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ABSTRACT

In this study a novel building integrated photosaithermal (BIPVT) solar
collector was developed, tested, modelled and agdidnboth experimentally and
theoretically. Experimental testing found that gigzthe prototype collector
improved the maximum thermal efficiency by approaiely 25% and decreased
heat loss, by a factor of two, relative to an umgthcollector. Additionally, the
spectral absorptance of a photovoltaic (PV) cell aeveral coloured absorber

samples were characterised.

The experimental data was subsequently used iddfelopment and validation
of an optimisation model for BIPVT style collectoSumerical optimisation
showed that the collector thermal efficiency coogdimproved by maximising the
geometric fin efficiency, reducing the thermal s¢snce between the PV cells and
the absorber, and by increasing the transmittabserptance product of the PV
cells and/or the absorber. The results showeddhatost materials, such as mild
steel, could be used without significantly affegtthe BIPVTs thermal efficiency.
It was also shown that there was potential to dgvebloured BIPVT collectors
with acceptable thermal efficiencies. Finally, tm@del showed that potentially
the air space in an attic could be used rather theaditional” insulating

materials.

Subsequent computational and experimental fluichdyns studies found that the

heat transfer coefficients in a scale-model aticid result in R-values similar to
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mineral wool type insulation and therefore may jtevsufficient insulation of a
BIPVT in a cold roof building. In these studies thalidity of an existing
correlation for natural convection in an attic-sb@penclosure was extended to

Grashof numbers in the range’16 10 from its previous range, 2.9 x %L 9 x

10°.

The use of a single vertically mounted baffle wis® #ound to reduce the natural
convection heat transfer coefficients in attic-sdth@nclosures. This led to the
development of a new generalised correlation that lme used to determine the
Nusselt number in an attic-shaped enclosure wigancketo the proportions of the

baffle.

This work has shown that it is possible to achiesatisfactory thermal
performance from BIPVT style collectors fabricatean low cost materials such
as colour coated mild steel. Further it has demmatest that there is potential to
reduce the cost of such systems by integrating timeona building rather than

ontoa building.
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Chapter 1: Introduction

1.1 Overview

In recent times there has been a growing conceen e use and availability of
energy sources. These concerns have been drivembmber of factors including
ensuring security of supply, increasing costs amdrenmental issues. There has
also been a widespread realisation that the ratehimh existing fuel sources, in
particular fossil fuels, are being consumed is st@nable. The result has been an
increasing amount of research directed towardswabke energy technologies
such as wind power, biomass and tidal power. Irtiqudar, the use of solar
energy has been widely suggested as a means afimgdilependence on energy

derived from fossil fuel sources.

1.2  Solar Energy

In practical terms, the sun is the largest sourcenergy that is available to
humanity. Each year it supplies in the order of miflion EJ to earth of which

30% is reflected back into space. However, the nedea represents 10,000 times
the world’s consumption of fossil and nuclear fgelurces in the year 2002.
Considering that in the same year, fossil and rmudigels provided over 80% of
the world’s energy consumption, there is significaotential to offset the use of

these with solar energy (Boyle, 2004).
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The utilisation of solar energy has traditionalgen divided into two fields; solar
thermal and photovoltaics. Solar thermal reseaghas the name suggests,
concerned with the utilisation of solar radiationprovide useful heating. Typical
examples include passive solar heating of houseb smbar water heating.
Photovoltaics are concerned with the conversiorsadér energy to electricity,

mainly through the use of silicon based solar cells

One of the key shortcomings of photovoltaics isrtihelatively low efficiency.

Typically, commercially available PV modules cortvamly 6-18% of the incident
radiation falling on them to electrical energy wilie remainder lost by reflection
or as heat (Bazilian et al. 2002). However, a sipaition of the heat is “sunk”

into the cells which results in a reduction in thedficiency.

Green (1998) noted that the short circuit currentP¥ cells is not strongly
temperature dependent but tends to increase glighie to increased light
absorption. Green attributes the increased absorptithe temperature dependant

decrease in band gap in the semiconductor matersald in the cells.

Moreover, using a simple diode model Green showet the relationship
between the short circuit current) and open circuit voltagev{,) (Equation 1)
can be reduced to an expression for the changeen arcuit voltage with respect
to temperatureT) (Equation 2) wheréy is the diode saturation curretktjs the

Boltzmann constantq is the element charge andis a parameter used to
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accommodate other temperature dependencies. Thsthe leads to a decrease

in efficiency of approximately 0.5%Z for typical silicon based PV cells.

oo = oo -1) @
av, ot V(ij
o = — - 2)
dT T

In order to reduce the impact of temperature oncENé, a cooling system can be
implemented to remove heat. However rather thah lpsng this heat to the
environment, it is possible to capture and storBased on this premise, a number
of studies in the late 1970's, investigated the ofehe heat generated by
photovoltaics in what have become known as Photawdlhermal (PVT) solar
collectors. These studies were largely shelvedhdutie 1980’s but with growing
concern over energy sources, and their usage, P¥\s started receiving more

attention (Zondag, 2008).

1.3 PVT Solar Collectors

The attraction of PVT style collectors is due toeth main benefits: firstly, the
efficiency of PV cells under high radiation and aemb temperature levels can be
improved by actively cooling them using a solarrth& system, secondly, they

offer by their nature the opportunity to generatéhtelectrical and thermal energy
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and finally, by incorporating both systems intdragke unit, a larger portion of the

incident radiation on a unit area can be captured.

In their 2004 study Van Helden et al. noted thatd®Wectors absorb up to 80% of
the incident solar radiation but convert only a Bmartion of this to electrical

energy, the remainder being dissipated as thermedgg. They noted that the
temperatures reached by PV laminates can be mugtehithan the ambient
temperature (>30K) and that the efficiency of P\§ greater than the combined
sum of separate PV and thermal collectors. In lgfhhis, they suggest that PVT
systems could offer a cost effective solution fpplecations where roof area is

limited.

1.3.1 PVT Air Heating Collectors

Arguably, the simplest, and cheapest, configuratmna PVT collector is as an
air heating device. A cavity is formed behind a pahel (module) where air is

circulated; this cools the panel and heats thasaghown in Figure 1.

PV Module

———> Air

Insulatior

Figure 1: PVT Air Heater
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Tiwari and Sodha (2007) examined a PVT air heatewyn in Figure 2, in which
air was circulated along the rear surface of a Pddufe. They found that the
maximum thermal efficiency of this system was ie trder of 25%, however
they found that by adding an air gap and glazirygrabove the collector, the

thermal efficiency was almost doubled.

Figure 2: PVT Air Heater (adapted from Raman angafi, 2008)

Hegazy (2000) examined four types of PVT air hepsolar collectors using a
numerical model. Unlike the collector shown in Figd, the systems in the study
utilised a glass cover mounted above the PV motlule forming a second air
gap. This is commonly used on collectors for salater heating to reduce

convection heat losses from the top surface otttiector plate.

Hegazy found that a system where air was circulakedg the back surface of the

module between it and the insulation layer, as wsllalong the top surface
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between the module and the glass cover, gave the deenpromise between

electrical and thermal performance.

Tripanagnotopoulos et al. (2002) also demonstrteduse of a PVT air heating
system similar to those of Hegazy. In addition teeydied a system that utilised a
static reflector plate that directed solar radiatfoom an area of similar size to
their PVT, onto their collector, thus giving a centration ratio of approximately
1.3. They found that an unglazed PVT collector,ilsirmo that shown in Figure 1,
had a maximum thermal efficiency of 38%. They dizand that by glazing the
system, or adding a static reflector, this efficiencould be increased to
approximately 60%, and that by glazing and adding teflector 75% was
possible. Tripanagnotopoulos et al. noted howewbat although glazing
improved the thermal efficiency it tended to inGe®ptical losses, resulting in a

decreased electrical efficiency.

Although the previously discussed studies examioedling of flat-plate PV

modules, Tonui and Tripanagnotopoulos (2007, akgrehowed that a number of
simple low cost alterations could be made to PMUThaiaters to improve their
performance. They showed that by adding fins tordae of the PV module they
could improve the electrical and thermal efficierafytheir PVT systems. They
also found that, using a system like Hegazy’s (2009 adding a thin metal sheet
in the air passage behind the PV module the etetand thermal efficiency were

improved.
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1.3.2 PVT Water Heating Collectors

Another application that has been proposed for Bdllectors is as water heating
devices. In its simplest form a PVT could look veigilar to a “standard” solar
thermal collector with the PV module taking thegaleof the collector plate, as
shown in Figure 3. Florschuetz (1979) provided ppshthe earliest theoretical
analysis of a PVT solar collector through the ufe anodified version of the
Hottel-Whillier model, developed for predicting therformance of solar thermal

collectors.

An early study by Andrews (1981) showed that PVTlectors were, at the time,
marginally suitable for low temperature heating raiens such as pool heating.
However, Andrews suggested that PVT were not deitls medium temperature

operation due to the relatively low cost of eneagyhat time.

Cover

PV Module

@Water Tube

Insulation

Figure 3: PVT Water Heater

With increases in the cost of energy, and improvemeto photovoltaic
technology, interest has been renewed in the usB\oF for water heating.

Recently Bergene and Lovvik (1995) conducted argtexal examination of a flat
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plate solar collector with integrated solar cell$iey developed a series of
algorithms which they utilized in calculating bothe thermal and electrical
efficiency of a PVT system. They suggested thah systems might be useful as
pre-heaters for domestic hot water services. Gamgy Agarwal (1995) also
demonstrated the ability of a Zmlomestic solar water heater to generate a useful

amount of electricity when integrated with a sené®V cells.

Tripanagnostopoulos et al. (2002) conducted testhybrid PVT systems using
polycrystalline-Silicon (pc-Si) and amorphous-Silic(a-Si) PV cells. They found
that the cooling provided by the thermal integnat@ssisted in improving the
efficiency of the pc-Si PV cells by approximatel@% for a back insulated PV
module and 3% for a free standing PV module. They #und that water cooling
provided better cooling than air circulation. Figalthey suggested that the
performance of these systems could be further inmgarothrough the use of
diffuse reflectors or glazing. However, as they nfduwith their air heating
collectors, glazing the collectors would improveerthal performance to the

detriment of the electrical efficiency.

Despite the effects of glazing on electrical e#firmy, Kalogirou and
Tripanagnostopoulos (2007) showed that PVT was @uodarally viable in
industrial applications in a Mediterranean enviremtinand had positive life cycle
savings for medium temperature applications. Theygsested that PVT systems
based on amorphous silicon technology, althoughinigadower electrical

efficiencies, would have shorter payback times.
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He et al. (2006) studied a hybrid PVT system whiskd natural convection to
circulate the cooling water. They found that theypstem showed a combined
efficiency in the order of 50%, with the thermalfi@éncy contributing

approximately 40%. Although they found that thertha efficiency was less than
a conventional thermosyphon solar water heater ioégd that the energy saving

efficiency was greater.

Chow et al. (2006) also examined the hybrid PVTiaysof He et al. (2006),
shown in Figure 4, and developed a dynamic thermadel to describe its
performance. They suggested that this system doailsthproved by placing the
PV cells on the lower portion of their collectohdy noted that there was a larger
temperature gradient between the water enteringhér@nosyphon tubes and the
PV cells in this region and so the electrical ahdrmal efficiency could be

improved by placing the cells there.

Zondag et al. (2003) examined the performance é nariations of PVT water
heaters including glazed and unglazed systems. it that an unglazed sheet
and tube collector, as shown in Figure 5, had tveest thermal but highest
electrical efficiency. They also showed that thglmzed PVT collectors had a

maximum thermal efficiency of approximately 65%.
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Figure 4: Thermosyphon PVT water heater

(adapted from Chow et al., 2006)

Figure 5: Unglazed PVT water heater

(adapted from Zondag et al., 2004)
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1.3.3 Concentrating PVT Collectors

Another less common variation on the PVT collecsdhe concentrating PVT. As
the name suggests, this involves the concentratiaolar radiation onto a PVT

collector.

The static reflector system of Tripanagnostopouddsal. (2002), discussed
previously, is perhaps the simplest incarnatiora @oncentrating PVT collector.
A reflector plate of the same area as the collestas used to direct extra solar
radiation onto a PVT collector giving a concentratiratio of 1.3. However,

concentration of solar radiation can also be addewith compound parabolic
concentrators (CPC), Fresnel lenses and parabishesl A typical arrangement

of a CPC PVT collector is shown in Figure 6.

CPC

Figure 6: CPC PVT Collector

Garg and Adhikari (1999) demonstrated the use wérsé truncated CPCs in a
single PVT module. They theoretically demonstrateat their collector for air

heating, with a concentration ratio of 2.88, remililtn an electrical and thermal
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output approximately 2.5 times higher than a systeith no concentration.
However the maximum thermal efficiency of a colctvithout concentration

was actually higher, but so too was the heat loss.

A similar system was also demonstrated by Othmah ¢2005), where Garg and
Adhikari used a single pass to heat air, theysatlia double pass with a rear
finned surface in their system, as shown in Figuréhe aim of the finned surface
was to improve heat transfer on the rear face efRW module. They found,
experimentally and theoretically, that increasedssnfiowrates through their
system improved the thermal efficiency significgribut had little influence on

the electrical efficiency.

Gla Sti, cover Solar cell
-4"’/’;/ v
| L

CPC = = — ] =
‘l’,.-‘:;’l:lul

A

Alr in

Insulator Fin

Figure 7: Double pass air cooled CPC PVT collector

(adapted from Othman et al., 2005)

Rosell et al. (2005) demonstrated a linear Fresmdlector that had a
concentrating ratio of 11. They were able to obtamaximum thermal efficiency
of approximately 60% from their system with no &leal load. They identified

the fact that one of the main thermal resistancaleair PVT was that between the
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PV cell and the absorber plate to which it was leohdhus suggesting efficiency

could be improved by reducing this resistance.

Another variation on line focusing PVT collectossthe CHAPS (combined heat
and power system); currently in use at one of #dential colleges at the
Australian National University (ANU). This systendjscussed by Coventry
(2005), uses a parabolic trough reflector with a’Rvodule mounted at its focus,

as shown in Figure 8.

The system has a concentration ratio of 37 ancmaaximum reported combined
efficiency of 69%. Coventry noted that although fystem had a lower thermal
efficiency than those reported in other studies, libat losses from the CHAPS
system where much lower, due to its smaller heated. Coventry also noted that
imperfections in the concentrator shape resultegbm-uniform illumination thus

affecting the electrical performance.

Figure 8: CHAPS concentrating PVT

(adapted from Coventry, 2005)
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Kribus et al. (2006) discussed the design of a By3tem using a small-scale
parabolic dish concentrator, with a concentratiatior of approximately 500.

Unlike the systems discussed earlier, their systesign was able to provide very
high temperature heating (>450K). They suggest shah system could be used

in residential applications for driving absorpticooling systems.

1.3.4 Market Potential for PVT Solar Collectors

As can be seen from the preceding examination efrdsearch literature, a
significant amount of research has been conduct®dRVT collectors in recent
years. This research has also been complementechgt growth in both
photovoltaic and solar thermal markets. A surveythy International Energy
Agency Solar Heating and Cooling programme (IEA $R2006) found that, in
2004, there was approximately 141 milliofi af solar thermal collectors in its 41
member countries. It was also found that the sthlarmal collector market in
Australia and New Zealand was growing at a rate98b per annum. Furthermore
it showed that the use of solar thermal energy nségl@ficant reductions in the
use of energy from other sources. In addition, ttegket for photovoltaic solar
collectors has experienced high growth during #s tHecade as can be seen in
Figure 9. This has been made with the majority awgh in grid connected

systems (IEA PVPS, 2005).

PhD Thesis of Timothy Anderson



Thermal Aspects of BIPVT Solar Collectors 15

3000

2 5004

2

8

Installec PV Poweer (MW
8

g

1962 1003 1894 1095 1996 1907 1993 1893 2000 000 08 2003 2004

Figure 9: Cumulative installed PV capacity in IEXFPS member nations

(adapted from IEA PVPS, 2005)

By spanning both the PV and solar thermal markiétss possible that PVT

systems could draw from both these existing mark&iadag et al. (2005) noted

that based on European targets for the installatibrPV and solar thermal
collectors, the use of PVT systems could meet titeeePV quota while also

providing 30% of the solar thermal target.

More specifically, the EU-supported Coordinationtiée “PV Catapult” (2005)

suggested that the market for PVT collectors cteldlivided into several smaller

markets. Of these the largest is the domestic sestere there is a need for low

to medium temperature heating and power generabiohe short to medium
term they suggested PVT would find “niche markgbplecations such as pool

heating and hospitals.
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PV Catapult noted that for PVT collectors to becaneepted in the market there
are a number of issues to be addressed. Aside tinentechnical issues with
regard to stagnation temperatures, which can becone through the use of
silicone encapsulants, they highlight the needettuce the capital cost of these
systems, possibly through subsidies, and for bdttglding integration and
aesthetics. In particular they call for the deveiept of prefabricated PVT
building elements, as well as PVT modules thatrdiexibility in terms of both

colour and size.

1.3.5 Building Integrated Solar Collectors

A significant portion of studies into PVT systemsvh been aimed at producing
“standalone” collectors similar to those alreadgdufor water heating, rather than
producing truly building integrated solar collecorThe downside of this
approach is that aesthetics may be compromisedyem that was noted by PV

Catapult (2005).

Bazilian et al. (2001) noted that the integratidnRY systems into the built
environment can achieve “a cohesive design, coctgtruand energy solution”.
By capturing the “waste” heat from a building intsgd photovoltaic (BIPV)
system it is possible to create a building integgaPVT (BIPVT) that is
architecturally acceptable. In essence, BIPVT i tlse of PVT as building

elements such as roofing or fagcade
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To date the majority of studies on BIPVT style eotbrs have examined the use
of air cooling of PV panels similar to the PVT &ieaters discussed in Section
1.3.1. In this regard, studies such as those offépsand Sandberg (1998) and
Brinkworth (2006) have concentrated on using nattwavection to cool the rear
surface of vertically mounted BIPV panels. Thesalists have paralleled, and in
some respects led to, the development of dual éacaad ventilated wall

buildings.

The use of water cooled solar collectors as bugldilements has, until recently,
been largely ignored. Ji et al. (2006) and Choal.ef2007) both examined a PVT
system for integration into building walls in Hokgng. They showed that these
systems could make useful heat gains while alsogtd reduce thermal load on
the building. However, as can be seen in Figurdldkse systems were essentially
PVT panels integratednto a building rather thamto the building (i.e. individual
PVT collectors are used as the material for thd, wather than using the wall as

the material for a PVT collector).
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Figure 10: BIPVT solar collector (adapted from Chewval. 2007)

Similarly, Kang et al. (2006) discussed the perianoe of a roof integrated solar
collector which again consisted of a series ofidedone” collectors used as a

roof, as shown in Figure 11.

Figure 11: Roof integrated solar collector (adagtech Kang et al. 2006)
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Again, this system although integratewito the building is not integratadto the

building. In a study by Probst and Roecker (200% method of integrating solar
collectors was considered to be “acceptable” thitgcts. However they note that
in the future, building integrated solar collecttsbould be conceived as part of a
construction system”, thus strengthening the viexpressed by PV Catapult

(2005).

Although somewhat self-evident the comments of Breimd Roecker appear to
have been overlooked by the research community viteet al. (2003) however
examined an unglazed solar thermal system thaddoelltruly integrated into a
building as shown in Figure 12. In their systemythiilised a standard metal
roofing system as a solar collector for water meptiThey found that in a
swimming pool heating system, that they were ablachieve payback periods of
less than 2 years. This translated to a reducti@i®% in the time taken to pay for
a glazed solar collector system. Similar systenthabof Medved et al. have been
developed and discussed by Bartelsen et al. (1938pn and Merrigan (2001)

and Anderson et al. (2009) (Appendix B).
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Figure 12: Unglazed building integrated solar atthe (adapted from Medved et

al. 2003)

Similarly, Assoa et al. (2007) presented a condepta BIPVT water and air
heater in which a water tube was placed in thegtnoof a troughed-roof system
while PV cells were added to the ridges, as shawfigure 13. They theoretically
demonstrated that combined efficiencies in excés#0® could be achieved by

their system.
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Figure 13: Water and air heating building integigdotovoltaic/thermal

collector (adapted from Assoa et al. 2007)

However, despite the recent research and the regmoyrof the market for

building integration of solar collectors, the wodndertaken in the field is
relatively small in comparison to work on standreollectors. Although stand-
alone collectors can successfully be integratedo buildings it has been
suggested that this does not necessarily resulinimttractive finish. Recent
initiatives in the field of photovoltaic/thermal leectors have identified the need
for “plug and play” style collectors that can als® integrated with buildings (PV
Catapult, 2005). On this basis it can be said thate is a need for “attractive”
building integrated photovoltaic/thermal solar eotbrs to be developed that

satisfy most if not all the points that have bessed.
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1.4  Thesis Objective
Recently, Duke (2006) proposed a concept for a BIRWle collector based on
sheet metal roofing that displays a greater leve@htegration, and satisfies more

of the requirements identified in the literaturarthmany of the previous systems.

The aims of this thesis are to:
« develop the BIPVT collector proposed by Duke (2006)
» experimentally characterise the thermal efficieaog performance of the
collector
» identify ways in which the collector can be optiedgo result in improved
performance
* identify modifications that could be made to thdlesdor that would

reduce its cost without unduly affecting its penfi@ance.
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Chapter 2: Development and Testing of a Prototype BIPVT

Solar Collector

2.1 Introduction

The system developed in this study is unique iv@ber of ways. Unlike many
of the systems that have been proposed, this systeirectly integrated into the
roof of a building, in this case a standing seantroughed sheet metal roof.
Standing seam and troughed sheet roofs are typioaide from aluminium or
coated steel, although copper or stainless stegtldze used. They are rolled or
pressed into a shape that gives the roof prodiffitests and strength, and when
assembled are weather proof. This system utiliseshigh thermal conductivity
materials used in these roofing systems to formBi/T collector. During the
manufacturing process in addition to the normaugied shape, channels are

added to the trough for the thermal cooling medianravel through (Figure 14).

An absorber plate having pc-Si PV cells laminateds surface is bonded into the
trough. The channels formed in the trough are syms#ly enclosed by the cover;
thus forming a riser tube to which heat can besfiemed. The flow ways have an
inlet and outlet at opposite ends of the troughadidition the design allows a
glass or polymer glazing to be added to the callettt create an air gap between

the outer surface of the PV module and laminatiasarand the ambient air.
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Figure 14: Assembled BIPVT collector (top), explda@essembly (bottom)
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As the PV cells are exposed to sunlight they absarbation and generate
electricity, however, silicon PV cells tend to cenvonly a small fraction of the
radiation to electricity while the remainder resuit heating of the laminate. In
the BIPVT collector there is heat transfer from te#ls through the laminate to
the fluid passing underneath. The fluid is pumpleth@ the flow paths and out
through a manifold (header tube) and pipes andtded heat exchanger that
removes the heat from the fluid. The heating of flned cools the PV cells,

thereby increasing their efficiency under high temapure and radiation

conditions.

2.2  BIPVT Prototype Fabrication

Although the fabrication of finned copper tube stgbllectors is well understood,
the unconventional design of the BIPVT and som#hefdesired design goals, in
particular that it be made from pre-coated ste@sgnted a number of challenges.
This was mainly due to the fact that the materias \walvanised and dip coated in
black paint, so could not be easily welded withtulty removing both these

coatings.

Therefore, the roof profile was folded using a Cfdler, holes were drilled to
allow fluid into the underside of the coolant chahand nipples were silver
soldered to the rear surface to allow a manifoldbeécattached. The ends of the
coolant trough and the top absorber sheet weredgine sealed to the profiled

roof section using a high temperature silicone anigesealant. Once sealed and
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watertight, PV cells were laminated to the top abspsheet and encapsulated in

a poly-vinyl resin.

This encapsulation method is significantly diffarérom that used by previous
researchers, who have utilised standard EVA orasik encapsulated modules. It
should be noted that this method of encapsulationldvnot be suitable for a
commercial BIPVT due to the poor longevity of tlesin under high temperature
operation, but was considered adequate for resqarmgboses. The ends of the
roof profile were enclosed and a low-iron-glass esowas placed over the

collector to prevent convection losses.

Finally, the rear surface of the collector panelswasulated with 100mm of
mineral fibre insulation thereby forming a standeaollector with a roof profile,
as shown in Figure 15. The design parameters gbribtetype collector tested are

shown in Table 1.
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Figure 15: Proof-of-concept and test BIPVT collecto
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Table 1: Prototype experimental BIPVT physical eleseristics

Parameter Symbol Value Unit
Number of covers N lorO
Emittance of plate £, 0.95
Emittance of cover £, 0.88
Number of tubes n 2
Collector Length L 1.96 m
Collector Breadth b 0.5 m
Collector Area Acoliector 0.98 nf
Absorber thickness t 0.5 mm
PV thickness Lpv 0.4 mm
PV conductivity kpv 130 W/mK
(Krauter, 2006)
Tube Hydraulic dh 8 mm
Diameter
Tube Spacing W 0.23 m
Ratio of Tube width to d/wW 0.087
spacing
Heat transfer coefficient hpva 45 W/nfK
from cell to absorber
(de Vries, 1998)
Insulation Conductivity k 0.045 W/mK
Back Insulation Ly 0.1 m
Thickness
Edge Insulation Ledge 0.025 m
Thickness
Absorber Conductivity Kabs 50 W/mK
Packing Factor S 0.4
Mounting Angle B 37 Degrees

2.3 Experimental Setup

In order to test solar thermal collectors there aneumber of standardised test
methods that can be used, such as AS/NZS 25359dr89 1SO 9806-3. For this
study a steady state outdoor thermal test setup wszsl, similar to that

recommended in AS/NZS 2535.1-1999 and shown inrEig6.

PhD Thesis of Timothy Anderson



Thermal Aspects of BIPVT Solar Collectors 29

The reason for choosing an outdoor test systemni#ise fact that the results are
based on energy provided by an actual solar spacifbiough it is possible to test
collectors indoors under controlled “weather” cdimfis, the replication of the

solar spectrum and achieving a constant flux iseex¢ly difficult. Studies by

Adelhelm and Berger (2003), Tiedemann and Maytfd®97) and Garg et al.

(1985) regarding the use of indoor solar simulasti@wved either poor replication
of the solar spectrum or non-uniform illuminatigdhus supporting the use of an
outdoor system.
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sensor

BIPVT
collector

Temperature ¥

C , sepsor - Make-up
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Pyranometer = 700 L water
- pump

tanlk
S

Flow Heater Circulating _l Drain
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Figure 16: Steady state solar collector test system

In order to test the prototype collector, an unidgzenorth facing test location on
the University of Waikato library roof was chos@im quantify the performance
of the collector it was necessary to measure thbajlincident solar radiation to

which the collectors were exposed. The measurewfetite incoming radiation
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was made using a calibrated WMO First Class pyratermmounted inline with

the collector at an angle of 38 degrees, equdldddcal latitude.

T-type thermocouples, calibrated t©0.3K against a platinum resistance
thermometer, were used to measure the inlet antkttoi@mperatures to the
collector and the local ambient air temperaturecufy anemometer was used to
monitor the wind speed in the test area and wasitedwadjacent to the test stand
for the collector. The flow of water through thdleotor was set at a constant rate
and monitored throughout the testing periods by uady measuring the time
taken for a known mass to pass through the colle@toe uncertainty associated
with this technique and the data derived from ibiglined in greater detail in

Appendix A.

In addition to the measurement apparatus, an it@taaus electric water heater
with an inbuilt temperature controller was mountaa the inlet side of the
collector so as to provide a controllable inlet e@vaemperature. The outlet from
the collector was returned to a 700 litre watektamere it was well mixed to

ensure that large temperature spikes were not etex@a by the heater.

2.4 Experimental Performance of BIPVT Prototype

The testing of the prototype BIVT was conductedagtordance with AS/NZS
2535.1-1999. This standard specifies a test metbodetermine the thermal
efficiency of solar collectors. A prerequisite tacarately determining the

performance of the collector is to conduct a nundfexrutdoor tests under a range
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of ambient conditions. In this case both a glazed anglazed BIPVT collector
were tested, and benchmarked against test resoitsd commercially available
flat plate collector, and the published efficien&PF, 2007) of a commercially

available high performance glazed flat plate catiec

For each test the temperatures, global radiati@ghvand speed were data-logged
at 20 second intervals. The collector was givenleast 15 minutes at the
beginning of each test condition in which to reachquasi-steady state. In
analysing the data, only 5 minute periods in whith average global radiation
exceeded 800W/Mmand did not vary by more than 50Wimthe ambient
temperature did not vary by more than 1K and thet temperature did not vary
by more than 0.1K were taken to be steady-statelitiddally, any data points
that satisfied these criteria but were more thade&frees either side of solar noon
were also eliminated due to the possibility of utthg incident angle modifier

terms.

When analysing the collectors, the instantaneoukeator efficiency can be
determined directly from the experimental resudts,it is defined simply as the
ratio of heat transfer in the collector (Equatignt@® the product of the collector

area and the global solar irradiance, as showmuaton 4.

Q=mC,(T,, - T) 3)
__Q
”G ) AcollectorG" (4)
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However, further analysis of the raw data is neetedetermine the efficiency
equation of the BIPVT and solar collector. From taeperimental data, the
efficiency of a solar collector for all conditiomsn be represented by a linear

equation of the form shown in Equation 5.

’7:/70A_a1[ G j (5)

To determine the efficiency of the BIPVT collect@swumber of readings were
taken when the collector was operating under stestatg conditions. In Table 2
and Table 3 the data that was collected duringtektng and the instantaneous
heat gain and collector efficiency are shown f@& tftazed and unglazed BIPVT

collectors.
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Table 2: Glazed BIPVT test data

Outlet| Inlet | Global | Ambient| Mass | Instantaneous Heat

Temp | Temp| Radiation| Temp | Flowrate| Efficiency | Gain

°C °C Wi/nf °C kg/s W

28.2 | 25.5 999.8 28.2 0.05 0.59 582.8
28.3 | 25.7 1008.0 28.6 0.05 0.59 585.2
28.5 | 25.8 1018.8 30.1 0.05 0.60 60L1.0
28.5 | 25.8 1032.8 27.8 0.05 0.60 610.9
28.7 | 25.9 1037.2 28.1 0.05 0.59 600.4
29.1 | 26.3 1038.4 28.3 0.05 0.59 605.2
29.4 | 26.6 1042.6 27.4 0.05 0.61 628.5
54.7 | 52.6 995.3 29.8 0.05 0.46 446.2
54.6 | 52.7 952.3 29.9 0.05 0.47 436.7
54.3 | 52.3 931.6 30.1 0.05 0.49 446.2
55.0 | 53.0 971.3 29.5 0.05 0.46 441.8
54.1 | 52.2 1006.8 29.5 0.05 0.44 438.7
54,1 | 52.0| 1015.9 29.2 0.05 0.46 455.8
54.0 | 52.0| 1017.2 29.3 0.05 0.45 446.2
44.1 | 41.9 1022.0 29.0 0.05 0.49 491.7
44.4 | 42.1 1010.5 28.6 0.05 0.51 508.9
44.4 | 42.1 1008.8 29.5 0.05 0.52 500.7
446 | 42.3 994.7 30.4 0.05 0.52 5038.1
445 | 42.2 1000.1 30.1 0.05 0.51 496.3
445 | 42.3 997.9 29.3 0.05 0.51 497.4
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Table 3: Unglazed BIPVT test data

Outlet| Inlet | Global | Wind | Ambient| Mass | Instantaneous Heat
Temp | Temp| Radiation| Speed Temp | Flowrate| Efficiency | Gain

°C °C Wi/nf m/s °C kgl/s W
58.6 | 58.7 847.2 0.2 20.4 0.03 -0.03 -238.0
58.4 | 58.9 871.8 0.0 20.8 0.03 -0.09 -78.2
56.6 | 57.2 890.6 0.2 21.1 0.03 -0.09 -80.0
26.5 | 24.3 965.2 0.0 20.1 0.03 0.33 311.5
26.7 | 24.5 975.1 0.4 21.0 0.03 0.32 302.1
274 | 25.0 976.9 0.1 21.7 0.03 0.35 335.9
28.2 | 25.8 995.8 0.1 21.4 0.03 0.34 32/7.6
30.3 | 27.9 1009.1 0.0 20.9 0.03 0.33 330.1
37.0 | 35.3 1022.1 0.0 20.9 0.03 0.24 237.8
40.0 | 38.5 1021.6 0.1 21.1 0.03 0.21 206.1
40.5 | 38.9 1019.9 0.0 21.4 0.03 0.23 227.4
40.9 | 39.5 1020.0 0.1 21.0 0.03 0.20 199.1
41.2 | 39.7 1013.0 0.2 21.6 0.03 0.20 199.4
41.7 | 39.9 983.4 0.0 22.3 0.03 0.26 250.0
419 | 40.1 961.8 0.1 22.4 0.03 0.27 250.7
419 | 40.1 953.6 0.0 22.7 0.03 0.27 250.4
40.6 | 39.7 927.6 0.2 21.4 0.03 0.13 122.2
41.3 | 39.8 971.3 0.2 22.7 0.03 0.22 20/7.5
40.9 | 39.7 886.7 0.0 22.7 0.03 0.18 158.0
47.8 | 47.6 857.2 0.2 23.3 0.03 0.03 25.5
48.1 | 47.6 884.5 0.0 23.7 0.03 0.08 67.3
48.6 | 47.1 995.3 0.0 26.5 0.03 0.21 204.0
26.5 | 24.8 898.7 0.1 23.9 0.03 0.27 239.7
26.9 | 25.1 934.4 0.0 24.1 0.03 0.26 242.3
27.7 | 25.8 984.0 0.0 23.9 0.03 0.28 265.7
27.8 | 26.0 995.1 0.1 22.6 0.03 0.25 24(7.2
28.3 | 26.4 1009.7 0.0 24.1 0.03 0.26 258.5
29.1 | 27.0 1034.1 0.0 24.5 0.03 0.28 279.2
295 | 27.6 1087.7 0.0 23.7 0.03 0.24 258.5
30.9 | 28.6 1067.7 0.1 25.4 0.03 0.30 316.1
31.3 | 29.1 1061.8 0.0 25.9 0.03 0.29 303.1
31.2 | 29.1 1060.9 0.0 25.0 0.03 0.27 285.6
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From the experimental data, it was possible tovdethe performance of the
collectors using a linear least squares regresanatysis. The data shown in the
tables yields two equations that describe the dlazed unglazed collector

efficiencies, as shown in Equation 6 and 7 respelsti

T-T (6)

a

n=06-555

T-T, (7)

7= 036- 922

The significance of the efficiency equations canbed¢ter understood from an
inspection of Figure 17 and Figure 18. From thesgls it can be seen that as the
difference in temperature between the collectatiahd the ambient increases, at
constant radiation intensity, there is a decreasilector efficiency. Moreover,
the gradient of the curves is proportional to teatdoss from the collector. In this
case it can be seen that the unglazed collectonigasr heat loss and that there is
significantly more scatter of the unglazed datae $batter in the data is due to the
increased influence of wind induced heat loss oglared collectors (Anderson,

2004).
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Figure 18: Thermal efficiency of prototype ungla®Bi&VT collector
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In the efficiency graphs the point at which theveuintersects the y-axis is
commonly referred to as the optical efficiency (tbb it is actually a combination
of the optical absorptance and collector fin effigdy) and in this case the
unglazed collector is lower. This is the resultlué collector's low geometric fin
efficiency in combination with high radiative hdasses from the collector to the
sky (due to the high emissivity of the collectoddow sky temperature) and

convective heat losses by natural convection amd widuced forced convection.

When the performance of the prototype BIPVT coblestis compared with test

data of the commercially available glazed flat-plabllector, and the published
data for a high performance glazed flat plate ctdle it can be seen that there is
not a significant difference in the heat loss, lmps, of the efficiency curves

(Figure 19). However, there is a difference in dipgical efficiency of the panels.

In particular the high efficiency glazed flat plat@lector has an optical efficiency
of approximately 80%, whereas the BIPVT and tegladed flat plate was closer
to 65%. The reason for the low optical efficiendytlte tested glazed flat plate
was its use of a high-iron content glass covehak been shown, and is widely
recognised, that the use of high-iron glazing tetodseduce the transmission of

longer wavelength radiation (Dietz, 1954).

The glazed BIPVT used a low iron cover and so va®st comparable with the
tested flat plate collector; however, the opticalgerties of silicon mean the PV
cells tend to reflect a large portion of the sadaectrum (Green and Keevers,

1995). For this reason the BIPVT optical efficienisylower than the flat plate
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collectors. Furthermore, both the heat loss anctalpefficiency are highlighted
when considering the relative performance of thglaged BIPVT. For all cases,
there is significantly higher heat loss from theglazed collector as well as a

lower optical efficiency.
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Figure 19: Comparative efficiency of glazed fladtel and BIPVT collectors

2.5 Measurement of BIPVT Absorptance and Transmittance-

Absorptance Product

When comparing the efficiency of the BIPVT and egldzflat plate solar
collectors, it was noted that there was a diffeeeincthe optical efficiencies. If the
intention is to improve the performance of the BIRMt is logical that the
parameters that affect its performance should kentified. Previously it was

noted that the efficiency of a solar collector ebbé represented by Equation 8.
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)
T=1on =8| — (8)

However, from a theoretical perspective the efficie is represented by a
relationship between the collectors heat remowabfalF;), the collector heat loss
coefficient (J.), the inlet and ambient temperatures, solar rasfiagnd the

collector transmittance-absorptance produdf @s shown in Equation 9 (Duffie

and Beckman, 2006).

n=F (ra)-F.U L(Ti _Taj )
G"
Of these parameters, the transmittance-absorptaodeict is the only one that is
based solely on a physical property of the collecbaterials. The absorptance
provides a measurement of the optical propertieghef radiation absorbing
surface, in this case either the PV cells or thaclblsteel roof, while the
transmission component measures the portion ofatii@tion transmitted by any
glazing layer. Therefore in order to understand dp#cal characteristics of the
BIPVT it was decided to determine its absorptancepgrties over the solar

radiation spectrum.

When radiation strikes a surface it can be transnhitreflected or absorbed
depending on the properties of the material. The-adimensional sum of these

components is unity, as shown in Equation 10.
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rT+a+p=1 (10)

However of these three components only reflecti@eds to be physically

measured to determine the optical absorption ofctiilector. This is because a
solid steel collector is an opaque surface and iscaissumed that the BIPVT does
not transmit radiation (Duffie and Beckman, 2008,such Equation 10 reduces

to Equation 11.

a :1—p (11)

To determine the absorption of the BIPVT, the diffureflectance of a resin
encapsulated PV cell as used on the prototypeatofleand a sample of the black
coated steel were measured at 20 nm wavelengthvatgefor radiation in the
range 300 nm to 2500 nm. These measurements wei@med by Industrial
Research Limited (Wellington, NZ) using a spectapmeter and a °6
integrating sphere according to the Measurememdatas Laboratory of New

Zealand Technical Procedure MSLT.0.024.005.

From the measurements of the reflectance showmguré-20 it can be seen that
the black painted steel roofing material has reddyi constant reflectance
characteristics across the measured wavelengthbeoAir Mass 1.5 (AM1.5)
solar spectrum shown (NREL, 2008). The encapsulBtéccell however is far
more sensitive to wavelength; in particular it absoa significant portion of the

shorter wavelength radiation but reflects a larggipn of the wavelengths above
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1100 nm, this is due to the spectral charactesigiicthe silicon used in the PV

cell, the back reflector behind the silicon and #mti-reflective coating on the

cell.
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Figure 20: AM 1.5 spectrum and reflectance fromde\lfs and black coated steel

In the case of a black unglazed BIPVT it was pdesito determine the

absorptance of the panel by subtracting the reftecomponent from the unity
sum, as discussed previously. By integrating treogdtance of the PV cell and
the black coated steel samples over the testedlevaytd of the AM1.5 solar

spectrum, solving Equation 12 by the TrapezoidaleRthe absorptances are
found to be 0.88 and 0.95 respectively.

[“a1,d1

a (12)

P
[1,,d2
A
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However for a black glazed panel, the presencéd@fglass cover must also be
accounted for. Although glass is transparent, siodis a portion of the radiation
and therefore its transmittance is not 100%. D{&854) determined the spectral
transmittance of the low iron glass used as theimggaof the BIPVT, and this is
shown in Figure 21. Here it can be seen that thasmittance is relatively
constant (~90%) across the AM1.5 spectrum for wiiloh reflectance of the

absorbing material were tested.
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Figure 21: AM 1.5 spectrum and transmittance of imm glass

To determine the transmittance-absoptance productfglazed collector, the
measured spectral absorption characteristics aral dlass transmittance
characteristics of Dietz (1954) were substitutetd iIBquation 13 and integrated

over the AM1.5 spectrum. By doing this it was foutidt the transmittance
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absorptance product of the black steel surfacetlzmdV cell in a glazed BIPVT

collector were calculated to be 0.87 and 0.80 r&ispy.

A
I r,a,l,da
=h - "7

ra (13)

1,
[1,,d2

M

Similarly, it was recognised that both glazed amtdjlazed BIPVT collectors
could be made in colours other than black. In fiéoe,work of PV Catapult (2005)
and Weiss and Stadler (2001) suggested that thelapeuent of coloured

collectors presented an unrealised opportunity.

Therefore, in addition to testing the black coattkl and the PV cell, six colour-
coated steel samples (Titania, New Denim Blue, &soriRed, Lignite, Rivergum
and Lichen, shown in Figure 22) were tested usipgctsophotometry to
determine their absorptance characteristics. Inr€i@3 it can be seen that Titania
and Pioneer Red have the highest reflectance wigldte and New Denim Blue
have the lowest. Although somewhat self-eviderd, riason Pioneer Red has a
high reflectance is that in order to appear “radhust reflect wavelengths in the

red portion of the solar spectrum.
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Figure 22: Lignite, New Denim Blue, Titania, LichdRivergum, Pioneer Red

(from left to right)
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Figure 23: Reflectance of coloured steel samples

The absorptance characteristics of these samples imtegrated over the AM1.5
spectrum, as discussed previously. The absorptamté&ansmittance-absorptance
products for these samples in an unglazed or gl&BY¥T are given by the

values shown in Table 4 and Table 5 respectively.
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Table 4: Absorptance of coloured steel in an uregleBIPVT

Colour Absorptance
Lignite 0.89
New Denim Blue 0.89
Rivergum 0.78
Lichen 0.74
Pioneer Red 0.66
Titania 0.35

Table 5: Transmittance-absorptance product of cebbateel in a glazed BIPVT

Colour Transmittance-
absor ptance product
Lignite 0.82
New Denim Blue 0.81
Rivergum 0.72
Lichen 0.67
Pioneer Red 0.60
Titania 0.32

Having obtained the optical characteristics for mhaterials used in the BIPVT,
there was the opportunity to utilise these in oping the BIPVT in terms of not
only its thermal and electrical efficiency but algée aesthetics. Similarly, the
optical properties could be used in the desigrowfdost coloured solar collectors
for water heating (building integrated thermal) p&pdix B), or for the reflective

colours, in low cost photovoltaic concentrators.

Although an optimisation of the collector could &ehieved experimentally, this
would be a time intensive process. Hence, in Chaptetheoretical model of the

BIPVT is presented and used to optimise its peréorce.
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2.6 Experimental Summary

From the experimental testing, a novel method F&r ¢tonstruction of BIPVT
collectors was utilised in the development of agmge collector. Furthermore, it
was shown that the thermal efficiency of both thezed and unglazed BIPVT
collectors compared well with that of a commerdiat-plate solar water heater.
However the heat loss from, and the low stagnatomperature of, the unglazed
BIPVT collector would suggest that it is not wellited to higher temperature
heating operations but may be well suited to opmrads the heat source for heat

pump water heaters.

The spectral reflectance characteristics of theersd$ used in the BIPVT
absorber were measured and used to determine gSwp#&mnce. The results
showed that one of the shortcomings of PV cells wasr relatively high
reflectance of long wavelength radiation (>1000nHQ)wever, it was found that
the black steel used in the prototype had very lefiectance across the AM1.5
visible spectrum. Furthermore, the properties t#rahtive steel colours were also

determined to assess their suitability as absofbeBIPVT collectors.
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Chapter 3: Mathematical Modelling for Optimisation of BIPVT

Collector Efficiency

3.1 Introduction

In Chapter 2 the design and development of a peBIPVT collector were
examined. At the conclusion of this chapter it wasted that some of the
experimental data could be used in optimising teégpmance and aesthetics of
the BIPVT. This chapter describes the developména onathematical model
which was used to optimise the collector and t@wmheine the effect of potential

design parameters on the collector performance.

3.2 Modelling Methodology

In order to analyse the thermal and electrical ggetnce of the BIPVT a one
dimensional steady state thermal model was develop&vhich it was assumed
that the collector could be represented as a fite ghermal collector. For this
study a modified form of the Hottel-Whillier-Blissquations presented by Duffie

and Beckman (2006) was used.

Under these conditions the useful heat gain cazalmellated using Equation 14.

Q= AR [(TO’) v G-U (T T, )] (14)

In this equation the useful heat gai@)(was represented by a function of the

collector area A), the heat removal efficiency factoFd), the transmittance-
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absorptance product of the photovoltaic ceflgq(), the solar radiationQ), the
collector heat loss coefficient)() and the temperature difference between the

cooling medium inlet temperaturg) and the ambient temperatuiig)(

The heat removal efficiency factdfd) was calculated using Equation 15, which
also accounted for the mass flow rate in the ctaltegn) and the specific heat of

the collector cooling mediuncC).

_AUF
F=MGl oo (15)
AU,

In order to obtain the heat removal efficiency dadtowever, it was necessary to
calculate a value for the corrected fin efficier{€y). This was achieved by first

calculating the fin efficiencyH) using Equation 16.

W -d
tan)'(M j
F= (16)
M

( ij

This equation determines the efficiency of the didrarea between adjacent tubes

by taking into account the influence of the tubelpiW) and the tube widthdj of
the rectangular cross-section tubes or channelaerin the fabrication of the
BIPVT. As such all calculations related to flow time tubes were based on the

tubes’ hydraulic diametedy).
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The coefficient 1) is a term which accounts for the thermal condiitgti(bond
resistance) of the absorber and PV cell and wasesepted by Equation 17

(Vokas et al. 2006).

U, (17)
K.psLans T Koy Lpy

abs—abs

The corrected fin efficiency) was calculated using Equation 18.

1

e U, (18)

d e
u (d"'(VV d)F | Wh,, mhflwd

In Equation 18, the overall heat loss coefficiebf)(of the collector is the

summation of the collector’s edge (Equation 19),dad rear surface losses.

Kedgept

edge —
LednglIector

U] (19)

Wherep is the collector perimeter ands the absorber thickness. It was assumed
that the top loss coefficient, due to reflectiond &ind, could be calculated using
Klein’'s empirical equation (Equation 20) as givegnlhuffie and Beckman (2006)
and the rear loss coefficient could be given byithwerse of the insulations R-

value (ie.Ky/Lp).
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-1

U _ N + 1 + J(Tpm +Ta )(szm +Ta2)
top — e -
_ h . 2N+ f -1+0.133
¢ (Tm=Ta] ™| (¢ +00059Nh,)* + P
Tom | N-f £
(20)
Where:

¢ = (520~ 0.00005132) f = (1+0.08%, - 0.1166n,£,)(L+ 0.07866N)

e=04301-12) T =T, + QL Aoecr (g )
T FU,

pm
S is the collector mountingy is the Stefan-Boltzmann constahtjs the number
of covers or glazing layerssy the emittance of the cover or glazing, the

emittance of the plate ary, is the convection heat transfer coefficient duéhto

wind.

Furthermore hpya is a “quasi” heat transfer coefficient to accotott the bond
resistance between the PV cell and the absorberd@tpet al., 2002) ang,iq is
the forced convection heat transfer coefficientidaesthe cooling passage

determined from the Dittus-Boulter equation (Cen@eb8).

However, considering the case of an unglazed doliein which there is no
cover, Equation 20 can not be applied. Insteadas wecessary to calculate the
top loss coefficient by the individual contributeof radiation, natural and forced

convection.
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The heat loss due to radiation was expressed aadiation heat transfer
coefficient in terms of the sky temperaturés)( the mean collector plate

temperatureT,n) and the plate emissivityy) as shown in Equation 21.

where the sky temperature is represented by thefied@&winbank equation of

Fuentes (1987) as a function of the ambient tentperas shown in Equation 22.

T, =0.03753d."° + 03T, (22)

The losses due to natural and forced convectioe akso taken into account. The
forced convection heat transfer coefficiertt,)( was calculated using the
correlation of Watmuff et al. (1977) in terms ofndi velocity {), as shown in
Equation 23, while the natural convection ldsg) was represented by a function
of the temperature difference between the meareaoll temperaturelf,) and

the ambient temperaturé,j as shown in Equation 24 (Eicker, 2003).

h, = 2.8+ 30v (23)

hnat = 178(Tpm - Ta)l/3 (24)

Using this method it was possible to determine\arall convection heat transfer

coefficient fc) by combining both forced and natural convectieathransfer as

PhD Thesis of Timothy Anderson



Thermal Aspects of BIPVT Solar Collectors 52

shown in Equation 25 (Eicker, 2003). Subsequenylyaking the summation of
the convection and radiation losses, it was posgibldetermine the overall top

loss heat transfer coefficierttl) for the unglazed collector.

h,=3/h3+h3, (25)

From these equations it was then possible to caledhe useful heat gain by the
solar collector. Furthermore, by rearranging Edumatil4, an equation for
determining the thermal efficiency of the BIPVT wasveloped. This equation
was expressed in the form shown in Equation 26.

T-T

T hermal = FR(Ta) PV FRU L : G 2 (26)

Additionally, it was possible to analyse the thermparformance of the BIPVT
collector by the inclusion of a packing factor.dractical terms, it is not always
possible to have complete coverage of a panel plibtovoltaic cells. As such
Equation 14 was modified to account for this pagkifactor § and the
transmittance-absorptance product of the absorla¢erial (zar) on to which the

PV cells are laminated, as shown in Equation 27.

Q= S{AR[(72), G-U (T, - T,)} + (1- S{AR[(ra); G-U (T, - T} (27)

From these equations it was possible to calcuteeuseful heat gain by the solar

collector and the mean temperature of the BIPM}y)( Subsequently, the
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electrical efficiency was calculated based on tifteer@nce between the mean
temperature of the BIPVT and the Nominal Opera@aij Temperature (NOCT),
taken as 298K. For this study it was assumed tiatcell had an efficiency of
15% (typical of a crystalline silicon PV cell) alOCT, and that the temperature
dependent efficiency could be represented by Egqu&@8; where it was assumed

that a 0.5%/C decrease in electrical efficiency would occurd@r, 1998).

nelectrical = 015(1_ OOO‘LE(Tpm - NOCT)) (28)

Furthermore, an equation for determining the thérefiéciency of the BIPVT
was developed based on the average transmittascepddnce product of the
BIPVT accounting for the packing factor. This egomtwas then expressed in the

form shown in Equation 29.

T-T
G

”thermal = FR ((SX z-a,PV) + (1_ S) x TO’T) - FRU L (29)

3.3 Modelling Validation

To validate the model, the performance of the pym® BIPVT collectors in

Chapter 2 was compared with the experimental data the testing of the panel.
In Figure 24 and Figure 25 it can be seen thatmhthematical model, despite
being a one-dimensional steady state model, was t@blprovide an accurate
prediction of the heat gain by both an unglazed gladed BIPVT panel over an

extended testing period.
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Figure 24: Predicted and measured heat gain byiglazed BIPVT collector
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Figure 25: Predicted and measured heat gain bgzedIBIPVT collector

The validity of the model was also supported byuFeg26 and Figure 27 where it

can be seen that there is quite good correlatiawdsn the predicted thermal
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efficiencies for both the unglazed and glazed BIP¥Yhd that from the

experimental testing.

4 Unglazed Experiment
x Unglazed Theory

o
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o
[ep)
|

o
N
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Figure 26: Experimental and theoretical thermatefhcy of an unglazed BIPVT

collector
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Figure 27: Experimental and theoretical thermatedhcy of a glazed BIPVT

collector
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3.4 Modelling Results

Having established the methodology for calculatimg performance of a BIPVT
solar collector, some hypothetical design valuesevehosen, as shown in Table

6. By varying these values the sensitivity of tlesign to various parameters can

be examined.

Table 6: BIPVT physical characteristics

Parameter Symbol Value Unit
Number of covers N lorO
Ambient Temperature Ta 298 K
Emittance of plate £, 0.95
Emittance of cover £, 0.88
Number of tubes n 2
System flow rate m 2 l/min
Collector Length L 1.96 m
Wind Speed v 2 m/s
PV Trans/Abs TOpy 0.80 (glazed)
(Chapter 3) 0.88 (unglazed)
Thermal Trans/Abs ray 0.87 (glazed)
(Chapter 3) 0.95 (unglazed)
Absorber thickness t 0.5 mm
PV thickness Lpv 0.4 mm
PV conductivity Kpv 130 W/mK
(Krauter, 2006)
Tube Hydraulic dn 9.7 mm
Diameter
Tube Spacing w 0.1 m
Ratio of Tube width to d/wW 15
spacing
Heat transfer coefficient hpyva 45 W/nfK
from cell to absorber
(de Vries, 1998)
Insulation Conductivity Kk 0.045 W/mK
Edge Insulation Ledge 0.025 m
Thickness
Absorber Conductivity Kabs 50 W/mK
Heat Removal Fr ~0.85
Efficiency Factor
(typical)
Mounting Angle )4 37 degrees
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From the physical characteristics given in Tablié Wwas apparent that a number
of variables could be modified in order to imprahe thermal efficiency of the
BIPVT system. As such a sensitivity analysis wasdtmted to determine how
some of these variables would affect the thermfadiehcy of the system relative
to the ratio between the reduced temperatiyeT{) and the global radiation
incident on the collector surfac&’(). In this sensitivity study, only a single
design parameter was ever varied from the datangiv8able 6 at any one time.
This allows us to determine the parameters that tia® greatest influence on the
BIPVT performance, and to provide an insight inteaivgains could be made by

changing them.

Typically, forced convection heat transfer is coltéd by the Reynolds number
which is a function of flow rate; as such the floate of the coolant through the
BIPVT was varied to examine its effect on the tharefficiency. In Figure 28 it

can be seen that it has minimal effect on the themifficiency in this regard.

However, the increase in the Reynolds number méwisheat transfer from the
PV cells is improved and the mean plate temperasureduced. The reduction in
the mean temperature, and therefore the PV cailpdeature, means that the

electrical efficiency increases marginally.
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Figure 28: BIPVT thermal efficiency at varying floates

It may be possible to vary the material from whilsl collector is made. In Table
6 it was assumed that the collector was made fralch steel, however, by using
aluminium or copper it is possible to increasettiermal conductivity and hence
heat transfer within the panel. However, as shawhigure 29, the material from
which the collector is made does not significamtiyprove the thermal efficiency.

This may appear to be a surprising result, as ar salllector for water heating
would typically be constructed of copper to impravermal conduction and
maximise the fin efficiency, however according toe tmodel the collector

material appears to have negligible impact. As sitchuggests that lower cost
materials such as mild steel could be used in temstruction with negligible

reduction in thermal performance, despite its netdy low thermal conductivity.

One reason for the lack of sensitivity to changeshe materials conductivity

presented in Table 6 is the high geometric fincedficy. As shown in Equation 16
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the fin efficiency is a function of the rectangutabe width ¢l) used in the BIPVT
and the spacing between adjacent tub¥s For the results shown in Figure 29, it
was assumed that the width of the tube extendedstlthe entire width of the
trough between consecutive ridges and as such ithefficiency begins to

approach unity.
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Figure 29: BIPVT thermal efficiency for varying éattor materials

In Figure 30 it can be seen that by decreasingatie of tube width to spacing
(d/W) the thermal efficiency of the collector is demea for a constant hydraulic
diameter. Similarly it can be seen in Figure 31 tleving a large ratid/Wresults

in a significant improvement in the electrical eiincy. However it is clear that

this relationship is asymptotic as shown in Figd2e
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Figure 30: BIPVT thermal efficiency for varying tilwidth
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Figure 31: Electrical efficiency for varying tubedth
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Figure 32: Effect of fin ratio on maximum thermaldeelectrical efficiency

However, it should be noted that increasing thengedc fin efficiency by

increasing the channel width results in a higherdogg stress in the absorber
sheet to which the PV cells are laminated (Apper@)ixThis problem was noted
by Bakker et al. (2002) who utilised an 8mm thid¢&sg cover in their dual flow

PVT panel to overcome the pressure loading. Ratiear solely increasing the
thickness of material, an alternative solutiondsuse multiple channels so the
geometric fin efficiency is maintained but the umgorted area is smaller. This
has been successfully demonstrated by Huang @Qfl1) and Chow et al. (2006)
who both used multiple parallel rectangular rigdyets in their systems to achieve

a geometric fin efficiency equal to unity.

Another way in which heat transfer can be improiely increasing the thermal

conductivity between the PV cells and the absoptege. In Table 6 a value of 45
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W/m?K was used as a “quasi” heat transfer coefficiéptd between the PV
cells and the absorber plate, rather than the besidtance normally used in the
Hottel-Whillier-Bliss equations (the experimentagridation of this value was
reported and discussed by de Vries (1998) and Zpatial. (2002)). Furthermore,
de Vries noted that this experimental value was lowcomparison to the

theoretical value of 450W/K.

Based on the reported findings of de Vries (19@8yas assumed that thermal
resistance between the PV cells and the absorloéat be reduced through the use
of thermally conductive adhesives. In Figure 38ah be seen that by increasing
the value ofhpya to 135 W/MK, that the maximum thermal efficiency is

improved by approximately 5%.
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Figure 33: BIPVT thermal efficiency for varying R¥ absorber conductivities

Given that high thermal conductivity adhesives @enmonly used in attaching

electrical components to heatsinks to improve caplit was evident that using
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these to attach the PV cells in the BIPVT wouldoaisprove the electrical

efficiency. In Figure 34 it can be seen that byursdg the thermal resistance,

there is a marked increase in the electrical efficy. Therefore, it would be

beneficial to ensure that thermal conduction betwbese bodies is maximised.
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Figure 34: BIPVT electrical efficiency for varyirRV to absorber conductivities

In addition to improving the heat transfer betwésmabsorber and the PV cells, it

may be possible to improve the optical efficiendytioe BIPVT system by

reducing the reflectance of the PV cells. In Tahla value of 0.80 was specified

for the transmittance/absorptance product for thé dells, based on the

experimental measurements performed in ChapterofveMer, de Vries (1998)

derived a value of 0.74 from a theoretical optieaklysis of a photovoltaic

laminate. It was found that this compared well véithexperimentally determined

value of 0.7 for a PVT collector.
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Coventry (2004) found, using a spectrophotometégt tthe cells in his
concentrating PVT system had a transmittance/atemp product of 0.82. The
difference between Coventry and de Vries' valuesldtde explained by the
differing lamination methods, materials, and the thmd of practical

implementation that were analysed by these autlder¥ries analysed a “typical”
PV laminate using ethyl/vinyl acetate (EVA) encdpsan, whereas Coventry
used silicone encapsulation. In a report from thes$ Federal Office of Energy
(2000), it was found that both encapsulation arldtgee had an influence on the
absorptance of PV modules, with transmittance/adtance products between

0.73 and 0.9 being reported.

Moreover, Santbergen and van Zolingen (2006) sugdes number of
modifications that could be made to PV cells, sashreplacing the back contact
with a material with a greater absorptance of laaye radiation, in order to
increase the transmittance/absorptance produd®¥ar collectors. The effect of

varying this parameter is illustrated in Figure 35.
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Figure 35: BIPVT thermal efficiency for varying tremittance/absorptance

products

From Figure 35 it is clear that by increasing thans$mittance/absorptance
product, the thermal efficiency can be improvede Thason for this improved
performance is related to the spectral absorpti@nacteristics of PV cells. In the
spectrophotometry measurements in Chapter 2 itsivawn that the PV cells had
a high absorption of short wavelength radiationthie range from 400nm up to
approximately 1200nm. The solar spectrum howevaticoes to approximately
2500nm and these long wavelengths tend to be tefldcom PV cells, whereas

they are absorbed by solar thermal collectors.

The modifications suggested by Santbergen and wéingén (2006) were aimed
at increasing the absorption of these longer wangghes, while the use of a
silicone encapsulant by Coventry (2004) meantdhgteater portion of the longer

wavelengths were absorbed by the silicone. Onéefdrawbacks of increasing
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the absorption of longer wavelengths is that itdsemo result in the PV cell
temperature being increased. However, in Figureit3éan be seen that the

reduction in electrical efficiency is relatively nair.
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Figure 36: BIPVT electrical efficiency for varyirigansmittance/absorptance

products

As an alternative method for improving the therratilciency it is possible to
vary the area that is covered by PV cells. In T&#béevalue of 0.87 was specified
as the transmittance/absorptance product for tserbbr to which the PV cells
were mounted. This is based on the assumptioneofaliector being made of the
black colour coated steel used in the experimemtalysis. As the absorptance of
the black colour steel is higher than the unmodifieV cells with a
transmittance/absorptance product of 0.80 it isasgpt that by decreasing the

area covered by PV cells the thermal efficiencyeases. In Figure 37 it can be
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seen that increasing the area covered by PV aisces the thermal efficiency.
Obviously, however, increasing the area covereé®¥ycells also means that the
overall electrical output, per unit area, is inceh Given that there is a
significant mismatch between thermal and electrieHiiciency consideration

would need to be paid to ensuring that a reasoregromise is made between

the thermal and electrical loads that can be met.

The decrease in packing factor could be taken dondtural conclusion by
removing the PV cells entirely, thereby forming ailding integrated thermal
collector (BIT). Although not the central focustbfs thesis, such collectors were

examined and the modelling and experimental testihghem is discussed in

Appendix B.
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Figure 37: BIPVT thermal efficiency for varying Rifea coverage
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Decreasing the packing factor also allows the paggiof utilising an alternative
colour as the absorber medium, as suggested by\théatapult (2005) program.
Therefore, using the transmittance-absorptance ugtedfor glazed BIPVT
collectors derived in Chapter 2, the performanceaoBIPVT with 40% PV

coverage and varying absorber colours was examined.

From this analysis, it can be seen that the theeffadiency of the BIPVT is

reduced by using a non-black absorber, as showrigare 38. This is to be

expected, as it was shown experimentally that #feeatance of the alternate
colours was greater than that of the black steelpta However, the use of a
coloured absorber with higher reflectance also mdhat the absorber is at a
lower temperature. The by-product of a lower terapee absorber is improved
electrical efficiency, which is clearly illustratead Figure 39 where it can be seen
that the Titania collector, with the highest reftewe, also has the highest
electrical efficiency. This high reflectance suggdsthat this colour could be

suitable for use in a low cost photovoltaic concatiot.
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Figure 38: Thermal efficiency of coloured BIPVT leattors with 40% packing

factor
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Figure 39: Electrical efficiency of coloured BIP\¢bllectors with 40% packing

factor
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It was previously noted that the transmittance/giitance product of 0.80 could
be improved by altering the lamination method amel PV cells. Another simple
method is to remove the glazing (cover) from theTRAanel. The presence of
glazing means that not all the available radiatsotransmitted to the PV cells as
some is absorbed or reflected by the glazing. A& semoving the glazing should

improve the maximum electrical efficiency.

However, it should also be noted that in an unglagguation the thermal

efficiency of the collector is strongly related tbe external wind speed. In
essence, a glazed collector has a “pocket” of rappped between the absorber
plate and the glazing that reduces the heat losstaldorced convection by the
wind. As this layer of air is not present in an lazgd collector the convection

heat loss significantly affects the performancéhefcollector.

The influence of glazing is clearly illustrated kigure 40 where it can be seen
that the maximum thermal efficiency is lower théwattof the glazed collector,
and reduces significantly at increasing wind spe&ds reduction in efficiency is
principally due to the heat loss to the environmi@ntadiation and convection.
Conversely however, the increased heat loss meahshie electrical efficiency is
greater than that observed previously, and inceeastd increasing wind speed as

shown in Figure 41.
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Figure 40: Unglazed BIPVT thermal efficiency
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Figure 41: Unglazed BIPVT electrical efficiency

It should be noted that the reduced thermal efiicyedue to an increased heat loss
coefficient is not necessarily an entirely negageent. If the system were to be

coupled with a heat pump system, the lower inletperatures, typically below
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ambient (Anderson and Morrison, 2007), would mée the heat loss coefficient
of the unglazed BIPVT would be advantageous. Téidue to the thermal and
electrical efficiencies of the BIPVT collector ieasing when the inlet

temperatureTj) is lower than the ambient temperatufg) (

The analysis that has been presented has trea&eBIffVT collector as a typical
solar collector, however, it should be noted thaisialso a roofing or facade
element. In New Zealand it is common for buildingsuse insulation at the
ceiling level rather than at the rear of the roodl @0 it was decided to examine
the effect of varying the insulation thicknesstad tear of the panel. In Figure 42
it can be seen that by treating the BIPVT as ant@one” solar collector,
reducing the thickness of insulation reduces tleentlal efficiency. However, it
can also be seen that the 100mm of insulation speédnh Table 1 is equivalent to

having 100mm of static air trapped behind the ctdie
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Figure 42: BIPVT thermal efficiency for varying ke of insulation
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Given that air could provide the same level of lagan as an insulating material
there is scope for reducing the cost of materialghe construction of BIPVT by
doing this. At the most basic level it may be pbkesio rely on the low natural
convection heat transfer coefficients in attic gsaor wall cavities to provide a
degree of insulation. The possibility of using th#ic space behind a roof

integrated collector is examined in Chapters 4&and

3.5 Modelling Summary

From the results and validation presented, it wasve that there are a number of
parameters that can be varied in the design ofRVBIcollector. The fact that
collector material made little difference to theerttmal efficiency of the BIPVT
suggests that lower cost materials, such as coatieldsteel, could be utilised for
these systems. The disadvantage of using stedlaisthe electrical efficiency

would be decreased marginally.

To a certain extent this disadvantage can be owerdwy maximising the ratio of
the cooling tube width to the tube spacing so theefficiency approaches unity.
This parameter was shown to improve both the thieama electrical efficiency.

Similarly, it was highlighted that good thermal tact between the PV cells and
the absorber needs to be made; this could be athigsing thermally conductive
adhesives. This would improve both the electrical thermal efficiencies of the

system.
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Additionally, any modifications that can be madeingprove the absorption of
long-wave radiation should be considered. It waewsh that increasing the
transmittance/absorptance product of the photoeoltalls and/or the absorber
results in a significant increase in thermal eéfigy, without greatly reducing the
electrical efficiency. It was also noted that ttse wf unglazed BIPVT systems in

conjunction with heat pumps could present intengspiossibilities.

Finally, there appears to be significant potential utilise the low natural

convection heat transfer coefficients in the atithe rear of the BIPVT to act as
an insulating layer rather than using traditionafigulation materials. The use of
this air layer may allow the material costs in s@ckBystem to be significantly

reduced and so is explored in the following chagpter
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Chapter 4: Numerical Modelling of Convection in an Attic

Shaped Enclosure

4.1 Introduction

In Chapters 2 and 3, a concept was presented tiegrating photovoltaic/thermal
solar water heaters into sheet metal roofing ftwugéding. At the conclusion of
Chapter 3 it was suggested that the triangulasg@ace in an attic could serve as
the “insulation” for the rear surface of this sotailector thereby reducing the
need for insulating materials. The problem of he&ainsfer due to natural
convection in unventilated triangular enclosuresgisite common and has
application to buildings, solar collectors and giesuses (Boussaid et al., 2003).
However, compared to rectangular, square and aytiadenclosures, the problem
of natural convection heat transfer in triangular adtic-style enclosures has

received relatively little attention.

Although not as common as studies on other geoesetwork on triangular
enclosures has not been entirely ignored. Flagh €979) performed one of the
earliest studies on a triangular enclosure usingxgerimental apparatus in which
the base of an isosceles triangle was insulatetifreated as adiabatic, while the
two inclined walls were isothermally heated andledoFlack et al. found that for
apex angles between 60 and 120 degrees, and Grasmifers in the range 2.9
x10° to 9.0 x 16, the results were similar to those of inclinedtaegular
enclosures and isothermal plates. Flack et al. kieneoted that the apex region

exhibited a complex thermal-fluid interaction nobserved in rectangular
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enclosures. A further study by Flack and Witt (190® the same enclosure
showed that the velocity within the enclosure waslitgtively similar to that
occurring on an inclined flat plate, and that thevfwas in the “boundary layer
regime”. In a similar study by Karyakin et al. (B8it was shown,
computationally, that the greatest heat transfeuwed in the apex of an isosceles

triangular enclosure.

Akinsete and Coleman (1982) performed a study bas& cooled right triangular
enclosure in which the inclined wall was heated tedvertical wall was assumed
to be adiabatic. They also observed an increasean transfer near the apex of
the heated and cooled walls. In their study Akiesetd Coleman observed a
single convection cell in their simulations, as &dulikakos and Bejan (1983a).
However Poulikakos and Bejan (1983b) found thah &énard-type instability

existed at higher Rayleigh numbers resulting in ghesence of a lateral multi-
cellular structure, in their right triangular enslwe. Furthermore, they found that
this structure was related to the vertical aspatb rof the cavity and that at
increasing ratios it was not apparent. Similar olee@ns of this multi-cellular

structure were observed by Asan and Namli (200022@1) and by Aramayo et

al. (2002 a and b) with these authors also notieg¢lationship to aspect ratio.

Holtzman et al. (2000) however, demonstrated coatmutally and
experimentally that the multi-cellular structure svasymmetric in an isosceles
triangular enclosure. They suggested that the usesymmetry boundary

conditions would not accurately predict the flowoab a critical Grashof number
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dependent on the cavity’s geometry. This findings \sapported by Ridouane et

al. (2006) and studied in greater detail by Rideuand Campo (2007).

Based on the observations made in the previousestud was apparent that the
apex between the heated and cooled sides of gute@menclosure or attic was a
point of relatively significant heat transfer. Malled and Acharya (2001)
attempted to prevent this by including a seriesftdet baffles from the floor and
inclined sides in a trapezoidal enclosure. Theystbthat the use of these baffles
resulted in a decrease in heat transfer. Simil&iglouane and Campo (2007)
showed that by attaching baffles to the inclinedlsvaf an isosceles triangular
attic they could also reduce heat transfer. Givese findings, it suggested that
the effectiveness of air as an insulator in the \BIPsolar collector, as

recommended in Chapter 3, could be improved bysieeof baffles in the attic.

4.2  Problem Formulation, Boundary Conditions and Meshing

To determine the influence of natural convectioatthigansfer in a triangular attic
shaped enclosure a model was formulated in Cosrnw&/diks, a commercial

CFD solver based on the finite volume method (Casr8606). In order to reduce
computational complexity it was assumed that theses normally present in an
attic could be ignored, and that a simple triangefaclosure would provide an
adequate prediction of the flow behaviour occurmvithin an attic. Additionally

it was assumed that the flow could be treated eadst state, to allow easy

comparison with Flack et al.” (1979) steady staggegimental results.
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As an initial point for investigating the naturabrvection heat transfer a scale
model of an attic was modelled, using the dimersioh Flack et al.” (1979)

experimental enclosure. As such a 3-dimensionat tigangular enclosure with a
vertical aspect ratio of 0.5 and a longitudinaleatpatio of 3.3 was examined, as

shown in Figure 43.

254 mm

76.2 mm

A
N

152.4 mm

Figure 43: Computational domain

For this study, it was assumed that one of theriadlwalls was held at a constant
temperature T,) while the base and other inclined wall were hatda lower
constant temperatur@d). It was also assumed that the end walls werebatia
and that heat transfer due to radiation betweesuhfaces was negligible. This is
a simplified representation of what would occurairdwelling where one of the
inclined faces of the roof is oriented for maximwolar gain and where low

emmissivity coatings are used to reduce interrdibten heat transfer.
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The cold walls Tc) were assumed to be at@for all cases, while the hot wall
temperature was varied to achieA€ values in the range of 20 to 80K. These
conditions correspond to Grashof Numbers in theyeanf 16 to 10 and were
similar to those values used in the experimentstistperformed by Flack et al.
(1979). In addition, a mesh sensitivity analysissvperformed to determine the
ideal number of mesh elements to provide the ssiost@ution time of sufficient
accuracy. For this analysis, meshes consistingOgd0®, 120,000 and 360,000

cells were examined.

In order to model the influence of baffles in aticaspace it was decided to use a
different approach to that used by Moukalled anthakga (2001) and Ridouane
and Campo (2007). Where Moukalled and Acharya usedtiple vertically
oriented baffles attached to the inclined wall drade of their enclosure, and
Ridouane and Campo used a single baffle mountgaepdrcularly inward from
the mid point of the inclined wall, this study exaed the use of a single baffle
protruding vertically down from the apex of the lescre, the three

configurations are shown in Figure 44.

Figure 44: Baffles used by a) Moukalled and AchargaRidouane and Campo

and c) this study
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Through the use of a passive baffle system, tleniitn was to create a “hot side”
in the roof enclosure where heated air passinggatoa inclined heated side could
not easily reach the “cold side” of the roof, todmoled. It was assumed that the
baffle could be treated as a thin adiabatic firt éhdended downwards between 25
and 75% of the enclosure height. This was done&mn@e how the proportions
of such a baffling system influenced both the hestsfer and the flow within the

enclosure.

4.3  Numerical Modelling
Cosmos Floworks is intended to be a general fwoleme based CFD tool to aid
designers in the development of fluid systems.sksuthe Reynolds averaged

Navier-Stokes equations in the prediction of tueintiflows (Cosmos, 2006).

In its treatment of turbulence, Floworks employansport equations for the
turbulent kinetic energy and turbulence dissipatete using the k-model. In the
turbulence model the standard values for the catssia the transport equations
are used, those beig, = 0.09,Cy4 = 1.44,C» = 1.92,0,= 1.3 andok = 1
(Versteeg and Malalasekera, 1995). These conssaatfixed in Floworks and
are unable to be changed. Although the standargesaif the constants were also
utilised by Ridouane et. al (2006) in their studfy matural convection in a
triangular enclosure, they modified the ter@g, C,, andC, to act as dow
Reynolds number turbulence model. They achieved by multiplying the

constants with the wall damping functions. Howev@osmos (2006) showed an
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accurate prediction of natural convection in a sguenclosure, when compared

with de Vahl Davis’ (1983) benchmark numerical $ioin.

It should also be noted that Floworks utilises Haene transport equations in
solving laminar flows and also allows transition@nh laminar to turbulent flow to
be modelled. However, for purely laminar flows thebulent eddy viscosity and

turbulent kinetic energy are given a zero value.

In its treatment of turbulence, Floworks uses aitamiturbulent boundary layer
model to describe the near wall flow. This modeb@sed on the Modified Wall
Function approach where a Van Driest's profile tdised in favour of a

logarithmic profile. This treatment allows both laar and turbulent flow in the
wall region to be characterised while also allowtransitions between laminar
and turbulent flow to be described. Cosmos (20Q@@)gest that this provides
accurate velocity and temperature boundary comditicn the conservation

equations.

Because the study was examining natural convedtivas critical to account for
the buoyancy effects due to the temperature differe that drive the heat
transfer. One approach to model changes in denisitythe Boussinesq
approximation whereby density changes are treatadgying linearly over small
temperature differences however for gas flows adistl here, Floworks uses the

equation of state for ideal gases to determine émsity.
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Arguably, one of the most important points in ariyCstudy is the meshing and
discretisation scheme. As a finite volume solvelowerks uses a Cartesian
coordinate system to spatially distribute a rectdargcomputational mesh. The
solver utilises a cell-centred approach to obtgranconservative approximation
of the governing equations. By integrating theserdhe cell control volume it

then approximates the cell-centred value of théchasiables.

The second-order upwind approximations for the dinare treated using the
QUICK scheme and a Total Variation Diminishing (T)/Mhethod (Cosmos,
2006). This is done to reduce over- and under-sigaind produce an oscillation
free solution (Versteeg and Malalasekera, 1995nalki, a SIMPLE-like

approach and an operator-splitting (PISO) techni@pgeused in the treatment of
time-implicit approximations made in the continuighd convection/diffusion

equations. It has been claimed that this resolveklgms with pressure-velocity

decoupling (Cosmos, 2006).

4.4 Computational Results and Discussion

Before examining the problem of natural convectionthe enclosure in great
detail it was necessary to perform a mesh sensitanialysis. In Figure 45, it can
be seen that by varying the number of cells in riesh between 60,000 and
360,000, that there was not a large variation enstblution. It was decided that the
use of a mesh with 120,000 cells provided suffityeaccurate results for this

study.
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While performing the simulations, the opportunitgsmaken to examine how the
predicted heat transfer coefficient for the modeipared with those of a real
attic. Anderson and Ward (1981) measured the haasgfer coefficient in the tiled

“cold roof” attic (with a mean temperature of°Q0) of a terrace house for six
weeks and found it to be approximately 3.5\8mAs can be seen in Figure 45,
the heat transfer coefficient predicted by the Cétver was within the error

range of Anderson and Ward'’s study. This suggésisthe behaviour in the small

scale enclosure modelled was similar to that oaogiin a large attic space.
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Figure 45: Mesh sensitivity and ability to repredesat transfer in a real attic

space

Having reached a mesh independent solution thabivsisnilar magnitude to that
from a real attic, the flow in the enclosure waaraxed. In Figure 46 it can be
seen from the temperature contours that a therfoate appears to form along

the heated (left) wall of the enclosure. As thenptumoves higher in the cavity it
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begins to thicken, however at the apex there isseodtinuity where the heated

and cooled wall meet. This discontinuity resultaisharp temperature gradient as

was observed in the experimental work of FlacK.€t1879).
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Figure 46: Temperature contours and velocity vacabiateral centreline of

enclosure for a temperature difference of 20K
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By increasing the temperature difference from 20K40K it can be seen, in
Figure 47 that the thermal plume becomes much laaigd there is significant
separation from the heated wall. With this tempertncrease there is also a
large scale separation that results in a greateuatrof mixing in the flow, which

thereby reduces the degree of stratification inctnaty.
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Figure 47: Temperature contours and velocity vacabiateral centreline of

enclosure for a temperature difference of 40K

PhD Thesis of Timothy Anderson



Thermal Aspects of BIPVT Solar Collectors 86

With an 80K temperature differential the plume bees the dominant feature of
the cavity, as shown in Figure 48. The obvious o@ue of such a large and
widespread thermal plume is that a greater amo@inh® heated air passes
adjacent to the cold wall. The large amounts ofttbated air coming into contact

with the cold side of the enclosure cause an iseré@athe heat loss.

Figure 48: Temperature contours and velocity vacabiateral centreline of

enclosure for a temperature difference of 80K
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The increase in the heat loss is characterisednby@aease in the value of the
Nusselt number in the enclosure. Ridouane and C4R(b) suggested that for
air in a triangular enclosure this could be repnésg by Equation 30, whereis

the vertical aspect ratio.

Nu = 0.286A 288G V4 (30)

This correlation provided a good approximation loé tcavity Nusselt number
calculated by the simulations. As can be seen guarki 49, it may be possible to
achieve a similar degree of accuracy using a sinpoleer-law fit, given by

Equation 31. However, this power-law fit does nohgider the influence of the

aspect ratio.

04393 (31)
Nu=0.0124Gr
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ol0 =
E /\lu = 0.0124G0%3%
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Figure 49: Nusselt number v Grashof number inangular enclosure
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From observation of the temperature profiles in ttiengular enclosure, and the
increase in heat transfer at increased Grashof atsnib was apparent that the use
of baffles to direct or divert air could reduce tNasselt number. In this study

three baffle lengths were modelled, 25%, 50% ar¥d @bthe vertical height.

The principal perceived benefit of placing baffieshe enclosure was to limit the
progression of the thermal plume towards the coddl. vBy achieving this there

would be a reduction in the induced natural corieadiow and subsequently the
rate of heat transfer. In Figure 50 it can be gbath with a temperature difference
of 20K, the shortest of the baffles appears toeahthis to a certain extent. From
this it can be seen that the highest temperatuigopmf plume is trapped against

the baffle and lower temperature air is drawn taitthe cold wall.

Similarly in Figure 51 and Figure 52 it is showratthhe addition of the baffle
traps a pocket of hot air against the baffle. Wtienbaffle extends down 50% of
the height, there is a much larger portion of epped in this region. However
Figure 52 most clearly illustrates the benefit abimg the baffle in place. In this
figure it can be clearly seen that a stratifiedjhhiemperature layer develops and
is trapped against the hot wall with only a relelyvlow temperature plume

moving towards the cold wall.
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Figure 50: Temperature contours and velocity vector a baffle of 25% of

enclosure height
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Figure 51: Temperature contours and velocity vector a baffle of 50% of

enclosure height
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Figure 52: Temperature contours and velocity vector a baffle of 75% of

enclosure height

By trapping the high temperature plume, and reastgcits movement, there is a
marked decrease in the movement of heat from théchthe cold wall. This is

due to the buoyant nature of the high temperaturewhich tends to resist
downward motion. The benefit of the baffle is ithaged quantitatively in Figure

53. Here it can be seen that a greater than 50%4ctied in the heat transfer
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coefficient could potentially be achieved by usimgimple vertically mounted
baffle arrangement. As such, the use of bafflingldopresent a simple and

effective alternative to insulation on buildingegtated solar collectors.

25 ~_

Heat transfer coefficient
(W/m?K)
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(6]

0 T T T
0 0.2 0.4 0.6 0.8

Baffle Length (% of height)

Figure 53: Heat transfer coefficient v baffle ldmgt

While analysing the flow in the enclosure, it wdsserved that the temperature
distribution along the centreline longitudinal axigs highly non-uniform, as

shown in Figure 54. In this figure it can be selat & series of convection cells
are present along this longitudinal axis. Althougie could suggest that the
presence of these cells is not entirely unexpe(ttatk, 1980 observed them for
base heated flow in a triangular enclosure) thexeh@ot been discussed in the
literature. This is principally due to the fact tladmost all the studies have treated

enclosures as two-dimensional spaces.
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Figure 54: Convection cells along the longitudiasils of the enclosure
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Given the lack of discussion on the presence ofeheells it was decided to

examine whether the behaviour of these cells wkgeimced by the presence of

baffles. This was achieved by placing a singlerddig positioned baffle at the

mid-length of the enclosure extending downward<5@ of the height, as shown

in Figure 55. The presence of this baffle was fotmahcrease the heat loss from

the enclosure, giving a higher heat transfer coefiit as illustrated in Figure 56.
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Figure 55: Laterally mounted baffle in triangulaicksure
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Figure 56: Effect of lateral baffle on heat tramsfe

Though the reasons for this increased heat traaséenot immediately apparent,
it was observed that the centre cell in Figure 34 @plit by the baffle, as shown
in Figure 57. The splitting of this cell gave risea larger number of smaller cells,
and, it is probable that the larger number of cedulted in the increase in heat
transfer as a result of increased “end effects’@nhany longitudinal flow meets
an impermeable wall. This would suggest that byiragithe baffle the enclosure
is forced to act as two separate enclosures witly weeak flow and thermal

coupling. It is suggested that the influence ofc¢heity’s longitudinal aspect ratio
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is an area that requires further investigation; éwav it is beyond the scope of this

work.
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Figure 57: Convection cells in laterally bafflecclsure

Conclusions from Numerical Modelling

4.5

The use of air as an insulating medium for buildintggrated solar collectors

presents an interesting possibility. To date, mahthe studies examining these

types of collectors have treated them in the sarmener as standalone collectors,

with little or no coupling between them and theldinig. However, this study has

shown that the heat transfer coefficient in arcatyle enclosure is relatively low.

By taking advantage of this there is the opporiutdtremove the need to insulate

the rear surface of building integrated solar adties in “cold roof” buildings.
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Where previous studies have examined the use dipteubaffles in triangular
and attic style enclosures to reduce natural cdmorecthis study demonstrated
that the use of a single longitudinal baffle modnte®wnwards from the apex of
the enclosure could be an effective solution inpsepsing convective heat losses.
It was shown that the natural convection heat feansoefficient could
theoretically be reduced simply by increasing thapprtions of the baffle relative
to the enclosure, possibly resulting in a therrealstance similar to that provided
by 50mm of mineral wool insulation. In essence tneated a hot and cold side in

the enclosure, and in doing so effectively redubedheat loss.

It was also observed that convection cells wersemealong the length of the
cavity. By adding a lateral baffle, it was foundithhe heat transfer coefficient
was actually increased. This, it was suggested, lmeahe result of increased end
effects and the disturbance of the cells. The pesef these cells has not been
discussed in the literature and so represents ea @it study requiring further
work. It is possible that these cells are relatethe cavity’s longitudinal aspect
ratio and therefore, it is suggested that thisnis@ea that should be examined in
the future. Finally, there is the possibility thhy using both the single
longitudinal baffle and a series of laterally mathbaffles that the heat transfer
could be further reduced. However this is an arkat trequires further

investigation.
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Chapter 5: Experimental Analysis of Convection in an Attic

Shaped Enclosure

51 Introduction

In Chapter 4 it was noted that there have beemge laumber of computational
studies that have examined natural convectioniamgular enclosures. However,
there is a distinct lack of generalised correlaion predict the heat transfer in
these spaces (Cengel 1998, Holman 1997, IncropedaDeeWitt 2002). Al-

Shariah and Ecevit (1992) were perhaps the firgbrésent a truly generalised
equation for heat transfer in a triangular enclesur their study they examined a
right triangular enclosure with one heated and @y@ed side and found that the
heat transfer could be expressed as a functionhef Rayleigh number, the

enclosure aspect ratio and the inclination of #natg to the horizontal.

However for isosceles triangular enclosures, perhdpe most notable
experimental work is that of Flack et al. (19793 &tack (1980). In these studies
one side of an air filled isosceles triangular eaate was heated, while the other
was cooled and the base was treated as being tdidlieey performed a number
of experiments for varying aspect ratios and alsas@of Numbers in the range
2.9 x 16 to 9 x 16. Using their data they subsequently developedri@ssef

correlations for predicting heat transfer in suohlesures.
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Recently however, Ridouane and Campo (2005) re-memmthe data from
Flack's work and presented the results as a simgleeralised correlation
expressed in terms of the enclosure Grashof nuankaspect ratio. The greatest
shortcoming of this correlation however, is thatwids based on data from a
relatively narrow range of Grashof numbers. Fogeaattic spaces in a tropical or
warm climate such as those of Australia or New &e@l the Grashof numbers
could exceed those covered by the correlation db&ane and Campo (2005) by
several orders of magnitude, with values of upnit possibly exceeding 1 For
example, consider a “typical” pitched roof with eidght (i.e. the characteristic
length) at the ridgeline of 1.7m experiencing apgenature difference between the
hot and cold sides of 10K and a mean temperatsiddrthe attic space of 298K.
Under these conditions the Grashof number is apmtely 7 x 18, which is far

in excess of the existing correlations range.

In light of the lack of experimental data relatitmghigher Rayleigh and Grashof
number flows, it was decided to experimentally exemthe issue of natural
convection of air in an isosceles triangular enalesand develop a correlation

that is valid over a wider range of Grashof nuntmerditions.

5.2 Experimental Method

To determine the heat transfer by natural convadtiovas necessary to build an
appropriate experimental apparatus. For this sttldy, aim was to develop a
generalised correlation suitable for use under drighrashof number conditions

that could be experienced in an attic. As suchdtee of the enclosure was
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increased from 152.4mm x 76.2mm x 254mm in thek#agrevious studies (and
the CFD study in Chapter 4) to an enclosure 707.2m85%3.6mm x 1500mm,
Figure 58, as a means of changing the charactetestigth and therefore the

Grashof number.

1500 mm

353.6 mm

A
A

707.1 mm

Figure 58: Dimensions of experimental enclosure

In order to create a temperature gradient withie #nclosure, a flexible
aluminium foil resistance heater (750W nominal) wasached to a 2mm
aluminium plate and used as one of the incline@ssidf the enclosure. The
aluminium plate, having a high thermal conductivityas used to minimise
temperature variation on the heated surface irteielenclosure. To minimise heat
loss from the rear surface of the heater, it wasilated with approximately
100mm of mineral wool fibre insulation with a norairR-value of 2.2 and a sheet

of 20mm plywood.
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Similarly, the base of the enclosure was made ft@@mm of the mineral wool
fibre insulation between two layers of 20mm plywodtie ends were fabricated
from a single layer of 20mm plywood. The secondlimec surface was
constructed from 2mm aluminium plate to ensure thate would be minimal
thermal resistance across this surface. Additign#tle inclined aluminium plate
was cooled by forced convection by a fan providandree stream velocity of
approximately 4m/s. This step was taken to enswatthe surface would be the
main source of heat loss in the enclosure. Finallyedges of the enclosure were
sealed with high temperature duct tape to ensuae rib air leakage from the
enclosure could occur. The layout of the physical@sure is illustrated in Figure

59.

Aluminium \

Plate Aluminium Plate Heater

353.6 mn
Air Insulation

o
\

Plywood

A

707.1 mn

Figure 59: Layout of experimental enclosure

In order to vary the Grashof number conditionswés necessary to vary the

temperature difference across the enclosure. Te\aelthis, the power supplied
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to the electrical resistance heater was variedguaivariable power transformer

(Variac) and measured using a single phase EMUtiBlek power meter.

To determine the temperature gradient occurrindy Mliie enclosure the mean
temperature of the heater was measured using essafrisix copper-constantan
(T-type) thermocouples that were uniformly disttdxl over and attached to the
heater surface (an examination of the temperatate fdund that the temperature
variation was less than 5% across the surfaceuofiiaium plate), while a seventh
thermocouple was used to measure the ambient tatoper Before undertaking
the measurements these thermocouples were catibragainst a platinum
resistance thermometer and were found to be aectwatvith +0.3K across the
temperature measurement range. The thermocouplkesoeanected to a Picolog
TC-08 eight channel thermocouple DAQ system androeszd by a computer via
the USB interface. The configuration of the powed éemperature measurement

system and instrumentation is illustrated scheraliyicn Figure 60.

Heate

Fan (~ 4m/s)

Variac Power |
Metel

Thermocouple

— TC DAQ

A

Figure 60: Schematic of measurement system
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To accurately determine the heat transfer coefficwthin the enclosure it was
necessary to allow the system to reach steady statditions. To do this, the
heater power was set and the ambient and heatgretatare were monitored.
When the variation of the temperature differencéwvben the heater and the
ambient was not more than 0.6K over a 30 minutegeit was assumed that the
system had reached a steady state, as shown imeFgju Subsequently, the
readings taken during this period were used torohéte the natural convection

heat transfer coefficient, the uncertainty of whigllescribed in Appendix A.

70 - /_/_’
~60

0 T T T

0 5000 10000 15000 20000
Time (S)

Figure 61: Temperature v time showing steady state

5.3 Analysis

From the experimental measurements it is relatisglyight-forward to determine
the overall heat loss coefficient for the experitaémig. Under steady state
conditions the rig heat loss coefficieht)(is represented by a function of the input

electrical power @.), the difference between the heaters mean temyerdt,)
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and the ambient temperaturg); and the heater areAj, as shown in Equation

32.

(32)

However, although this provides a crude estimatthefheat transfer coefficient
inside the enclosure it was necessary to undedakd heat balance to identify
the heat that was being transferred by conveckon this study the heat balance
could be given by Equation 33: whe@g was the electrical input poweQend,cond
was the heat loss though the ends of the encldsum®onduction based on the
mean enclosure temp{ taken as the average BfandT,), Qpack.condvas the heat
loss from the heater by conduction through the latgn on its rear surface,
Qbase.condwas the heat loss through the base by conductisedban the mean

enclosure temp an@aq was the radiation heat loss.

Qe - Qend,cond - Qback,cond - Qbasecond - Qrad = Qconvection (33)

The remaining termQconvectonWas the heat transferred from the heated to cooled
inclined wall by convection. This term incorporatbs thermal resistance due to
natural convection, the inclined aluminium platellvand the external forced
convection as shown in Figure 62, the thermal t&st® network. However, the
thermal resistance through the aluminium wall drel resistance due to external

forced convection are small relative to the nateaivection and as such these
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terms were neglected (testing showed that thesesteontributed less than 3% of

the total heat transfer).

Rnatural convection Ral-side Rexternal forced convection

A —

Figure 62: Thermal resistance network for natuoavection heat transfer

coefficient

The calculation of heat loss by conducti@dg through the walls (i.€Qend.cond
Qback cond@Nd Qpase cong Was given by Fouriers law (Equation 34) overdhea A)
of the wall of interest, whereis the thermal conductivity of the wall ahds the
thickness of the wall or alternativeR (m’K/W) is the thermal resistance of the

wall.

Q.= 40 T)_ AT, -
Calculation of the radiation heat transfer in arclesure of this nature is
somewhat more complicated. However it was recognibat for this case, heat
transfer by radiation between the heated and cosidels would be relatively
small, given that both inclined sides were madenfeduminium plate £ = 0.06).
Furthermore, the base of the enclosure was esbgrda@iabatic and therefore
could be discounted from any radiation calculatidfieally the view factor from
the heated surface to the end walls for a cavitthif size are relatively small
(less than 0.3) (Siegel and Howell, 2002), as vhasr tarea (0.125f), thereby

reducing the potential radiation heat transfer.
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To verify that radiation could be neglected, it wassumed that radiation heat
transfer would only occur between the wooden emdsefe there was the least
insulation), and the aluminium heater. Therefongat assumed that the radiation
heat transfer could be treated as being analogoimaving two parallel plates,
essentially a “worst case” scenario. With theseiaggions the equation for the
radiation heat transfer could be simplified to Bora 35 for a two surface
enclosure where the two surfaces are: the heatareaf A,) made of aluminium
with emissivity &, and the other made of wood with emissivifyand an area
(Aw) equal to the sum of the areas of the ends arel dfake enclosure and where

the view factor If) between the plates is equal to unity (Cengel 1998

oft*-12)
1-¢, Jl-e, 1

Ahgp A&, ApF

Qrad = (35)

From the analysis dD,q it was found that, based on the assumptions |sbede,

that radiation heat transfer accounted for lessn tb& of the heat being
transferred, and so was assumed to be negligibtelas calculations showed that
using this conservative approximation of the radrabetween the hot and cold
side accounted for less than 1% of the heat trankfehould also be noted that
the radiation and external convection term, disedsearlier, act in opposite

directions and are of similar magnitude essentizdiycelling each other.
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Hence, based on the energy balance, and the aligisgumptions, it was then
reasonable to determine the heat transfer by cdiowebetween the heated and

cooled surfaces from Equation 36.

— Qconvection (36)

hc
A, -T,)

5.4 Results

Having established an appropriate experimental ogetlogy and means of
analysing the natural convection heat transferha énclosure a number of

experiments were undertaken to determine the hegafer coefficient.

As mentioned previously, the power to the heates waried in order to change

the temperature gradient. In this study the powas waried such that the mean
heater temperatures were betweefC3@nd 120C under steady state conditions.
By recording this period of steady state data i Ween possible to determine the
heat transfer coefficient. For this study, the n§plate temperatures equated to
Grashof numbers in the range of' 10 10, where the characteristic length was
taken to be the vertical height of the enclosure @@ physical properties were

taken at the mean enclosure temperature.

In Figure 63, it can be seen that with an increpsemperature gradient in the
enclosure there is an increase in the natural aioveheat transfer coefficient.

This is characteristic of natural convection floves with higher temperature

PhD Thesis of Timothy Anderson



Thermal Aspects of BIPVT Solar Collectors 107

gradients there are significant buoyancy forcesiltieg in a higher degree of

turbulence and therefore heat transfer.

s ——
Ez.z \/

Heat Transfer Coefficient

O T T T T
0 20 40 60 80 100

Temperature Difference (K)

Figure 63: Heat transfer coefficient v enclosuragerature difference

Although Figure 63 demonstrates that the heat fearcoefficient increases for
increasing temperature gradient, it is not a dinmess correlation and so
cannot be readily translated to enclosures of &réifit size. This is readily
overcome by translating the data into a non-dinradiform. In Figure 64 it can
be seen that there exists a relationship betwesiNtisselt number and Rayleigh
number that can be represented in the general @rBquation 37 and more
specifically as shown in Equation 38.
Nu = cRa" (37)

Nu = 1.2Ra%? (38)
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This is typical of the relationship that exists fiurbulent natural convection
where an exponent value of n = 0.2 would commomyubed for surfaces of

constant heat flux (Bejan, 2004), as was the case h

50

40

30

20

Nusselt Number

10

O T T T
0.00E+00 5.00E+07 1.00E+08 1.50E+08 2.00E+08

Rayleigh Number

Figure 64: Nusselt number v Rayleigh number

A shortcoming of this correlation however, is thiatis based on a relatively
narrow range of Rayleigh numbers and does not atdouaspect ratio. As such,
it was decided to examine how well the existingrelation (Equation 39) of
Ridouane and Campo (2005) that accounts for aspgotcould predict the heat
transfer in the experimental enclosure. A similaorscoming of Ridouane and

Campo’s work was that it also was based on a naraoge of Grashof numbers.

Nu = 0.286A 028G /4 (39)
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In Figure 65 it can be seen that although Equad@nvas developed for Grashof
numbers in the range 2.9 x°1® 9 x 16 it provides predictions within 5% of the
values achieved in the experiments conducted m ghidy, where the Grashof
numbers were in the range of 16 1¢. This suggests that the correlation is well
suited to use over a much wider range of conditems is a suitable generalised

representation of heat transfer in a triangulatauce.

Furthermore, the use of Ridouane and Campo’ (266Bgralised correlation was
shown in the last chapter to be suitable for ptedicthe Nusselt number for
Grashof numbers lower than were measured in thidystn Figure 65 it can be
seen that there is a good relationship betweenptbdicted values from this

correlation and the experimental data from thiskwor

50

40 - +5%

-5%

30

20

10

and Campo Correlation

Nusselt Number from Ridouane

O T T T T
0 10 20 30 40 50

Experimental Nusselt Number

Figure 65: Relationship between Nusselt number fRadouane and Campo’s

correlation and measured Nusselt number
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55 Effect of a Baffle on Natural Convection Heat Transfer

In Chapter 4 it was concluded that the additioa daffle could help reduce heat
loss by natural convection inside an attic shapette. To test this in practice the
enclosure used in the experimental study was neatjifiy the addition of a 20mm

thick polystyrene baffle, extending down from tlpea of the enclosure, as shown

in Figure 66.
o Baffle
Aluminium
Plate \ Aluminium Plate Heater
353.6 mn
Insulation
Air
v /
\ Plywood
707.1 mn

Figure 66: Layout of experimental enclosure witfflbaadded
From the CFD analysis in the previous chapter,as wxpected that an adiabatic
fin of this length would reduce the heat transfeefticient in proportion to the
length of the baffle. However, repeating the expent, it was found that the
addition of the baffle did not result in such aiceable change in the heat transfer
coefficient. Figure 67 shows that the heat transtafficient from the experiment
is significantly different from what would be exped from the CFD analysis.
Moreover, in Figure 68 it can be seen that the tratpre difference does not

affect the proportional change in the heat transbefficient.
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Figure 67: Heat transfer coefficient for baffleddaron-baffled enclosures from

experiments and CFD
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Figure 68: Change in experimental heat transfefficamnt for varying enclosure

temperature gradient
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Since the addition of a baffle did not reduce tlathtransfer coefficient as
significantly as predicted by the CFD study, it wedecided to use flow

visualisation to compare the flows in the experita¢a those predicted by CFD.

To perform the flow visualisation, a small slot wast in the bottom of the

enclosure to allow the insertion of a laser lightet. For this study it was decided
to use a 5mW helium-neon laser with a wavelengtb48nm (green) focussed
through a cylindrical lens to generate a light shei¢h smoke used to seed the

flow with particles.

The use of a green laser was chosen as this congspo the wavelength that
modern CCD digital cameras are most sensitivehios £nsuring the best quality
image (Raffel, 1998). The layout of the flow vigsation experiment is shown in

Figure 69.
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Green Light
Sheetl

Enclosure

Smoke

Cylindrical
Lens

5mW He-Ne
Laser 543nm

Figure 69: Flow visualisation experimental setup

As a baseline case, the flow in the non-baffled eexpental enclosure was
compared with that predicted from the CFD resuftsigure 70 and Figure 71 it
can be seen that, qualitatively, the time-averafy@d in the experiment was
similar to that predicted by the CFD, although eadly flow patterns were also

visually observed.
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Flow Bifurcation
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Figure 70: Typical flow field from CFD for non-b&dti enclosure

Flow Bifurcatior

Figure 71: Experimental streamlines from flow vissegtion

However, when a baffle was added to the enclosureas found that the flow
predicted by CFD was somewhat different from thasesved in the flow

visualisation. In Figure 72 it appears that thevfloear the apex of the enclosure
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was relatively weak, however in Figure 73 and Feged it can be seen that there

was a recirculation zone on the heated (right) sfdbe baffle.
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Figure 72: Typical flow in an enclosure with anatshtic baffle, as predicted by

CFD

The presence of this recirculation could suggeat fignificant heat was being
transferred by conduction through the baffle; hogvegiven the low thermal

conductivity of the baffle (R~ 0.9 #/W) this is highly unlikely. More likely, is

the scenario that the flow has a much higher vilari momentum than predicted
by the CFD in which the baffle was treated as armaladic surface. This

momentum may be driving flow into the space betw#enheated side and the
baffle. As the flow cannot get through or aroune tiaffle it is forced downwards
and around the bottom of the baffle. In doing theppears that some of the flow
is being returned into the plume rising along tleated wall and thereby forms a
recirculation zone. In addition in Figure 74 it da@ seen that there is significant

mixing on the cooled side of the enclosure, as ighiar less coherent than the
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CFD results suggest, it may be contributing to aigbvels of heat transfer in this

area.

A

X( Recirculatiol
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Figure 73: Visualised flow in experimental enclaswith a baffle
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Figure 74: Flow in experimental enclosure showinging and recirculation
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Another observation that was made when the bafths wdded was the flow
acceleration that occurred through the contradbiemveen the baffle and the base
of the enclosure. Although present in the CFD asig)ythe influence of this was
not as apparent as when observed in the flow vsgatadn. However, visualisation
of the flow in the enclosure with a baffle exterglohown 75% of the height of the

enclosure most clearly illustrated this flow accafieon.

Whereas in Figure 75, CFD suggests that the flowrery into the heated side of
the enclosure is very weak, in Figure 76 it cansben that there was a large
recirculation and significant flow down and undée tbaffle due to the low

pressure created by the contraction and flow acatebe.

Flow acceleration

Region of low flow

,,,,,,,,,,,,,,

,,,,,,,,,,,,
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Figure 75: Typical flow in an enclosure with anadzhitic baffle extending 75% of

the height
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Flow along baffle

v
*

Figure 76: Flow visualisation of flow in encloswéh a baffle extending 75% of

the height

From the experimental measurements of the heatfganoefficient and the flow
visualisation it was apparent that the baffles haubticeable effect on the flow.
However, as there was only qualitative similaritgtveeen the CFD and
experimental results it was decided to examinaeflaffle could be relocated to
improve the convection suppression. Therefore tldosure was again modified
with the baffle being mounted on the floor of tmelesure and extended upwards

towards the apex as shown in Figure 77.
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Aluminium
Plate \ Aluminium Plate Heater
Baffle
353.6 mn Air
Insulation
v /
\ Plywood

707.1 mn

Figure 77: Floor mounted baffle in enclosure

As before, the heat transfer coefficient was deireech over a range of Grashof
Numbers, and again it was found that the baffleviplexd a noticeable degree of
convection suppression. In Figure 78 it can be $leanhas before the greater the

length of the baffle, the greater the reductiothm heat transfer coefficient.

PhD Thesis of Timothy Anderson



Thermal Aspects of BIPVT Solar Collectors 120

5

i/ + No Baffle

1 = 50% Baffled

w

N

Heat Transfer Coefficient
(W/m?K)

e 75% Baffled
O T T T T

0 20 40 60 80 100
Temperature Difference (K)

Figure 78: Heat transfer coefficients in a bottaaffled enclosure

A comparison of Figure 68 and Figure 78 shows tifiate is negligible difference
between placing the baffle on the bottom of thelemwe or by suspending it

from the apex down.

Previously it was shown that the experimental dataan unbaffled enclosure
could be represented by a correlation developeRidguane and Campo (2005),
however when a baffle is placed in the enclosuise dbrrelation no longer holds.
In Figure 79 it can be seen that this correlati@ubd result in an over prediction

of the Nusselt number if applied to a baffled erale.
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Figure 79: Nusselt number in a baffled enclosunewsng over-prediction by

Ridouane and Campo’s correlation

In order to account for the presence of the baffleyas decided to modify the
existing correlation. To do this a non-dimensidealgth parameter (the blockage
ratio) represented by the ratio of the baffle lanff) to the enclosure heighit}
was added to the correlation as given by Equatidnldwas found that this
correlation provided a good degree of correlatigth Whe experimental data, both

with and without a baffle, shown in Figure 80.

0.2
Nu = 0.286A %Gy 025(1—ﬁj (40)
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Figure 80: Experimental Nusselt number versus neliRidouane and Campo

correlation

However Equation 40 and the method used to deriz@ninot be applied when the
blockage ratio is equal to unity. Using the metHodg described previously the
Nusselt number will equal zero thus implying anadditic chamber, and in reality
this cannot occur. Rather by increasing the lemajtthe baffle so the blockage
ratio is equal to one, the enclosure becomes tght ririangular enclosures
separated by a partition. Therefore alternativeetations would need to be used
to determine the heat loss and the thermal resistah the partition would also
need to be considered. In fact the situation mayowhere the losses through the
ends of the enclosure begin to outweigh the lobséseen the inclined sides of
the enclosure. This may mean that some of theiegistorrelations may not

predict the behaviour accurately and so could redurther investigation.
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5.6 Conclusions from Natural Convection Experiments

From the numerical modelling of the BIPVT colleciarChapter 4 it had been
suggested that natural convection in the attic afld roof building could serve as
an insulating medium for BIPVT collectors. A coatbn had been developed by
Ridouane and Campo (2005) to describe natural ahiowve in attic style
enclosures; however this was based on Grashof Nisnib¢he range 2.9 x @0

9 x 10. For a tropical or warm climate such as that oéthalia or New Zealand,
the Grashof nhumbers in an attic space could coabgivexceed those previously
studied by several orders of magnitude. In lighthed shortcomings of the data
relating to natural convection in attic shaped esuates, the experimental work
undertaken in this chapter extended the validitythe$ correlation to Grashof

Numbers in the range of 16 10.

Furthermore, the potential for using a single leaffl suppress heat loss presented
and computationally examined in the CFD study @& ghreceding chapter was
verified experimentally. Although it was found thidte CFD results tended to
over-predict the reduction in heat transfer, theegal trend of increasing baffle
length resulting in lower heat transfer coefficeenwvas found to hold true.
Additionally, it was shown using flow visualisatidhat, qualitatively, CFD was
able to provide an acceptable estimate of thersireas in an unbaffled triangular
enclosure. However the CFD simulation was not &bleredict the flow observed
in the baffled enclosure which could explain thefedence between the

computational and measured heat transfer coeftgien
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The experimental work also showed that the baftbeild be placed either
downwards from the apex of the enclosure, or upsvéraim the floor. From the
measurements it was shown that the heat transégfident of the two scenarios
had almost identical dependence on the baffle ken@n this basis a new
generalised correlation was presented that couldideel to predict the natural
convection heat transfer coefficient in both baffland unbaffled triangular

enclosures in the range of Grashof Numbers fronx28 to 10.

Given the much wider range of Grashof Numbers thatcorrelation has been
validated for, there is obviously significant pdiah for it to be used in the
analysis of roof integrated BIPVT collectors. In &pber 6, the use of this
correlation shall be examined to verify the hypsthghat natural convection in

an attic space can serve as the insulation folPa/Blcollector.
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Chapter 6: Designing a Building Integrated Photovoltaic

Thermal System

6.1 Introduction

In the preceding chapters, the experimental testhga prototype BIPVT
collector, the development and validation of anirogation model for the
collector and a computational and experimental ystod heat transfer in attic
shaped enclosures were examined. In this chapteretults of the experimental
BIPVT testing and optimisation are combined with ttorrelations developed for
the heat transfer coefficients in attic shaped aswies discussed in Chapters 4
and 5, and typical meteorological year data for Ham NZ (Appendix D) to

model and assess the long term performance of ¥ B®llector system.

6.2 Effect of Natural Convection on the Performance of a BIPVT

Solar Collector

As was noted in Chapter 1, many studies on PVTestgllectors have treated
them as they would with any other stand-alone solater heater. During the
experimental testing and numerical modelling of BIBVT it was assumed that
the BIPVT could be treated as a stand-alone upiyéver, in reality this would

not be the case as in a cold roof there is thecogbling between the roof and the

air beneath it.
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From the experimental and computational work it haen shown that the heat
transfer in an idealised attic shaped enclosure lbanrepresented by the

correlation of Ridouane and Campo (2005) shownqguaton 41.

Nu = 0.286A 286G V4 (41)

In the numerical modelling of the BIPVT design iasvassumed that the BIPVT
collector was insulated on its rear surface byremulating material similar to the
mineral wool used in the experimental testing. Byating the heat loss from the
rear surface of the BIPVT in this manner, the @ficy of the collector would

vary with the thickness of insulation, as is shagain in Figure 81.
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Figure 81: Thermal efficiency of BIPVT with varyingsulation thickness
However, in a cold roof this layer of insulation i normally be placed above

the ceiling of the building rather than on the re&the roofing panels. As has

been shown, the heat transfer coefficient in aic attaped enclosure is relatively
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low (Anderson and Ward reported a value of 3.5W/foKa real attic), therefore
it may be possible to rely on this large air gaaasnsulating barrier, as opposed
to insulating the rear of the BIPVT collector arn tceiling. By doing this it is
conceivable that the cost of a BIPVT could be reduby approximately $20/m
(Rawlinson’s, 2005). Furthermore, in the experimméand numerical analysis of
the natural convection in an attic style enclositrayas shown that the use of
passive baffling could readily be implemented ameans of reducing the heat

transfer coefficient further.

Therefore, assuming that an attic space is wedifietr-and has minimal
ventilation, the optimisation model presented inafter 3 can be modified to
examine the effect of using an attic space as atsm on the BIPVT
performance. Rather than calculate the rear suffi@ed transfer coefficient by
taking the inverse of the insulation’s R-value (&/Ly), as was done in the
numerical optimisation of the BIPVT design (Cha@grit can be taken as being
the heat transfer coefficient from Ridouane and @aim correlation, where the
Grashof number is based on the temperature differdmetween the mean
collector temperatureTfy) and the ambient temperatur€,)( (Anderson et al.,

2009) (Appendix E).

Figure 82 shows that under these conditions thenggdtion model predicts that
reducing the inclination of the BIPVT also reduties thermal efficiency. This is
particularly pronounced at low roof inclinationstlwvhigh temperature gradients.

This suggests that if natural convection in arcapace is used as an alternative
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to insulating the rear surface of a BIPVT collectibre pitch (angle) of the roof
has a significant influence on the BIPVT thermdiceéfncy. However, this effect

becomes less pronounced as the pitch is increased.
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Figure 82: Thermal efficiency of BIPVT for varyimgof pitch

There is however a counterpoint to the improvedntia¢ efficiency gained by
increasing the pitch of the roof. In Figure 83can be seen that by increasing the
roof pitch there is a decrease in the electricéiciehcy of the BIPVT. The
decrease in thermal efficiency at low pitch angéethe result of the higher heat
loss meaning that the BIPVT is operating at loveenperatures and therefore has
a higher electrical efficiency. However, as theclpits increased the heat loss is
reduced, thus giving improved thermal efficiencyt lalso higher PV cell

temperatures and therefore lower electrical efficies.

PhD Thesis of Timothy Anderson



Thermal Aspects of BIPVT Solar Collectors

129

Electrical
Efficiency

0.15
0.14+
0.13+
0.12+
0.11+

- 70°
50°

30 Roof Angle

10°

0.10

0

0.01 0.02 0.03 0.04 0.05

T-T./G" (M’K/W)

Figure 83: Electrical efficiency of BIPVT for vanyg roof pitch

The use of the attic space as an insulating mediambe taken further by the

addition of a passive baffle and implementing tbesMNusselt number correlation

derived in Chapter 5 from the experimental resalésshown in Equation 42.

02
Nu = 0.286A°?*Gr 025(1—ﬁJ

(42)

Figure 84 shows that the addition of a baffle toastic with a roof pitch of 45

would, as expected, provide a further increasdénthermal efficiency, or more

specifically, a lower heat loss from the panel. fEfiere, from the modelling, the

inclusion of a baffle in an attic space should jleva degree of further insulation

by acting to suppress the natural convection.
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Figure 84: Effect of a baffle on BIPVT thermal eféncy

6.3 Development of a Long Term Simulation for BIPVT

Performance Analysis

In order to assess the long-term performance ofBHRV/T, a simulation was
performed using TRNSYS (SEL, 2007) and the typioadteorological year

(TMY) data for Hamilton developed by Anderson et(aD07) (Appendix D).

TRNSYS is a widely used software tool for condugtiransient simulations of
solar thermal energy systems using quasi-steadyelsmod’he mathematical
representations of the components of the solarggngystem are presented as
algebraic or ordinary differential equation modelghich the software

interconnects depending on energy and mass flda/dlekible nature allows the
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user to configure any number of systems and torméte their performance at a

large number of sites worldwide.

To demonstrate the performance of the BIPVT catleittwas modelled using the
TRNSYS photovoltaic/thermal collector model (Typ8).5This model uses a
similar method of analysis to that of the theomdtiffat plate collector model
(Type 1), and is based on the modified Hottel-Vidrilequations (Chapter 3). For
the simulations it was assumed that the BIPVT wasgpled to a stratified tank

(Type 4) as shown in Figure 85.

The weather data from the TMY was read using ttee defined weather function
(Type 109). This function allowed the radiation an inclined surface to be
determined using the isotropic sky model. Althouigias been suggested that the
correlation of Reindl provides the best accuraay determining the beam and
diffuse components on an inclined surface (SEL,7200 was found that in these
simulations, at low solar angles (sunrise and sitise Reindl model would over-
predict the radiation levels. However, the workB#nseman and Cook (1969)
suggests that the application of an isotropic skydeh provides an accurate

prediction of radiation on inclined surfaces in NEaaland.
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Deily Resuts-2

Simulation Integration

Figure 85: TRNSYS model of BIPVT system

For the simulation it was decided to examine a katalle BIPVT system suitable
for use in a single residence. As such, a colleofo4n? mounted at 45was

assumed to be used in conjunction with a 300 Lag®rtank in Hamilton, NZ.
Furthermore, the water use profile of the systers gi@en by Figure 86 and is

typical of the use in an Australian or New Zealaesidence (AS 4234:1994).
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Figure 86: Hot water load profile

6.4 Long Term Performance of a BIPVT System

In Chapter 2 it was shown that the thermal efficief the glazed prototype
BIPVT could be represented by Equation 43. Theegfas a benchmark case, the
performance of this collector was compared with tifaa theoretically optimised
BIPVT collector (using the method discussed in GhaB) with a thermal
efficiency given by Equation 44. It should be notiwt for this chapter an
“optimised” BIPVT collector was taken as being ami¢h the properties listed in

Table 6 and a packing factor of 40% mounted aboX¥®&% baffled attic.

7= 06~ 5551 c_;T (43)

fn=073-8781 ' (44)
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Based on the collector efficiencies shown in Equregi43 and 44 it can be seen in
Figure 87 that, during a week of operation durinmmer (January), there is only
a small difference in the daily solar heating fractof the panels. However, if we
examine the daily electrical output in Figure 8& wan see that the optimised
design provides a noticeable increase in perforemantis suggests that it is
necessary to optimise the BIPVT, from the experit@eprototype, in order to

improve the electrical efficiency and output.

Furthermore, the higher thermal (and electricaljpou from the “optimised”
collector clearly shows that the combined effectnatural convection and a
passive baffle provide a sufficient degree of inioh so as to negate the need for

additional layers of insulation in a cold roof atsipace.
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Figure 87: Solar heating fraction of BIPVT panalsd& summer week in Hamilton
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Figure 88: Daily electrical output from BIPVT pagsdbr a summer week in

Hamilton

During a winter week (June) the solar fractionlim@st zero as shown in Figure
89. The reason for this is the particularly lowdksvof solar radiation and also the
low ambient temperatures that result in increaseat hloss. Under low
temperature conditions, PV panels typically perfonall, even without active
cooling; however in Figure 90 it can be seen ti&t électrical output of an

optimised collector is still higher than the expeental collector.
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Figure 89: Solar heating fraction of BIPVT panelsidg a winter week in
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6.5 Comparative Performance of Glazed and Unglazed BIPVT

Systems

In addition to the glazed collectors that have baealysed there is also potential
for unglazed collectors to be used, particularly ltav temperature applications
such as swimming pool heating. In Chapter 2 it feasid that the efficiency of an
unglazed collector could be represented by EquatanTherefore a simulation
was conducted to determine the performance of gtamed collector in the same

heating application.

Ti-T

n =036-922 (45)
Figure 91 shows that the solar fraction is sigaffity less than for a glazed
collector, which is principally due to the higheeat loss and lower optical
efficiency of the collector. However, the electticautput from the unglazed
experimental collector, shown in Figure 92, showsiarked improvement over
the glazed collector. This improvement is due ® fict that the glazing absorbs
some of the incoming radiation that could otherviseabsorbed by the PV cells.
Furthermore, its presence acts to reduce therrsaétoand thus results in a higher

panel temperature, which also affects the eledtetfeiency of a BIPVT.
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Figure 91: Solar heating fraction of prototype BIPpanels during a summer

week in Hamilton
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Figure 92: Daily electrical output from prototyp&®/T panels during a summer

week in Hamilton
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Previously, it was noted that the reason for thHewince in the electrical
efficiency for the glazed and unglazed collectordige to an increase in the
temperature of the PV cells when a glazing layes wdded to the BIPVT. To
illustrate this point, the optimisation model pretsel in Chapter 3 can be used to
determine the thermal efficiencies of “optimisedlazed (Equation 46) and

unglazed (Equation 47) BIPVT collectors.

T-T

n = 073- 878 (46)

n= 057-1797. C;Ta (47)

In Figure 93 it can be seen that there is a sicgnifi difference between the
temperatures of the PV cells in the “optimised” BIPwhen the glazing layer is
present and when it is removed. This supports ttaeation given for the

decrease in electrical output from a glazed BIP@hgd.
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Figure 93: Cell temperatures for optimised glazed @anglazed BIPVT collectors

during a summer week in Hamilton

6.6 Potential Pitfalls in the Design of BIPVT Systems

When looking at the design of the BIPVT the effett‘off design” operating
conditions on the collector need to be considehedhe majority of the studies
relating to PVT style collectors little, if any, msideration has been paid to the
effect of non-ideal conditions on their performanGéven the sensitivity of these
collectors to temperature, it is important to destoate not only the “ideal”
performance but also to consider the effect of fpaeystem design or failure on

its performance.
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6.6.1 The Effect of Stagnation on BIPVT Performance

One extreme example that needs to be taken intsidenation for the design of a
BIPVT is the effect of stagnation on the collectior Figure 93 it was shown that
the cell temperature was higher for a glazed calleithan an unglazed collector.
Now it is possible that in the event of a pumpuial on a BIPVT system the
collector could be subjected to severe stagnatmalitions, particularly if no load

is being drawn from the tank.

In Figure 94 it can be seen that under such canditithe PV cell temperature
would exceed 1AC. As this is in excess of the melting temperatofenany
common EVA encapsulants, it highlights the needide encapsulants that are

stable at high temperature, such as silicone$i@rdésign of BIPVT collectors.
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Figure 94: Cell temperatures in an optimised staggdIPVT collector during a

summer week in Hamilton
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6.6.2 The Effect of Oversizing on BIPVT Performance

Another potential problem that may occur during thgeration of a BIPVT

collector is the oversizing of the ratio of theleotor area to storage volume. In
the previous examples it has been assumed thaf adllector has been used with
a 300L storage tank. However, if the same hot wiated and collector area are
maintained, but the storage volume is reduced By &0150L the solar fraction is
reduced (Figure 95) and the electrical output $® dwered (Figure 96). This is
due to the tank being continually forced to opeiaténigh temperatures which
means that it dumps large amounts of hot watewnvtadaoverpressure. Also the

higher temperatures result in a significant de@eashe electrical efficiency.
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Figure 95: Solar fraction for an oversized BIPVBt&yn during a summer week

in Hamilton
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Figure 96: Daily electrical output from an oversiZlPVT system during a

summer week in Hamilton

6.6.3 The Effect of Undersizing on BIPVT Performance

Taking the preceding example in the opposite dwactan undersized BIPVT
system can also reduce performance. In the catbe @inf collector attempting to
heat a storage volume of 900L the solar fractiolowger (Figure 97) due to the
increased volume of water in the tank and the erfte of stratification and
thermal diffusivity on the delivered water temperat However there is an
advantage to having an oversized tank, namely ith@nds to result in lower

temperatures in the BIPVT, thereby improving eleeatroutput (Figure 98).
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Figure 97: Solar fraction for an undersized BIP\y$tem during a summer week

in Hamilton
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Figure 98: Daily electrical output from an undeesiBIPVT system during a

summer week in Hamilton

PhD Thesis of Timothy Anderson



Thermal Aspects of BIPVT Solar Collectors 145

6.7 Conclusions from Long Term Performance Modelling of a

BIPVT System

From the long-term modelling of the BIPVT systenisiapparent that there are a
number of issues to be addressed in the designtainty the system but also the

collector.

The modelling showed that through optimising thellector, per the

recommendations of Chapter 3, significant improvetsieould be made to the
systems electrical and thermal output. Moreovewas found that the use of the
attic space as an insulation barrier, to reducetalaposts, did not significantly

decrease the system’s performance, if the collettsr optimised.

Examination of some atypical operating conditiohevged that the stagnation
temperature of the collector could exceed°and therefore potentially damage
PV laminates with EVA encapsulation, thus suggestine need for silicone

encapsulation in glazed BIPVT.

Moreover, it was seen that both under- and ovengipf the thermal storage
could result in reduced thermal efficiency. The usfeunder-sized storage
however is perhaps the worst situation, as it ficantly reduces the electrical

output from the collector, whereas an oversizetesysmproves it.
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Finally, the application that is chosen will mosgtely be determined by the
economic assessment. Where generous subsidies fexishe generation of
electricity from solar or renewable sources, thei# be a drive to use an
unglazed collector, as this will provide the highekectrical yield. However, in
this situation the value of electrical energy ilmguarison to the value of thermal
energy needs to be considered and ideally it shéeldconsidered for each

particular location and the prevailing subsidisatmrangements.
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Chapter 7: Conclusions and Recommendations for Future Work

7.1 Conclusions

In the current energy climate, in terms of botlcdgsumption and supply, there is
a growing need to consider the resources that\aiéable and their sustainability
for the future. This has led to an increased denfandhe use of renewable

energy sources and for more efficient use of energy

The use of photovoltaic/thermal solar collectorssents a practicable alternative
to traditional water heating methods. Furtherméhme, use of building integrated
cogeneration of heat and electrical power from rselaergy is an area with
significant potential growth. Although New Zeal&dnearest neighbour,
Australia, is a world leader in terms of the praglut of solar water heating
systems and research in the field of photovoltaiesther of these technologies
have gained a significant foothold in the New Zgadlanarket. However, there has
been significant growth in the market worldwide $miar energy devices, and the

use of a BIPVT has significant potential to harnss further.

In this study it was shown that there are some [eints to be observed in
developing a BIPVT collector and a number of aresisere significant
improvements can be made to the collectors’ theymealormance. In particular
the fin efficiency needs to be maximised if low dantivity coloured steel is to be
used as the absorber. There is also a need toeeashigh level of thermal

conductivity between the absorber and the PV dalimimal bond resistance)
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possibly through the use of high conductivity adves Any improvements to
increase the absorption of the PV cell should #dlesomade to ensure that the

smallest possible portion of the incident radiaii®tost by reflection.

It was also demonstrated that when installing a\VBIRsystem, the insulation
typically installed on the rear surface of a paddgolar water heating collector
may be unnecessary for a cold-roof BIPVT collecterom the CFD and
experimental work in this study it was found tha tevel of insulation provided
by natural convection in an attic shaped enclosuess comparable to that
encountered in a heavily insulated solar collecihen removing the rear
insulation in a building-integrated situation, éeds to be considered that the heat
loss from the BIPVT becomes particularly sensitteethe pitch of the roof.
However, the heat loss from the rear surface ottllector can be suppressed by
the addition of a passive baffle in the attic spabeis providing a low—cost

alternative to installing any additional insulation

Finally the transient analysis conducted in thislgtshowed that when optimising
the performance of a BIPVT system it is imperatiwematch the configuration
and size of BIPVT with the intended application. this study a number of
potential applications were proposed, from swimmyapl heating, to large
combined heat and power systems for apartment @l and individual
houses. The transient simulation of a “typical” BTP system showed that the

cooling provided by the system resulted in an improent to the long-term
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electrical output. Further, it was shown that thisteam was able to provide high

solar-fractions of the typical water heating loadd residence in Hamilton.

The transient analysis conducted in this study désnonstrated that care needs to
be taken in the selection of materials, particyldine PV encapsulant to ensure
that it does not fail under stagnation conditiohdditionally, it showed that care
needs to be taken in matching the collector sizéhéo storage volume. If the
storage volume is too small there is the possybditoverheating during summer
and a subsequent reduction in electrical outpuelver if oversized, a portion of
the heat input is lost through the cylinder ventatighigh temperatures to avoid

over-pressure conditions.

Similarly, if the system is undersized the eleetrigerformance will be good, but
the solar heating fraction may be lower than regflidue to increased tank and
mixing losses. Furthermore, the use of an unglandidctor may present a better
alternative if high temperature heating is not regply such as an auxiliary or pre-

heater or for swimming pool heating.

7.2 Recommendations for Future Work

Besides the remarks that have been made hithegerdieg the design of the
BIPVT collector, there are a number of avenues ¢batd be explored in the area
in the future. In particular it would be interegfito examine control strategies and

predictive controllers for energy management froBIRVT. Such a system could
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potentially be tailored to monitor weather condispand electricity prices on the

spot market, to best determine when to buy, sellesor dump energy.

It was noted that the BIPVT design had led to tleeetbpment of low-cost
building integrated thermal (BIT) systems (Append®y and also could be
modified to form a water cooled V-trough concerdratt is envisaged that these
devices will also require significant developmanthe future, though many of the

findings in this work translate directly to these.

Finally, apart from modifications to the designtbé BIPVT collector, there is
also a need to further our understanding of hedtraass transfer in the built
environment. In particular, it was found in the CE@mponent of this study, that
there appeared to be convection cells present alomdength of the modelled
enclosure. The presence of these cells has not diesarved computationally in
the studies of triangular enclosures, due to tseraption of 2-dimensional flow.
The presence, behaviour and factors that affesetbells such as aspect ratio and

the presence of baffles could present interestiajenges in the future.
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Appendix A: Uncertainty Analysis

A.1 Uncertainty in BIPVT and Solar Collector Testing

All  thermocouples used in the solar testing were m3nT-type MIMS
thermocouples. The thermocouples were calibrateda tsecondary standard
against a platinum resistance thermometer, witl@uracy ott0.05K, using a
temperature controlled circulating water bath andiva point calibration for
temperatures in the rangé@to 100C. The thermocouple temperatures were
monitored using a Picolog TC-08 eight channel tlmmouple DAQ system
connected to a computer via the USB interface amshually recorded. The
standard deviation for the thermocouples was fotmdbe less than 0.2K.
Considering the accuracy of the platinum resistaheemometer and that of the
thermocouples, the uncertainty of the temperat@emsars was conservatively

taken to bet0.3K.

The flow of water through the collector was setatonstant rate and monitored
throughout the testing periods by manually meaguttie time taken for a known
mass to pass through the collector. The standardtitn for this was found to be
approximately 3% of the measurement, conservativaken to be 5% of the

reading.

The pyranometer used in the testing was a Middl&olar EQO8-E First Class
Pyranometer (Calibration Certificate Number C28&@h a certainty o&3% of

the reading.
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To determine the uncertainty in the collector tagtithe method proposed by
Kline and McClintock as cited by Holman (2001) wesed, where the calculated
result of the measurement) (is a function of the independent variables used i
its calculation X1, %, Xs,..., %). In general terms this can be expressed as shown

Equation 48.

R=R(X,, Xy, X500 X, (48)
For a series of measurements in which it is assuimatdthe uncertainty of each
measurement has the same odds of occurring, trextaimty of the resultwg) is

a function of the uncertainty of the independenialdes (i, W, Ws,..., W) as

shown in Equation 49.

o (RY (R Y, L(0R ) 20
R ox, ox, - olox, " (49)

When determining the uncertainty in collector aéicy, the collector efficiency

() is a function of the mass flowratan) inlet temperature T{), outlet
temperatureT,), solar radiation G”), collector areaAcolecto) and fluid specific

heat Cp) as shown in Equation 50.

_mG,(T,-T) (50)

,7 AGII
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Therefore the uncertainty in determining the cadecefficiency, assuming

uncertainty in the collector area and specific terat zero, is given by Equation

51.
on ? on ’ on ’ on ?

w, :\/(6_meJ -{EWT"J -{EWTJ +(EWG"J (51)
Where:
on _G,(T,-T)
om AG"
on _mS,
0T, AG'
on _=mG
oT. AG'

on _mG,(T,-T)
9G" AG"

By substituting the values of the measurementstl@associated uncertainty for
testing of the glazed BIPVT the uncertainty in that efficiency is approximately

+10%, and for the unglazed BIPVT the uncertaintggproximatelyt7%.

A.2  Uncertainty in Natural Convection Measurements

As with the BIPVT and solar collector testing, Tpé/thermocouples were used in

the determination of the natural convective hamtdfer coefficients in the model
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attic enclosure. The thermocouples were calibrateda secondary standard
against a platinum resistance thermometer, witlacuracy oft0.05K, using a
temperature controlled circulating water bath andiva point calibration for
temperatures in the rangé@to 100C. The thermocouple temperatures were
monitored using a Picolog TC-08 eight channel tlmoonple DAQ system
connected to a computer via the USB interface armchually recorded. The
standard deviation for the thermocouples was fotmdbe less than 0.2K.
Considering the accuracy of the platinum resistaheemometer and that of the
thermocouples, the uncertainty of the temperat@emsars was conservatively

taken to bet0.3K.

Therefore, when calculating the heat losses by wotnmh, the uncertainty is a
function of the hot side temperaturg), the cold side temperaturé&.), the wall
area p), the wall thicknessl{) and the insulation conductivitk)( However, the
uncertainty in the final three parameters is ujike be as large as that of the
temperatures and so the uncertainty in the conoluchieat loss becomes a

function of the hot and cold temperatures as shovguation 52.

Wchnd = \/[STQ WTh j + (ZTQ WTc j (52)

Now taking a worst case scenario, in which theamat cold side temperatures are

both equal at Z@ the uncertainty in the determination of the cantidun heat

loss, is as shown:
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cond 20 20

This results in a very conservative maximum uncetyafor all conduction heat

losses oft2%. Furthermore, it should be noted that as thewadk temperature

increases the uncertainty begins to reduce.

In addition to the uncertainty of the calculatedduoaction heat losses, there is also
an uncertainty associated with the neglecting dfatéon. This was discussed in
the analysis of the experiment, where it was fotivad radiation resulted in less
than 5% of the heat transfer. Therefore, in deteangirthe uncertainty in the
convection heat transfer, it is estimated thatutheertainty of the radiation term is

1+5%. Finally, the uncertainty of the electrical poweeter ist2%.

Therefore, having determined the uncertainty assatiavith the conduction,
radiation and electrical heat loads. The uncertamtietermining the heat transfer

by convection is given by Equation 53.

_ 2 2 2 2 2
WQconvection - \/WQe + WQend‘cond + WQback‘cond + WQbasecond + WQrad (53)

By substituting the uncertainty values into thissifound that the uncertainty in

the convection heat transfer is approximates%o.
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Subsequently it is possible to determine the uac#st associated with the
derivation of the natural convection heat transfeefficient @) which is a
function of the convective heat transf€cdneciod, heater area’), the heater

temperatureT,) and the cold side temperatuiig)(as shown in Equation 54.

- Qconvection
LA -TO )

Assuming that the uncertainty associated with tmeaais negligible; the
uncertainty of the heat transfer coefficient becenee relationship of the

temperatures and heat transfer as shown in Equaion

2 2 2
YRR JRLLSPR Y LA YL (55)
anonvection convection aTh h aTc c

This results in an uncertainty of approximatet$% in the heat transfer

coefficient (as the uncertainty of the temperati@grens are small relative to the

convection term).

Similarly, the error associated with the experiméMusselt number is als6%
assuming the characteristic height of the encloancde the conductivity of air is

also negligible.
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Appendix B: Performance of Coloured Solar Collectors

B.1 Introduction

When examining solar collectors one could be extdisebelieving that they can
have them “painted any colour ... so long as it &kl, as Henry Ford famously
stated about the Model T Ford (Knowles, 2005). lUetatively recently, the idea
of not using either a black, or other selectivefearg, coating appears to have
avoided attention in the literature. The irony ajrsficant amounts of research
money and time being invested into developing Ipghformance selective and
black surfaces is that it misses the fact thatomliog to Weiss and Stadler
(2001), 85% of architects would prefer solar cdthes in colours other than black,

irrespective of the effect it may have on the sysperformance.

Tripanagnostopoulos et al. (2000) were perhapsiteerésearchers to seriously
address the issue of coloured absorbers for soléactors. In their study they
examined the performance of unglazed and uninsylateglazed and insulated
and glazed and insulated solar collectors that vikaek, blue and brown in
colour. They showed that the efficiency of the adltbes was actually quite similar
despite their external appearance. Further theggsed the use of reflectors as a
means of augmenting the performance of their ctecIn a follow-up study by
Kalogirou et al. (2005), it was found that althougtioured absorbers required
higher levels of auxiliary heating, in a large dethe water heating application,

the thermal output was only 18% lower than collecteith a selective surface.
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In another recent study Medved et al. (2004) demnatesl the use of a brown
unglazed solar collector for swimming pool heatiddthough the influence of
colour was not an objective of their study, theyenthat their collector could

achieve efficiencies of approximately 74% if it waptimised.

As an alternative to using a coloured absorberuleclet al. (2004, 2005 a and b)
examined the use of coloured glazing as a meawbaiging the appearance of
solar thermal collectors. In these studies thimfilnterference filters and
multilayer optical stacks are presented as a medinachieving a coloured
appearance from the glazing placed over the stdrakdective surface absorbers.
The downside however, as the authors mention, istki®ae is still significant
development needed to prove these glazings, botarins of manufacturability

and operational life.

Therefore, in light of the lack of data relatingtihe performance of coloured solar
collectors the aim of this study was to examine hoolour influenced the

efficiency of solar thermal collectors.

B.2 Collector Design

Unlike many commercially available collectors, ahdse of Tripanagnostopoulos
et al. (2000), the collectors in this study weré ecanstructed from finned copper
tubes Instead the collectors were fabricated framm tolour coated mild steel

sheets that were folded to form a rectangular ceesgion tube. Additionally
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mineral wool insulation was placed behind the absiosheet and a low-iron glass

cover above the collector as shown in Figure 99.

Although the fabrication of finned copper tube stgbllectors is well understood,
the unconventional design of the collector, anddésire for it to be made from
relatively low-cost pre-coated steel, presentedimber of challenges. The main
challenge is due to the fact that the materiakisanised and coated in paint. As
such the material cannot be welded without remotiottp these coatings. In order
to circumvent this issue, it was decided to borelgbcondary folded sheet to the

coloured absorber with a high temperature Silicadieesive.

Due to the batch production nature of the protatyphe secondary sheet was
folded using a brake press, holes were drilledltawafluid into the underside of

the rectangular tube, nipples were soldered tadhe surface around these holes
to allow a manifold to be attached, the ends weadesl and the top absorber sheet
was bonded into place. Finally, a removable lowHgbass cover was placed over

the collector to prevent convection losses.

L

Coloured absorber Tube

~,

Low-iron glazing

Insulation

Figure 99: Partial cross-section of coloured cadlec
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B.3 Measurement of Coloured Absorber Performance

When examining the performance of either glazednglazed coloured flat plate
solar collectors, it is important to characteriseeit spectral absorption
characteristics. From a theoretical perspectivetiremal efficiency of a flat plate
solar collector can be represented by a relatipnbbiween the collectors heat
removal factor ), the collector heat loss coefficierit., the inlet T;) and

ambient temperatured), solar radiation®”) and the collector transmittance-

absorptance productd) as shown in Equation 56.

n =F, (ta) - FruL(Ti(;.Taj (56)

Of these parameters, the transmittance-absorptaodeict is the only one that is
based solely on a physical property of the collectaterials. The absorptance
provides a measurement of the optical propertieghef radiation absorbing

surface, in this case the coloured absorber, wihie transmission component
measures the portion of the radiation transmittedry glazing layer. Therefore,
in order to understand the optical characteristice coloured collectors it was
decided to determine their absorptance propertiesr dhe solar radiation

spectrum.

To determine the absorption of the colour coated stiéel the diffuse reflectance
(o) of a white, red, green, grey and black sampleewmeasured at 20nm
wavelength intervals between 300nm to 2500nm uaisgectrophotometer and a

6° integrating sphere at Industrial Research Lim{@&kllington, NZ). Based on
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the reflectance measurements it is possible torméte the absorptancen)
component using Equation 57, as it can be assunedtliiere is negligible

“transmittance” component in air (Duffie and Beckma006).

a=1-p (57)

By integrating the absorptance derived from the sueaments of the reflectance
it was found that the black painted steel had ikedbt constant reflectance
characteristics across the measured wavelengthkeoAir Mass 1.5 (AM1.5)
solar spectrum. However the other coloured sampkesyould be expected, were
more sensitive to wavelength. In particular the tesldample absorbs less than
35% of the AM1.5 radiation. Interestingly, the redmple absorbed a larger
portion of the shorter wavelengths (<1100nm) thae tonger wavelength
radiation, where it reflected a similar portiontbé radiation to the white sample.
This was to be expected, as the sample appearsecziide it will absorb all
wavelengths other than those that correspond tordteportion of the visible

spectrum.

Having determined the absorption characteristigh@fabsorber, to determine the
transmittance-absorptance product of a glazed oedbcollector it is necessary to
substitute the measured spectral absorption clegistats and the low iron glass

transmittance characteristics of Dietz (1954) Btuation 58.
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Az
[Frap,,d1
— A ’

ra T (58)

By integrating these values over the AM1.5 spectrtim transmittance-
absorptance product for glazed solar collectorghef various colours can be
found. Based on this method, the transmittancerpbemace values determined for

each colour are given in Table 7.

Table 7: Transmittance-absorptance product of glamkxlired collectors

Colour Transmittance-absorptance
product
Black 0.87
Grey 0.81
Green 0.72
Red 0.60
White 0.32

B.4 Theoretical Coloured Collector Performance

Having determined the transmittance-absorptanceyatdor the various coloured
glazed collectors it is possible to determine thiegoretical performance using a
one-dimensional steady state thermal model basetherHottel-Whillier-Bliss

equations presented by Duffie and Beckman (2006).

Under these conditions the useful heat gain cazalmellated using Equation 59.

Q = AR [(ra).G"-U (T, -T,)] (59)
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Where the useful heat gai@) is given by a relationship between the collector
area p), the heat removal efficiency factdfFd), the transmittance-absorptance
product of the coloured collectord), the solar radiation3”), the collector heat
loss coefficient ) and the temperature difference between the dolaalet

temperatureT) and the ambient temperatuiig)(

The heat removal efficiency factdfd) can be derived from Equation 60, which
accounts for the mass flow rate in the collectay &nd the specific heat of the

collector fluid Cp).

_AUF'
F=1G 1 ¢ (60)
AU,

To determine the heat removal efficiency factos ihecessary to calculate a value
for the corrected fin efficiencyF(). This is done by first calculating the fin
efficiency F) using Equation 61. This determines the efficienicghe finned area
between adjacent tubes and takes into accounhtluemce of the tube pitch\(
and the tube widthdj. Furthermore, the coefficienM) accounts for the thermal

conductivity of the absorber and is derived fronu&tpn 62.

- tanh(l\\jvvilj_dj (61)
e
M= kUt ©2
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Therefore, the corrected fin efficiencly’] can be calculated using Equation 63,
noting that there is no bond resistance term adduoe found in the analysis of a
finned tube analysis, and where the overall heas looefficient ) of the
collector is the summation of the collector’s edgettom and top losses. It is
taken that the bottom loss coefficient is givently inverse of the insulations R-
value (i.e.Ky/Lp) and Equation 64 gives the edge losses, whesethe collector

perimeter and is the absorber thickness.

1
U
F'= L
63
W 1 L1 (63)
UL(d+(VV_d)F rdhﬂuid
Kedgept (64)

U = -39
edge
Ledgep\:ollector

The top loss coefficient is a function of both rdidia and wind and can be

calculated using Klein’s empirical equation (Equat&b) (Duffie and Beckman,

2006).
-1
U - N A ofT + T2 +T2)
top ™ TV h, L, 2N+ f-1+013%
¢ (Ten=Ta) M| (c +00059mR, )"+ PN
T N=f £

(65)
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Where:

¢ = (520- 0.0000513%) f = (L+0.08%, - 0.1166h,£,)(L+ 0.07866N)

e=04300- 1% T, =T, + 2 v g )
T FU |

pm

and S is the collector mountingg is the Stefan-Boltzmann constai,is the
number of covers or glazing layes, is the emittance of the glazing, is the

emittance of the plate arng is the convection heat transfer due to the wind.

From these equations it is then possible to caleulee useful heat gain from the
solar collector. By taking the ratio of the uselfidat gain to the total radiation
falling on the collector areaQ(AG”) we can subsequently determine the

theoretical efficiency as given in Equation 56.

Therefore, by substituting the design parametestedi in Table 8 into the
equations listed above, in combination with the soeed transmittance-
absorptance products for glazed collectors, it ossple to determine the

theoretical thermal efficiency for the colouredleotors.
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Table 8: Design parameters for coloured solar ctihs

Parameter Symbol Value Unit
Number of covers N 1
Emittance of plate £, 0.95
Emittance of cover £, 0.88
Number of tubes n 2
Collector Length L 1.96 m
Collector Breadth b 0.5 m
Collector Area A 0.98 nt
Absorber thickness t 0.5 mm
Tube Hydraulic Diameter dn 9 mm
Tube Spacing W 0.2 m
Tube Width d 50 mm
Insulation Conductivity Kk 0.045 W/mK
Back Insulation Thickness Ly 0.1 m
Edge Insulation Thickness Ledge 0.025 m
Absorber Conductivity Kabs 50 W/mK
Mounting Angle Vi 37 degrees

Subsequently the predicted thermal efficiency facheof the coloured collectors
can be seen in Figure 100. As would be expectez btack collector has the

highest predicted efficiency while the white cottachas the lowest.
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Figure 100: Theoretical efficiency of glazed cokdisolar collectors

B.5 Experimental Method and Analysis

Although Figure 100 illustrates the potential pemiance of glazed colour
collectors, good practice necessitates validatimg model experimentally. As
such two glazed prototype collectors were constdidbr testing: one green and
one grey. Although there are a number of potemiethods for determining the
thermal efficiency of solar water heaters, for tetady a steady state outdoor
thermal test setup similar to that recommended 8INXS 2535.1 (1999) was

used, as shown in Figure 101.
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Pyranometer

In order to test the prototype collectors, an uredgal north facing test location
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Figure 101: Collector test system

‘l Drain

was found on the University of Waikato library rodihe global solar radiation

incident on the collectors’ surface was measuredgua calibrated WMO First

Class pyranometer mounted inline with the colleetioan angle equal to the local

latitude (37 degrees).

Calibrated T-type thermocouplex0(3K) were used to measure the inlet and

outlet temperatures to the collector, and the amb#&r temperature. A cup

anemometer mounted adjacent to the test stand sed t®0 monitor the wind

speed. The flow rate through the collector wasasatconstant rate and monitored

throughout the testing periods by measuring the tiaken for a known mass of

water to pass through the collector.
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Additionally, an instantaneous electric water heatih temperature control was
mounted on the inlet side of the collector to pdevia controllable inlet water
temperature. The outlet from the collector wasrregd to a 700-litre water tank
where it was well mixed to ensure that the heater bt encounter large

instantaneous temperature variations.

A prerequisite to accurately determining the perfance of the collector is to
conduct a number of outdoor tests under a rangendsient conditions and allow
it to reach steady state for each condition. Subsety, when analysing the
collectors, the instantaneous collector efficienap be reached directly from the
experimental results by taking the ratio of heansfer in the collector to the

product of the collector area and the global siofadiance.

B.6 Experimental Performance of Coloured Collectors

From the experimental data collected during théngst was possible to derive

the efficiency equation of the both coloured cdlves using a linear least squares
regression analysis. The experimental data yieldselquations that describe the
grey and green collector efficiencies respectival/shown in Equations 66 and

67.

Ti-T

n=065-104 (66)

Ti-T
G (67)

n=063-146
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Although this is the most common way of presentthg efficiency of the
collector it can be better understood from an in8pe of Figures 102 and 103,
where the theoretically predicted efficienciesttd glazed coloured collectors are

also shown.
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Figure 102: Experimental and theoretical efficien€glazed grey solar collector
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Figure 103: Experimental and theoretical efficientyglazed green solar collector

From Figure 103, it can be seen that there is arepsncy between the
experimental and theoretical result for the greefiector. This was due to
unusually high wind speeds during the test leadmdhigher convective heat
losses in the experiment than predicted by the mnéttevever for the most part,
the theoretical prediction corresponds fairly weith the experimental data. As
such it is possible to optimise the collector usthg measured values of the
transmittance-absorptance product and the one-diowal thermal model

presented.

B.7 Annual Performance of Coloured Collectors

Having demonstrated and validated the design ottheured solar collectors, it
was decided to examine the fraction of a typicahdstic water-heating load that

could be provided by the various theoretical cataucollectors. Therefore, an F-
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chart was constructed for the operation of theectdirs in Auckland based on

weather data taken from NIWA (2007). Although neat ‘@-depth” as a full

annual transient analysis, such as could be peerivy a program such as

TRNSYS, the F-chart has been shown to provide gwediction of annual solar

fractions (Duffie and Beckman, 2006).

For the calculation of the radiation it was assurtied the collector was oriented

facing north and that the collector was inclinedaat angle equal to latitude.

Furthermore, the system was assumed to consismdfod coloured collectors,

coupled to a 170-litre storage tank providing thenthly heating loads shown in

Figure 104.

40

30 -

20

Heating Load (MJ)

10

Figure 104: Monthly heating load for F-chart analys

From the F-chart analysis it was found that, aseetqu, the black coloured

collector had the highest annual solar fractionweleer, it was also found that
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although the efficiency of the coloured collectaras lower, they were still able

to provide a reasonable fraction of the heating @ shown in Figure 105.

It is interesting to note that even the white culthe is able to provide
approximately 25% of the heating load. As suchehappears to be significant

scope to vary solar collector colour and maintagtegree of solar heating.

M Black
B Grey
0.8 - B Green
E Red
0.6 - O White

0.4 1

Heating Load

0.2 1

Approximate Fraction of Water

1 2 3 4 5 6 7 8 9 10 11 12 13
Month (Yearly Average is Month 13)

Figure 105: Approximate solar fraction providedddgzed coloured solar

collectors

B.8 Conclusions and Discussion

Until recently the use of coloured solar collectappeared to have been passed
over in favour of improving black and selectivefaaes. Over the course of this
study it has been shown that the performance afuced solar collectors can be

accurately modelled using a combination of expenit@e and numerical
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techniques. Furthermore, it has been shown thatitdetheir lower efficiencies
low-cost coloured mild steel collectors could poity provide noticeable

contributions to domestic water heating loads.

Finally, given the recent drive towards buildingeigration of solar collectors
(Weiss and Stadler, 2001) it would appear thaueof coloured solar collectors

will start to be an area that receives more atartthan it has to date.
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Appendix C: Bending Stress in Absorber Sheet

C.1 Introduction

In essence the tube formed in the manufacture efBHPVT collector can be
considered as a rectangular pressure vessel stbjaatniform internal pressure.
However, unlike a cylindrical pressure vessel, thembrane stresses in a
rectangular pressure vessel are not uniform. Therea number of methods that
can be applied to the determination of the stressasectangular pressure vessel,
including finite element analysis, superpositiontimoels or the ASME Boiler and

Pressure Vessel Code (Guo and Zeng, 1997).

Of the available methods however, Blach et al.'9@9large deflection analysis
has shown perhaps the best prediction of stressesah pressure vessels of

rectangular cross section.

C.2 Method

In Blach et al.’ study it is noted for deflectiogeeater than half the thickness of
the vessel wall that linear small deflection theoay not be satisfactorily applied

as it under predicts the stress due to curvatutieeinvalls.

To determine the stress in the vessel walls howdvisrassumed that the stress at

the centre of the tube surface (ie. in the top diesqlate) determines the design.
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For example, assume the panel is 2m laygafd the trough is 25mm wid)(

and made of steel 0.5mm thick with a maximum allolaombined bending and

membrane stresgl of 180MPa.

But this is outside the range of Figure 106, siiustrate the point, assunaéb=2.

ob?  180x 25?
Et> 20000(x0.52

=225

From Figure 106 it can be seen that &=2 and ob’/Ef’=2.25 thatgb"/Et'~10

whereq is the maximum working pressure in MPa.

q_b4 =10= —q % 254
Et* 20000(x 0.5*

Solving forg gives a maximum working pressure of 0.32MPa.
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Figure 106: Total stress coefficients (adapted fRlach et al. 1990)

Consider the membrane stressesaftr=2 andgb*/Et*=10. From Figure 107 it can

be seen that for this conditianrb?EL ~ 4.

8.b
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Figure 107: Membrane stress coefficients (adaptad Blach et al. 1990)
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o, b? o, %25
ey —
Et 20000(x 0.5

Solving for the membrane stress,f at the maximum operating pressure gives a
value of 320MPa, therefore the pressure needs toebaced to ensure the
absorber plate does not deform. Therefore by getthe maximum design
operating pressure at 100kPa the membrane stressades to 80MPa, or less

than half the maximum stress.

However, assume the width of the trough is widetee&0mm while the other

parameters are held the same and assuaib+@.

ob?  180x50?
Et> 20000(x0.52

From Figure 106 it can be seen thatdfi=2 andob?Et*=9 thatqb/Et'=50

whereq is the maximum working pressure in MPa.

q_b4 =50= —q % 504
Et* 20000(x 0.5

Solving for q gives a maximum working pressure 4NPa.
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From Figure 107, it can be seen that for this diomlic,b?Ef=4. thus giving a

membrane stress at the maximum operating pres§G20MPa.

In order to use a wider trough width, the pressuoeld need to be decreased
further. However, decreasing the maximum operapngssure for the BIPVT
system makes it less flexible; principally becalmsdarge systems there will need
to be long lengths of pipe used, thus giving higlpeessure head losses.
Potentially, if the operating pressure is reduced shtisfy the structural
requirements, it may result in a condition where tread loss in the system

exceeds the operating pressure and therefore albdflow in the system.

C.3 Conclusion

In conclusion, without changing the material or thiekness of the material used
in the BIPVT, the operating pressure should be eeduHowever, because of the

need to overcome pressure losses it is also negaes@duce the trough width.

To satisfy the thermal requirements, multiple narrimoughs could be formed
below the absorber sheet to increase the fin effey as suggested in the thermal

modelling.
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Appendix D: Development of a Typical Meteorological Year for

Long Term Solar Energy Simulations in Hamilton

D.1 Introduction

Reliable engineering weather data is of significamportance when undertaking
transient simulations of solar energy systems andrgy use in the built
environment. Furthermore, there are a significamhiper of simulation programs,
such as BLAST and TRNSYS, which rely on this dataredict the performance

of different energy systems.

In order to conduct these simulations there aremalrer of variations on “typical”
weather data, such as ASHRAE’'s Weather Year forrdyneCalculations
(WYEC), Typical Meteorological Year Type 2 (TMY2)né the National
Research Centre of Canada’'s Canadian Weather farginCalculations
(CWECQC), that are used in building and solar enesigylations (Crawley, 1998).
However, this study concentrated on the developrokattypical meteorological
year (TMY) for Hamilton NZ that could be used inrange of simulation

programs.

Currently, the availability of “typical” weather thafor New Zealand locations is
relatively restricted. Van der Wergt al. (2003) attempted to address this issue by
developing a series of Test Reference Years (TR ‘@esign days” for use
across NZ, including Hamilton. They identified ygavhich could be categorised

as hot, cold or average as well as days satis§imgar parameters.
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Crawley (1998) however, suggested that the disddganof TRY data is that it
tends to result in mild years being used. Furtheem@rawley noted that TRY
data does not contain measured values for solaati@a, but calculated values

based on cloud type and coverage.

Crawley also noted that the TMY, developed by thatidhal Climatic Data
Centre (NCDC) and Sandia National Laboratories (Sk&nds to overcome the
limitations of the TRY by using a series of “typitmonths of data, rather than a

single year, to represent a typical year.

Furthermore, the validity of TMY data for use imgpterm energy simulations for
the Australasian region was demonstrated by Marreed Litvak (1988). They
developed TMY data for 22 locations across Ausdrald found that they were
able to accurately predict the long term perforneaod solar water heating

systems.

By population (Statistics NZ, 2001), Hamilton (385175 E) is New Zealand’s
fourth largest urban centre and forms the mainisergentre for the Waikato
region. Furthermore, the Waikato and surrounds fitvencentre of production for
the NZ dairy industry and, according to EECA (2Q0a6r Waikato region uses

approximately 10% of the nation’s energy.

NIWA, cited by EECA (2004), found that the dailyoghl radiation for Hamilton

varies between 6.2 and 22MJffay, with an annual total of approximately
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5100MJ/nf. According to EECA (2001) this is comparable wdttocation such as
Melbourne and significantly higher than a typicaér@®an location. As such,

Hamilton presents a relatively good location fdasenergy utilisation.

Given Hamilton’s large population base, and thergneconsumed in the
surrounding Waikato Region, it is important thabetter understanding of its
meteorological conditions is established to aithie design of solar and building

energy systems.

D.2 Data Collection

To develop the TMY for Hamilton, approximately tg@ars of continuous hourly
weather data was collected from an automated westhtgon located to the south

of Hamilton for the period between January 1997 &unte 2006.

Data was collected for four variables necessarthenformulation of the TMY:
global solar radiation on a horizontal surface, emib temperature, relative

humidity and wind speed.

The reason, for selecting these parameters isithanergy simulations solar
radiation levels determine the heat gain, the antliemperature and wind speed
determine heat loss by convection and relative Hityniis important in

determining latent energy and evaporation levasdir conditioning systems).
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D.3 Methodology

In order to produce the TMY for Hamilton, two metlsoof analysis were used. In
the first method, the data was divided into 12 rhnsets, each containing the
four meteorological parameters. To determine tlstnsuitable months a short

and long term mean were determined for each opénemeters.

The short term mean was developed by taking thenroéthe hourly values of a
particular parameter for the entire month of aipaldr year. The long term mean
was determined by taking the mean of the monthkampater values over the
entire data set of ten years. Additionally, whereap year occurred, the hourly
values for February 29th were removed from the utatons so that each

February was assumed to have only 28 days.

Subsequently, each of the parameters was quaditatisanked in terms their
perceived importance for energy simulations. Setergy was taken as the main

parameter followed by ambient temperature, relatwidity and wind speed.

Although wind speed tends to have a notable inffteeon heat loss, especially
when examining solar collectors, the measuremeats taken in a comparatively
rural environment and so were believed not to hresentative of those that
would be experienced in Hamilton’s suburban arEasd and Kitaljevich (1985)

noted that there are significant variations betweeal and urban wind velocity

profiles.
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Subsequently, the short term means were comparie tong term mean for the
month. The month with the closest qualitative mdietween the mean values of
the parameters was thus selected as the “typicateonological month for the

TMY.

By this method it was found that for the two maargmeters, solar radiation and
temperature, the mean monthly values closest toahg term mean monthly
value typically occurred in the same month, thuggesting the selection of each

month was appropriate.

Having determined each typical month, linear intdapon was performed to
correct any significant differences between theapeter values from different
months of different years. This operation only eféel a maximum period of three
hours in each month and as such should not signifi¢ influence the long term

output from any simulations.

To validate the TMY, a “mean” year consisting oé tmean hourly values for

each day was developed. Both the TMY and the meanwere then utilised in a

performance simulation of a solar water heatingesysor pool heating, using the

Canadian Renewable Energy Network’s (2006) Enerpwol package. It should

be noted that although a “mean” weather year wastoacted such a year tends
to remove natural meteorological variations, sucfaat moving storm fronts, that
would occur during a typical year. By utilising aY it allows the impact of

these variations to be observed in simulation nsdel
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In these simulations, the performance of a 19gkazed solar collector array was
analysed for both the TMY and also the mean yeathé simulations, the solar
collector was assumed to have an efficiency givgrEfQuation 68, where the
efficiency (7) is a function of the inlet water temperaturg),( the ambient

temperatureT,) and the global solar irradiandg8’().

Ti-T

= 0./75-5
/7 GII

(68)

The values in this equation were assumed to besseptative of values for a

glazed solar collector that may be used for swingnpiool heating applications.

In the simulations it was assumed that the coltscteere mounted on a roof with
an elevation of 37.5 degrees, equal to Hamiltorastude. Additionally,
simulations were conducted at elevations of 60 eEgrand 14 degrees to
determine the performance of the system when biésedcid-winter and mid-

summer performance.

D.4 Results
Having selected the typical months for the TMY, sl®own in Table 9, a
comparison was made between the long term mearthendMY for the four

parameters.
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Table 9: Months selected for TMY

Month Year
January 1998
February 2002
March 1998
April 2004
May 2004
June 1998
July 2002
August 1998
September 1997
October 1997
November 2003
December 2003

In Figure 108 it can be seen that the relationbleigveen the long term mean and

the TMY values for the solar radiation is excellewith the deviation in the

values being negligible. This is appropriate, asdhwas a heavy emphasis placed

on the selection of solar radiation that was ctosthe long term monthly mean.

Daily Mean Solar Radiation (W/mz)
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Figure 108: Solar radiation for TMY
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Furthermore, the relationship between the ambientperature (Figure 109),
relative humidity (Figure 110) and wind speed (Fegill), are reasonable. This
suggests that the data selected for the TMY camesept the long term

meteorological conditions of Hamilton.

24

20 A

16 SN\ =

NN —
-

Daily Mean Ambient Temperature (C)

8

4 ——Long Term Mean
- TMY

0 T T T T T T T T T T

1 2 3 4 5 6 7 8 9 10 11 12
Month

Figure 109: Ambient temperature for TMY
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Figure 110: Relative humidity for TMY
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Figure 111: Wind speed for TMY

To validate the assumption, that the TMY could aatly represent the long term
performance of a solar pool heating system, theusurom a simulation using

TMY data and a mean weather year were compared.

From the simulations that were conducted, it wamdébthat the TMY was able to
predict the performance of the solar pool heatysgesn to within 2% of the mean
weather year annual total. In addition, it was fbdinat the monthly values were

predicted to within 3%.

In Figure 112 it can be seen that, for a collectoented at 37.5 degrees, that the
difference in collected energy between the mean ged the TMY does not vary
significantly. As such, the TMY can be used in parfing accurate long term

simulations of solar energy and building energyeys.
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Figure 112: Collected energy for TMY and mean weaftear

In addition it was found that the energy collected the collectors could be
improved by biasing the collectors at 14 and 60reeg for either summer or
winter performance. In Figure 113 it can be seat #i lower elevations the
performance is much better over summer. Howevaingwinter the collector

with the highest elevation performs the best. Farrttore, at an elevation of 14
degrees it was found that the annual energy celfeaetas the maximum of the
three values simulated. However, at an elevatioB7% degrees the collectors

offered a compromise between summer and winteopagnce.
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Figure 113: Collected energy for solar collectdrsaaying elevation angles

D.5 Discussion of TMY

As New Zealand'’s fourth most populous urban cenitiere was a need to develop
a typical meteorological year for Hamilton. Prewsbyy Van der Werffet al.

(2003) had identified “design days” for Hamiltompwever these were felt to be
inadequate to accurately predict the long term ahperformance of solar and

building energy use in simulation models.

As such, 10 years of meteorological data was deeéor Hamilton. By taking

the data for months which closely represented trey Iterm mean weather
patterns, a TMY was formulated. Using a computerugation, it was found that
the TMY was able to predict the output from a sqaol heating system, to

within 2% of the long term mean. Additionally it svéound that by orienting the
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collectors at an angle equal to Hamilton’s latittalegyood yearly performance

could be obtained from the solar heating system.

Based on the data presented, Hamilton is well dude¢he use of solar energy and
the development of a TMY allows accurate prediciad solar and building

energy use to be made in the future.
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Appendix E: Modelling a Building Integrated Photovoltaic

Thermal (BIPVT) Solar Collector with Natural Convection

E.1 Introduction

In Chapter 6 of this thesis, the idea of couplihg thermal efficiency model of

the BIPVT collector is combined with the correlatifor natural convection in an
attic space. Rather than repeat the modelling f@apter 3 in Chapter 6, to show
how natural convection is fitted with the modele tmodified model is presented
here. This is the method presented by, and takestttyi from, Anderson et al.

(2009).

E.2 Methodology

In order to analyse the thermal and electrical ggetnce of the BIPVT a one
dimensional steady state thermal model was developgh the collector

represented as a flat plate thermal collector. Ashsa modified form of the
Hottel-Whillier-Bliss equations presented by Duffd Beckman (2006) was

used.

Under these conditions the useful heat gain cazalmilated using Equation 69.

Q= AR[(ra),, G-U (T, -T,)] (69)

In this equation the useful heat gaQ)(is represented by a function of the

collector area A), the heat removal efficiency factoFd), the transmittance-
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absorptance product of the photovoltaic ceflgq(), the solar radiationQ), the
collector heat loss coefficient)(), and the temperature difference between the

cooling medium inlet temperatuiig) and the ambient temperaturgy

Furthermore, the heat removal efficiency factbg)(can be calculated using
Equation 70, which also accounts for the mass flate in the collectornf) and

the specific heat of the collector cooling mediu®g)(

_AUF (70)

FR = me 1-e mG
AU,

In order to obtain the heat removal efficiency dadiowever, it is necessary to

calculate a value for the corrected fin efficien@). This is done by first

calculating the fin efficiency) using Equation 71.

W-d
tanl{M j
E= (71)
M

( ij

This equation determines the efficiency of the didrarea between adjacent tubes

by taking into account the influence of the tubelpiW) and the tube widthdj of
the rectangular cross-section tubes formed in #heidation of the BIPVT. As
such all calculations related to flow in the tulaee based on the tubes hydraulic

diameter ¢).
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The coefficient i) is a term which accounts for the thermal conditgtiof the

absorber and PV cell and is represented by Equ@gqivokas et al. 2006).

i
kabsLabs+k L (72)

As such, the corrected fin efficiendy | can be calculated using Equation 73.

1

oo u, (73)

" un
u (d + (\N d)F WhPVA mhﬂmd

In Equation 73hpya is a “quasi” heat transfer coefficient to accofartthe bond
resistance between the PV cell and the absorberdgtpet al., 2002) ang,q is
the forced convection heat transfer coefficientidesthe cooling passage
determined from the Dittus-Boulter equation. Fumhere, the overall heat loss
coefficient J.) of the collector represents the summation of dbkector edge
(Equation 74, where is the collector perimeter anids the absorber thickness),
top and rear surface losses. In this equation & assumed that the top loss
coefficient, due to wind, could be calculated uskKigin’s empirical equation

(Equation 75) as given by Duffie and Beckman (2006)

Kedgept

edge —
LednglIector

§] (74)
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-1

U _ N + 1 + J(Tpm + Ta )(szm + Taz)
top — e -
_ h . 2N+ f -1+0.133
¢ (Tm=Ta] ™| (¢ +00059Nh,)* + P
Ty N-f £
(75)
Where:

¢ = (520~ 0.00005132) f = (1+0.08%, - 0.1166n,£,)(L+ 0.07866N)

e=04300-12) T =T, + QL Atecr (g )
T FU,

pm
LS is the collector mountingy is the Stefan-Boltzmann constahtjs the number
of covers or glazing layerssy the emittance of the cover or glazing, the

emittance of the plate ar, is the convection heat transfer due to the windlian

discussed later in this work.

However, if we consider the case of an unglazeteclr, in which there is no
cover, Equation 75 can not be applied. Insteas iteicessary to calculate the top
loss coefficient o) by taking the summation of the individual contitions of

radiation, natural and forced convection.

Under such conditions, the heat loss due to ragiatan be expressed as a
radiation heat transfer coefficient in terms of #ky temperatureT(), the mean
collector plate temperatureTg) and the plate emissivityg) as shown in

Equation 76 (Eicker, 2003).

hr = a-gp (szm +Tsz)(Tpm +TS) (76)
PhD Thesis of Timothy Anderson




Thermal Aspects of BIPVT Solar Collectors 215

where the sky temperature is represented by thefied@&winbank equation of

Fuentes (1987) as a function of the ambient tentperas shown in Equation 77.

T, = 0.0375367*° + 032T, (77)

Furthermore, the losses due to natural and foroedection must also be taken
into account. The forced convection heat transfeefficient () can be
calculated using Watmuff et al.” (1977) correlationterms of wind velocity\(,
as shown in Equation 78, while the natural coneectloss fng) can be
represented by a function of the temperature diffee between the mean
collector plate temperaturd ;) and the ambient temperaturg)(as shown in

Equation 79 (Eicker, 2003).
h, = 28+ 30v (78)

hoa = L78(T = T)™° (79)

Using this method it is possible to determine amrall convection heat transfer
coefficient f) by combining both forced and natural convectieathransfer as
shown in Equation 80 (Eicker, 2003). Subsequenylyaking the summation of
the convection and radiation losses, it is posdiblgetermine the overall top loss

heat transfer coefficient)p) for the unglazed collector.

h =3+, (80)

PhD Thesis of Timothy Anderson



Thermal Aspects of BIPVT Solar Collectors 216

Typically, when analysing solar thermal and staodalPVT collector systems,
the rear surface heat loss coefficient is giverthgyinverse of the insulation R-
value (ie.ky/Lp); however it should be recognised that, idealg, BIPVT will be

integratedinto the building rather than merebnto the building. As such, if the
collector is integrated into the roof of a builditigen the calculation of the heat

loss through the bottom or rear surface is lessgstt forward.

Given that the collector would be integrated intmef it is feasible that it may be
installed on a building using a “cold roof’ insutat system. In such an
installation the building would be insulated atliogj level, therefore the use of
insulation at the rear surface of the BIPVT woudghresent a second layer of
insulation thereby adding to the cost of the systinthis mode of operation, it

was recognised that the BIPVT would be installedvabthe air filled attic and

that air had a similar thermal conductivity to tyqiinsulation materials therefore
presenting the possibility of using the air in tlsisace as an insulating layer.
Therefore the correlation for free convection imiangular enclosure, or a pitched
roof attic space, developed by Ridouane and Cargp65) (Equation 81) was

used to determine the heat loss from the rear seidghthe BIPVT.

Nu = 0.286A%2%Gr V4 (81)

WhereA is the aspect ratio of the attic or enclosure iarttie ratio of the vertical

height ) and the horizontal width. The Grashof numb@r)(was taken to be
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given by Equation 82 with properties based on Werage of the BIPVT mean

temperature and the ambient temperature:

_9B(T,, ~TOH® (82)

U2

Gr

Based on this, it is possible to calculate the braaisfer coefficient due to natural
convection along the rear of the BIPVT collectod asubsequently the overall

heat loss coefficient for Equation 73.

Additionally, it is possible to analyse the thernmrformance of the BIPVT
collector by the inclusion of a packing factor.dractical terms, it is not always
possible to have complete coverage of a panel plibtovoltaic cells. As such
Equation 69 can be modified to account for thiskpag factor § and the
transmittance-absorptance product of the collectaterial ar) on to which the

PV cells are laminated, as shown in Equation 83.

Q=9 AR [ra,, G-U (T, -T)]|+ 0-S)AR[ra, G-U (T, -T)]] (83)

From these equations it is then possible to caleulae useful heat gain by the
solar collector and the mean temperature of theVBIRT,.). The electrical
efficiency can be calculated based on the diffezeretween the mean
temperature of the BIPVT and the Nominal Opera@aij Temperature (NOCT),
which is typically taken as 298K. For this studyiés assumed that the cell had

an efficiency of 15% (typical of a crystalline stin PV cell) at NOCT, and that
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the temperature dependent efficiency could be sgmted by Equation 84; where
it was also assumed a 0.5%/ decrease in electrical efficiency would occur

(Green, 1998).

nelectrical = 015(1_ 0005(Tpm - NOCT)) (84)

Furthermore, by rearranging Equation 69 or 83, @ develop an equation for
determining the thermal efficiency of the BIPVT,skd on the transmittance-
absorptance product of the BIPVT accounting for fyecking factor. This

equation is then expressed in the form shown ireEgu 85.

T -T
/7thermal = FR ((SX z-C)/PV) + (1_ S) x z-C)/T) - FRU L : G 2 (85)

By combining the elements of this design model em&dhodology it is therefore

possible to predict the performance of a BIPVTestydllector.
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