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ABSTRACT

Abstract of thesis entitled : Numerical and Experimental Analysis of Heat Transfer

and Airflow in Double Skin Facades with Integrated a-Si

PV Cells
Submitted by : Han Jun
For the degree of : Doctor of Philosophy

at The Hong Kong Polytechnic University in December, 2009.

A double skin facade (DSF) is a strategy utilized for improving building
performance through using an inner and outer wall on a building with a cavity
created between two walls. There is an increasing growing tendency for architects
and engineers to use double skin fagade in the building construction. If photovoltaic
modules or solar cells are integrated with a DSF, this facade becomes a

building-integrated photovoltaic (BIPV) facade.

This thesis presents a numerical and experimental analysis of heat transfer and
airflow in DSF system with integration of a-Si PV cells at the Hong Kong
Polytechnic University, which generates both electricity and providing day lighting.
A 2D numerical model is developed to explore the thermal behaviour and fluid
dynamics in the air cavity of the DSF system for both open and closed inlet and
outlet operational modes. The combined radiation and convection heat transfer in the

air cavity are analyzed in detail in this thesis.

II



Steady natural convective airflow in a novel type glazing system with integrated
semi-transparent photovoltaic (PV) cells has been analyzed numerically using a
stream function vorticity formulation. Based on the resulting numerical predictions,
the effects of Rayleigh numbers on airflow patterns and local heat transfer
coefficients on vertical glazing surfaces are investigated for Rayleigh numbers in the
range of 10° <Ra <2 x 10°. Good agreement for the Nusselt numbers was observed
between numerical simulation results in this thesis and those of earlier experimental

and theoretical results available from the literature.

In addition, the effect of air gap thickness in the cavity on the heat transfer through
the cavity is evaluated. The effect of the thickness of the air layer between two glass
panes on the heat flux through the PV window is investigated for different
temperature differences (Tou — Tin). In Hong Kong, the outdoor design temperatures
for A/C systems are 32°C for summer and 10°C for winter. The indoor air
temperature in a typical office in Hong Kong is supposed to be maintained, for
energy savings, at 25°C in summer and 22°C in winter. The effect of the thickness of
the air layer in relation to two temperature differences, i.e. 12°C and 7°C has been
considered. It is found that heat transfer through the window can be considerably
reduced by optimizing the thickness of the air layer. The overall heat transfer is
decreasing slightly when the thickness of the air layer is up to 60 mm. Therefore, the
optimum thickness of the air layer could be chosen as 60 mm — 80 mm when energy

saving due to less energy transport through the window is considered.
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Various turbulence models (RNG x—¢& model, Standard x —& model, Realizable
x —¢ model) were employed and velocity and temperature profiles predicted were
compared and discussed in this thesis. A test rig was developed and calibrated for
this study. An experimental study was carried out in the lab of the Department of the
Building Services Engineering, and predicted results were then compared with
experimental data to evaluate the numerical simulation accuracy. Experimental
measurements taken in the full scale indoor test facility are in good agreement with
predicted results. The experimental results indicated that the inside air temperature
for PV DSF system is quite lower than temperature in conventional fagade with
internal curtain for shading purposes. It is found that the temperature in the PV
facade system is more stable. The temperature variation in conventional facade
system with internal curtain is larger. There are 4 temperature peak have been
observed during the measurement. The maximum temperature for conventional
facade is close to 34°C at 13:10 PM, 29°C for PV facade. This indicated that the
effectiveness of the solar screening through the use of the naturally ventilation of air
beneath the PV module. The temperature deviation between the two systems

becomes smaller late in the afternoon.

The results show that heat transfer and airflow in the cavity is a complex problem,
which could influence the thermal performance of the PV DSF system. The results
also show this novel glazing system type developed in the current thesis could not

only generate electricity but also achieve potential energy savings by reducing the

v



air conditioning cooling load when applied in subtropical climatic conditions and

simultaneously provide visual comfort for occupants in the indoor environment.



Keywords: Double skin facade (DSF); Double sided PV fagade (DSPV); a-Si PV
cells; Thin-film solar cell; Building integrated photovoltaics (BIPV); Airflow and
heat transfer; Computational fluid dynamics; Numerical prediction; Experimental
study; Laminar convective heat transfer; Turbulence modelling; Thermal and energy

performance; Low-e coating; Heat gain.
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CHAPTER 1 INTRODUCTION

1.1 Double skin facade

l

1) Internal facade
hout ©
I@j (2) External facade
@- Air gap
Outdoor H (4}  Air inlet grating (in)
(5) Air outlet grating {out)
l(_) Indoor (6) Shading device
4
Pin - @ Mean average heal
‘[ transfer coefficients
[

®

Figure 1.1 Schematic diagram of a double skin fagade by Faist (1996)

Double skin fagade (DSF) technology is a strategy utilized for improving building
performance by using an inner and outer wall on a building with a cavity created
between two walls. According to the Belgian Building Research Institute (BBRI),
the definition of DSF is that it is a fagade covering one or several storeys
constructed with multiple glazed skins. In general, the structure of a DSF consists
of three main parts: (1) building envelope, (2) two bounding surfaces and (3) air
cavity created by two bounding surfaces. The schematic diagram of a DSF system
is shown in Figure 1.1.The skins can be air tight or ventilated as shown in Figure

1.2. On the other hand, the air cavity ventilation strategy may vary with time.



Devices and systems are generally integrated in order to improve the indoor
climate with active or passive techniques. Most of the time, such systems are

managed in semi automatic way via control systems.

A cavity venting i
il

S | ]

window =
solar venting to
radiation cavity

S~
7o

cavity venting

= | | 1

Figure 1.2 Solar radiation through an office building and air movement in the DSF

cavity

There is an increasing growing tendency for architects and engineers to use double
skin fagades in the building construction. The driving potentials for using this kind
of technologies are as follows:
e The increasing effort in reducing the heat gain through buildings’ external
envelopes, so as to reduce corresponding cooling load of air-conditioning

(A/C) system;



e The need for acoustics control, especially for building located in a
metropolitan city, for example in Hong Kong;

e The need for improvement of aesthetical architectural appearance;

e The need for improvement of indoor air quality (IAQ) for thermal comfort
of the indoor occupants, particularly in office buildings in the occupancy
period;

e The potential applications of the natural day lighting utilization. Visual
contact between indoor occupants and outdoor environment may not be

sacrificed when transparent clear glass facade is utilized.

1.1.1 Advantages and disadvantages of DSF design concept

Buildings with DSF, also named double-envelope facades or glass double facades,
are complex from a building physics point of view. This kind of facade design has
both advantages and drawbacks. The advantages have been eagerly accepted by
architects and engineers when they intend to employ such kind of advanced
technology in their design. One of the main advantages of the DSF systems is that
they are capable of providing natural or combined mechanical ventilation. From
the benefit of natural ventilation, limiting the period of time in which the
mechanical ventilation is used reduces the energy consumption of the building and
the possibility of occurrence of the ‘sick building sysdrome’ (when HVAC
systems are present), as indicated by Silva (2008) and Saelens (2002). On the
other hand the second fagade has the capability of reduce the influence coming

from outdoor wind load and noise. Another benefit from the DSF system, as



described by Lee et al. (2002), is that DSF fagade allow any possible renovations

of historical buildings desired to be protected.

Overheating during the summer period and condensation issues in the severe
winter period are the problems a designer of a DSF commonly face. The problem
could be even worse, especially when the peak outdoor ambient temperatures
coincide with higher solar radiation. Many researchers suggested that this kind of
risk of overheating in summer could be minimized when proper measures or
strategies are fully considered and employed during the design stage. Another
disadvantage is higher manufacturing costs compared with a conventional single
facade. Other maintenance and operational costs are added. These costs may
include cleaning, inspection or other services. Architects and engineers may need
to convince clients to use these advanced facades systems despite increased cost to

jump the cost barrier.

1.2 Development of DSF

DSF buildings were first built in the US and Europe in the 1970s during the first
energy crisis as an attempt to improve building performance. Poirazis (2004)
mentioned that a mechanically ventilated multiple skin fagade in the construction
of the Industrial Museum in Brussels was first introduced by Jobard. With
frequently use of the new materials such as cast iron, steel reinforced concrete in
the modern commercial buildings, load-bearing function of the former facades

were becoming less important. Transparent glass curtain walls were commonly



used by architects to cater for the desire for natural day lighting, and visual contact

between indoor occupants and outdoor views at that time.

The energy crises in 1973 and 1979 evoked the recognition of public and policy
makers as well as designers of buildings the importance of improving energy
efficiency in the building sector as buildings consume a large portion of the total
energy use. With the increase in the usage of glass in buildings, many
disadvantages of using the large-area glass fagade become apparent. For example,
higher air-conditioning (A/C) system costs from such buildings have been
identified. These include heat transfer through window glazing of the building
external wall as one of the major thermal loads in the building envelope heat gain.
In addition to the higher levels of A/C cooling load that result in these kinds of
buildings, other problems, such as overheating during the summer period and

considerations from the acoustics issues also resulted.

One way to solve such problems mentioned above is to employ more advanced
glazing technologies, including the use of double glazed windows or facades
instead of using single glazed facades. One of the most important features is that a
double glazed window or fagade is thermally insulated by air cavity created
between two opposite walls. The air cavity could be ventilated or non-ventilated,

1.e. closed cavity.



During the last 30 years, research and development in DSF technology achieved a
relatively high technological standard. The recent resurgence of efficient building
design has renewed interest in this concept. Since Leadership in Energy and
Environmental Design (LEED) green building certification awards points for
reduction in energy consumption vs. a base case, this strategy has been used to

optimize energy performance of buildings.

A south oriented outdoor test stand was designed and built on top of a unit of the
new Mechanical Engineering Faculty Building of the Technical University

Munich in Garching as shown in Figure 1.3.
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Figure 1.3 Outdoor test facility for double skin fagade system from Zollner (2002)
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Figure 1.4 Smart facade system installed at The Georgia Institute of Technology

from Park (2003)

A smart fagade system has been introduced by Park (2003) at the Georgia Institute
of Technology, as shown in Figure 1.4. The demo unit consists of a double pane
exterior glazing, single pane interior glazing, an automatic rotating louver, and
electrical controlled ventilation inlet/outlet dampers. A motorized venetian blind
system and ventilation damper are controlled by a smart controller for both
benefits of large windows with reduced energy demands for heating and cooling

and maintain thermal and visual comfort to a optimal level.

1.3 DSF using photovoltaic glass

Photovoltaic glass is a special glass with integrated photovoltaic solar cells, to

convert solar energy into electricity. This means that the power for an entire



building can be produced within the building components such as roof and facade.
Solar cells are embedded between two glass panes and a special resin is filled
between the panes and space between solar cells, securely wrapping the solar cells
on all sides. Each individual cell has two electrical connections, which are linked
to other cells in the module, to form a system which generates a direct electrical
current. With the incorporation of photovoltaic glass, as well as other systems and
components, it is possible to utilize the power generation from photovoltaic cells
to reduce building electricity consumption from utilities and cost. This most
promising renewable energy technology incorporates a sustainable feature into the

construction of the building envelope.

There are various options for the selection of cells, for example, polycrystalline
Silicon (p-Si) PV cell, and amorphous Silicon (a-Si) PV cell. Figure 1.5 shows the
structure of a semi-transparent PV module laminated with p-Si PV cells. These
cells are spaced so that some portion of light could pass through the glass, which
facilitate natural daylight in the building. Several layers are incorporated together
to create the PV module including glass, Ethylen Vinyl Acetate (EVA) sheet using
as encapsulation material, PV cells, glass, air gap with spacer and glass as
described by Park (2009). For thermal insulation purposes, an additional glass
sheet is usually placed behind the PV module and an air gap between them is

created for thermal resistance.
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Figure 1.5 The structure of a photovoltaic glass by Park (2009)
1.3.1 Ventilated photovoltaic (PV) facade

Ventilated PV facade function as a multi-purpose fagade system is a relative new
concept in the renewable energy applications. It has the potential of maximizing
PV power output due to the reduced operational temperature of the solar cell due
to the ventilated air stream behind the PV panel, thus improve the PV electrical
conversion efficiency. The air flow in the channel created by two parallel vertical
plates is driven by buoyancy force, an external pressure difference due to wind
effects, or by combined effect. In addition to produce electricity from the PV
modules, other advantages or benefits from the weather buffer zone created
between the inside and outside of the building could be offered as well. Cool air
stream in the channel during the summer season and warm air stream during the

winter season could be circulated for ventilation of air. Cooling load and heating



load for A/C system are consequently reduced and better thermal comfort of the

indoor occupants is also achieved.

1.3.2 Non-ventilated PV window and curtain wall

Compared with ventilated PV window (Chow et al. 2007), non-ventilated PV
window eliminate the need for cleaning requirement in the air cavity and provide
well sound insulation. The problems, however, exist in the over heating of the
closed air cavity during severe summer weather conditions. Attention thus must be
paid on solving the problem so as to meet general or even the toughest building
codes. Many appropriate measures are commonly adopted, for example, the air
cavity is integrated with duct system of the central A/C system. It is a good
approach but further investigation on application in various weather conditions is
needed. In general, PV windows have the same characteristics as conventional
double pane windows, so architects, developers, and builders do not need make
big design efforts and building changes to develop PV embedded buildings. This

approach is truly sustaining and low maintenance.

1.4 Objectives of the research

Use of semi-transparent PV modules is an increasing trend for BIPV applications.
Few previous investigations, however, consider the characteristics of airflow and

heat transfer in the glazing cavity formed between exterior and internal gazing
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using semi-transparent PV modules. It is necessary to study the energy

performance of the current system.

The main objective of the research is to development of a DSF system integrated
with semi-transparent PV cells, and to assess its thermal and energy performance

by theoretical model and experimental investigations.

The objectives of the research are as follows:

1) To develop a mathematical model to explore the thermal performance of
the double skin facade with integrated amorphous silicon (a-Si) thin-film
photovoltaic (TFPV) cells.

2) To obtain experimental information on a real test-rig under controlled
conditions to gain insight into the complex behavior of the PV DSF system.
The measurements shall serve for model verification purposes.

3) To use a two-dimensional steady state computational fluid dynamics (CFD)
model to study the fluid flow in the air cavity of double facades with
integrated PV panels. The convective heat transfer coefficient necessary
for predicting the total heat flow through the DSF shall be calculated in
detail.

4) To combine a building energy simulation program with the CFD model for
further evaluation of the annual heat gain of the PV DSF system and power

generation from the TFPV cells.
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1.5 Organization of the thesis

This thesis consists of 8 chapters. The current chapter is an introductory chapter
which introduces background information related to the topic, and outlines the
content of this thesis. The objectives of the thesis are established in this chapter

and justified with reference to relevant studies in the area.

Chapter 2 reviews the past work in the existing literature relevant to the current
research. A literature review of the definition and classification of the double skin
facade system and its energy as well as thermal performance are given in this

chapter.

Chapter 3 presents the experiment study of the double skin photovoltaic facade
system which is developed in the Solar Simulation Lab of The Hong Kong
Polytechnic University. Experimental methodology and instruments used in the
experiment are extensively described. Various operational modes were conduced

and the experimental results are discussed.

Chapter 4 presents the numerical investigation of an open cavity for ventilated
double skin photovoltaic facade. The air flow in the channel of the window will be
simulated by consideration of both laminar and turbulent flow. Various turbulent
modules will be employed and the results from them will be discussed. The heat
transfer and air flow characteristics in the channel will be evaluated by numerical

simulation. Various factors affecting the air flow and heat transmission will be

12



identified and examined. Predicted results from the numerical simulation are

analyzed in detail.

Chapter 5 presents the theoretical study on the heat transfer and air flow
characteristics in the closed cavity for non-ventilation double skin photovoltaic
window. The motivation for development a validated mathematical model is the
requirement of the precise predictions of the thermal performance of a PV DSF

system. The numerical model and method for solution of it are discussed.

In Chapter 6, the predicted results from the numerical methods are validated with
experimental results available in the existing literature and collected data from
experimental measurements of a well developed test rig in the Solar Simulation

Lab and through an outdoor test.

In Chapter 7, various factors affecting the performance of the double skin
photovoltaic facade system has been indentified and analyzed in detail. In the last
chapter, conclusions are drawn and recommendations for future research are

proposed.
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CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

Thermal modeling of the energy performance and thermal behavior of air cavity in
a double skin fagade system is a complicated task as many parameters may affect
the performance of the facade and ultimately affect the total building energy
performance. Among these critical parameters commonly investigated and noted
by other researchers in the existing literature are air flow rate in the cavity, cavity
width, solar heat gain coefficients (SHGC), shading coefficients, and day lighting

parameter.

Over several years, there have been considerable efforts directed toward the
development of advanced facade systems, and many of those efforts were focused
on air flow simulations in the cavity, temperature and velocity distribution along
the cavity as well as day lighting utilization analysis. For the simulation of the air
flow in the cavity, different turbulence models were used. For the heat transfer in
the cavity, various assumptions were made. Many works consider the effect of the
heat transfer by radiation in the cavity, while others consider the convection heat
transfer solely. On the other hand, life cycle cost analysis of DSF system is also
performed by different researchers to evaluate the feasibility for application of
DSF under various climate conditions. Different investigations and methodologies

employed to model the thermal and energy performance of the cavity of the DSF
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with its integrated building as well as study on ventilated photovoltaic facade are

extensively reviewed in this section.

2.2 Double skin fagcade technology

2.2.1 Experimental investigation of the thermal performance

It is crucial to determine the air flow rate and velocity distribution in the cavity as
they will affect the temperature of air in the cavity, and thus affect the thermal
performance of the total facade system as well as the building energy use. Airflow
through both naturally or mechanically ventilated envelopes has been
experimentally analyzed in the existing literature. Most common measurement
techniques for calculating the air flow rates both in naturally and mechanically
ventilated active envelopes are described by Saelens and Hens (2001, 2004, 2008).
They describe three measuring methods to determine the airflow in ducts and
cavities: 1) measuring the pressure difference across an orifice, nozzle or venture
tube; 2) measuring the air velocity using anemometers; 3) measuring the air flow
directly using tracer gas techniques. In the study, a method was proposed to
determine the airflow through the cavity by means of the pressure difference over
the louver ventilation grid. As indicated by Saelens, for mechanically ventilated
cavities, an excellent way to determine the airflow rate is by measuring the
pressure difference across an orifice placed in the exhaust duct. This method,
however, is less suitable for naturally ventilated cavities. Saelens (2001) noted that
the driving forces are usually small and because of the high flow resistance of the

orifice, the flow in the cavity would be too much affected. Moreover, finding a
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suitable place for the orifices would be difficult as no exhaust duct is available.

2.2.2 Experimental investigation of laminar and turbulent flow in
the channel

Laminar natural convective heat transfer in parallel-plate vertical channel was
studied in many experimental investigations by various researchers. The first
comprehensive experimental work was conducted by Elenbaas (1942). His work
has served as a benchmark for most subsequent studies. A large number of studies
on experimental measurements of laminar convective heat transfer in the vertical
parallel plates were reported during the past few years. The effect of inter plate
spacing on natural convection heat transfer characteristics of a vertical channel
heated on one side was explored experimentally and numerically by Sparrow and
Azevedo (1985). Fedorov and Viskanta (1997) conducted a comprehensive

literature survey of mixed convection between vertical parallel plates.

Moshfegh and Sandberg (1998) used tracer gas with a so called constant flow
technique to measure the flow rate in the channel. At the bottom of the channel,
gas is introduced with a known volume flow rate. The volume concentration is
recorded at the exit. The concentration is read with an infrared gas analyzer giving
the volume concentration in parts per million (ppm). An experimental study on
natural convective heat transfer in an open channel was carried out by Fossa
(2008). The effect of the geometrical configuration of heat sources on the heat

transfer behaviour was evaluated for a series of vertical heaters. Physical
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mechanisms influencing the thermal behaviour of a double-skin photovoltaic
fagade was investigated in their work. The research result is useful in controlling
the energy transfer from ambient to the PV surfaces and vise versa. PV module
conversion efficiency is increased due to lower operation temperature. The
experimental results show that the proper selection of the separation distance or air
gap depth and heating configuration can noticeably decrease the surface

temperatures and hence enhance the conversion efficiency of PV modules.

Turbulent flow and natural convection in vertical channels have been intensively
investigated by various researchers. The first experimental study on turbulent free
convection heat transfer in an asymmetrically heated vertical channel was
conducted by Miyamoto et al. (1986). The channel was created by two vertical
parallel plates. Other studies on turbulent natural convection along plates include

Vliet and Liu (1969), Tsuji and Nakano (1988) and Ozisik (1987).

Although experimental values are very reliable when performed in a controlled
environment, there are several major drawbacks to this approach. It is expensive
and time consuming. Numerical approaches, for example Computational Fluid
Dynamics (CFD), are commonly used during the building design stage and this

approach will be discussed in the following section.

2.2.3 Existing mathematical model for theoretical investigations
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Previous researchers have shown substantial and growing interests in the DSF
design focusing mostly in areas of the thermal performance (energy use, reduction
of heating and cooling demand during winter and summer seasons, reduction of
peak heating or cooling loads), solar optical performance (use of solar control),
acoustic performance (acoustic control in buildings located in noise polluted areas)
and day lighting performance (use of natural daylight other than artificial daylight)
of the glass fagade system and air flow simulation in the cavity. It is important to
accurately predict all these performances of the fagade system by employing an
appropriate mathematical model in order to design a cost effective and appropriate
system that satisfies all users during the occupancy period of the building

constructed with double skin facades.

Various researchers have developed theoretical models to study DSF systems and
modified systems with integration of photovoltaic solar cells since a large number
of design or geometrical parameters can influence the entire system’s function and
other physical properties of the air cavity. Defining a mathematical model to
simplify the real model seems to be the most reliable and economic approach.
The total performance of the DSF system will also affect the performance of the
building. The accuracy of calculations of the fagade performance during the design
stage will produce more precise predictions. In order to calculate the temperatures
at different heights in the cavity, air flow simulation of the double skin facade

cavity should be conducted.
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Different flow models (i.e. laminar flow and turbulent flow models) were used to
simulate the air dynamics and heat transfer in the air cavity. Long-wave radiation
calculation in the cavity was considered, while some researchers simulate the
system without consideration of radiation effect. According to Liao and Athienitis
(2005) and other researchers, the heat exchange by radiation in the air cavity of

building integrated photovoltaic (BIPV) system is important.

The modeling and simulation of the DSF cavity is a complicated task, since
different elements interact with each other influencing the function of the cavity.
Due to highly nonlinear nature of DSF systems, an analytical approach to
investigate on airflow and thermal behavior of DSF systems becomes
impracticable. Only a few simple analytical studies exist in the previous research
due to highly nonlinear nature of the systems itself leading to the impracticability
of any analytical approach as indicated by Park (2003). Previous simple analytical
studies, for example, are these studies by Brandle (1982), Rippati (1984), Mueller
(1984), Wright (1986), Barakat (1987), Hayashi (1989), Robbins (1993), Cho
(1995), Luecke (1995), Onur (1996), Haddad (1998, 1999), Oosthuizen (1999),

van Passen (2000), Saelens (2002).

Holmes (1994), Inoue et al. (1985), Sarlens and Tack (1997) have developed
analytical solutions to the airflow in the cavity. Holmes (1994) provides an
analytical solution for a single ventilated cavity by employing an exponential

vertical temperature gradient. Inoue et al. (1985) introduce ventilation on either
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side of the shading and assumed a linear vertical temperature gradient is existed in
the air cavity. Saelens and Tack (1997) provide analytical expressions for an
airflow window including a shading device with ventilation on either side of the

cavity.

There is a growing research interesting in studying heat transfer and fluid flow in
air gaps behind photovoltaic panels. Like air motion mechanism in a solar
chimney and conventional DSF, air flow in the air gap behind PV panel is driven
by buoyancy forces and wind effects. The PV panel is heated by the incident solar
radiation and from the PV panel heat is transferred to the air gap by convection
and radiation heat transfer as indicated by Moshfegh and Sandberg (1998).
Brinkworth et al. (1999) derived a simplified method for prediction of the air flow
rate in naturally ventilated PV cladding for buildings. The method is based on a
one-dimensional ‘loop analysis’ in which the buoyancy forces are balanced by
pressure drops due to friction in duct. The methods also consider the effect of the
wind force effects at the entrance and exit of the PV ventilation gap. The mass
flow rate and temperature rise can be directly predicted through solution of a
simple cubic equation. Tonui and Tripanagnostopoulos (2008) presented air
cooling of a commercial PV module configured as PV/T air solar collector by
natural flow. Modification techniques to enhance heat transfer to the air in the
channels were studied. The considered methods consist of thin metal sheet
suspended at the middle or fins attached to the back wall of the air-channel to

improve heat extraction from the module. Ibrahim et al. (1988) provide a
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simplified loop analysis for a naturally ventilated channel heated from one side by
PV elements. Moshfeg and Sandbergy (1996) employed a 2D finite element model
in a CFD study with idealized boundary conditions to investigate the convective
heat transfer in a vertical air channel behind the PV module. Analytical
expressions for the mass flow rate, velocity, temperature rise and location of
neutral height in air gap behind solar cells located on vertical facades were derived
by the same authors. Mootz and Bezian (1996) presented a 2D laminar flow

model.

Many mathematical models in the literature involve the modeling of the ventilated
PV fagade by evaluation of heat transfer through radiation, convection, conduction
and electrical power generation from the solar cells. Among these models, the
simplest approach is to use the single zone model and each element is represented
by a node and connected together using the thermal network as was done by Liao
(2005). The heat transfer through the elements is described using the U factor.
Saelens (2002) pointed out that a simple U factor lacks the complexity to

accurately model this type of facade.

For modeling heat conduction through glass pane, various mathematical models
are available in the literature to consider the effect of the solar radiation absorbed
by the glass. Both transient and steady state analysis of the heat transfer by
conduction in the solid part (i.e. glass panels) exist. The mathematical model of

2D transient energy equation for the glass sheet is used by Ismail (1998, 2009), as
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follows:

or _ k [GZT GQT} 1 al,

a_t B} 2.1
ot ,ocaszray2 oc oy 1)

The term 0l / 0y 1is the solar radiation absorbed in the glass per unit volume and

can be written in terms of the radiation attenuation across the glass sheet

characterized by its extinction coefficient as

dl, =-pl,dy (2.2)
Fung (2006) used the following energy balance equation for the front-glass of a
BIPV system:

6ng (x,1) aZng xt) 2 deg
=1 4+ =
ot x> k. dx

g

2.3)

T (X,1) is the inside node temperature of the front-glass at distance x and time t,

A, and k; are the thermal diffusivity and thermal conductance of the glass

respectively; the term dS, /dx corresponds to the heat generated in the glass due

to the solar radiation.

Chow et al. (2007) use the following mathematical equations to model the solid
part, i.e. the glass panes. Solar radiation absorbed by glass is considered as
boundary conditions, and this treatment is different from previous mathematical
modeling of the glass. No lateral heat transfer across the horizontal width of the
window assembly was assumed, the energy balance per unit length of the outer

glass pane gives
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where D ,p,, C, and k; are, respectively, the thickness, density, specific

g9

heat capacity, and heat conductivity of outer glass, T ,, T,, T and T,

respectively, the temperatures of outer glass, air at ventilating gap, solar cell and

ambient, G the incident solar irradiance, U, the effective heat transfer
coefficient between outer glass and solar cells, a , the effective absorptance of

outer glass h, , and h, respectively, the radiative and convective heat transfer

coefficients between outer glass and ambient, h;, the convective heat transfer

coefficient between out glass and air in ventilating gap, and z.is the solar cell

transmittance.

2.2.4 Convection heat transfer coefficients

Natural convective heat transfer inside enclosures has long been a very interesting
and important research area as it has a lot of engineering applications. It impacts
the flow patterns and heat transfer processes in solar collectors, building facade,
and double glazed windows. Coefficients of heat transfer by convection in an air
cavity were calculated by using empirical expressions of Nusselt number as a
function of Rayleigh number in many existing literatures. Cavity height H is

usually taking as reference length in the calculation process. Hsieh and Yang
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(1997) conducted experiment studies for various heated water rectangular
enclosure with aspect ratios H/'W = 20 (ratio of height to width) at high Rayleigh
numbers. The following correlations were deduced, for aspect ratio Ay = 20.
For laminar flow regime:
Nu =0.224Ra"*" Pr*»®  1.54x10* <Ra<1.58x10’ (2.5)
For turbulent flow regime:
Nu = 0.059Ra"*" pr®* 1.58x10°* <Ra<1.48x10" (2.6)

Seki (1989) also proposed following similar correlations, for laminar flow:
10"<Ra<10’ 6<A, <30 2.7)
For turbulent flow:
Nu =0.096Ra"’ Pr**! 10"°<Ra<10" 6<A, <30 (2.8)

In the above calculations, the Rayleigh numbers are calculated based on an overall
temperature difference between two hot and cold wall of the cavity. The
convective heat transfer coefficient is then deduced by following expression:

Nu :hTH (2.9)

The correlations between the average Nusselt numbers with other parameters,

proposed by Yin et al. (1978), are listed below:
Nu =0.23A""'Ra/*” for 10’ <Ra, <5x10° and 4.9<A<79.7 (2.10)

The correlations from Elsherbiny et al. (1982) are listed below:

Nu, = 0.0605x Ra; " (2.11)
0.104Ra?> ']
Nu, =1+ — (2.12)
1+(6310/Ra,)"
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Ra "
Nu, = 0.242( ALJ (2.13)

Nu = max(Nu,, Nu,, Nu,) (2.14)
for 5< A<110, A=20:Ra <2x10°,
A=40:Ra_<2x10°,A=80:Ra, <3x10*
Balocco, (2003) recommended a correlation valid for a vertical wall at uniform
temperature and wide vertical isothermal volume (W>>L). According to Holman

(1991) and Warren (1998), the Nusselt number can be obtained from the following

equations:
Nu =[(Nu,)" +(Nu)"]"" (2.15)

2
~In(1+2/C, xRa'?)

(2.16)

U,

_ Cthal/S
" 1+1.4x10°Pr/Ra

(2.17)

ul
where the coefficients C, (for laminar flow)and C,(for turbulent flow) can be

determined as follows:

CI - 0‘6719/16 4/9 (2.18)
[1+(0.492/Pr®'%)]

0.22
Pr ]0A42

C,=016——
‘ [1+0.61Pr°‘8‘

(2.19)

A composite expression for the average Nusselt number for natural convection
was proposed by Mittelman et al. (2009) for natural convective heat transfer

behind the PV module with a back mounted channel.
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Nu =

4 s (2.20)
Ra Sing (Ra Sing)

-1/2
6.25 1.64 }
The above equation is not sufficient to predict cooling rates as it neglects radiative
heat transfer. The radiative cooling rate in case of black vertical wall was
predicted by Moutsogolu and Wang (1989). Combined convective and radiative

heat transfer was proposed by Brinkworth (2002), and Brinkworth and Sandberg

(2006).

2.3 Computational fluid dynamics modeling

The recent increase of computational resources and availability of commercial
Computational Fluid Dynamics (CFD) software have made realization of
numerical solution to the problem of heat transfer by convection in buildings and
building components with little calculation difficulty. Computational fluid
dynamics is a numerical approach that is informative while also saving time and
money. A very complex thermo fluid phenomenon under the outdoor
environmental conditions exists in the DSF system. Such a phenomenon involves
heat transfer by conduction, convection, and radiation with laminar, transient, and
turbulent flow regimes. It has been noted that detailed computational fluid
dynamics simulation of the fluid flow inside the air cavity is needed to solve this
problem. Computational fluid dynamics techniques and models have the
advantages of lower cost, high speed, flexibility to sensitivity analysis, ability to
simulate realistic conditions and ability to simulate ideal conditions at which

experimental studies are hard to conduct. However, only a few simplified cases
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exist in the literature.

2.3.1 Coupling of computational fluid dynamics and building

energy simulation

In order to gain an accurate prediction of total building energy use and indoor
environment, it is crucial to integrate computational fluid dynamics (CFD) and
building energy simulation (BES) programs together. Thermal coupling strategies
between the facade and the whole building must be adequately simulated. More
complementary information could be provided by both programs. Building energy
simulation as a power tool could be used to evaluate thermal performance of any
building component i.e. windows, roofs or walls and their effects on the total
energy consumptions of buildings and building heating or cooling load as well as
interior surface temperatures of building envelops. During the evaluation process,
determination of air temperature distributions and heat transfer by convection in
the indoor environment could be performed by CFD. Zhai and Chen (2005)
compared the functions of building energy simulation and computational fluid
dynamics programs in their work. It indicates that BES program is capable of
considering weather and solar impact, enclosure thermal behaviors, HVAC system
capacity and energy consumption, while the CFD program is able to determine
thermal comfort including air temperature, air velocity, air humidity, and airflow
turbulence and indoor air quality, for example contaminant concentrations and air

distribution. Detailed coupling strategies and methods were also described in their
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work.

The literature contains many reports of work concerning the integration of energy
simulation and computational fluid dynamics programs. The principles, strategies
and method for building energy simulation and CFD coupling were discussed by
Zhai and Chen (2002, 2003). Crawley et al. (2000) used this concept by

incorporating a CFD program into an energy simulation program i.e. EnergyPluse.

2.4 Building integrated photovoltaic (BIPV) system

Incorporating PV cells into building envelope or other building components is
often termed Building Integrated Photovoltaic (BIPV). Compared with a stand
alone system, BIPV system is more cost effective as no additional supporting

structure or frames work are needed.

Building integrated photovoltaics (BIPV) has long been credited as one of the
most important applications for PV in developed countries and has been
well-developed all over the world among the other types of PV applications. PV
modules, especially semi-transparent a-Si solar cells, can be incorporated in a
glass-glass construction for providing shading solutions with lower maintenance
cost compared with conventional double skin fagade without integration of PV, as

shown in Figure 2.1.
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Figure 2.1 Example of a semi-transparent PV fagade

2.4.1 Ventilated photovoltaic facades

PV panels may experience undesirably high temperatures due to part of the
absorbed solar radiation that is not converted into electricity. This heat input can
increase the cells temperatures thus decreasing the conversion efficiency of solar
cells. Open channels beneath PV modules are commonly used to extract the
additional heat. The air gap on the back of the PV modules provides natural
cooling for the PV cell and reduces its operational temperature. Natural cooling
using free convection is a simple method with lower cost to remove heat from the
back of the PV modules and to keep the electrical efficiency at an acceptable level.
By maintaining reasonable temperature on the PV cells, their efficiency could be
enhanced dramatically and their working life extended through a reduction of
thermal cycles and stresses. The output electrical generation is, therefore,

increased.
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Natural ventilation is induced by buoyancy forces due to a temperature difference
between the inlets and outlets of the building envelope. There are so many similar
structures functioning like this, for example, wind towers, Trombe walls and solar
chimneys. Ventilated building integrated PV facade systems involve complicated
air flow and natural convective heat transfer phenomena. It has long been noted
and interested by various researchers and described in the literature. There is a
growing interest in studying heat and fluid flow in air gaps behind PV panels in
order to maximize the utilization of the solar energy from the PV system. These
previous works include Brinkworth et al. (1997, 2000, 2005, 2006), Mittelman et

al. (2009), Tonui and Tripanagnostopoulos (2005) as well as Ibrahim et al. (2006).

Brinkworth et al. (1997) indicated that providing a ventilated air gap behind a PV
panel is an effective way to reduce the increase in PV module temperature, which
otherwise lead to a decrease in electrical output. The results showed that reduction
in temperature of up to 20 K can be obtained by heat transfer to an air flow
induced by buoyancy in a duct behind the PV component, with a significant
increase in the electrical output and reduction of heat gain into the building. A PV
roof installation was developed, and measured data from the full scale test rig was
used to evaluate model predictions through a CFD simulation tool. Important
design parameters, for example, the depth of the cooling duct were identified and
its effect on the thermal and electrical performance of the system was evaluated.
As observed by Martin (2003) the greater the depth behind the modules, the

greater the cooling due to natural convection. Natural ventilation effects of an air
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gap on PV module’s power output and heat transfer across a PV wall and PV-roof
have been investigated by Yang et al. (2000). A scale analysis and numerical study
of PV modules with a back mounted air channel that provides heat transfer rates
over a practical range of operating conditions and channel geometries was
conducted by Mittelman et al. (2009). The passive air cooling rate of an open
channel beneath PV panels was predicted. The results illustrate the effect of the
Rayleigh number and channel aspect ratio on the channel Nusselt number for

combined convection and radiation heat transfer.

Moshfegh and Sandberg (1998) explored the heat transfer and air flow
characteristics of buoyancy driven air flow behind PV panel. In order to enhance
heat transfer in the cavity, Tonui and Tripanagnostopoulos (2005) proposed a
system with a Thin Flat Metallic Sheet (TFMS) inserted in the middle of the air
channel as a baffle sheet, as shown in Figure 2.2. Heat extraction from the PV
panel above the air gap was enhanced. Shading, on the other hand, to the roof to
reduce heat conduction to the interior of the building is also provided. The
reference system, as showing in the left of the Figure 2.2, it has a simple air duct
that is attached at the back of the PV module. The modified system, TFMS has a
similar air duct but insert a thin sheet of aluminum plate. It functions like a parallel
double pass air channel with increased heat extraction surface. By using the air
channel, the temperature of PV module could be reduced so that cell efficiency is
improved. The controlled warm air in the channel, on the other hand, could be

utilized for winter preheating or summer cooling. Mei and Infield (2003) modeled
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the PV facades system by using the TRNSY'S simulation program. There are total
three major components in the building simulation model. There are the PV fagade
(PV panel, air gap and inner double glazing); the solar air collectors; and a
TRNSYS single zone building model plus additional controller models. The main
features of the entire model were outlined and the thermal impact of the ventilated
PV facade was assessed. It was found that twelve percent of heating energy could
be saved using the pre-heated ventilation of the air for the buildings located in

Barcelona in winter.
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Figure 2.2 Cross section of the PV/T air system, reference system is showing on

the left (1a) and modified system showing on the right (1b)

Directly using of the warmed air from the PV facade for building heating is an
effective way to use the extra thermal energy from PV-solar heating system during

winter season. In summer, the warmed air exhausted from the channel behind the
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PV panel can be collected to provide thermal energy driving the solar adsorption
cooling system for building cooling according to Mei et al. (2006). The authors
have recently completed an EU project which concerned the ventilated PV-solar
air heating system combining with a desiccant cooling machine constructed and
installed in the Mataro Library, near Barcelona. The cooling performance of the
solar powered desiccant cooling system was evaluated by the detailed modeling of
the complete cooling process. It is shown that air of 70°C generated from their
solar air heating system can be efficiently utilized to regenerate the sorption wheel
in the desiccant cooling machine. The average COP of the cooling system through

the summer season is approximate 0.518 and solar fraction 75% can be achieved.

Importance of thermal stratification in the air cavity behind the photovoltaic
module in performance prediction or simulation of a ventilated photovoltaic
facade, as shown in Figure 2.3, was identified by Leal et al. (2003) and Yun et al.
(2007). The results indicated that considering the thermal stratification and air
movement is crucial. Three vertical zones were created in the air gap behind the
PV module. The effect of vertical thermal stratification, and buoyancy and wind
forces were considered. Research showed that it is useful in describing thermal

stratification within the building to divide a zone into multiple zones.
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Figure 2.3 Schematic diagram of ventilated PV facade by Yun et al. (2007)

2.4.2 Electrical power generation from BIPV system

Building integrated photovoltaic technology offers both architects and engineers
the option to develop innovative and aesthetically pleasing designs. Electrical
power generation from the BIPV system can supply some of building’s energy
demand rather than dependent being entirely on grid utility. In Europe, a recent
marketing survey shows that almost seventy percent of sample of polled architects
are intending to install PV elements in the design of new developed buildings or
on existing buildings during refurbishment. Since 1990 various projects were

relative to using photovoltaic for innovative design and benefit of the green energy
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power generation. For example, a total 1689 kWh of electricity with an average
annual solar irradiation 596 kWh/m* can be generated from a PV project in Berlin

Kreuzberg, Germany as indicated by Liao (2005).

According to Pearsall (1996), the goal of Europe is to reach 2000 MW, capacity
with PV electricity generation in 2010, among which 900MW,, will be contributed
by PV roof systems and 400MW, by photovoltaic wall systems. Not only will the
program save conventional energy use, but it will also offset the ‘peak’ electricity
generation from coal and oil and the emissions from diesel and propane generators.
Currently environmental protection is a very important determinant for using

photovoltaics in buildings.

2.4.3 The effect of the BIPV on building cooling load

Previous research indicated that it is possible to reduce the cooling load in office
buildings as well as other buildings in hot arid and hot humid areas if a double
skin facade is employed. Research has also shown that double skin facade with
incorporated photovoltaics is capable of reducing the total solar heat gain, and thus
can contribute to reduce the entire building cooling load. The reductions on
cooling loads in rooms range from 19% to 40% depending on the glazing thermal
and visual performance characteristics of the exterior glazing of the double skin
facade according to Hamza (2005). Yang et al. (1999) proposed simplified

methods to calculate the cooling load component of a PV facade. The heat transfer
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across a photovoltaic wall (PV wall) was investigated to determine the cooling
load component contributed by building-integrated PV walls. A new definition of
equivalent hourly average outdoor temperature is given for simplifying the
calculation procedures of the cooling load component. It is indicated that the
cooling load component can be obtained conveniently by using the average
outdoor temperature and recommended film coefficients of the special building
claddings. The photovoltaic integration in building walls reduces the

corresponding cooling load components by 33%-50%.

Chow et al. (2009) investigated the energy performance of ‘“see-through” PV
glazing as applied to a typical open-plan office environment of Hong Kong.
Theoretical models developed through the ESP-r simulation platform were
validated with measurements from an experimental test rig. It is found that their
natural-ventilated PV  double-glazing technology could cut down the
air-conditioning power consumption by 28%, as compared to the conventional

single absorptive glazing system.

2.5 Photovoltaic solar cell and its efficiency

According to Wikipedia (the free encyclopedia), a solar cell is a device that
converts the energy of sunlight directly into electricity by the photovoltaic effect.
Sometimes the term solar cell is reserved for devices intended specifically to

capture energy from sunlight, while the term photovoltaic cell is used when the
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light source is unspecified. Assemblies of cells are used to make solar panels, solar
modules, or photovoltaic arrays. Photovoltaics is the field of technology and
research related to the application of solar cells in producing electricity for
practical use. The energy generated this way is an example of solar energy (also

called solar power).

Commercially available PV modules are rated based on the American Society for
Testing Materials (ASTM) standard reporting conditions (SRC). The SRC are:

solar radiation G; =1000 W/mz, cell temperature T_, =25°C,and AM = 1.5. That

cell
is to say, a typical 75 Watt PV module has 75 Watt label ratings at SRC according
to King (1997). Figure 2.4 shows the characteristic curve of a PV module
measured in the Solar Simulation Lab of the Department of Building Services

Engineering, Hong Kong Polytechnic University.

Figure 2.4 illustrates a typical current (I) - voltage (V) curve of amorphous silicon
cell. The curve shows the relationships between the current and voltage generated
by amorphous silicon cell. In the curve the important parameters such as, short

circuit current | i, open circuit voltage V.. and maximum power point P_ _are
also indicated in the curve. The series resistance R, in normal situations, can be
neglected in the short-circuit condition. The short circuit current | is equal to the
light-generated current |, which is proportional to the solar irradiance on the cell
surface. Therefore | is also proportional to the irradiance, i.e. | oc S, which is

described by Fung, (2006).
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Figure 2.4 I-V characteristic curve of PV module

According to Markvart, (2000) the dependence of temperature of solar cell current
is much smaller than that of solar cell voltage. A constant short circuit current,
therefore, can be assumed with change in module temperature for the purpose of

module modeling. The diode current and resistance terms, at an average irradiance

level, are negligible. The correlations between open circuit voltage V  and the
solar irradiance S can be expressed as follows,

V,, o In (g) (2.21)

According to Lasnier and Ang (1990), the open circuit voltage will decrease

linearly with increasing cell temperature as the saturated current increases
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exponentially with the cell temperature.

1
Vi o0 = (2.22)

cell

2.6 Summary

A literature review is presented in this chapter. The literature review focuses on
definition and classification of DSF system, modeling of heat transfer and air flow
in the air channel of DSF systems, experimental investigation for the natural
convective heat transfer in vertical parallel plates, which create the air channel as
well as various methods to evaluate the energy performance of ventilated PV

facade.

The literature review indicates that several studies have been conducted
theoretically and experimentally on natural convective heat transfer and air flow in
the air cavity or channel of DSF system. Research on energy performance of

double skin photovoltaic fagade is also increasing in the past literature.

However, so far, no research has been conducted on the natural convective heat
transfer in windows or facades integrated with semi-transparent PV cells, in order
to assess the local and average heat transfer coefficients. Determining the local
and average heat transfer coefficients is important for estimating the amount of
cooling load reduction and conversion efficiency improvement of the BIPV facade.

To contribute further information on this issue, heat transfer through windows
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with semi-transparent PV is investigated in this study. The various parameters
affecting the local heat transfer coefficients on vertical glazing surfaces are also
evaluated and based on simulation results, the optimum thermal thickness of the

air layer is provided.
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CHAPTER 3: EXPERIMENTAL INVESTIGATION OF

THE VENTILATED PV DSF

3.1 Introduction

A series of well recorded experiments were carried out in order to examine the
validity of the simulation models used in this study. The experimental study was
carried out in the Solar Simulation Lab of The Department of Buildings Services
Engineering, The Hong Kong Polytechnic University. An experiment rig has been
set up in the lab. The measured data from the test rig were employed to verify the

corresponding simulation models.

In this chapter, the detailed descriptions of the experimental test rig and its major
components are presented. That is followed by describing the experimental

methodology.

3.2 Experiment set-up

This study aimed to investigate the effect of ventilated PV glazing system on the
heat transmission through building envelope for finding possible heat control
strategies. An indoor experimental testing facility in Hong Kong Polytechnic
University was set up during the testing period for the above mentioned purposes.

This test rig allows change solar radiation levels and makes comparison easy to
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conduct among different operational conditions with same solar irradiation level.
This maybe difficult to conduct under outdoor testing conditions as weather
conditions, i. e. solar radiation and ambient air temperature change from time to
time. In the previous literature, researchers attempted to find similar weather
conditions among all test data collected for their comparison purposes, which may

introduce some errors in the comparison.
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Figure 3.1 Schematic of the locations of two hot boxes for thermal performance
comparison
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Figure 3.1 shows a schematic of the view of the experimental apparatus. The
interior wall surfaces of the two hot boxes are well insulated by polyurethane (PU)
insulation layer. The photo of the test rig is shown in Figure 3.2. The experimental
rig included two well insulated hot boxes and a solar simulator which provides
simulated light to the module surface. The front side of the hot box was mounted
with a PV module as shown in Figure 3.3. The PV module is under the exposure
of the solar simulator. Heat transfer by convection and radiation occurs on the
surface of the PV module. Heat absorbed by the PV module increases its

temperature and part of the heat transmitted through the module.

The exterior and interior temperature of the hot box, the ambient temperature, the
air flow rate, the inlet and outlet temperature of air in the ventilation channel
behind the PV module were logged at constant time interval through Midi Date
Logger — GL800 as shown in Figure 3.4. The GL800 data logger accepts voltage,
temperature, humidity, pulse and logic signals. The sensors are connected via rear
mounted screw terminals. With its channel-to-channel isolation, wiring errors or
overloaded channels will not affect neighboring channels. Its built-in 12.0MB
non-volatile memory retains data even if the power supply is interrupted. The
included software provides real-time waveform monitoring, data upload and data

export to spreadsheets as described on the website of the products.

The solar radiation incident on the vertical facade is an important data in the

experiment. A pyranometer (MS-802, EKO), as shown in Figure 3.5, was used to
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measure the solar heat flux per unit area of the module during the measurement.
MS-802 from EKO Instrument Co. Ltd was employed in the experiments. The
pyranometer is sensitive to specific wavelength ranging from 300 to 2800 nm. It is
suitable for measuring solar radiation generated by a solar simulator. During the
measurements, the pyranometer was put next to the PV modules in order to
measure the actual solar irradiance falling on the module. The sensitivity of the
pyranometer is 6.86 mV/kW/m?”. The detailed specification of MS-802 is listed in
Table 3.1. The measured solar radiation is in unit of W/m®. It the global irradiance

includes the direct, diffuse and reflected solar radiation.

Figure 3.4 The photo of the GL 800 Midi Logger
cited from http://www.microdaq.com/graphtec/gl800 midi_logger.

Figure 3.5 The photo of the pyranometer
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Table 3.1 Specification of the pyranometer MS-802

Specifications MS-802
Response time 95% 8 (sec)
Directional response (at 1000 W/m®) + 10 W/m®
Sensitivity 6.86 mV/kW/m’
Non-linearity +0.2 (at 1000 W/m?)
Operating temperature -20°C — +60°C
Temperature response (for 50°C band) <+ 1%
Wavelength range (more than 50% of transmittance ) 305 to 2800 nm

One of the most important instruments in the experiment is the solar simulator. It
contains 363 (11 x 33) halogen diachronic lamps empowered by 12 VDC. The
solar simulator is mounted on a steel supporting framework as shown in Figure 3.1.
The height of it is adjustable for operation under various test conditions; see for

example, in cater for different inclination angles.

The thin film solar cells are used for this application in order to explore the
thermal performance of the hot box integrated with semi-transparent solar cells.
The cost for thin film amorphous silicon cells is lower compared with
polycrystalline silicon cells. The successful doping of amorphous silicon created
tremendous interest in this material. The technical data for this PV module and the

dimensions of the hot box are listed in Table 3.1
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Table 3.2 Basic parameters of components in the test rig

Components

Specification

PV glazing

Panel dimensions (H x W x D)

0.95mx0.98m x 0.012m

Solar cell type Amorphous silicon
PV area 0.466 m’

PV efficiency 6%

Max power voltage(V) 69V

Max power current (A) 0.28 A

Open circuit voltage (V) 89V

Short circuit current (A) 0.38 A

Clear float glass

Dimensions (H x W x D)

1.18 m x 0.98 m x 0.005 m

Effective transmittance 0.86

Air channel behind PV

Thickness of the air layer 16 cm
Dimensions of the air inlet opening (H x W) 0.1mx0.98m
Dimensions of the air outlet opening (H x W) 0.1 mx0.98m
Height of the air channel Im

Dimensions of the hot-box (H xW x D)

1.22mx0.82mx0.99m
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3.3 Solar radiation on the vertical surfaces measurement

A series of thermocouples were used to examine the thermal performance of the
hot box integrated with double skin photovoltaic fagade and the one without PV
facade but integrated with conventional interior curtain. Nine thermocouples were
inserted in the air channel along the channel height and nine thermocouples were
mounted on the surfaces of the PV module. The air temperatures in two hot boxes

were also measured by two thermocouples.

Solar radiation falling on the surface of the PV module and clear glass from the
Solar Simulator is measured and recorded. Figure 3.6 presents the solar radiation
distribution on the surface. It is found that the solar radiation intensity can be
approximated as unity for an area with same distance from the bottom of the PV
module, and only small non-unity areas are found in the measured data. This may
cause from uncertainty in the measurement. Previous research, Fung (2004) and
Cheng (2007) assume that the solar radiant flux can be regarded as uniform as the

number of halogen lamps is large and diffuse angle of the product is wide.
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Figure 3.6 Distribution of the solar radiation intensity on the surface of the PV

module for three different solar radiation levels

3.4 Comparison of the surfaces temperatures for ventilated and
non-ventilated PV facades

Acknowledgment of detailed temperature distribution of PV fagade is useful in the
double skin photovoltaic fagade design. In this section, the comparison of the
surface temperature distribution for ventilated and non-ventilated PV fagade was
examined. Figure 3.7 shows the temperature distribution of PV module for

ventilated (upper) and non-ventilated (lower) conditions. Well-proportioned
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temperature distribution may benefit better operation of PV module and help to
extend its average life-span by eliminating thermal stress as that may destroy solar

cells.
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Figure 3.7 Temperature distribution of the PV module for ventilated (upper) and

non-ventilated (lower) conditions

3.5 Comparison of the thermal performance of two hot box with

and without PV

In this section, the performance of the double skin photovoltaic fagade in variety
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of operational modes was examined. There are three operational modes conducted
during the experiment. Operational mode I refers to the PV module working under
the closed cavity of the facade; Operational mode II refers to PV module working
under the open cavity of the facade with forced ventilation and Operational mode
III refers to PV module working under the open cavity of the fagade with natural

ventilation as illustrated in Table 3.3.

Table 3.3 Operational modes for DSPV system

Operating Mode I I I

Feature Closed cavity Open cavity Open cavity

forced ventilation | free convection

Figure 3.8 shows the temperature profiles of air in two hot boxes with and without
PV. The data was collected from May 24, 2009 to May 26, 2009. The double skin
photovoltaic facade was working under two operational modes, i.e. Operational
mode I for closed cavity and Operational mode II for open cavity with forced
ventilation. It is found that air temperature in the hot box with PV fagade is lower
than that without PV facade under the two operational modes. Compared with
conventional facade using clear glass, PV fagade is useful in controlling the heat
transmission through the facade. This is the possible reason for why the air
temperature in the hot box with PV fagade is lower than that with conventional
fagade. The maximum air temperature difference between two hot boxes could

reach 12°C as shown in the figure. For difference of the two operational modes of
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the facade with PV, it is found that air in the hot box under Operational mode II is
lower than that for Operational mode I. The measured data indicated that
maximum air temperature in the hot box with PV fagade under Operational mode I
is about 36°C, while it is only about 29°C for Operational mode II. This is partly
due to forced ventilated enhanced the convective heat transfer. More heat is
extracted to the air in the air channel behind the PV module. This is desirable for
PV module operation as thermal regulation of the PV module is realized by the

forced ventilation behind the module.
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Figure 3.8 Comparison of the air temperature for two operational modes
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Figure 3.9 shows the temperature profile of air in the two hot boxes with and
without PV fagade under Operational mode III, i.e. free natural ventilation for the
PV facade is presented. The difference between this and previous conditions is
that an interior curtain is employed in the conventional facade for shading
purposes. Results indicated that natural ventilation for the PV fagade is a
convenient way to control the heat transmission of the PV module under moderate
weather conditions. The maximum air temperature in the hot box with PV fagade
under natural ventilations condition is approximately 50°C, while it is only 40°C

under forced ventilation conditions for the PV facade.
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Figure 3.9 Comparison of the air temperatures in hot box with and without PV

facade. Mode III for natural ventilation (data collected on 05/26/2009)
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Figure 3.10 shows interior surface temperature variations for ventilated PV fagade
and conventional facade with internal curtain. The measured data indicate that
interior surface has lower temperature than that of the conventional clear glass
facade with internal curtain. This is mainly because lower heat transfer mission
occurred in the PV fagade glazing cavity. Data were collected in the laboratory of
Hong Kong Polytechnic University for three days. The maximum temperature
difference for the first day is reached at 8°C, 11°C for the second day, 10°C for the
last day. This may indicate that lower indoor temperature could be achieved in a
building with a PV double skin fagade in summer. Thus comfortable indoor

environment could be created for occupants during the summer season.
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3.6 Outdoor measurement

Previous section describes the experiment conducted at indoor facilities using
artificial radiation sources. In this section, an outdoor measurement has been
conducted at the campus of The Hong Kong Polytechnic University in order to
explore the thermal performance of the double sided PV (DSPV) facade or named
as PV DSF system when working under the real subtropical whether conditions.
The outer glazing of the DSPV facade consists of semi-transparent PV glass panel
with a-Si solar cells, and the inner glazing is a clear glass panel. Figure 3.11 shows
the outdoor test facility for DSPV facade and the conventional fagade with internal
curtain. Both two hot-boxes are south oriented to obtain maximum solar radiation.
Various surface temperatures of the two hot-boxes and air temperatures in the air

channel of the DSPV system are monitored by means of T type thermocouples.

Figure 3.11 Outdoor test facility for DSPV fagade and the conventional fagade

with internal curtain
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The experiment under natural ventilation is conducted at high-noon. Figure 3.12
shows the temperature variation inside the DSPV fagade and the conventional
facade system. The experimental results indicated that the inside air temperature
for DSPV facade is quite lower than temperature in conventional facade with
internal curtain for shading purposes. It is found that the temperature in the DSPV
facade system is more stable. The temperature variation in conventional fagade
system with internal curtain is larger. There are 4 temperature peak have been
observed during the measurement. The maximum temperature for conventional
facade is close to 34°C at 13:10 PM, 29°C for DSPV facade. This indicated that
the effectiveness of the solar screening through the use of the naturally ventilation
of air beneath the PV module. The temperature deviation between the two systems

becomes smaller late in the afternoon.
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Figure 3.12 Comparison of air temperatures inside DSPV facade and conventional

facade system
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3.7 Summary

In this section, a number of experiments including outdoor and indoor
measurements were carried out in order to examine the validity of the simulation
models and the thermal performances of the double skin photovoltaic facade and
conventional fagade with clear glass. The laboratory measurements using
developed test rig and existing equipment in the Solar Simulation Lab of The
Department of Building Services Engineering, Hong Kong Polytechnic University
were performed. The detailed methodology of the experiment and the equipment
used were described. Comparison among a variety of operational modes for
double skin photovoltaic facade, i.e. Operational mode I for closed cavity,
Operational mode II for forced ventilation and Operational mode III for natural
ventilation were carried out and results were analyzed in detail. Results indicated
that natural ventilation for the PV fagade is convenient way to control the heat
transmission of the PV module under moderate weather conditions. It is found that
air temperature in the hot box with PV fagade is lower than that without PV facade
under two operational modes. Compared with the conventional facade using clear
glass, the PV facade is useful in controlling the heat transmission through the

fagade.
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CHAPTER 4: MODELING OF CONVECTIVE HEAT

TRANSFER IN THE OPEN AIR CAVITY OF

VENTILATED PV DSF SYSTEM

4.1 Introduction

Traditionally, windows play an important role in controlling heat transmission in
indoor space during the summer period and external ambient heat loss during the
winter period. In order to decrease solar transmission through windows, shading
and blinds in the air cavities of the double glazed window are, therefore, often
employed. In addition to the use blinds in the cavities of double-glazed windows
for shade and thermal control, photovoltaic or solar cells could be integrated with
the glass to absorb solar radiation. This novel glazing system type could not only
generate electricity but also achieve potential energy savings by reducing the air
conditioning cooling load when applied in subtropical climatic conditions and
simultaneously provide visual comfort in the indoor environment. The innovative
natural-ventilated PV double-glazing technology could significantly cut down the
air-conditioning power consumption when all design parameters are fully

considered in the design stage.

Figure 4.1 (a) and Figure 4.2 (b) show the schematic of ventilated double panes

PV window for summer ventilated in hot climate and winter heating in cold
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weather conditions. In this chapter, the air flow in the channel of the window will
be simulated by consideration of both laminar and turbulent flow. Various
turbulent models will be employed and the results from them will be discussed.
The heat transfer and air flow characteristics in the channel will be evaluated by
numerical simulation. Various factors affecting the air flow and heat transmission

will be identified and examined. Predicted results from the numerical simulation

will be analyzed in detail.

Air outlet
/TN M

OUTDOOR

parent PV

INDOOR

/

Semitrans
j— o

Clear glass

/

Clear glass .

Air inlet;I

i

Figure 4.1 (a) Schematic of ventilated double-paned PV window with the PV on

outside for summer ventilation in hot climates

59



N 7/ W

Air outlet
7/ N |

OUTDOOR INDOOR

emitransparent PV

Semi
Clear glass

Clear glass

=

Air inlet

_ B 0

Figure 4.2 (b) Schematic of ventilated double-paned PV window with the PV on

the inside for winter heating in cold climates

4.2 Computational fluid dynamics analysis of the air flow pattern
in the cavity

4.2.1 Problem statements

The physical problem is buoyancy force induced natural convective heat transfer
in air cavity created by two parallel vertical walls. See Figure 4.3. one surface of
the wall is created by semi-transparent photovoltaic glass panel. The problem, at
this stage, is considered to be steady state and two dimensional (2D). The top and
bottom walls are well insulated, whereas the left wall is maintained at a lower

temperature (T,) and the right wall is maintained at a higher temperature (T, ),
with T, >T_ . Two air vents are located on the bottom and top of the photovoltaic

panel for cool air inlet and warmer air outflow, respectively. It is assumed that the
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influence of the temperature on density is confined only to the body force term of
the momentum equation and that all other fluid properties are independent of
temperature and pressure by adopting the similar assumptions by Shi (2004). The

flow fields are considered to be steady and fluid is assumed incompressible.

Adiabatic wall
oT/ox=0 —
_>
g
Left wa Right wall
H
Th
=
oT/ox=0 <<:U NV, T
p X,uU b

Adiabatic wall

Figure 4.3 Schematic of the problem for natural convective heat transfer in an air
cavity created by two vertical walls. Two openings for airflow are located on top

and bottom.
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4.2.2 Governing equations

In many practical engineering problems, the flows in the glazing cavity are
turbulent, and it is a highly complex phenomenon. Fully developed turbulent flow
is featured by entangled eddies of different sizes. Theoretically, it is possible to
directly apply the conservation equations to the entire flow field considered. It is,
however, unreasonably difficult to do it practically. Therefore, it is important to
describe turbulent motion in terms of average quantities in order to create a usable
numerical model of a turbulent flow field. The time averaged Navier Stokes
equations of motion for steady, 2D flow in a vertical channel that is created by two
parallel walls can be written according to Fedorov and Viskanta, (1997). Assume
that fluid is incompressible flow and Boussinesq approximation is considered.
Following the study by Anwar (2008), the mathematical model is described in the
following section. The continuity equation for conservation of mass is described as
follows:

a(pu) , Apv) _ @1
Ox oy '

The equations for conservation of momentum in X, y directions are as follows:

O puny+ L (puvy == P O ()Y O (et )a_d _2 0%k
x PV o ox| T e Ty | T ey T3 ax
(4.2)

LIPS I ) av|, o av| 2 ok
aX(thV)+ay(/OVV) ay+6xl(u+ﬂt)ax]+ay[(u+ﬂt)ay] 3pay+(/0 Po)9

(4.3)
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The equation for conservation of energy is described as follows:

9 i+ L (ovTy= 2| | K 0T O & 4 |OT
o Uy VD) OXHCP+PrJ8X}ré’yKCP+Prt]6y}

(4.4)

In above equations, y, is the turbulent dynamic viscosity that is to be calculated

from the kinetic energy of the turbulence, k, and the turbulent kinetic energy
dissipation rate, & .Various turbulence correlations were employed in order to

constitute a closed set of equations and then solve them reasonably.

Specific boundary conditions are needed to solve the partial difference equations
(PDE) noted above. The boundary conditions are as follows:
¢ Boundary condition at the inlet and outlet

P=P, , T=T, at y=0 (4.5)

PO = Pa’ F)O = Pa at y = H (46)
e Boundary condition at the walls

No slip boundary conditions on the wall are considered except at the inlet and

outlet.

Ui=0,for0O<y<H, x=0 and x=L 4.7)
Turbulence kinetic energy at the walls,
k=0,for0O<y<H, x=0 and x=L (4.8)

T=T,for0O<y<H, x=0 4.9)
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T=T, for0<y<H, x=L (4.10)

2—1=0,for y=0and y=H (4.11)

4.2.3 Computational procedure

The present investigation deals with numerical predictions of air flow and
temperature distribution in a two-dimensional air cavity, which is isothermally
heated from one side and cooled on the other side. The Navier-Stokes equations
and energy equation are solved numerically by iterative finite difference technique.
The governing equations are substituted by a set of difference equations, used to

all grid points in the calculation domain being considered.

4.2.3.1 Discretization approaches

A finite-difference numerical solution technique based on integration over the
control volume is used to solve the model equations with appropriate boundary
conditions. The SIMPLER algorithm is employed to solve the model equations in
primitive variables and this is discussed by Patankar (1980) in detail. A network of
grid points is first established throughout the domain of interest, when a
finite-difference technique is to be used to solve a partial differential equation and
associated boundary and possibly initial conditions. Figure 4.4 shows how the

approximation of replacing the continuous calculation domain by a set of discrete
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points P could be accomplished in the two-dimensional (2D) region.

yj+l
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o @
Ax
xl*l xi X

Figure 4.4 Typical example of a control volume for 2D computation

4.2.3.2 Grid generation

In order to resolve the turbulent boundary layer that is very thin compared to the
height of the flow field, more control volumes near the two vertical walls are
desirable and a finer grid is needed when creating the mesh of the computational
domain. Another reason for using condensed grid near the wall is because the
velocity is changing greatly in the boundary layer of the vertical walls. The flow at
the center region of the cavity is not influenced as that occurs near the wall
boundary and temperature tends to stay stable, some coarse grids, therefore, could
be employed in the study and satisfy the grid density requirements for accurate

solutions. Figure 4.5 shows example of the grid size distribution. A non-uniform
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grid arrangement is employed for numerical investigation of natural convective

heat transfer and fluid flow in air cavity created by two parallel vertical plates.

Figure 4.5 Example of grid size distribution for the channel wall shows the
boundary layer flow regions at both vertical walls. Partial enlarged drawings for
upper left and lower right of entire grid is shown on the middle and right of the

figure.

4.2.3.3 Solution of resulting equations

4.2.3.3.1 Iterative methods

A lot of iterative methods are commonly used to solve system of equations. These

iterative methods include: Jacobi method, Gauss-Seidel method, Successive
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Over-Relaxation (SOR), or LSOR, Alternative Direction Implicit (ADI) method,
Conjugate Gradient methods, Biconjungate Gradients and CGSTAB, Multigrid
Methods. In this study, the successive over-relaxation method has been used for

the solution of the resulting algebra equations.

4.2.3.3.2 Convergence criteria

Solution of the discretized equations tends to the exact solution of the differential
equation as the grid spacing tends to zero. A converged solution was obtained by
iterating in time until variations in the primitive variables between subsequent
time-step were very small. Determining when a numerical simulation is fully
converged is important in getting accurate and reliable results. It was found that
the convergence criteria less than 10™ for all equations and 10 for the energy

equation could rapid the speed of obtaining a converged solution.

4.2.3.3.3 Grid independent study

In order to determine the proper grid size for this study and assess the numerical
accuracy of the results obtained by this mesh design, a grid independence study
was performed by using various grid sizes for inlet air velocity of 0.5 m/s and
Rayleigh number in the range of 10° to 107 in the air channel. Five different grid
densities were used for the grid independent study. One physical case was
investigated for various grid sizes: the air flow enters the air cavity with intake

temperature 23°C and air velocity of 0.5 m/s.
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Grid independence of the results was established by employing various grid size
meshes, ranging in size from 90 x 26 to 90 x 110. Figure 4.6 shows temperatures
at mid-height of the y/h = 0.5 with various grid sizes, 90 x 26 (coarse mesh), 90
x 100 (medium mesh), 90 x 110 (fine mesh). The velocity profiles at the mid-
height of the cavity are predicted on various meshes size and predicted results are
compared and illustrated in Figure 4.7. Figure 4.8 shows the velocity profiles
along height of the cavity at x/L = 0.5 with various grid sizes. As can be seen from
the figure, the difference is very small. The medium mesh was employed in order

to save computational time and obtain reasonable numerical solutions.

68



320
i ——O0—— 90x26
= — — — — 90x100
B @) 90x110
315

Figure 4.6 Temperature profiles at mid-height of the cavity y/h = 0.5 with various

grid sizes
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Figure 4.8 Velocity profiles along the height of the cavity at x/L = 0.5 with various

grid sizes
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4.3 Results and analysis

Heat transfer by natural convection from vertical plates with uniform wall
temperature of heat flux has long been the interesting of many researchers. A large
number of studies exist in the literature, and many of them consider laminar flow
in an air channel. The present study considers the turbulent natural convection in
the air channel behind the PV model. Various turbulent models were employed in
the investigation, and the predicted results were compared in order to find suitable

turbulence models.

Figure 4.9 shows the comparison of the velocity distribution at mid-height of the
air cavity for both laminar and turbulent flow. It was found that the difference
from RNG x—¢ turbulence model and Stand x—¢& turbulence model is larger
at the regions near two vertical walls, and the difference in the middle of the cavity
is small. Figure 4.10 presents the velocity profiles at mid-height of the cavity y/h =
0.5 with various turbulence models. It can be found that Realizable x-—¢
turbulence model and Stand x—¢& turbulence model have similar velocity
profiles. The predicted result from RNG x—¢ turbulence model has larger
difference from other two turbulence models. Figure 4.11 presents the temperature
profiles at mid-height of the cavity y/h = 0.5 with various turbulence models. It
indicated that all the turbulence models present similar results, and the deviation

among them is quite small.
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Figure 4.9 Comparison of the velocity distribution at mid-height of the air cavity
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Figure 4.10 Velocity profiles at mid-height of the cavity y/h = 0.5 with various

turbulence models

74



i | | |
320 |~
315
3
310
........................... RNG k—¢ mode|
B — — — — Realizable k- model
305 Standard x— model .
300 |~ .
= | —
0 0.05 0.1 0.15

X [m]

Figure 4.11 Temperature profiles at mid-height of the cavity y/h = 0.5 with various

turbulence models
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Figure 4.12  Effect of various inlet velocities on the flow structure for velocities

at 0.9, 0.5, 0.1 m/s for laminar flow (a, b, ¢) and turbulent flow (d)

a)Vin = 0.9m/s, b) Vin = 0.5 m/s, ¢) Vin = 0.1m/s, d)Vin = 0.1 m/s
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Previous reports in literature have indicated that the inlet condition is of vital
importance in the simulation of the flow in the double skin facade system. In the
previous modeling, the ambient temperature is often used as the inlet temperature.
Liao et al. (2005) indicated that the inlet modeling is important to the whole BIPV
system energy analysis. Inlet numerical modeling coupled with many other
physics, see large turbulence, inflow and backflow, due to many factors affected.
Figure 4.12 shows the effect of various inlet velocities on the flow structure for the

velocities at 0.9, 0.5, 0.1m/s for laminar flow and 0.1m/s for turbulent flow.

4.4 Summary

This chapter presents the thermal performance and air flow analysis of a double
sided PV (DSPV) facade using thin film PV panel as external skin. Undesirably
high temperature experienced by photovoltaic panel will decrease the conversion
efficiency of PV cells and overheating in closed glazing cavity in summer may
cause thermal discomfort of indoor occupants. Thermal regulation of the
temperature rise by fitting a naturally ventilated open channel back the PV panel is
a potentially cost effective way to maintain maximum solar to electricity
conversion and reduce heat gain of the building external envelope. In this chapter,
natural convection flow in the 2D tall glazing cavity heated from the vertical side
was investigated numerically. The flow in the fagade cavity was considered either
laminar or turbulent. Different inlet conditions for laminar flow were evaluated
and various Kk — ¢ turbulence models (RNG k—& model, Realizable k —¢

model, Stand k — & model) were compared.
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The heat transfer and air flow characteristics in the channel were evaluated by
numerical simulation. Various factors affecting the air flow and heat transmission
were identified and examined. Predicted results from the numerical simulation

were analyzed in detail.
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CHAPTER 5: MODELING OF CONVECTIVE HEAT

TRANSFER IN THE CLOSED AIR CAVITY OF

NON-VENTILATED PV DSF SYSTEM

5.1 Introduction

Advanced glazing systems have been substantially applied in both high-rise office
buildings and commercial buildings in Hong Kong, over the past few years. The
application of a double-skin facade can achieve energy savings through the
reduction of air conditioning (A/C) energy. Natural lighting utilization and sound
insulation can also be enhanced. A quiet and healthy working environment could
thus be provided in a metropolitan city like Hong Kong. A new application of the
glazing system is to integrate building facades with semi-transparent photovoltaic
(PV) cells. These solar cells can not only generate electricity, but also provide
shade. The void between the two glass panes could serve as a thermal insulation
layer and reduce the amount of energy consumed by the air-conditioning system in
the building due to low conductivity of the air in the cavity. When the glazing is
integrated with photovoltaic cells, an additional function of the building envelope
is also created. This kind of solar energy applications is called building-integrated
photovoltaics (BIPV). In this application, the windows are integrated with

semi-transparent PV cells, which generate electricity as an energy source, thus
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contributing a dual function to the building envelope. Additional structural

installation and maintenance cost could, therefore, be substantially reduced.

5.2 Computational fluid dynamics analysis of the air flow pattern
in the closed cavity

5.2.1 Problem statements

Incorporating energy efficiency or sustainable features in building construction
design in urban areas could eventually help to reduce the reliance on fossil fuel
resources which, in turn, could contribute to the reduction of the effect of global
warming. A PV module integrated in a building facade could generate electricity
and substantially reduce the amount of carbon dioxide emissions from power
stations. Figure 5.1 shows the building facade in which the glazing is integrated

with an amorphous PV module. In this application, solar cells provide dual

functions, i.e. they provide the building with both shading and electricity.

Semi-transparent
PV module

Clear glass

OFFICE ROOM

Figure 5.1 Glazing with integrated semi-transparent PV module for potential

application in an office room
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The current window system composes of two layers of highly transparent glass
sheets, and a serious of opaque solar cells that are encapsulated in between the two
glass sheets as depicted in Figure 5.2 (a). This advanced glazing system can
produce electricity, and at the same time, daylight can penetrate through the thin

film PV module as shown in Figure 5.2 (b).
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Temperature Temperature ' >
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Glass § 5
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Low-e Glass & =
coating
[ ] | (@)

(b)
Figure 5.2 Schematic diagram of double pane window integrated with PV glass

with low-e coating (a), photo of the a-Si thin film PV module from Trony,

Shenzhen, China (b)
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5.2.2 Governing equations

o Adiabatic surface
rer oY =0
radiation
solar
transmission
Heated surface Cooled surface
u=v=0 u=v=0
H =
Radiative & -
convective Egg\'/%tgﬁ/g
heat transfer heat transfer
YA Adiabatic surface
Y X oT /oY =0
INDOORS sisfesespies|  OUTDOORS
L

Figure 5.3 The schematic diagram of the air cavity studied

The problem to be treated here is of natural convective flows in the cavity of a
double glazed window integrated with semi-transparent PV cells. It is a
two-dimensional laminar incompressible flow except for the buoyancy effects
where the Bousinesq approximation is applied. The governing equations for the
fluid flow and heat transfer are as follows:

aL v (5.1)

OX 52
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Due to the very low velocities involved, the dissipation term has been neglected in

the energy equation (5.4). T_ is the temperature in the undisturbed fluid far from

the surface.

The boundary conditions on temperature on window surfaces in the solution are:

T=T, for x=0 (5.5)
T=T, for x=L (5.6)
T 0 for y=0,y=H (5.7)

One of the difficulties related to the solution of the above equations lies in the
presence of the pressure term which can not be obtained directly from the
continuity and momentum equations. For this reason, a majority of researchers

interested in two dimensional problems prefer to introduce the stream function,

and vorticity, @, as described by Wan Hassan, 1986. The above equations can be

written in terms of stream function, i, and the vorticity, ® defined as

oy, __%v

o = (5.8)

U=
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o=(2_N, (5.9)

OX oy
In terms of stream function the momentum equation, continuity equation and

energy equation become:

2 2
8‘/2’+6V2’=—w (5.10)
ox~ oy
oy 0w Oy 0w ’w 0w oT
Gy R (5.11)
oy ox OXx oy OX oy OX
2: 2

2 + 2

oy ox Ox oy ox- oy

For the boundary conditions, the temperatures of the two vertical walls are
assumed to be uniform, and the bottom wall and top wall are adiabatic, as shown

in Figure 5.3, so that

W _v_ (5.13)
X oy
T _0 at y=0,y=H, (5.14)
oy
T=T,,T=T  at x=0x=L (5.15)

The following non-dimensional variables are defined

2
goyPr g et P (5.16)
1% 1%
xz%, Y:% (5.17)
T-T
0= (5.18)
H C

In terms of dimensionless variables, Equations (5.9) to (5.17) become:
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0’0 0’0 0¥ 00 oY 00
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oX?* oY® oY oX oX oY

The boundary conditions in terms of dimensionless variables are

¥ =0 (5.22)
D _0 at Y=0,Y=A, (5.23)
oY

®=1, ®=0 at X=0,X =1 (5.24)

where A = H/L is the aspect ratio of the enclosure.
When radiation heat transfer is considered, the boundary conditions for two
horizontal surfaces are as follows according to Ridouane et al. (2004):

a +N,Q, =0 (5.25)
OX

Where Q, denotes the dimensionless net radiative heat flux at two horizontal
adiabatic walls.

The dimensionless radiosity equation for the ith element on each wall is

determined below
T. 4
G =(1-£)) FG; +gi(6'+1) (5.26)
Sj
The dimensionless radiant heat flux is calculated below

Q :8i[(l+%)4 _ZFijGj] (5.27)
j
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Where F; represents view factor between segments i and j; G; represents

dimensionless radiosity of segment i; & represents surface emissivity of the ith

element.

There are some major disadvantages to the so called stream-function vorticity
method. It is a little difficult to specify the value of vorticity @ at the wall. This
method is also restricted to 2D problems as the stream function ' does not exist
for 3-D. According to Wan Hassan, (1986), an approach based on vorticity uses
six dependent variables-three components of stream function y and three
components of vorticity @. The complexity related to this method of 3-D is
greater than of treating the 3 velocity components and pressure directly. Another
difficulty of using stream-function-vorticity method involves variables, which are
harder to visualize and physically to interpret than in the primitive variable
approach. As indicated by Tannehill et al. (1997), a stream function does not exist

for a truly three dimensional flow.

5.2.3. Thermal transmission of double pane window

The thermal transmittance, U-value, for double pane window could be obtained by
using the procedure described in BS 6993 (British Standards Institution, 1989).

The thermal transmittance of the glazing is obtained by the following equation:
1
[ 111 }
hout ht hin
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where h_. and hi, are exterior and interior heat transfer coefficients, which can be

out

obtained from ASHRAE (2001). h,is the conductance of double pane window

unit.

141
W (Zh— + Lk, + Loy loy) (5.29)

where h, is the air cavity heat transfer coefficient, N is number of window
cavities, L, and L;, are total thickness of glass panes and PV cells, rjand ry,

are thermal resistivity of glass and PV cells.
Air cavity heat transfer coefficient

h,=h +h, (5.30)
where h,is infill air convective heat transfer coefficient, h, is radiation heat

transfer coefficient, which can be determined by

-1
h, :40[L+i—1} T’ (5.31)

60 ‘C"I m
where o is the Stefan-Boltzmann constant, &,is the emittance of outer glass pane,

&, 1s emittance of the inner glass pane, T_1is absolute temperature corresponding

to the average of the mean pane temperature.

The convective heat transfer coefficient due to natural ventilation of the air in the

gap is determined by

Nu, = (5.32)
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1 A
Nu = Z! Nu, dY (5.33)

h, = —air (5.34)

The major dimensionless parameters that determine the structure of the air flow in

the differentially heated air cavity are the Prandtl number and Rayleigh number,

_ gpATH }
vo

Ra (5.35)

The parameters used in this chapter are summarized in Table 5.1

5.2.4 Finite-difference approximation

The numerical method of solution is employed extensively in various practical
applications to determine the temperature and velocity distribution when
computational domain having complicated geometries and boundary conditions. A
commonly used numerical method is the finite-difference method. In this method,
the partial differential equations (PDE) governing the heat transfer and fluid flow
is approximated by a set of algebraic equations fro temperature and velocity at a
number of nodal points over the computational domain considered. Before the
calculation, the first step 1is the finite-difference representation or the

transformation into a set of algebraic equations of the PDE governing the process.

The following section will introduce the procedure of the finite-difference
representation. The finite-difference form of the equation relating the

dimensionless vorticity to stream function equation, i.e. Eq (5.19), becomes:

88



Wi 2%+ Wi, —2Y+ Yy
o n N --q, (5.36)

The dimensionless vorticity transport equation, i.e. Eq (5.20), becomes:

Q. 20 +Q Q20 +Q
( i+, ] i,j i l,j)+( i,j+1 i,] i,j-1
AX? AY?
1 LIJi j+l _qji j-1 Qi+1 j _Qi—l i \Pi+l i _lPi—lj IPM i _LPi—l i
—(— ’ ’ : TR ’ ’ ’ ’ 5.37
(Pr)[( TAY X TAX )—( TAX X TAY )] (5.37)
0,,.-0., .
+ Ra.( i+1,] i-1,] )
2AX
As the same procedure, the dimensionless energy equation becomes:
(G)M.j -20,;+0,, )+(®i’j“ -20; +®i,j—1)
AX? AY? (5.38)
— (IPIH»I _Ti,jfl )(®i+1,j _®i*1,j )_(IIIH»I,j _lPifl,j )(‘{ji,j+l _lPi,jfl)
2AY 2AY 2AX 2AY

Followed the same procedure, the boundary conditions could be expressed in

terms of finite-difference representations.
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Table 5.1 Technical data of the a-Si module used in the glazing system

Items Description

Panel Dimension (H x W) 0.95 x0.98 m

PV area (m?) 0.466 m*

Solar cell type Amorphous silicon
PV efficiency 6%

Max power voltage (V) 69V

Max power current (A) 0.28 A

Open circuit voltage (V) 89V

Short circuit current (A) 0.38A

The present investigation deals with numerical predictions of air flow and
temperature distribution in a two-dimensional air cavity, which is isothermally
heated from one side and cooled on the other side. The Navier-Stokes equations
and energy equation in terms of stream function and vorticity formulation are
solved numerically by iterative finite difference technique. The governing
equations are substituted by a set of difference equations, used to all grid points in
the calculation domain being considered. To obtain a grid-independent solution,
various grid dimensions were employed. Figure 5.4 shows the variation of the
vertical velocity profile at mid-height for various grid sizes. It was found that a 36

x 36 grid size ensured the independence of the grid solution, with reasonable
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computation time. The computations are performed on Pentium(R) D CPU 3.40

GHz 3.39 GHz, 1.99 GB of RAM PC using a FORTRAN compiler.

The set of resulting algebraic equations were solved iteratively and were
performed by Successive Under-Relaxation (SUR) described by Patankar (1980).
SUR is often employed to avoid divergence in the iterative solution of algebraic
equations and accelerate the convergence. Convergence of iteration for the
solution is obtained until the values of the variables cease to change from the
previous iteration to the next by less than the prescribed value. To examine

whether the solution is converged, the following criterion is employed:

¢n+l _¢n

i <& (5.36)

where ¢ stands for'', Q0 and ® respectively, and n stands for the number of

iteration. The value of & is chosen as 10™.
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5.3 Air flow in the closed cavity behind the PV module

The temperature distribution and flow field of the buoyancy forces induced natural
convective airflow in the rectangular cavity have been analyzed numerically for
different Rayleigh numbers. The flow and temperature fields and heat transfer
results were obtained for Pr = 0.7 and Ra ranging from 10° to 10°. Numerical
results in terms of stream lines and isotherms are presented at various Rayleigh

numbers. The numerical results, including the streamlines and temperatures, are

discussed in what follows.

92




0.95
0.85
0.75
0.65
0.55
0.45
0.35
0.25
0.15
0.05

|
|
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Figure 5.6 Isotherms are shown for Ra = 1><103, 3><104, 5><104, 9><104, 10°, Pr=0.7

(end walls are adiabatic) for aspect ratio A= 8

Figure 5.5 shows the corresponding isotherm contours for different Rayleigh
numbers in the range of 10° < Ra < 10’ for aspect ratio A = 10. The results are
illustrated for the aspect ratio of 10 and the end walls are assumed adiabatic. In the
case of lower Rayleigh number, i.e. Ra = 10°, the dominant mode of heat transfer
is observed by conduction, as shown in Figure 5.5. The isotherms present nearly
pure conduction characteristics, almost parallel to the both heated and cooled

vertical surfaces. The isotherms are compressed to the two vertical walls with the
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increase of the Rayleigh numbers. It can also be seen that warmer fluid becomes
dominating the rectangular cavity with increase of the Rayleigh numbers when
two thermal boundaries are established gradually. The temperature gradients in the
x-direction at bottom left and top right areas of the rectangular cavity are relatively
large in comparison with the gradients near the top left and bottom right ends of

the glass pane surfaces.

Figure 5.6 shows the corresponding isotherm contours for different Rayleigh
numbers in the range of 10°< Ra < 10°. The results are illustrated for the aspect

ratio of 8 and the end walls are assumed adiabatic.

Streamlines for Pr = 0.7 and aspect ratio A = 10, presented in Figure 5.7. It shows
the effect of various Rayleigh numbers on the buoyancy induced natural
convective flow in the rectangular cavity for the Rayleigh number in the range of
10° < Ra < 10°. The streamlines and isothermal for Rayleigh number in the range
of 1 <Ra < 10° are neglected in this study considering the small variation in the
flow patterns. Therefore, this paper presents the effect of Ra on flow patterns and
heat transfer for Ra > 10°. The flow patterns have a significant effect on the rate of
heat transfer. As shown in Figure 5.7, streamline contours exhibit circulation
patterns as the motion of fluid is affected by both vertical heated and cooled glass
panes. The direction of the flow due to the thermal buoyancy force is clockwise in

this geometry and a single cell is observed in the cavity for all Rayleigh numbers.
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Figure 5.7 Contours of stream function ¥ for various Rayleigh numbers Ra = 10°;
Ra = 7x10’; Ra= 10’ (from left to right) (a) ¥, =-2.61, Ra =10’ (b)

¥ . =-16.1,Ra=7x10’; (c)¥,, =—-61.5, Ra=10’ for aspect ratio A = 10.
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Streamlines and vorticity contours for Pr = (.7 and aspect ratio A = 8, presented in
Figures 5.8 and 5.9, show the effect of various Rayleigh numbers on the buoyancy
induced natural convective flow in the rectangular cavity for the Rayleigh number

in the range of 10° < Ra < 10 for aspect ratio A = 8.

8

>

Ra=1x10° Ra=3x10" Ra=5x10* Ra=9x10* Ra=1x10’

Figure 5.8 Streamlines for Ra = 1><103, 3><104, 5><104, 9x104, 10°, Pr=0.7 (end

walls are adiabatic) for aspect ratio A =8
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Figure 5.9 Vorticity for Ra = 1x10°, 3x10%, 5x10*, 9x10*, 10°, Pr = 0.7 (end walls

are adiabatic) for aspect ratio A = 10
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The solutions for stream function y and velocity vectors are shown in Figure

5.10. Combined effect of surface radiation and convection of heat transfer modes
are considered simultaneously. Two real climate data used for determination of
boundary condition are employed. Convective heat transfer at out pane and heat
transfer by conduction at solid part are considered for determining the surface
temperatures of the glass pane, and subsequently use the temperature as the

boundary condition for the air flow simulation. The maximum stream functiony ,
for case I with outdoor air temperature Toy = 42°C, is y,, =1.925x107'm?/s,

for case II with outdoor air temperature Toy = 38°C, is . =5.835x107m’/s.

Figure 5.10 (a) shows one single cell structure, and (b) shows three cell structures

for the visual examination of the flow field.

5.4 Convective heat transfer coefficients

Figure 5.11 shows the variation of the local Nusselt number with the co-ordinate Y
at the Raleigh number of 10* for aspect ratio A = 8. In low Rayleigh ranges, the
dominant mode of heat transfer is conduction, and small variations in both the
airflow pattern and heat transfer are observed especially when the Rayleigh
number is less than 10°. The figure shows that the local Nusselt number decreases
with the increase of the height in the cavity. Figure 5.12 shows the variation of the
local Nusselt number with co-ordinate X at the mid-height of the cavity for
various Rayleigh numbers and A = 8. Figure 5.13 shows the vertical velocity
profiles at mid-height for various Rayleigh numbers. It was found that the velocity

increases with the increase of the Rayleigh numbers.
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Figure 5.11 Variation of the local Nusselt number with Y for Ra =10’ and A =8
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5.5 Power generation from the amorphous silicon module

A see-through a-Si solar module was incorporated in the outer pane of the window
for possible application in the office room facade an in Hong Kong. The novel
type glazing system allows day lighting transmission and without sacrificing
vision contact between the occupants and the outdoor environment simultaneously.
This design has also been reported by various authors in the literature by Miyazaki,
et al. (2005), Sato (1998). Over the past few years, a see-through a-Si solar module
has been used in windows and skylights by many Japanese architects according to
Takeoka et al. (1993) and Fukai (2000). In Hong Kong, a ventilated solar window
system was developed and analyzed by Chow et al. (2006) for possible application
in warm climates. They claimed that in the warm climatic regions, the reversible
mechanism is not required for the ventilated window. In their recent work (Chow,
2009), a PV module is integrated in the window for cogeneration of electrical

power and day lighting utilization.

The I-V characteristics of the see-through a-Si solar cell module have been
measured in the Solar Simulation Laboratory of The Hong Kong Polytechnic
University. Figure 5.14 shows the characteristic curves of the transparent PV module
under specified conditions (solar radiation intensity = 815 W/m? measured
temperature = 21°C). Table 5.1 shows the technical data of the a-Si cell used in the
glazing system. About half of the PV panel area is filled with thin film solar cells. The
efficiency of the a-Si module is approximately 6%, which is lower, compared with

other types of solar cells, i.e. mono-silicon cell. However, it has a lower
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manufacturing cost and has little reliance on the Si as well as little affect on the

environment.
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Figure 5.44 Characteristic curves of the Transparent PV module at specified

conditions

105



5.6 Summary

In this chapter, the present investigation deals with numerical predictions of air
flow and temperature distribution in a two-dimensional air cavity, which is
isothermally heated from one side and cooled on the other side. Steady natural
convective airflow in a novel type glazing system with integrated transparent
photovoltaic (PV) has been analyzed numerically using a stream function vorticity
formulation. Based on the resulting numerical predictions, the effects of Rayleigh
numbers on airflow patterns and local heat transfer coefficients on vertical glazing
surfaces were investigated for Rayleigh numbers in the range of 10° < Ra < 2x10°.
The I-V characteristics of the see-through a-Si solar cell module have been

measured and analyzed.
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CHAPTER 6: VALIDATION OF THE

MATHEMATICAL METHODS USED

6.1 Introduction

Validation of the mathematical methods used is the key for the numerical
investigation as predicted numerical results are approximation of the solution of
the partial differential equations. Only validated numerical models can be
employed for further parametric studies and optimization of the system parameters.
Experimental studies, although time consuming and more costly than numerical

investigations, could be used for validation of numerical results.

For the validation of the present computational method, the predicted results were
compared with the experimental results both from well measured data described in
chapter 3 and data available in the literatures. The experimental results employed

in this section are these from Yin et al. (1978), Elsherbiny et al. (1982).

6.2 Comparison with the numerical results with experimental data

The present numerical results are evaluated for accuracy against numerical results
published in previous works and experimental results reported by various authors.
The comparisons of the average Nusselt numbers for laminar natural convective

flow in an enclosure between the results from the present computer code and the
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published results are shown in Figure 6.1. Significant agreement, which
demonstrates the validity of the formulation and the computer code, is observed.
The correlations between the average Nusselt numbers with other parameters,
proposed by Yin et al. (1978), are listed below:

Nu=0.23A"""Ra}*” for 10° <Ra, <5x10° and 4.9<A<79.7 (6.1)

The correlations from Elsherbiny et al. (1982) are listed below:

Nu, = 0.0605x Ra'"* (6.2)
1 L
0.104ra’ ']
Nu, =[144—" S (6.3)
1+(6310/Ra, )"
0.272
Nu, = 0.242( RaLJ (6.4)
A
Nu = max(Nu,, Nu,, Nu,) (6-5)

for 5< A<110, A=20:Ra, <2x10°,

A=40:Ra <2x10°,A=80:Ra, <3x10*
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Figure 6.1 Comparisons of Nusselt numbers with literature

6.3 Comparison with measured data

A comparison of the measured and predicted temperature distributions along the
air channel is shown in Figure 6.2. It can be found that the measured data (dot) are
in good agreement with the predicted results (line). These may validate the

validity of the mathematical methods used.
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Figure 6.2 Temperature profile along the channel height for different operational

models

6.4 Summary

In this chapter, the predicted results from the numerical methods are validated
with experimental results available in the existing literature and collected data
from experimental measurements of a well developed test rig in Solar Simulation
Lab. Experimental measurements taken in the full scale indoor test facility are in

good agreement with predicted results.
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CHAPTER 7: PARAMETER STUDY

7.1 Effect of the air thickness on the total energy performance

The effect of the thickness of the air layer between two glass panes on the heat
flux through the PV window was investigated for different temperature differences
(Tout — Tin). In Hong Kong, the outdoor design temperatures for A/C systems are
32°C for summer and 10°C for winter. The indoor air temperature in a typical
office in Hong Kong is supposed to be maintained, for energy savings, at 25°C in

summer and 22°C in winter.

Figure7.1 shows the effect of the thickness of the air layer in relation to two
temperature differences, i.e. 12°C and 7°C. It is indicated in the figure that heat
transfer through the window can be considerably reduced by optimizing the
thickness of the air layer. Heat flux through the window decreases considerably
with the increase of the thickness of the air layer when L is less than 10mm where
heat transfer by conduction of the air gap is the dominant mode. The air layer in
the window also served as additional thermal insulation. Heat transfer by
convection of the air layer becomes pronounced with the increase of the thickness.
In this circumstance, the change of heat transfer through the window will be
balanced by the increase of conduction heat transfer and the decrease convection
heat transfer due to natural convection of the air in the cavity. The overall heat

transfer is decreasing slightly when the thickness of the air layer is up to 60mm.
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Therefore, the optimum thickness of the air layer could be chosen as 60mm-80mm

when energy saving due to less energy transport through the window is

considered.

Heat flux(W/m?)

10 20 30 40 50 60 70 80
Air gap thickness (mm)

Figure 7.1 Variation of the heat flux (W/m?) through the PV double-glazed

window with different thicknesses of the air cavity
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7.2 Effect of the inlet air velocity

The effect of inlet conditions, i.e. inlet air velocity was explored in this section.
Many previous studies have indicated that inlet condition is of vital importance in

the simulation of the flow in the double skin facade system. In these previous

studies, the ambient temperature is often used as the inlet temperature.

Figure 7.2 presents the velocity profiles along the centre line of the cavity height

for various inlet velocities. Figure 7.3 presents the velocity profiles for different

cavity heights at air inlet velocity 0.9m/s.
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Figure 7.2 Velocity profiles along the centre line of the cavity height for various

inlet velocities
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Figure 7.3 Velocity profile for different cavity height at air inlet velocity 0.9m/s
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Figure 7.4 The effect of various inlet conditions on temperature field of the glazing

cavity.
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Figure 7.4 gives a side view of the temperature field. Various inlet conditions have
been examined. It is found that the temperature of air in the channel at the top is
obviously lower with increase of the inlet velocities. The inlet velocity condition
has an important effect on the thermal field. Previous studies show that complexity
of inlet region often gives trouble to the computational fluid dynamic modeling
and heat transfer analysis in the system. Some improper assumption of the inlet
region can even cause the final modeling results to deviate from the physical
reality. It is thus critically important to model accurately the inlet condition to get

reasonable results, especially when the flow is in the developing region.

7.3 Effect of the Rayleigh number

The stream function in the mid-height has been plotted in Figure 7.5 for various
Rayleigh numbers. Computations are carried out for air as the working fluid with a
Prandtl number of 0.75. The influence of Rayleigh number is considered for seven

different values: 10°, 5x10°, 9x10°, 10*, 4x10%, 8x10°,10°.
Figure 7.6 shows the variation of the dimensionless vorticity profiles € across
the channel for different Rayleigh numbers. As can be seen voticity increase as the

Rayleigh number increases and the vorticity profile is symmetric.

The air temperature in the cavity along the window height as a function of Y is

shown in Figure 7.7 for various Rayleigh numbers. The non-dimensional
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temperature, ® , is linear. Higher value of ® indicate higher air temperature

according to the definition of the non-dimensional temperature in equation (5-18).
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Figure 7.5 Variation of the dimensionless stream function profiles at window mid

height with distance (x/W)
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Figure 7.7 Non-dimensional temperature profiles along the height at the mid-wide

of the air layer for various Rayleigh numbers.

Other parameters are A = 10, Pr =0.7.
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7.4 Effect of low-e coating on the U-value of glazing units

Low-e coating has significant influence on glazing U-value. Substantial amount of
the long wave radiation could be reflected by employing a low-e coating either on

one glass surface or both surfaces bounding the air gap of window units.

Figure 7.8 shows the effect of the increase in the emissivity of two surfaces
bounding the air gap on the glazing U-value. In the figure, one low-e coating
refers to PV glass with low-e coating and its opposite glass surface is uncoated.
Two low-e coating refers to two surfaces bounding the air gap are both low-e
coated. In general the effective emissivity ranges from 0.05-0.12 for low-e

coatings, and for uncoated float glass the emissivity & is 0.88 in this study.

In air cavity of a double pane window with uncoated surfaces, the longwave

radiation exchange between glass surfaces is larger than the case with low-e

coatings, thus the glazing U-value could be substantially reduced.
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7.5 Summary

In this chapter, various factors affecting the performance of the double skin
photovoltaic fagade system has indentified and analyzed in detail. These factors
include: the effect of the air thickness on total energy performance, effect of the
inlet conditions, i.e. the inlet air velocity, effect of the Rayleigh number, effect of

the Low-e coating on the U-value of the glazing units.

It is found that heat flux through the window decreases considerably with the
increase of the thickness of the air layer when L is less than 10mm where heat
transfer by conduction of the air gap is the dominant mode. The air layer in the
window also served as additional thermal insulation. Heat transfer by convection
of the air layer becomes pronounced with the increase of the thickness. In this
circumstance, the change of heat transfer through the window will be balanced by
the increase of conduction heat transfer and the decrease convection heat transfer
due to natural convection of the air in the cavity. The overall heat transfer is
decreasing slightly when the thickness of the air layer is up to 60 mm. Therefore,
the optimum thickness of the air layer could be chosen as 60 mm - 80 mm when
energy saving due to less energy transport through the window is considered.
Low-e coating has significant influence on glazing U-value. A substantial amount
of the long wave radiation could be reflected by employing a low-e coating either

on one glass surface or both surfaces bounding the air gap of window units.
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CHAPTER 8: CONCLUSIONS AND FUTURE

RESEARCH

8.1 Overall conclusions

This thesis presents a numerical and experimental analysis of heat transfer and
airflow in double skin facades (DSF) with integrated a-Si PV cells at the Hong
Kong Polytechnic University, which generate both electricity and providing day
lighting. A 2D numerical model is developed to explore the thermal behaviour and
fluid dynamics in the air cavity of the DSF system for both open and closed inlet
and outlet operational modes. The combined radiation and convection heat transfer

in the air cavity were analyzed in detail in this thesis.

Steady natural convective airflow in a novel type glazing system with integrated
semi-transparent photovoltaic (PV) cells has been analyzed numerically using a
stream function vorticity formulation. Based on the resulting numerical predictions,
the effects of Rayleigh numbers on airflow patterns and local heat transfer
coefficients on vertical glazing surfaces were investigated for Rayleigh numbers in
the range of 10° <Ra <2 x 10°. Good agreement for the Nusselt numbers was
observed between numerical simulation results in this study and those of earlier

experimental and theoretical results available from the literature.

In addition, the effect of air gap thickness in the cavity on the heat transfer through
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the cavity was evaluated. The effect of the thickness of the air layer between two
glass panes on the heat flux through the PV window was investigated for different
temperature differences (Toww — Tin). In Hong Kong, the outdoor design
temperatures for A/C systems are 32°C for summer and 10°C for winter. The
indoor air temperature in a typical office in Hong Kong is supposed to be
maintained, for energy savings, at 25°C in summer and 22°C in winter. The effect
of the thickness of the air layer in relation to two temperature differences, i.e. 12°C
and 7°C has been evaluated. It is found that heat transfer through the window can
be considerably reduced by optimizing the thickness of the air layer. Heat flux
through the window decreases considerably with the increase of the thickness of
the air layer when L is less than 10mm where heat transfer by conduction of the air
gap is the dominant mode. The air layer in the window also served as additional
thermal insulation. Heat transfer by convection of the air layer becomes
pronounced with the increase of the thickness. In this circumstance, the change of
heat transfer through the window will be balanced by the increase of conduction
heat transfer and the decrease convection heat transfer due to natural convection of
the air in the cavity. The overall heat transfer is decreasing slightly when the
thickness of the air layer is up to 60mm. Therefore, the optimum thickness of the
air layer could be chosen as 60mm-80mm when energy saving due to less energy

transport through the window is considered.

Various turbulence models (RNG x-¢& model, Standard x—& model,

Realizable x—¢& model) were employed and velocity and temperature profiles
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predicted were compared, discussed and reported in Chapter 4. A test rig were
developed and calibrated for this study. Experimental studies were carried out in
the lab of the Department of the Building Services Engineering. Predicted results
were then compared with experimental data to evaluate the numerical simulation

accuracy.

The I-V characteristics of the see-through a-Si PV module have been measured in
the Solar Simulation Laboratory of The Hong Kong Polytechnic University and
reported in Chapter 5. About half of the PV panel area is filled with thin film solar
cells. The efficiency of the a-Si module is approximately 6%, which is lower,
compared with other types of solar cells, i.e. mono-silicon cell. However, it has a
lower manufacturing cost and has little reliance on the Si as well as little affect on the

environment.

In addition to the theoretical aspect, experimental studies have been conducted to
show reliability of the theoretical model. The simulation results are reasonably
close to the experimental results. Experimental measurements taken in the full
scale indoor test facility are in good agreement with predicted results. An outdoor
measurement also has been conducted at the campus of The Hong Kong
Polytechnic University in order to explore the thermal performance of the double
sided PV (DSPV) facade when working under the real subtropical whether
conditions. The experimental results indicated that the inside air temperature for
DSPV fagade is quite lower than temperature in conventional fagade with internal

curtain for shading purposes. It is found that the temperature in the DSPV fagade
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system is more stable. The temperature variation in conventional facade system
with internal curtain is larger. There are 4 temperature peak have been observed
during the measurement. The maximum temperature for conventional facade is
close to 34°C at 13:10 PM, 29°C for DSPV facade. This indicated that the
effectiveness of the solar screening through the use of the naturally ventilation of
air beneath the PV module. The temperature deviation between the two systems

becomes smaller late in the afternoon.

8.2 Recommendations for future research

Due to time limitation, this study can not cover all aspect of the factors which need
to be considered both in the numerical investigation and the experimental study.

This may be the basis of further studies.

The current theoretical studies only consider the steady state 2D flow in the flow
domain. Future study could expand to transit 2D analysis to explore the transit
effect and dynamic characteristics of the double skin photovoltaic facade system.
A possible development of the model could be the inclusion of the conduction part
of the solid glass. On the other hand, the effect of the double skin photovoltaic
facade system on the space cooling load could be explored in the future study to

further examine the energy performance of the current novel glazing system.

The further study could evaluate the energy performance and thermal behaviors of

the double pane windows integrated with semi-transparent solar cells operating
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under the subtropical climatic conditions. A numerical simulation model may be
developed for analyzing their heat transfer mechanism and energy performance
based on the typical-meteorological year (TMY) weather data of Hong Kong. Heat
gains in summer could be substantially reduced and considerable annual electrical

power could also be generated from such windows on an annual basis.
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