2004 has revealed that £28 million a year could be saved if every house in Scotland
had a solar water heating panel fitted. In addition to that it will also reduce the impact on
the environment — the average domestic system can reduce carbon dioxide emissions by

0.25-0.5 tonnes per year, depending on the fuel replaced.

Tremendous scope lies in addressing the energy requirement particularly for hot water
from a renewable source as indicated in the previous. It is now the question of whether or
not this energy can be met by solar energy in Scotland. This can be answered by an

overview of Scottish weather conditions, particularly solar radiation data.

1.5 Scottish Weather Conditions

Scotland has been blessed with an awe inspiring landscape, breath-taking scenery, a rich
cultural heritage, deep-rooted history and abundant natural resources. Geographically, a
sizeable portion of the land is located above the latitude of 55°N, placing it among the
countries of northern latitudes. Scotland has huge wind resources at its disposal,
alongside enormous the tidal and wave resources. It owns 50% of EU wave and tidal
resources. On top of that having 25% of EU wind resources further boosts the energy
sufficiency. One sector that is often overlooked is solar energy. A prevailing concept, n
and about Scotland, is of a gloomy level of solar energy due to persistent murky
conditions. A popular fact pointing out over 300 average rainy days a year 1s a true yet a
misleading statement. On the contrary, Scotland has been blessed with not only ample

solar insolation but also resonating heat load requirements. Scotland enjoys 17.5 hours



Insolation in kWh

sunshine on solstice day. Figl.4 shows the incident solar radiation levels in the South of
Scotland [8]. The average daily solar irradiance comes out to be 2.73 kWh/m”. On an

annual basis the total available energy would be =991 kWh/m°. For a crude estimate,
using an assumed annual efficiency of 35%, the available annual energy comes out to be
346 kWh/m’. Although 346 kWh/m’ might not seem an astounding figure it is
nonetheless 1s sizeable enough to seize the initiative, bearing in mind CO; reduction,

escalating energy prices and subsidiaries by government add to the impetus.

Average Daily Insolation

6 — - - S — —

Months

Figure 1.4: Daily average solar insolation in Scotland

Meeting the heating requirement through solar energy in northern countries is a daunting
proposition, owing to the inverse relationship between requirement and availability.
During winter months, when heating requirements escalate, the scarcity of available solar
energy is a major setback. On the other hand during summer months when heating

requirements plummet, the surplus insolation 1s wasted. Inter-seasonal storage has been

cited as one of the solutions. The technology however is still in its development phases
and so far has not been adopted commercially. For Scotland, it 1s a different story. In

Scotland, an unusually high proportion of annual heating load comes outside ‘official’
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winter season. Even during the summer time, the main water temperature recorded was a
maximum of 22°C. Thus the heating requirements in the summer remain sufficiently high
and therefore the available energy can be exploited efficiently. McGregor et al opines
Scotland to have one of the best conditions as there is a year round need for hot water [9].
The results from his study carried out for space heating show that solar savings generally
increase with latitude, altitude and degree of marimiticity. The best country on these
counts 1s Ireland while the worst being Malta [9]. Similarly, very encouraging results

were also provided by a study conducted in Monymusk, Aberdeenshire by Imbabi et al
[10].

1.6 Prospects of Solar Water Heating in Scotland

Solar water heating (SWH) in Scotland is not a novel proposition. A fair amount of
research on the subject has already been carried out. SWH systems have been available in
the UK since the 1970’s and the technology is now well developed with a large choice of
equipment to suit many applications. The proven success enjoyed by the commercial
manufacturers is also a testimony to the viability of the venture. Even at present, the
number of SWH installers registered to the SCHRI which is the “Scottish Community

and House Holder Renewable Initiative” is a surprising 33 [11].

A crude analysis is presented herein which roughly estimates the feasibility of SWH. It is
assumed that a heater accumulates 600 kWh of the incident 1000 kWh/m* with collector
an assumed collector area of 2m~, on the basis of an inferred conservative thermal
etficiency of 30%. The average cost of a unit of electricity for 2004 is 7.76p per kWh [2].
Based on this would an annual saving of £46.56 can be expected if electricity is replaced
as the heating fuel. In light of this, for a new designed collector that has a production cost
£1000, the life should span at least 21 years to recover its capital cost. The important
guidelines laid by this analysis bring forward that for a new collector, the design should
be resilient so as to sustain a period of above 20 years. Secondly, it is imperative to keep
the collector cost as low as possible to ensure feasibility well within its life time. As

noted earlier, the production cost of the collector should be £1000, which itself is a fairly
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stringent target. The other parameter that has room for improvement is the annual thermal
efficiency, which should be above 30%. In order to compete, the thermal efficiency of the
designed collector should be at least equivalent if not more than that of other existing
heaters. A study by the EST [12] claims that solar water heaters could meet half of the

annual demand through a collector of 2-5 m* .

Looking at the existing commercial designs, the prices of commercially-available
collectors came out in the range “£1500- 3000 depending upon the type and capacity of
the heater. Similarly, the “Energy Saving Trust” (EST) puts forward costs of “£2000-
3000” 1n their fact sheet [12]. This again dispenses encouragement for a collector that has
lower cost. SCHRI provides 30% grants to Scottish households on the installation of any
renewable energy device. This is an important initiative to note as it reduces the payback
time of the collector. With the trend of escalating energy prices likely to continue in the

foreseeable future, the collector return on investment becomes even higher.

Product aesthetics might not be of any relevance in a scientific research; but it is an
influential factor setting the wider acceptability of the collector. Domestic solar heaters
have to be non-obtrusive and must not devalue the outlook of a property. Ideally, they
should integrate seamlessly into the roof structure. For a domestic collector, aesthetics are
of considerable importance as opposed to commercial ones, where this might not be a
criterion at all. On this basis, the thermosyphon and many of the focusing collector types

can be ruled out.

It 1s tor these reasons, that there is a clear need to develop a low cost solar heater that
would work efficiently while being aesthetically sound. It should also endure the
occasional harsh weather conditions for at least 25 years. The collector should also either
withstand or prevent freezing of water during extreme cold that results in expansion and
thus damage to the heater. The “Freeze Tolerant System” by Grassie and McGregor [13]
1s an indigenous i1dea developed at Napier University that provides the one of the

soluttons to abate the problem for Flat plate type collectors.
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It 1s apparent that solar water heaters have a niche in the current and future energy
scenario even for energy sufficient countries like Scotland. Solar water heating in
Scotland 1s not new; 1t 1s a well worked out and well established practice. Nonetheless the
idea of an optimal solar heater for Scotland provides the room for research and brings

novelty to previous work.

1.7 Summary

The Kyoto protocol underlines the need for carbon dioxide abatement which has enforced
the attainment of energy in a manner that 1s sustainable. Having observed the current
world energy scenario and the various energy options at hand, solar energy was found an
adequate, inexhaustible and clean resource. Thus solar energy can be tapped for the
future energy needs, even in Scotland where surprisingly ample 1nsolation 1s available

and the demand for hot water 1s appreciable during the summer season.

The foreseceable emergence of carbon based tax systems and constraints on CO;
emissions are the additional drivers. Therefore the switch to solar water heating for
Scottish homes with the passage of time 1s becoming more a need and less an option.
Solar water heating in Scotland i1s not simply a possibility but a feasible prospect as

ascertained by various authors and professional bodies.
Solar collectors are commercially available in Scotland through several installers.
However, the cost of the collector 1s noticeably high, thus pointing to a potentially

exploitable market for a low cost collector.

“How this energy can be harnessed in Scotland by cost effective means?” is the question

that will be answered in the subsequent chapters.

For the interest of the reader, a timeline 1llustrating the historical use of solar energy for

thermal application has been presented next.
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Solar Energy Usage Time-Line

The following timeline indicates an interesting review of the usage of solar energy [3].

7th Century B.C.
A magnifying glass is used to concentrate
the sun's rays on a fuel and light a fire for

light, warmth, and cooking.

2nd Century B.C.

As early as 212 B.C., Greek scientist
Archimedes makes use of the reflective
properties of bronze shields to focus
sunlight and set fire to Rome's wooden

ships, which were besieging Syracuse.

1st to 4th Century
In the first to the fourth centuries, Roman
bath houses are built with large, south-facing

windows to let in the sun's warmth.

. 13th Century
In North America, the ancestors of Pueblo
people known as Anasazi build south-facing
cliff dwellings that capture the warmth of the
winter sun.

1891
Baltimore inventor Clarence Kemp patents

the first commercial solar water heater.

Mid-1950s
Architect Frank Bridgers designs the world's
first commercial office building featuring
solar water heating and passive design. The
Bridgers-Paxton Building is listed in the
National Historic Register as the world's first
solar-heated office building.

3rd Century B.C.
Greeks and Romans use mirrors to light
torches for religious purposes.

A.D. 20
The Chinese report using mirrors to light
torches for religious purposes.

6th Century
Sunrooms on houses and public buildings
are so common that the Justinian Code
establishes "sun rights" to ensure that a

building has access to the sun.

1767

Swiss scientist Horace de Saussure is
credited with building the world's first

solar collector, later used by Sir John
Herschel to cook food during his South

African expedition in the 1830s

1908
William J. Bailley of the Carnegie Steel
Company invents a solar collector with
copper coils and an insulated box, which is
roughly the same collector design used
today.
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Chapter 2

Literature Review

Review and Compilation of Established Research Work

A review of the relevant studies is important to perform at the outset for a number of
reasons, first and foremost is to get abreast with up to- date advancements, secondly
to avoid reinventing the wheel and most importantly to not deviate into paths that

result in futile efforts. Thus a thorough literature review can not only establish the dos

and don 'ts for the research but also pave the way for it.

This chapter reveals the guidelines that were laid down by the previous researchers.
Solar water heating being a well established field required a comprehensive review of
previous work and therefore the compilation is fairly exhaustive as reflected by the

size of this chapter.
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2.0 Overview

To date an extensive amount of literature has been published on the subject of solar
water heating. At present, it stands out as a field that is well established and
concurrently vibrant. “Optimization of solar water heaters for Scottish weather
conditions” has a broad theme encompassing several discrete topics. To effectively
grasp the whole spectrum of topics while exploring each of them in-depth requires an
atomistic as well as a holistic review. Some of the major topics found enclosed within

the title 1tselt are as follows:

= Solar water heaters; various types and their corresponding advantages and
applications.

= Convection; The bulk mode of heat transfer in a collector.

= Stratification; Significant for estimating the energy content/solar fraction of the
heater (see Textbox 1 for more details).

= CFD; Modern analysis tool for providing deeper insight and solving several
“what-11" scenarios of optimization.

= Draw-off characteristics; Yield of the collector.

" Solar heating at higher latitudes; installation, orientation and considerations of

the weather-conditions

The diversity of the surveyed literature highlights the complexity of composing of a
concise review. The studies on the subject can be broadly categonzed in two types,
termed herein as macro and micro level studies. The term macro level implies the
study on solar water heater year round performance for a particular location whereas
micro-level refer to the studies carried out involving component level inspection. A
vast amount of macro level studies have been conducted, recording the impact of the
load (hot water demand) on the heater performance. Although water consumption
bears a strong influence on the performance, geometrical variables such as distance
between cover plate and absorber plate, angle of inclination, inlet and outlet pipe
locations cannot be totally neglected. The literature review therefore has been

sectioned to list the information in a more succinct and orderly fashion.
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2.1 Solar Water Heaters (SWH)

A chronological review of the use of solar thermal energy was presented in Chapter 1.
The evolution of solar water heaters is presented in this section. The earliest detailed
records found were of Baltimore inventor, Clarence Kemp (1891) who patented the
first commercial solar water heater. His design was a simple built-in storage heater,
more details of which are presented later in the chapter. The increased interest in
fossil fuel extraction in the early 20" century proved to be an impediment in the
development of SWH. Abundant and low cost fossil fuels made the solar collectors a
redundant entity and eradicated the drive for any progress in the field. Solar thermal
development activities came to a complete halt in some countries while they were
dragged down to sluggish rates in many others. The o1l crisis 1n the late 1970’s jolted
resurgence and solar water heating was back in business. With the recent o1l reserve
situation and the Kyoto protocol, the field has been re-galvanized with more motives.

The vanation i1n both the quality and quantity of insolation as well as application
specific output requirements has lead to several SWH designs. To cite a few of the
active designs; Vacuum tube, Flat plate (with vanants: serpentine tubes, Parallel
tubes, Built-in storage), Focusing solar collectors and Focusing integrated tank
collectors. Each of these collectors has i1ts own niche with respect to application and
climate. For instance, in applications where high temperature output 1s desired, the
vacuum tube collector presents a fitting solution. On the other hand 1n the domestic
sector, flat plate and built-in storage have a stronghold owing to lower cost and
minimal maintenance 1ssues. McGregor et al [1] conducted experimental study for
more quantitative figures on the comparison of energy output from flat plate and
vacuum-tube collectors. In his study, the results explicitly indicated that on a typical
operating point, the flat plate design provided 20% more useful heat than the vacuum-
tube collector with the same aperture arca. In fig 2.1 the various types of collectors

have been presented.
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AR

a) Vacuum tube

b) Thermosyphon

c¢) Built-in storage d) Built-in storage

d) Flat plate collector

Figure 2.1: Different types of Solar Water Heaters
Pictures courtesy (a) BTFsolar.com (b) lowestcostenergy.com

(c) sole.gr (d) Thermomax.com (€) shop.solardirect.com
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These Built-in storage collectors, for a number of reasons have attracted attention and

thus have been presented in more detail in the following section.

2.2.1 Built-in Storage or ICS Solar Water Heater

The Built-in storage SWH- also known as ICSSWH (Integrated Collector Storage
Solar Water Heater) - because of its design simplicity and low cost 1s the oldest heater
design that 1s still popularly used. The first recorded evidence of 1ts deployment was
in Maryland and Texas, USA [2]. The heater’s geometrical design at that time was
based on intuition rather than calculation. In 1936, the first detailed scientific study
was carried out on ICCSWH at University of Califormia Agricultural Experimental
Station, USA [3]. This study was carried out on single, multiple tanks open and closed
ICS systems. In the following period, the investigations were discouraged due to the

discovery of o1l and natural gas until the 1970s where they came to a complete halt.

The performance of the ICSSWH has an edge over other types for two main reasons.
First 1s the direct contact of the working fluid with the absorber plate (the heating
surface). This enables heat to be directly transferred to water, eliminating the need of
a heat exchanger resulting 1n increased system efficiency. The other reason is the
absence of conduits and connecting pipes to the storage tank, which are responsible
for the bulk of the heat losses in other types. Additional benefits of ICSSWH are 1ts
effective use of direct and diffuse radiation, no solar tracking requirements and
minimal maintenance. As mentioned 1n section 1.5, the aesthetics play a vital role in
the wider acceptance of any product. A huge advantage of the ICS 1s its bespoke
flexibility. It can be made 1n designs that seamlessly integrate in the roof structures.
This eradicates the concern regarding the defacing of outlook of a property because of
any prominent non-structural installations particularly in conservation areas. This 1s
not the case with other collector types such as a thermosyphon or the focusing

collectors that protrude considerably.

Numerous designs of the ICSSWH have appeared 1n the texts over the years. Kemp’s
design [4] (1891) being the oldest (see fig 2.2) was basically three cyhndrical

interconnected vessels boxed in a glazed wooden frame. In the 1950s, the closed
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membrane or plastic bag ICSSWH, sometimes referred as the ‘plastic pillow’ type
were developed 1 Japan. This was a large rectangular Polyvinylchloride bag; with the
bottom surface a black membrane and the top membrane transparent. Approximately
240,000 units of this type were sold in 1963-64 [5]. Chinnappa and Gnanalingam [6]
in 1973 tested a built-in storage heater which consisted of a square coil of 7.5 cm
diameter pipe, 13.5 m 1n length, in a wooden box with heat insulation at the bottom

and two glass covers.

Climax Solar-Water Heater

UTLLICING ONE OF NATURE'3 GENEROUS FORCES
THE SUN'S HEAT { Bomesté and other Purposes.
GIVES U0T WATER at all AQURS
OF THIIE DAT AWD NIGHT.
N0 DELAT.
FLOWS [NSTANTLY.

NO CARE N0 WORRY

ALWATS CHARQGED.
ALWAYS READT.

THE WATER AT TIMES
ALMOST BIILS.

Price, No. I, $25. 00

This S"'i w1 Eup]:iy sulEctent 'Dulu:

ot ) for 3 to 3 Baths,
CLAKRENCE M. KEMP, BALTIMORE, MD.

tor

-
»

2 Of No. 1 Heate

L B
.

Iia
-

Figure 2.2: Climax solar water heater advert poster

Heaters with triangular storage tanks described by several studies perform better
because of increased natural convection. Sokolov and Vaxman (1983) [7] analyzed
the performance of an integral compact solar water heater numenically and compared
the results with the experimental data. They investigated two solar water heaters, one
with a rectangular and the other with triangular shaped tank. A baffle plate in their
design separated the absorbing area and the storage tank. An efficiency of 53% for the
triangular storage tank system was estimated. The comparative study between
rectangular and triangular tank was later conducted by Soponronnarit et al [8] with
similar storage volume (75 It), absorber surface (0.7 m”) and identical operating
conditions. Efficiencies of 63% for the triangular tank and 59% for the rectangular

tank were recorded. The triangular design saw added attention by Ecevit et al (1989)
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|91 who studied triangular collectors of different volumes. In his research collectors
were observed to operate with high efficiency during the heating period and also

during the 24-hour cycle.

Mohamad [10] built on previous developments on triangular ICS systems with baffle
plates and introduced a simple thermal diode to prevent reverse circulation at night-
time. The thermal diode consists of a light weight plastic ‘gate’ that allows one-way
flow only, located at the entry to the baffle at the bottom of the vessel. Mohamad
presents vessel storage efficiencies of 68.6% and 53.3% for the vessel with and

without the diode, respectively.

More recently, a trapezoidal storage tank design for the Mediterranean climate has
been suggested by Cruz [11] (2002). The unique shape of the heater induces thermal
stratification in the water store. A thermal network analysis model was used to assess
the energy-saving potential of this system. It indicated that a 30-70% reduction in

daily load could be obtained in contrast to direct, electrical or gas, heating.

To the best of author’s knowledge, the first ever year round performance study of a
built-in storage heater was carried out by Garg & Ram (1974) for Jodhpur, India [12].
The tests showed that collector supplied 90 litres of water at a mean temperature of 50
"C to 60°C in winter and 60°C to 75°C in summer. The thermal efficiency (energy
recerved on collector aperture / energy absorbed by water) was found to reach as high
as 70%. Year round performance for a similar heater but with different dimensions
was recorded for Benghazi, Libya and has been reported by Muneer et al [13, 14]. His
studies also 1ncluded a comparison between ICSSWH and thermosyphon type
collectors. It was found that even though simple and low cost, the ICSSWH heater
edged out the thermosyphon collector. To enable a valid comparison between the two,
the absorber plate areas and storage volumes for both types of heaters were kept the

same. The schematics diagrams of different types of ICSSWH are presented in fig. 2.3
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Absorber —p >
Plate '-

Trapezoidal heater by Cruz et al for Portuguese conditions [11]

Qutlet

Insulation

Absorber plate >
Thermal Diode

Schematic diagram ICS heater by Mohammad [10]

QOutlet

Glass Cover —P =

Absorber plate —

Baftle plate —

Schematic diagram of heater by Garg and Ram [12]

Figure 2.3: Various designs of ICSSWH
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The depth of the storage tank of the ICSSWH i1s a critical design parameter. Muneer et
al [13] in a separate parametric study of built-in storage type computed efficiencies of
65% and 73% for storage tank depths of 6 cm and 8 cm depth respectively. Increase
in depth enhances the storage volume which makes the system operate at lower
temperatures and so the losses are curtailed. A new design was proposed by Muneer
et al [8] having the addition of fins inside the storage tank. The heater was fabricated
and field tested in Lahore, Pakistan [8]. It was observed that the fins not only did
;

thermally prove effective but also added to the structural stability. The solar fractions

at the time of the tests were found to be 63% and 73%.

More recently Smyth et al (2005) [2] chronologically summarized the development
and performance of ICSSWH. In his study, popular collector designs from Japan,
Australia, South Africa, USA and Israel were covered. The regional, environmental
and economical factors that have shaped the heater design were also reviewed. The
article did not take into account the quantification of heat transfer of the reviewed
collectors. The performance comparison to gauge the effectiveness of heaters had also
been largely neglected. Smyth [2], however has described methods to benchmark
performance of all heaters through common performance indices. The development of
different designs of SWH over time has propelled the need of a common criterion to
measure the effectiveness of a heater. Organizations such has “European Solar
Collector System Testing Group (ESCSTG)” came into existence as a result.
ASHRAE (American Society of Heating, Refrigeration and Air Conditioning
Engineers) has also developed test procedures to asses the heaters. These standards
can be referenced in ASHRAE-standard 95[15]. Smyth has outlined various other
procedures developed as “add-on” to the mentioned standard. He has also identified

the absence of a long term performance solution to SWHs 1n standard-95.

The most common test procedure is a combination of test methods proposed by the
ESCSTG [16] and gives a realistic ICSSWH performance representation which allows
direct comparison with other experimentally investigated ICSSWH. The collection
efficiency is superficially similar to the Hottel-Whillier-Bliss equation for distributed

type solar collectors [17], but applies to diurnal system performance. Plots of

" For definition of Solar Fraction please look at textbox 1 (page 40)
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collection efficiency are made against values of AT’/ L. where AT 1is the difference
between the average vessel water temperature of the heating period minus the average
ambient temperature over the same period and I, 1s the average insolation on the
collector aperture. However, direct comparison of measured system performances 1s
quite simple; predicting the performance of an ICSSWH at another location or

different installation set-up is more challenging.

As stated earlier, the major drawback of the ICSSWH is the night time heat loss. Due
to high collection area, the losses to the sky are predominant, mainly on cloudless
nights. This shortcoming fostered the emergence of thermosyphon heaters. Several
solutions to abate this problem have been proposed. A favoured suggestion 1s the
withdrawal of water from the collector at the end of each day. An alternate solution by
Muneer et al suggests placing a wooden cover on top of the tank. Rommel and
Wagner [18] have suggested the use of transparent insulation material (TIM). Several
modern day collector designs incorporate TIM. The use of TIM results in increase ot
the overall cost of the heater; however the need for daily human activity- for placing
and removing cover- is eliminated. The use of a self regulating cover (¢clectro-
mechanical system) on the other hand would not only increase the cost of the heater
but would also add to the maintenance cost. The overall reliability of the system 1s
also impaired. Kaptan and Kilic[19] have put forward the idea of using an insulated
baffle plate or a phase change material as a possible remedy. The use of battle plate
was first suggested Straaten [20]. Garg and Rani (1982) [21] carried out extensive
theoretical and experimental studies on 90 litre rectangular tank with dimensions 112
x 80 x 10 cm. They have ascertained that the use of an insulating baffle plate inside
the storage tank improved the performance of the system significantly during the day
as well as the night time. On the other hand they also concluded that the use of

insulation cover performs more efficiently during the night time than the batfle plate.

In a very recent investigation, a novel design of inverted absorbér plate built-in
storage collector has been proposed by Smyth et al [22]. The novelty of the heater 1s
that it heats from the bottom surface, which due to buoyancy effects is more efficient
than heating from the top. An additional advantage is the alleviation in the night time
losses. This is attributed to the storage tank mounted in the tertiary cavity of a

compound parabolic concentrator with a secondary cylindrical reflector. Smyth also
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observed that using partial transparent baffles at the entry to the secondary cavity
reduces convective heat transfer from the absorber to ambient without significantly

reducing the optical efficiency.

Recent studies by Trinkl [23] confirm better performance (energy yield) of the flat
plate collector over the vacuum tube collector for the same gross area throughout the
period of observation. This study was carried-out in a Bavarian countryside house in
Germany (latitude 48°). The vacuum tube collector shows superior efficiency in lower
latitudes and warmer climates. At higher latitudes such as Scotland, Holland or
Germany, the built-in storage tank performs comparatively better. It was also
mentioned earlier that thermosyphon were ruled out based on earlier comparative

studies by Munecer et al [14].
2.2.2 Glazing / Covers

Duffie and Beckman [24] suggest the use of additional covers to minimize heat losses
incurring through radiation and convection. Charts for single, double and triple glazed
collectors against the top-loss coefficient have been computed to provide a measure of
the collector performance. Encouraging results of using additional glazing were
observed by Muneer [13] in his parametric study of the Built-in storage type. He
compared similar vessels with single and double glazing and found a difference ot 1-
10 °C in the temperatures values throughout the period of observation. Similarly, the
effect of up to six glazing layers in freezing climate was checked by Bishop [25]. The
results indicated 2.88m” of glazing produced enough water for a family of four in

January 1n the climate of Denver, USA.

Addition in glazing layers reduces mainly the convective losses to the ambient;
however it has to be kept in mind that the increase in glazing also increases the
transmission losses. A possible solution to offset this problem is the use of selective
coating on the glass cover itself. The increase in shading of the absorber plate with the
increase in glass covers is too an associated adverse effect. Higher glazing hinders the
collection of diffuse radiation as it tends to channelize the incident radiation. For
longest life and maintained transmissivity, the most appropriate glazing material 1s

tempered plate glass. Of the various grades of tempered plate glass, low-1ron glass has
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the highest transmission and lowest reflection of sunlight as explained by Symth et al
[2] and used by Bishop et al [25]. The most important property required of a glazing
material 1s high transmittance of solar radiation, as any loss in transmittance will lead

to a direct reduction in collection efficiency.

The cost of the collector goes up with the number of glazing layers which incites the
need to strike a balance for optimal solution. The spacing of covers or glazing has
sparked a lot of interest in the research community. It had been a general practice to
employ a distance of 2.5 cm (1 inch) between the first glazing layer and absorber
plate. Hottel [26] has suggested through his experiments that increasing the air space
beyond 1.27 cm had little effect on reducing the conductance, while Buchberg [27]
has shown that the spacing between the tilted hot solar absorber and successive glass

covers should be in the range 4-8 cm to assure minimum gap conductance.

The literature review for glazing /covers has revealed the prospect of significant
improvement in the heater performance if the number of glazing layers is increased.
Setting the right distance between the absorber and the cover is also a factor of
paramount importance. The fact that the nature of heat transfer is a function of aspect
ratio and the angle of inclination, leaves room for evaluating optimal parameters for

Scottish conditions.

2.2.3 Absorber Plate

The foremost criterion for the absorber plate material is the high value of absorptance
which can be achieved by applying coatings or dark colour paint. The other important
feature 1s the non-corrosive nature. The use of metallic as well as non-metallic
(polymer) absorber plates have been cited in the literature [24]. In a recent study of
solar collector, a polymer storage vessel has been suggested by Liu et al [28] . In
applications where the absorber plate temperature remains low, polymer absorber
plates provide an effective low cost solution. The coating on the surface of the
absorber plate 1s critical for the performance of the collector. The research in this area

has given birth to the physics of selective and non-selective coatings.
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The absorber plate should have high absorptance for insolation and at the same time
low emissivity value. Duffie and Beckman [24] have given a detailed account of the
etfect of selective and non-selective surfaces. They conclude that “the temperature of
the absorber plate in most flat-plate collectors is less than 200 °C (473k) while the
effective surface temperature of the sun is approximately 6000K. Thus the wavelength
range of the emitted radiation overlaps only slightly the solar spectrum. Ninety eight
percent of the extra terrestrial solar radiation is at wavelengths less than 3.0um,
whereas less than 1% of the blackbody radiation from a 200°C surface is at
wavelengths less than 3.0 um. Under these circumstances, it is possible to devise
surfaces having high solar absorptance and low long-wave emittance, i.e. selective
surfaces. Many of the coating materials used are metal oxides and the substrates are
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