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ABSTRACT

One- and Two-Dimensional Modeling of Ventilated Fagades with Integrated
Photovoltaics

Rémi Charron

Ventilated fagades with integrated photovoltaic panels can be used to generate
electricity, thermal energy, and for daylighting. Developing working models to study
their performance for this thesis is the start of a long-term research project at Concordia
University that aims to develop a better understanding of these systems.

The research involved developing both a one-dimensional finite-difference model
and a two-dimensional control-volume model.  An algorithm was developed that
determines iteratively the most appropriate convective heat transfer coefficient
relationship to use for surfaces inside the cavity, based on system characteristics and
temperature distributions. In the case of the 1D model, average, as opposed to local,
coefficients are calculated. The 2D model provides a more detailed representation of the
radiation heat transfer between surfaces inside the cavity, and includes vertical heat
conduction within the system components. The 1D model on the other hand is more
robust and faster to use.

Validation was carried out which compared results obtained from the models to
results found in literature, and from experiments. In addition, an inter-model comparison
was done between the 1D and 2D models. Results show that the models come within the
10 to 21 percent uncertainty levels predicted by other researchers.

After validation, the models were used to optimise the system performance, which

showed that combined thermal-electric efficiencies of over 70% could be attained.
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CHAPTER 1

INTRODUCTION

1'.1 Introduction

In order to make many solar energy technologies cost effective, they need to be
integrated into a building’s envelope (Krauter, et al., 1999). Photovoltaic (PV)
technologies can be integrated to the roof or fagade of a building. When PV is integrated
into the fagade of a building, less solar radiation is incident on the panels in comparison
with rooftop installations. When examining costs, it was found that much better payback
periods could be achieved when systems with PV integrated on a fagade also captured
heat (Costa, et al., 2000). The heat can be collected in a similar fashion to that of a
regular solar hot-water heater or hot-air collectors. Despite the low heat capacity in an air
system, it is the simplest and least expensive way to allow modular installation during
construction (Bazilian, Prasad, 2002).

Even with prefabricated modules, the array and labour costs need to be reduced
substantially before their payback period is reduced to an acceptable level (Jaros, et al.,
2002). Labour costs are expected to fall over time as more technicians gain experience
installing PV modules and other solar collectors. As for array costs, they are
continuously declining with the advancement of PV technology‘and manufacfuring. Cost
effectiveness can be improved by reducing the overall cost of the system, or by
improving its overall efficiency. Efficiency can be raised by increasing the PV cell
efficiencies, or by increasing the efficiency of the system as a whole, including heat

extraction, daylighting, electricity generation, air quality, thermal comfort, etc.



The first record of a mechanically ventilated fagade was described by
Jean-Baptiste Jobard, director of the Industrial Museum in Brussels, in 1849 (Saelens,
2002). After this time, little is heard of the idea until the early to mid 20™ century.
Airflow windows as studied in this paper, started being studied in Scandinavia in the
1950°s, with the first patent being filed in 1957 in Sweden. It took another ten years
before its first use in office buildings, in Helsinki, Finland.

Not until the energy crises of 1973 and 1979, did the concept start to appear in
European buildings. However, as the energy crisis abated, so did the interest in
ventilated fagades. By the end of the 1990’s, interest started to increase again as more
people started to focus on energy efficiency, and the air quality of buildings.
Double-fagades have since been used to combat the “sick-building syndrome” as it gives
the building occupants the ability to open windows and control the fresh air intake, even

in high office towers (Saelens, 2002), (Zollner, et al., 2002).

1.2 Definition of Ventilated Facades

There are four different paths for air to flow in a ventilated facade, as depicted in
Figure 1.1. All four achieve a different intended result. The first diagram is that of a
supply window, where the outside air flows through the cavity and is then either
ventilated directly into the building, or used as a fresh air supply in an HVAC system.
The supply window is used in colder climates in an attempt to preheat fresh air going into
a building to save on heating costs. The second type, known as an exhaust window,
blows the exhausted air from an HVAC system through the facade before being released

to the outside environment. This type of ventilated window utilizes the energy already



used to heat or cool the building to bring the window temperature closer to that of the

indoor environment.

(e Ra (ors

a) b) ) &
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Figure 1.1: Airflow Paths Used in Ventilated Fagades

The last two paths have the air leaving the cavity on the same side that it comes
in, a configuration which is sometimes referred to as an exteﬁor air curtain (Saelens,
2002). >When outside air flows through the system, it is referred to as an exterior air
curtain. This is often used with natural ventilation to help cool the window lowering the
cooling load of the building. Interior air curtains use air from the mechanical ventilation
system to flow in the cavity to create a buffer between the window and the outdoor
environment. As depicted in the figure, when outdoor air is used in the cavity, the
double-glazed window is closest to the room and faces the outdoor environment. When
used as an exhaust window or interior air curtain, the double-glazed window needs to be
the barrier between the outdoor and indoor air to reduce the building’s energy load. For

added insulation, two double-glazed windows may be used instead of one.



PV technology can be integrated into a double-fagade in a variety of different
ways. Figure 1.2 shows an application done at the Mataro library in Barcelona where PV
cells are sandwiched between two glazings to form a semi-transparent PV integrated
fagade. The PV generates electricity, and produces shading at the same time. There is
also a second double-glazed window that forms a cavity with the PV glazing where air is
mechanically drawn from. This particular fagade has been studied by a group of
researchers, with some of the results and a more detailed discussion presented in later

chapters (Costa, et al., 2002), (Infield, et al., 1999), (Mei, et al., 2003).

Figure 1.2: PV Cells Sandwiched Between Two Glazings (Infield D, et al., 1999)

This thesis will focus on two different types of double-fagades with integrated
PV. The first, depicted as Configuration 1 in F igure 1.3, has the PV on the lower half of
the fagade, facing the outdoor environment directly. The second, depicted as
Configuration 2 in Figure 1.3, has the PV on the lower half of the fagade, but placed in
the middle of the cavity, allowing air to flow on either side, or on both sides at the same
time. Both configurations have a motorized blind in the middle of the top section, and

the option of bringing outdoor air into the building, or exhausting it outside. These



arrangements will be referred to as air flow windows with integrated photovoltaics
(AFW-IP). The top section, referred to as the Vision section, allows a portion of the solar
radiation incident upon it to go into the building where it may be utilized for daylighting

purposes. The bottom section is called the PV section, and is opaque unless otherwise

stated.
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Figure 1.3: Configuration 1 and 2 of the Airﬂow—Window

1.3 Motivation

Many researchers have examined various configurations of double-fagades, and
have developed thermo-fluid models to investigate their performance. However, most of
the research examines specific topics such as finding proper heat transfer coefficients, the
effects of transmittance, the effects of inlet and outlet conditions, etc., with little research
being done to find general design guidelines that may be used by designers to optimize
performance (Saelens, 2002). Some argue that predicting the performance of double-

facades is not trivial, as the performance depends on the geometric, thermophysical, and



optical properties of its various components (Hensen, et al, 2002). Due to the
complexity of the problem, it is suggested that general design guidelines are practically
impossible to obtain, and that modeling and simulation should be used to support each
design directly.

Indeed the system is complex; however, with more research being directed at
studying the system as a whole, key parameters may be identified to help us learn how
they interact to affect the overall performance of the system. To date, most experimental
work l;as been done studying naturally-ventilated double—fac;ades (Saelens, 2002). Even
though daylighting can play an important role in reducing a building’s electricity
consumption, the effects that multiple-skin fagades have on daylighting ‘has not been
studied explicitly (Saelens, 2002). Some work has been done to determine the effects of
certain parameters and found that predictions are not heavily dependent on surface

absorbance, emissivity, or transmittance (Ong, 1995).

1.4 Objectives

The objectives of this thesis are the following:
1 To study the current techniques available to model double-facades and similar
technologies,
2 To develop a one-dimensional thermofluid model to help predict the behaviour of an
airflow-window with integrated photovoltaics (AFW-IP),
3 To develop a two-dimensional thermofluid model to both validate the use of the
one-dimensional model, and to help further study the systematic interactions of the

AFW-IP,



4 To use the developed models to identify key parameters and their interactions.

1.5 Thesis layout

Chapter 2 examines the various aspects of modeling double-fagades, solar
collectors, and other relevant technologies that are found in literature. Chapter 3 presents
a description Qf the one- and two-dimensional models developed for this investigation.
The models are then validated in Chapter 4 by comparing their results to each other, to
results found in literature, and to preliminary results from the Concordia Building
Integrated Photovoltaic (BIPV) test facility. After the models are validated, various
results from modeling the AFW-IP using the two models developed in this study are
presented in Chapter 5. As the system under study is very complex, the scope of this
work is limited to the objectives mentioned above; therefore, the thesis will end with

Chapter 6, which suggests future work that should be done in this field of research.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

Numerous models have been developed to investigate double-facades, solar
chimneys, solar collectors, and other similar technologies. With the exception of
solar-collectors, which have standardized methods of modeling, no modeling technique is
hailed as the preferred method. Models range in complexity from being single zone
models with the heat transfer described by a single U-factor, to numerical models based
on different computational fluid dynamics methodologies.

Some researchers insist that the complex interactions that occur within the system
necessitate the use of a model with a sufficient level of complexity (Saelens, 2002).
Others state that the simplicity of the numerical design and its inputs is necessary for
users, wary of complex and time-sensitive building simulation tools, to encourage their

use (Bazilian, Prasad, 2002).

2.2 One- and Two-Dimensional Models

One of the simplest ways to model these systems is to use a single zone model, in
which each cavity is represented by a single node. In this type of model, radiation and
convection in the cavity are combined and the heat transfer through the cavity surfaces is
described by a single U-factor. Infield, et al. (2002) provided a preliminary repoﬁ that

used this approach as part of an attempt to model the overall building energy simulation



at the Mataro library. They found that the theoretical and experimental results correlated
well. Other studies have shown that modeling an AFW with a simple U-factor lacks the
complexity to accurately model this type of facade (Saelens, 2002). However, as
Infield’s group used this approach as part of a model to simulate the building’s overall
energy use, the inaccuracies of the model were minimal when looking at the simulation
as a whole. Saelens (2002) found that the influence of other phenomena on the building
heating and cooling load were very high, directly limiting the influence of multiple skin
fagade typologies oh overall energy use. Therefore, if the AFW model is to be used as
part of a building simulation, less complexity is required. On the other hand, if the
facade itself is being investigated, then the U-value approach is not suitable.

The more sophisticated one-dimensional models assign a node to each layer of the
AFW. Another improvement is that radiation and convection are treated separately; this
approach is often taken to model solar air heaters. This approach can be represented be a
simplified thermal network, and is the basis for the one-dimensional model that will be
developed for this study. More information concerning this approach can be found in
various literature sources (Ong, 1995), (Saelens, 2002), (Bazilian, Prasad, 2002).

Several approaches exist for modeling the AFW-IP in two dimensions. One way
is to do a series of one-dimensional models. Ong (1995) suggested that a
one-dimensional model be used for every meter of collector. The output air temperature
in one model is used as the input in the next. This approach is similar to the model
developed for this study; however, it lacks some of the complexity. The model
developed in this study uses a radiosity analysis to calculate radiation exchange between

all nodes. The basic approach is to divide the AFW into a series of slices along the



vertical plane. Then an energy balance is performed on each slice, using an iterative
process, until the law of conservation of energy holds true for each slice. This method
was used for Saelen’s PhD thesis (Saelens, 2002), and is explained in more detail in the

next chapter.

2.3 Computational Fluid Dynamics Models

In a computational fluid dynamics (CFD) model, the conservation equations for
mass, thermal energy, and momentum are solved for all nodes in a two- or
three-dimensional grid of the system under investigation. This provides more details on
the nature of the flow field compared to network methods. One of the interesting aspects
of CFD is that the same governing equations are used for all indoor applications of
airflow and heat transfer, differing simply by changing the boundary conditions (Chen,
Srebric, 2002).

In theory, the CFD approach is applicable to any thermo-fluid problem; however,
when trying to model a building, problems may arise. Computing power, the complex
nature of the flow fields, occupant-dependant boundary conditions, are some of the main
reasons why CFD applications have been restricted to steady-state cases or very short
simulation periods (Hensen, et al., 2002).

One promising use of CFD programs is to couple them with energy simulation
(ES) programs. ES programs provide energy analyses for an entire building, providing
space averaged indoor environmental conditions, cooling/heating loads, coil loads, and
energy consumption. A drawback to these programs is that they cannot make detailed

predictions of thermal comfort or predict the distributions of air velocity, and temperature
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like a CFD program could (Zhai, et al., 2002). Convective heat transfer coefficients used
in ES programs generally come from empirical formulas that may or may not be accurate.
It would be beneficial to use a CFD program to calculate these coefficients in order to
improve their accuracy. Boundary conditions are a requisite for CFD programs and may
be obtained from an ES program, demonstrating one of the benefits of coupling ES and
CFD programs together. Coupling the two programs would allow both to acquire the
necessary information in an iterative process.

In addition to calculating proper convective heat transfer coefficients, a CFD
program could be used to calculate the friction coefficients needed in ES modeling.
Empirical formulas for friction factors are often derived for forced convection, and are
different in the case of natural convection (Hensen, et al., 2002).

There are different methods of doing CFD modeling, such as using a
finite-volume, finite-element, or control-volume approach. The method found most
often in the literature search was control-volume modeling; however this does not mean
that control-volume modeling is the best method as the literature search was not done
with the intention of learning about CFD modeling. The type of CFD modeling
performed is highly dependant on the available computational power. As is well known,
computational power increases from year to year, which ensures a continual improvement
of CFD modeling. For example, a paper published in 1996 presented an FEM model
using 65 x 181 nodes, which took 800 to 1,100 iterations, running for approximately 14
hours (Moshfegh, Sandberg, 1996). At the time, they found that particular amount of

nodes sufficient to model the system. If they were to run the same simulation today, they
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~could afford to increase the complexity and still have significantly lower computational
costs.

CFD models can be divided into micro (direct numerical simulation, DMS) and
macro analysis. Micro analyses have very small elements that take into account éll of the
flow’s behavior, including turbulence. These models require an enormous amount of
computational power because to define a whole system, millions of nodes are required.
Small aspects of the system, such as the inlet could be modeled using micro-analyses to
account for a specific phenomenon, such as inlet effects. When a macro-analysis is ﬁsed,
a turbulence model is needed to represent the overall effect of turbulence. The used most
often in the models was the low Reynolds number k-e model (Zollner, et al., 2002),
(Jaros, et al., 2002), (Chen, Srebric, 2002). To provide a more in-depth study of CFD
models is beyond the scope of this thesis. Modeling the AFW-IP with a combination of
an ES program and CFD model is something that should be looked into in the future,

especially with the ever increasing availability computational power.

2.4 Convective Heat Transfer Coefficients

The most critical factor in generating an ES model is determining the proper
convective heat transfer coefficients (CHTC) to use in the cavity. The coefficients used
in energy simulation programs are usually determined empirically for a given
experimental setup and may not be accurate for use in the ventilated fagade (Zhai, et al.,
2002). In evaluating different empirical relations for determining the Nusselt number, |
which is directly proportional to the CHTC, Ong (1995) found that the results could vary

by as much as £50%. When comparing his predicted results with experimental results,
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Ong (1995) found that he had to multiply his model’s calculated CHTCs by a factor of
0.75 to have a better correlation between the two. Evaluation of the CHTC will lead to
uncertainties (Costa, et al., 2000).

One aspect in calculating the CHTC that varies from one researcher to another is
whether or not to use the flat plate approximation for the flow. If the AFW has a wide
cavity, then it may be possible that the fluid-flow boundaries do not coalesce into one
flow as is depicted in Figure 2.1b. On the other hand, if the cavity is narrow or
sufficiently high, then the flow cannot be treated entirely as two separate flows. Instead,
coefficients can be calculated for the entrance region using plate flow, and then using
channel flow for the remaining length of flow travel. This method provides the program
with local CHTC until the flow coalesces and only one value for the remaining length.
An alternative is to use a single CHTC for the whole length of flow that takes into

account the entrance region of the channel.

I
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a} Channel Flow b} Separate Plate Flow
Figure 2.1: Depiction of Boundary Layer Formations in a Cavity

There is no single accepted combination of channel height and width that is

agreed upon to validate the use of the separate plate approximation. On the contrary,
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literature sources seem to give conflicting results. Mei L. et al. (2003) studied the flow at
the Mataro public library in Barcelona and found that using separate flow approximation
on a 0.14 m wide cavity, which was over 2.5 m high, was justified, since their model and
experimental results correlated well. On the other hand, Zollner et al. (2002) found that
channel flow should be used for gap widths of up to 0.60 m, and only when the cavity
was wider than 0.60 m should plate flow be considered. Rodrigues et al. (2000) found
that for a channel height of 2.5 m, that a channel width of 0.30 m could be approximated
using plate flow. Saelens (2002) indicated that for the case of a one-storey high facade
that the cavity could be modeled as separate plates. Other models found in literature use
separate plate models, or not, without justification.

Another grey area in evaluating the CHTC is the determination of the driving
mechanism generating the flow. As discussed in the next chapter, it is important to
determine if the flow falls within forced, free, or mixed convection regimes. The

following ratio of the Grashofs number and Reynolds number is used to determine just

that (Rolle, 2000), (Incropera, De Witt, 1990), (Saelens, 2002):

Gr<<Re’  forced convection _ (2.1a)
Gr >> Re? free convection (2.1b) -
Gr ~ Ré? mixed convection (2.1c)

Discrepancies occur when researchers set values that separate the different flow regimes.
Rolle (2000) is the only source which was found to give an actual value, and he stated
that it should only be used as an initial approximation. His approximation to go from
mixed convection to natural convection is given to be when the ratio of the Grashof

number over the square of the Reynolds number is more than 4, whereas Saelens (2002)
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still uses mixed convection with a ratio of 100. The lack of data in this area will generate
uncertainty in the model developed for this thesis. However, Bﬁnkwoﬂh et al. (2002)
found that textbook parameters derived for forced convection could be used in buoyancy
driven flows, implying that it was not too critical to determine the exact driving
mechanism.

Outdoor heat transfer coefficients are also a source of uncertainty. Saelens (2002)
found various studies examining the outdoor heat transfer coefficients due to wind, and
found that their results varied significantly. He suggests that different building heights
and geometries, combined with the different techniques of measuring wind speed account
for the differences. He notes that the heat transfer coefficients will vary considerably for
the different sides of the building, being higher for windward, and lower for leeward
sides. At a wind speed of 10 m/s, the résults varied by as mucﬁ as 15 W/m’K between
windward and leeward orientations. Using ambient conditions to measure the outdoor
heat transfer coefficient will generate some error as micro-climates exist near buildings
(Hensen, et al., 2002). Values used for the outdoor heat transfer coefficient in literature

varied from 12.9 W/m’K to 28 W/m’K.

2.5 Inlet/Outlet Effects

One aspect of modeling AFW that needs to be researched is the influence of the
inlet and outlet regions. There are two factors that make these regions a challenge to
model correctly. The flow conditions at the inlet and outlet are hard to specify
(Brinkworth, et al., 2000), and the disturbance in the flow in these localized zones needs

to be examined as they affect the global performance of the system (Rodrigues, et al.,
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2000). The shape, 0r0ughness, and design of the inlet/outlet will all have an effect on the
flow. The influence of the height of the inlet/outlet relative to the gap width is important.
Zollner et al. (2002), found that the overall effect of this parameter was negligible for
small gap widths, but could have a significant impact when the cavity was wider then
0.6 m.

Another factor that generates errors in the inlet region is the assumption that the
alr temperature going into the system is the same as the outdoor air temperature. Some
investigations have shown that the air is heated while going through the inlet, and that it
is difficult to accurately account for this in the model (Saelens, 2002), (Costa, et al.,
2000). Preliminary results at a Concordia test room have found that the roof could
increase the incoming air temperature by 1 to 3°C, during the Fall, with the effect

diminishing to less than 1°C during cold weather.

2.6 Air Leakage

An assumption that is often made when modeling ventilated facades is the
assumption that the cavity is completely sealed. In actuality, there will usually be some
leakage that occurs in the fagade. Only Saelens (2002), which did an extensive review of
both experimental and theoretical work, mentions the importance of considering air
leakage in a model. Leakage can alter the flow velocity, and the total energy balance.
Unfortunately, there is no simple way to account for air leakage in the system. More
experimental work is needed in this area to find a way to accurately predict its impact on

the system. Air leakage will therefore not be included in the models for this thesis.
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Air leakage can also come into play within the system. The vision section of the
model assumes that the blind separates the top cavity into two separate cavities; however,
the blind needs to be dense enough to prevent inter-cavity flow in order to make this
assumption valid (Saelens, 2002). Not only does it have to be dense enough, but it also
has to take up the whole space, not forming any gaps between the two cavities. If the
cavity is wide enough, and the gaps at the edges narrow enough, then the limited amount
of air flow between cavities in this area can be lumped in with other edge effects that are
often ignored.  The models developed in this thesis will assume that the blind is of

sufficient density and wide enough so that no significant leakage occurs.

2.7 Control Strategies and Flow Velocity

As with most parameters vthat vary from one system to the next, air flow
velocities, and mass flow rate by default, vary widely from one system to the next. For a
set cross-sectional area, increasing the velocity will increase the mass-flow rate and
vice-versa. Higher flow velocities lead to higher convective heat transfer coefficients,
which lead to higher recovered heat, and hence, higher efficiencies. When keeping
velocity constant, but increasing mass-flow rate (by changing area), more air is available
to transport energy, and therefore higher efficiencies are reached but the temperature rise
of the air is lower. This phenomenon of achieving higher efficiencies with higher flow
rates is a concept that has been around for a long time when dealing with solar air
collectors (Ong, 1995). However, as outlined below and later in later chapters, running
an AFW-IP with too high velocities can actually increase a building’s energy

consumption.
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In systems relying on thermal buoyancy effects to drive the flow, there are limits
to the control of the flow rate. After a system is constructed, the only method of
controlling the ﬂqw rate is by adjusting inlet and outlet dampers. At this stage, not
enough experimental work has been done to accurately predict the flow rate in thermal
buoyancy driven systems by means of controlling dampers. The control may be achieved
using a feedback mechanism by means of a flow meter. A system can be designed in
order to maximize flow rates achieved by thermal buoyancy effects; this can be done by
selecting an appropriate gap width. For systems that rely on thermal buoyancy, gap
widths of 0.20 to 0.30 m were found to maximize the buoyancy effects in solar chimneys
of 6 and 14 m high, over a range of outdoor temperatures (Balocco, 2002).

Solar collectors that use a liquid, as opposed to air, to capture heat, control the
rate of flow by means of temperature measurements. If the liquid heats up to a certain
setpoint, then the pump starts operating until another setpoint (lower than the first) is
reached, at which point the pump stops until more heat is stored. One paper found in
literature followed the same principle with the AFW (Zollner, et al., 2002). The flow rate
of the fagade was controlled to maintain a temperature differential between the inlet and
the outlet of 2°C since this was determined by some set of parameters to be the optimal
operating conditions. This particular paper presented results from a test room that had
variable gap width, height, window width, and inlet/outlet dimensions. The facade also
had a range of 0.06 to 0.6 kg/s mass flow rate controlled by a fan at the exit. It would be
interesting to try to evaluate if the optimum operating condition is in fact dependent on
the temperature differential. As the scope of this thesis is limited, this will not be

investigated further at this stage.

18



One method of determining a setpoint for the flow rate in an AFW-IP that is
connected to a building’s HVAC system to maximize performance is to set the flow rate
going through the entire fagade equal to the building’s fresh air requirements (Saelens,
2002), (Durisch, et al., 2001). If the flow rate exceeds this amount, it is quite possible
that extra heating would be required as the temperature of the air exiting the cavity might
not be hot enough to meet the heating requirements of the building. In that case, the
balance of the building’s air requirements would be best served by using recycled air.
Since the fresh air requiremgnts need to be met, there would be no purpose in drawing air
from anywhere but the AFW-IP as this would maximize the pre-heating effect of the
system. The only reason to draw air elsewhere would be to lower flow velocities due to
noise constraints. Note that this control strategy would only be useful during the heating
season, since in the summer it would result in elevated cooling loads. In the cooling
season, the air should be exhausted outside as this would help to reduce the cooling load
of the building. More work is needed to find an optimum strategy for the period between
the heating and cooling seasoﬁs.

There are other control areas of the AFW-IP that are often not examined. If there
is a motorized blind in the cavity, a control strategy is required. If the blind was always
down, it would lower the transmitted daylight during cloudy periods. If the blind was left
down overnight, then the system would have a lower U-value. Saelens (2002) suggested
that the blind be lowered if a certain setpoint of ‘solar radiation is reached; however, he
suggested two different setpoints (75 and 150 W/m?) in his doctoral thesis without giving

an explanation.
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Another point that should be mentioned is concerning the flow velocity in dual
cavity systems. Without proper design, the flow velocity in the two cavities will differ
(Saelens, 2002). There may be advantages and disadvantages of having different
velocities in the front and back cavities. The important thing to be aware when modeling
the AFW and during experimental investigations is that a difference exists. As with other
areas, determining optimal balance in flow rate in both ducts of a dual-duct system is

beyond the scope of this thesis.

2.8 Modeling Photovoltaic Cells

The efficiency at which a PV cell converts solar radiation to electricity is not
constant. The efficiency of crystalline cells depends on the amount of solar radiation
incident on the cell, the PV cell temperature, and the light spectrum. The efficiency of a
crystalline cell is essentially zero at an irradiation level of 50 W/m> (Poissant, et al.,
2003). The efficiency of amorphous-silicone cells is not directly dependant on irradiation
levels; however, its temperature coefficient does vary with irradiation.

Reliable knowledge of the different climactic influences on PV efficiency and
power output is indispensable for the accurate prediction of daily, weekly, monthly and
yearly electricity yields (Durisch, et al., 200). The effect of operating temperature can
either be reported in percent reduction in generated power per degree Celsius, or a
percent reduction of the overall cell efficiency per degree. For crystalline technologies,
the effect of temperature on power generation is 0.2 to 0.5%/°C (Sandberg, 1999).

Unless otherwise stated, the only effect on PV efficiency that will be considered in this
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study will be the temperature coefficient suggested by Sandberg (1999) with a coefficient

0of 0.038 as follows:

Tipy = 13% - 0.038%(Tpv - 25°C)/ °C

2.9 Modeling Solar Radiation

When reviewing literature on AFW, very few sources discussed how they would
model solar radiation. There are two important aspects of modeling sélar radiation. The
first is to be able to accurately predict where the sun is situated in the sky relative to the
fagade. The angle of incidence of the solar radiation affects the optical properties of the
glazings. It is important to include this dependence on angle of incidence on the
transmittance and reflectivity for each glazing in the system (Saelens, 2002). For
example the transmittance of 3 mm clear glass is approximately 89% from 0° to 35°
incidence, but drops considerably at higher angles; the value is below 50% at 75°. The
models developed in this study take angle of incidence into account when they are used
to simulate a specific time and place. However, when general simulations are done,
average transmittance and reflectivity is used.

The second important aspect of modeling solar radiation is the ability to predict
the quantity of irradiation expected on a surface based on time and location. This can be
done by taking data from weather databases, or by using a model. Unless otherwise
stated, this study will use the Kt clearness index model to estimate diffuse and beam solar
radiation (Orgill, Hollands, 1977). One of the limitations mentioned in using this model
was computational costs; however, as this paper was written in 1977, this limitation no

longer applies today. Note that the model is developed for latitudes of 43 to 54°N. This
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model is suitable for predictions in Montreal. It would be of interest, in the future, to find
other models that set no limitations on latitudes.

A lot of data and models (including the Kt clearness index model) give insolation
values for a horizontal surface. In this thesis, Klucher’s method (1978) is used to predict
the insolation on a tilted surface based on data from a horizontal surface. This model is
based on an anisotropic all sky model. This model was selected based on research
indicating that old isotropic sky models are deficient in pre‘dicting insolation on titled
surfaces for non-uniform (non-cloudy) sky conditions, and the other widely used Temps

& Coulson’s model was not as accurate in non-clear days (Klucher, 1979).

2.10 Example of Application

As mentioned, building integrated photovoltaics (BIPV) and double-fagades are
starting to gain popularity. However, there are still very few projects around the world
that have PV directly integrated into a double-fagade to create a BIPV. One project that
is a good example of this technology is found at the Mataro public library in Barcelona,
Spain. The building is rectangular with its main 225 m” facade facing south comprising
of a 6.5 m high PV section. Figures 2.2a and 2.2b are pictures of the library’s

double-fagade viewed from outside and inside the building.

Fire 2.22: Mataro Public Llfary Viewed from Outside (Infield D, et al., 1999)
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Figure 2.2b: Matar Plic Liar Double-Fagade Viewed from Inside (Infield D., et al.,
1999) :

The fagade is composed of a PV panel and a double-glazed window separated by
a 0.14 m gap. The PV panel, which faces the outside of the building, has blue
polycrystalline silicon solar cells sandwiched between the glazings. The square PV cells
are placed such that they leave a 0.014 m horizontal gap, allowing for daylight to enter
the building as seen in Figure 2.2b.  This arrangement allows 15% of the incident
short-wave irradiation to pass directly through the PV panel and the double-glazed
window (ignoring absorption in the glass) for daylighting (Mei, et al., 2003).

Various authors have modeled the ventilated PV fagade by evaluation of energy
inputs and outputs through radiation, convection, conduction and power generation (Meli,
et al.,, 2003). Mei, et al., (1999, 2003) have studied the Mataro library using both a
simplified steady state analysis (Infield, et al., 1999) and a fully dynamic thermal model
for the ventilated PV fagade (Mei, et al., 2003). As this design has been examined in
detail, results taken from the Mataro Library will be used in Chapter 4 as part of the

validation of the two models developed for this study.
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CHAPTER 3

MODEL DESCRIPTION

3.1 One-Dimensional Model

As the AFW is divided into two sections, the mathematical formulation of the

problem considers the two sections separately. The two are linked such that the output

air temperature calculated for the PV section is used as an input value to the Vision

section. A nodal model is used to determine an expression for the temperature of each

component. This is done by doing an energy balance at each non-air clement. For the

simple case of the PV section depicted in Configuration 1 of Figure 1.3, equations 3.1 to

3.3 are used. The following major assumptions were used for the 1D model:

One dimensional heat transfer

Steady state system, i.e. thermal capacitance effects neglected

Isothermal surfaces

Use of linearised radiative heat transfer coefficients to calculate the long-wave
radiation heat transfer

Neglect end and edge effects of surfaces and air cavity

PV efficiency a function of temperature only.

PV element
Uo(Tpv' To) + Spv.heat = Uhl (Tair - Tpv) + Urad(Twall,i— Tpv) (313)
— UoTo + Uhlﬂu’r + UradTwall,i + Spv.heat ( (3 ) 1b)

v

Uo + Uhl + Uraa’
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Interior wall element

Uh2(Twall,i - Tair) + Urad(TwalI,i_ Tpv) = Uwall(Twall,o' Twall,i) (32&)
U,ul, +ULT, +U 4T,
TwaH, - rad air wall* wall,o ( 3 2b)
Urad + Uh2 + Uwall

Exterior wall element

Uwall(T wall o~ T wall,i) = Uroom(T room™ T, wall,o) . (333)
T Uwall T wall i + UroomT 3 3b
wallo — U +U ( . )
wall room

Theoretical studies have demonstrated that the temperature profile in the
ventilated cavity is exponential (Saelens, 2002). In the model, the change in enthalpy of
air in the control volume is equal to the energy transferred to the air by convection, see
Equation (3.4a). Solving the resulting differential equation (3.4b) for air temperature
gives an exponential profile, as expected. This approach eliminates the need to assume
an air temperature pfoﬁle, as other models have done in the past.

The energy balance on the air:

M ,0 ¢ d air [hl(];:v atr)+h2( walli — atr)]w dx (3 43)
Mep dd‘"’+(h +hy)- Ty =h T, +hyTo, - (3.4b)
w

Equations (3.1b-3.3b) are re-arranged to express the component temperatures in
terms of air temperatures. The result for the ¥ component is shown in equation (3.5),

where ¢; and ¢, are constants.

Tk(X) = CI'Tair(x) +C . (35)
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These equations are then substituted back into equation (3.4) to obtain a first order
differential equation of T,;(x), which is differentiated to obtain an expression for the air

temperature, as shown in equation (3.6), where c3, and c4 are constants, and @ = M« ow.

Ta,-,(x)=[1;—fij-e C 4o (3.6)

¢4 €4

The mean air temperature is then calculated using equation (3.7).
H v
Toma = ——. jT (x)- dx 3.7)
ma H ] 7 .

The mean air temperature is then substituted into the equations of the component
temperatures expressed as in equation (3.5) to obtain the mean temperature of the
components, equation (3.8). The mean component and air temperatures are then used to
find the heat transfer coefficients and PV cell efficiency for the next iteration. The
procedure is repeated until convergence is reached, which usually only takes a couple of
iterations.
Ty = Cl—fma t+c, (3.8)
For configurations that have two air cavities, a set of coupled differential
equations is found for the air temperatures in the front and back cavities. The Runge-
Kutta method for systems of differential equations is used to solve for the mean air
temperature in these cavities (Burden, Faires, 1997). FORTRAN program Yearly.F90,
and its main subroutine 1D_2PV_2W.F90, which are part of the 1D model of

Configuration 2, are listed in Appendices D and E, respectively.
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3.2 Two-Dimensional Model

The two-dimensional model separates each component into elements of equal
thickness. The model then calculates the temperature of each element, allowing for the
temperature profile of each component to be predicted. Figure 3.1 shows how the
components in the Vision section are subdivided in the x-direction. FORTRAN program
7 Model. F90, and its main subroutine funcv.F90, which are part of the 2D model of

Configuration 1, are listed in Appendices F and G, respectively.

1.~ double
| glazing

mdoor

Figure 3.1: Vision Section Control Volume in Two-Dimensional Model

3.2.1 Indoor and Outdoor Heat Transfer

As in the case for the one-dimensional model, the heat transfer to the exterior and
interior surroundings is calculated using a single heat transfer coefficient, which includes

both long-wave radiation and convection.
Qo,k:ho.(Tk_T'o)'Ax (W/m) (39)

Qroom,k = hroom : (TkZ - T;‘oom) : Ax (W/m) (3 10)
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3.2.2 Conductive Heat Transfer within the Layers

In the one-dimensional model, conduction in the x-direction is not considered,
since the temperature is assumed to be constant along that direction, except for in the air
cavities, which are not affected by conduction. Conduction in the y-direction is
considered only when nodes are separated by a solid material. In the two-dimensional
" model, conduction in the x- and y-direction is taken into account. Every component has
conduction in the x-direction. However, in the spandrel portion of the PV section, the
material is considered to be a good insulator, so heat conduction in the vertical is ignored.

Conduction into each element from the x-direction is calculated using equation
(3.11).

oT k-t-Im
=k . A— =
Qx-—condk ax AX

(@-TIHEG-T)=L T~ -1) G

where £ is the thermal conductivity of the element, and ¢ is the element thickness. No
conductive heat transfer is assumed to occur through the component boundaries.

For the conduction in the y-direction, the calculation is similar to what was given
for the one-dimensional case. Equation (3.12) is an example of conduction heat transfer

between two adjacent elements, k£ and j, with nodes centered in the element.

O'S't"+o'5't’} (T =T)) W /m) (3.12)

Qy—cond,k = Iikk . Ax kj . Ax

3.2.3 Long Wave Radiation between Elements

In the two dimensional model, no linearised coefficients are used to calculate the

radiation exchange between surfaces. Instead, a radiosity analysis is performed to directly
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compute the radiation exchange. The details of this analysis are covered later in this
chapter. The important thing to point out at this stage is the equation to calculate the
amount of absorbed longwave solar radiation in each element. This is simply the

difference between the incoming and the outgoing radiation as seen in equation (3.13).

QIw—rad K = Qlw—rad,out,k - Qlw—rad,z‘n,k ) (313 )

3.2.4 Heat Transfer to the Air

The heat transferred to the air in the cavity elements occurs through convection,

and advection. The airflow rate is assumed to be large enough that conduction can be
neglected (Saelens, 2002). The enthalpy gained in the cavity elements is obtained using
equation (3.14).
Qe =M i€ i Pair * (T =Ty y) (3.14)
where p,; represents the air density (kg/m’), cur is the specific heat capacity of air
(J/kg'K), and M,;, is the airﬂow rate of air (m3/s).

No air is assumed to flow from the back cavity to the front cavity through the

blind. This assumption was validated in (Saelens, 2002), provided that the shading

device is dense enough. The use of Venetian blinds would not meet this requirement.

3.2.5 Convective Heat Transfer within the Cavities

In the two-dimensional model, local as opposed to average convective heat
transfer coefficients are used to calculate .the convective heat transfer. The expressions
used to calculate these coefficients are outlined in detail in Section 3.3.2. Once the

proper coefficient is calculated, the convective heat transfer between an element &, and
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the adjoining air cavity element j, is calculated using equation (3.15). FORTRAN
subroutine HTcoef.F90, which calculates the convective heat transfer coefficient used in

the 2D model, is listed in Appendix A.

Qconv,k = hconv,k ’ (Tk - Tj) ' Ax (W /m) (315)

3.2.6 Heat Transfer between Panes of Double Glazing

Heat transfer between the two panes in the double glazed window occurs through
convection and radiation. The convective heat transfer coefficient between the glazings
is assumed constant at 2 W/m*K, as suggested by Athienitis (1998). The radiosity
analysis is not used for this part of the model; instead, a linearised radiative heat transfer

coefficient is used, see equation (3.48).

3.2.7 Defining the System of Equations

In order to determine the temperature of each element, a coupled, non-linear
system of equations is defined. Each element within the system generates one equation.
As there is one equation per element, the system is solved to find each elemental
temperature. Each equation is simple to define; it is the sum of all input heat transfer
minus the sum of all output heat transfer acting on the element, which is equal to zero by

the conservation of energy, sce equation (3.16).

Fk = Z Qinput,k - Z Qoutput,k = O (3 16)

The algorithm used to solve the nonlinear system of equations is based on a
technique known as Broyden’s method. It is a quasi-Newton method that replaces the

Jacobian matrix of Newton’s method with an approximation that is updated at each
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iteration, reducing the number of arithmetic calculations from O(n3 ) to O(n2) (Burden,
Faires, 1997); however, the convergence is reduced from quadratic to superlinear.

An initial approximation of T for the system F(T)=0 is required to start the
solver. The next approximation is found using Newton’s method by finding the Jacobian

J(T™) using a finite-difference approximation for the derivatives as:

?.J_FZ.(T(I')) ~ ff(T(i) +ekA)—fj(T(i)) :

of, A

(3.17)

where A is small in absolute value and ¢, is the vector whose only nonzero entry is a one
in the ¥ coordinate.

Broyden’s method differs from Newton’s method in the computation of all of the
terms following. The matrix J(7™) is replaced by matrix 4, with the property set in
equation (3.18).

A4(TY -T=FT")-FT?) (3.18)

To uniquely define the matrix A, tﬂe manner in which it acts on the orthogonal
complement needs to be specified using the following constraint:

Az =J(T®)z, whenever (T —T®Y z=0. : (3.19)
Following these two conditions, 4; can be fqund as:

[F(T(l)) _ F(T(O) ) _ J(T(O) )(T(l) _ T(O) )](T(l) _ T(O) )t

A =JT)+ (3.20)
”T“’ _T® “2
2
The term 7 is then computed as:
T® =TO - £FTD), (3.21)

The general equation for obtaining the 4 matrix for subsequent iterations is as follows:
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RIS itk N1/ (3.22)
- ”Si “2
where the notation y,=F(T®)-F(I""”) and s,=T7-1%".

A key improvement to this method is obtained by using the matrix inversion
formula of Sherman and Morrison (Burden, Faires, 1997). Their result stipulates that if 4
is a nonsingular matrix and if x and y are vectors, then 4 + x)’ is nonsingular, provided
that equations (3.23) and (3.24) hold.

YA lx =1 (3.23)

A—lxylAv—l

A+xy ) =4"
( ¥) 1+y'47'x

(3.24)

This formula can be applied to determine the inverse of A:

g t 41
A =4t (s; ffi—l;):i)si 4. . : (3.25)
s, ALy,

T

In the code prepared for modeling of the airflow window, a numerical recipe provided by

Microsoft Fortran PowerStation was used to implement Broyden’s method.

3.3 Convective Heat Transfer Coefficients

The AFW generally deals with low temperature ranges; therefore, the physical
properties of air were assumed to vary linearly with temperature (Ong, 1995), unless

otherwise stated:

Specific heat:

¢ =1000-[1.0057 +0.000066 - (T —300.15)]- I (3.26)
kg-K

Density:
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p= [1.1774—-0.00359~(T—300.15)]-—k§3 (3.27)
m

Thermal Conductivity:

k =[0.02624 +0.0000758 - (T —300.15)] - LK , (3.28)
m .
Viscosity:
1= [0.1983+0.00184 - (T —300.15)] - 10~ - —&_ (3.29)
m-s

The coefficient of volumetric thermal expansion (assuming perfect gas):

1
=— 3.30
A= (3.30)
Kinematic viscosity:
y=H (3.31)
P
Thermal diffusivity:
o= L (3.32)
p-c

Various dimensionless numbers are used in the course of this investigation. The
Nusselt number (Nu) defines the ratio of heat transfer that occurs between convection and
pure conduction. Empirical formulas to calculate convective heat transfer are often given

in terms of Nu:

Ny, =Lte (3.33)

where 4 is the convective heat transfer coefficient, /. is the characteristic length, and & is
the fluid (air) thermal conductivity. The characteristic length for flow along a plate

would be the plate length, whereas for internal flows, the hydraulic diameter (D) is used:
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4 _4Lw)

P 2. (w+L)’ (3:34)

h

where w is the length of the AFW, and L is the cavity width. Note that for parallel plates
with L<<w, equation (3.34) can be approximated as D,=2L.

The Reynolds number (Re) defines the ratio between the momentum due to eddy
diffusion and molecular transport:

Re="Le (3.35)
; |

where V' is the fluid velocity.
The Prandtl number (Pr) compares the momentum diffusivity with the thermal
diffusivity and links the temperature to the velocity boundary layer.

Pr=" (3.36)

When the flow is dominated by natural convection, the Grashof number (Gr)

replaces Re:

. » 3-
Gr=b8 1 AT (3.37)
14

where g is the gravitational acceleration (9.81 m/s?) and AT is the difference between the
surface and fluid temperature. Another dimensionless number that will be used, which is
directly related to Gr, is the Rayleigh number (Ra):

Ra =PrGr. (3.38)

3.3.1 Indoor and Qutdoor Heat Transfer Coefficients

The convective and radiative heat transfer from the external surfaces of the

airflow window, facing the inside of the room and the outdoor environment, has been
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studied in more detail than the heat transfer inside the cavity. However, more study
generates more empirical relations, and rarely are the same expressions used between
researchers. In most cases, a constant value of the heat transfer coefficient is used for the
indoor surface, and less often for the outdoor coefficients (Costa, et al., 2002), (Hensen,
et al., 2002). Often, papers fail to mention what values were used for these heat transfer
coefficients.

In some instances, the heat transfer coefficient is a combination of radiative and
convective heat transfer coefficients, and in other cases they are kept separate. Athienitis

(1998) suggested the following correlations:

VCLG
hy =86 757, - (3.39)
h =131-(T,-T,)", (3.40)
h.=e-0-4-T,. (3.41)

Equation (3.39) determines the heat transfer coefficient due to wind, stipulating a
minimum value of 5 W/mzK, where L. is the characteristic length and V,, is the wind
speed (m/s). Equation (3.40) determines the indoor heat transfer coefficient, where T is
the average wall surface temperature. Equation (3.41) determines the radiative heat

transfer coefficient, where € is the surface emissivity, o is the Stefan-Boltzman constant

(0=5.67x 10 W/m2K4), and T, is the mean temperature between the surface and its
surroundings in Kelvin. In order to have a combined heat transfer coefficient, the
expressions for convective and radiative heat transfer are simply added together.

| Mei, et al., (2003) used McAdam’s formula to calculate the external combined

(radiative-convective) heat transfer coefficient due to wind:
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,=(5.7+38-V,)

w
—.

= (3.42)

Balocco (2002) suggested that McAdam’s formula be used for wind speeds
greater than 4 m/s and that an expression for combined laminar and turbulent flows over

a vertical wall at uniform temperature to be used for lower velocities:

h,=Nu-k, H, - (3.43)

where k,;, is the air’s thermal conductivity, H is the wall height, and the Nusselt number,

Nu, is found as:

Nu= (N + Ni? Y5 | (3.44a)
where
2
Nu, = , (3.44b)
In 1+£~Ra°‘25
Cl
i/3
Nuy=—fa (3.44¢)
1+1.4-10° Pr/ Ra
C = 0.071 ol (3.44d)
0.492
1+ pr¥/i6
pro2 0.42
C =016 —1o | . 3.44¢
' (1+O.61Pr°‘8’] (3.442)

As for indoor heat transfer cocfficients, Saelens (2002) suggested the following

expression for a vertical wall without heating or cooling devices:
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T —T 0.25 y6
h; = [ISO(T) }+[1‘23-(Ts—T,,,-,)"'”]6 : (3.45)

If heating devices are near the wall, the flow can enter a mixed convection regime and the
following expressions are suggested (Saelens, 2002):
Room heated with a radiator

h, =204, - T,)"", (3.46)

Surfaces opposite a fan heater
h =292T, -T, )" . (3.47)

It 1s clear that indoor and outdoor heat transfer coefficients are influenced by
many factors. Expressions suggested by various authors have been shown to vary
significantly (Saelens, 2002). The goal of thié thesis is not to study in detail the effects
that wind has on the outdoor heat transfer coefficient, or the effects that heating/cooling
devices may have on the indoor heat transfer coefficient. Therefore, the same approach
as used by Costa, et al. (2000), of using constant indoor and outdoor heat transfer
coefficients that account for both radiation and convection will be used.

Equations 3.39 to 3.41 will be used to calculate thé overall heat transfer
coefficients. Unless otherwise stated, an average wind speed of 2 m/s, and characteristic
length of 3 m will be used in (3.39). For equation 3.40, a temperature difference of 2°C
between surface and room air temperature will be assumed. Finally, an emissivity of 0.9,
with a mean surface temperature of 281K for the outside surface and 294K for the inside
surface will be used. Using these values results in haviﬁg h,=12.9 W/m’K and

h=6.85 W/m?K. Both these values fall within the range of values that have been found in
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literature, which vary between 5 and 9.1 W/m’K for indoor, and 12 and 29 W/m’K for

outdoor surfaces (Costa, et al., 2002), (Saelens, 2002), (Barletta, 2002).

3.3.2 Heat Transfer Coefficients within the Cavity

In the two-dimensional formulation of the system, heat transfer coefficients are
not used to find the radiation heat transfer within components, instead, a radiosity
analysis is used to directly compute it, which will be covered later in section 3.5. On the
other hand, the one-dimensional formulation uses the following linearised coefficients to

determine heat transferred through radiation:

_ 4o T
rad ~ 1 1
l_}.l_l
g &

(3.48)

where T, =0.5(T1+T>).

Countless expressions are available for determining the heat transfer coefficient in
a channel. The flow can be approximated as flowing in a circular duct, using an
appropriate hydraulic diameter, in a rectangular channel, between parallel plates, and
with sufficient spacing, as two separate flows going along vertical plates. The flow can
be assumed to be driven by forced, natural, or mixed convection, and be either laminar,
turbulent, or in transition, and be either developing or fully-developed, all of which have
their own associated convective heat transfer coefficients.

Different researchers have suggested using the separate vertical plate
approximation, provided there is sufficient spacing between the plates; Mei, et al., (2003)

found that 0.14 m spacing was sufficient, whereas, Zollner, et al., (2002) stated that only

38



gaps wider than 0.60 m should use a plate model. Such large discrepancies suggest that
further work in determining this criterion is needed.

The width at which a wide plate approximation is valid would not be a set width
as the above mentioned authors have suggested. It would depend on factors such as
channel height, air velocity, surface characteristics, etc., all of which would affect the
boundary layer growth. To be accurate, using the separate plate analysis would depend
on whether or not the boundary layers of the two walls coalesce (Saelens, 2002). There
exist several expressions that can be used to determine if a flat plate approximation is
appropriate in the case of natural convection, which take into account the following
factors:

For vertical cylinders (Incropera, De Witt, 1990):

—g— 2 E;% , (3.49)

For parallel plates (Incropera, De Witt, 1990):

Ra, --1—12100, (3.50)
H

Channel flow (Saelens, 2002):

% 2 qul or % > Ra;’”. (3.51)

The vertical plate approximation can be used in the entrance region for forced
convection. This applies for x<X (Saelens, 2002):

X/D, =0.05-Re, , (Rep < 2300) (3.52)

X/D, =10. (Rep >2300) (3.53)
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In the model’s algorithm, equations (3.50, 3.52-3.53) are used to determine whether the
vertical plate approximation can be used.
It is important to determine if the flow falls within forced, free or mixed

convection regimes. Incropera, De Witt (1990), Rolle (2000), and Saelens (2002) give the

criteria for determining this as follows:

Gr <<Ré’ forced convection (3.54a)
Gr>> Re? free convection (3.54b)
Gr ~ Re’ mixed convection. (3.54¢)

The criteria given in equations (3.54a,b,c) are somewhat vague. To implement
these requirements in the model algorithm, concrete values are needed. Only in Rolle

(2000) are values given as a first approximation to what the boundaries should be:

Gr/Re* > 4 free convection (3.55a)
Gr/Re* <025 forced convection (3.55b)
0.25< Gr/ Re’ <4  mixed convection. (3.55¢)

In the algorithm, equations (3.55a,b,c) are used to determine which convective
regime is appropriate. Note that these values are used as first approximations and should
be verified through experimental testing. Although no specific values are given, Saelens

(2002) does state at one point in his doctoral thesis that a ratio of Gr/Re” in the range of

100 was still considered in the mixed regime.
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3.3.2.1 Equations for Forced Convection

The following expressions are for laminar (Re<-5-10°) plate flow, with low solar

irradiance (G <200 W/m?) values valid for all Prandtl numbers associated with using an
AFW (Incropera, De Witt, 1990), (Saelens, 2002):

h= % -0.664 - Re)’ Pr'”? (3.56a)

h(x) =K 033 Re’’ Pr'”?, (3.56b)
X

Laminar plate flow with high irradiance values (Incropera, De Witt, 1990):

h= % -0.906 - Ref;’ Pr'”?, (3.57a)
h=Kar .0 453 Re% pr3. 3.57b)
H X

Combined laminar and turbulent plate flow (Saelens, 2002):

X, tr x,tr

1 1 4 4 ’
h=Ka.0.664P13 R 40020691 .| Rej—Re3, |. (3.58)
H H

For turbulent flows (Incropera, De Witt, 1990):

Ka 10,0296 Re** Pr/5 (3.59)

X

hturb (x) :

Note that for the one-dimensional model, there is no expression for purely turbulent flow;
at the beginning of the channel, the flow will generally be laminar and then may progress
to turbulent. If the entrance region is not smooth, the flow may start as turbulent.
Equation (3.58) is used when turbulent flow is present since it averages both the laminar

and turbulent sections. The two-dimensional model relies on local convective heat
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transfer coefficients, so there is no expression for combined laminar and turbulent plate
flow. Equations (3.56b or 3.57b) are used when Re < 5-10° and equation (3.59) is used
for Re >5-10°.

For forced convection in a tube, the same expression for both the one- and

two-dimensional model is used, due to the fact that the convective heat transfer

coefficient is constant past the entrance region (Gnielinski, 1983):

S (Re —IOOO)Pr) 2
p= Kar (8 : 1+(&)3 . (3.60)

D 2
k 1+12.7\/%(Pr3—1J

Equation (3.60), where the friction factor, f, is calculated as follows, is valid

when 2300 <Re < 10°, 0 < D/H <1, and 0.6 <Pr <2000 (Gnielinski, 1983):

f=(1.82-log,, Re~1.64)2. (3.61)

3.3.2.2 Equations for Natural Convection

When the Rayleigh number for natural convection is lower than 10°, the following

laminar plate flow expressions are used (Incropera, De Witt, 1990):

0.25
:Ei%(%) - o(Pr), (3.62)
Y
h<x>=";'~(i’1) g(P), (3.62b)
where
0.75 Pr®
Pr) = . 3.62¢
80 = {0609+ 1221 Pr+ 1238 B0 ) (3.62¢)
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If the Rayleigh number exceeds 10°, the following turbulent plate flow expression is

used (Burmeister, 1993):

(3.63)

Wi

2
5

1 ( AT -g- ﬂ)
h(x) = 002979k Pr15 x5
(1+0.494Pr?)

If the flow becomes turbulent, as in the case of the one-dimensional model, an average

value is taken between equations (3.62a and 3.63):

1 1A
h=—o- Jhlam(x)dx+H_— [P () (3.64)

crit 0 crit. Xerit
For flow in a narrow, open cavity, the same expression for convective heat transfer is

used for both the one- and two-dimensional models (Saelens, 2002):

025 )
h= % . 0.68(RaL %) . (3.65)

3.3.2.3 Equations for Mixed Convection

When dealing with flow over a flat plate in a mixed convection regime, the
following expression is used to take the average between natural and forced

convection (Rolle, 2000), (Incropera, De Witt, 1990), (Burmeister, 1993):

h,. =3ih

natural

+ h;orced : (3‘66)

Research on the characteristics of mixed convection in narrow channels is
relatively new and mostly analytical (Saelens, 2002). In both models, the following
expression for turbulent, fully-developed flow in a vertical tube is used (Burmeister,

1993):
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N’ = [Nuf — Nu,’ |, (3.67a)

where
/3
uf = 0-0357 Re Pr_4/5 5/6 2 (3.67b)
In(Re/7)[1+ Pr~]
0.15Ra"? |
- " 3.67¢c
" [1+(0.492 / Pr)”6 1192 .
h=Nu-(k,|D,). o

Note that the minus sign in equation (3.67a) is used for the parallel case, since the
increased velocity near the wall decreases turbulent core mixing due to a lower velocity

in the core.

3.3.2.4 Convection in Closed Cavities

In certain configurations, closed rectangular cavities may be formed. For those
instances, the convective heat transfer coefficients are calculated using the larger of the

following two Nusselt numbers (Athienitis, 1998):

Nu=0.0605- Ra’> | (3.682)

0.293
Nu=| 142104 Ra . (3.68b)

6310\ 3
1+ )
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3.4 Solar Radiation Absorbed at Each Laver

Solar radiation transmitted and reflected within the system is calculated using a
net heat radiation algorithm for » layers (Siegel, Howell, 1992). As shown in Figure 3.2,

every layer has a positive and negative element, each composed of two components as

follows:
Ip,=1Ip.,7, +In,p,, ~ (3.69a)
In,=1Ip,\p; +In,.p, . (3.69b)
il i i+l
%%

e || B

== o) i

Figure 3.2: Positive and Negative Radiation Components

Each layer provides two equations and two unknowns. The positive component
of the first layer is equal to the incident solar radiation, and the negative component
coming from the room is assumed to be negligible. After solving the set of equations, a

simple operation is done to find the net heat absorbed in each layer:

S, =4 -(Ip,—In;). (3.70)
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3.5 Long-Wave Radiation Heat Transfer in 2D Model

As discussed in section 3.3.2, the two-dimensional model uses a radiosity analysis
to directly compute the radiation exchange between elements:

Net radiation in element k:
ey = Dok 9> (3.71)

Outgoing radiation from element k:
Dog = E0pOT; + P G (3.72)

Incident radiation on element k:
N

Gr=2.F; 4, - (3.73)
j=1

Equations (3.71-3.73) can be rearranged and put into matrix form as follows:

[A] [Q.] =[S], (3.74)
where

Ai,j:5i,j_pi'F:‘,j’ (3.75)
S, =€,0T, . (3.76)

The matrix A is known as the radiosity matrix, the vector Q, represents the
amount of radiation leaving the surfaces, and the vectér S represents the radiation emitted
by the surfaces. After solving for Q,, the vector Q; can be found as the difference
between the radiation leaving the surface, and what the surface emits, which is equal to

the reflected component of the incident radiation:

_ Doy — Sy

(3.77)
P

9ix
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Numerical recipes for LU decomposition and back substitution that come with
Microsoft’s Fortran PowerStation 4.0 were used to solve equation (3.74). The basic
principle behind LU decomposition is to find the lower (L) and upper (U) triangular
matrices of A such that
[A] = [L][U]. (3.78)
Finding L. and U requires less computational power than finding the inverse of A.

Equation (3.74) can be rewritten as

[A][Q.] = [LI[U][Q.] = [SI. (3.79a)
By introducing
[YI=[UI[ Qo] (3.79b)

equation (3.79a) becomes
[A][ Qo] = [LI[Y] = [S]. (3.79¢)
As L and U are triangular matrices, Y is solved using back substitution with equation

(3.79c¢), and then Q, is solved using back-substitution with equation (3.79b).

3.6 Finding View Factors

The main equation that is used to find view factors between elements is the
standard equation for determining view factors between parallel rectangles

(Figure 3.3) (Incropera, De Witt, 1990):

— . =2
F =i XY ) 1 74 tant — %
XY || 14X +Y 1+7°)"

(3.80)

Y(1+ X )tan™

T}/—;Y_tan‘IY—-?tan‘l? .
A+X)?
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i o’

IS
e

Figure 3.3: Parallel Rectangles

This equation is coupled with energy conservation to obtain all of the view factors
between the parallel rectangular elements. Energy conservation is required due to the

fact that not all of the elements are aligned as depicted in Figure 3.4.

Figure 3.4: Parallel Plates in the Cavity

It is evident that f; ; can be computed directly from equation 3.80. The following

energy balance is used to compute f; »:
f(1,2),(x,2) ’ (A1 + Az) = Al (fll + flz) + Az ’ (fz,l + fz,z ) . (3~81)

In this case, all of the elements have the same areas; therefore, we can solve for f; :

Jio = f(l,z),(l,z) - fur- (3.82)
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By doing an energy balance on the other possible combinations, the following general

relation can be found:

i 1 i—1 =
fl,i =E .f(l...j),(li..i) - ‘2‘ fl,l - T ./;I.A.j—l),(l..‘i—l) - Z—;.fIn (3.83)

Now that the view factors have computed between the first element of the first plate, and
all the elements of the second plate, the remaining terms can be found using symmetry

and reciprocity as follows:
) .
S =A_1f1,2' (3.84)
, .

To find the view factor between the elements and the inlet and outlet, the equation for
perpendicular rectangles with a common edge is needed, as depicted in Figure 3.5

(Incropera, De Witt, 1990):

Figure 3.5: Perpendicular Rectangles with a Common Edge

1

W tan™ —;7 +H tan™ ~13 ~(H*+w?)" tan™ H + W2

L +lln{(1+W2)2(1+17212)|_W2(1+2W2+H22)} (3.85)
P aw| 4 1+W +H® | A+WH(A+H?)
[+ B o
1+ H>)(1+W?)
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To determine the view factor between individual elements and the entrance or exit

is simpler than in the parallel orientation, and has the following general expression:

/;',battnm (or top) =i- ﬂl...i),battom + (l - 1) : -f(l...i-—l),bottom' . (386)

View factors between the elements and the side walls of the channel are still required;
however, the expressions for calculating this directly would be complicated. If the two
walls are grouped together as one surface, then the simple enclosure rule can be used to
compute the remaining terms. The rule states that the sum of the view factors from one
clement to all other elements in an enclosure must equal to one. FORTRAN subroutine
ViewFact.F90, which calculates the view factors used in the 2D model, is listed in

Appendix B.

3.7 Solar Energy Availability

The total solar radiation inci\dent on the AFW consists of the direct (beam) part,
the sky diffuse solar radiation, and the radiation reflected off the ground, which is also
assumed to be diffuse. In order to determine the approximate level of irradiation at a
specific time of day, for a given location, the apparent solar time is required:

AST = tod + ET + (STM — LNG)/(15%hr), (3.87)
where

AST = apparent solar time,

tod = time of day (hrs),

ET = equation of time ,

ET =9.87sin| 22U =8D 7 53004 22 =8D | | 5| 278D | (3.89)
364 364 364

n = day of year (1-365),
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STM = local standard time meridian (degrees),
LNG - =local longitude (degrees).

The position of the sun and the geometric relationships between a plane and the
solar radiation incident on it may be described as in Figure 3.6 in terms of the following

angles:

Sun-Earth line

Figure 3.6: Solar Radiation Geometry for an Inclined Plane (Athienitis, 1998)

e Lat: Latitude, equal to the angle of the location relative to the equator; north is
positive.

e ¢ Declination, equal to the angular position of the sun at solar noon, relative to
equatorial plane.

e o Solar altitude, equal to the angle between the sun’s rays and the horizontal.

e z: Zenith angle, equal to the angel between the sun’s rays and the vertical.

e ¢ Solar azimuth, equal to the angle between the horizontal projection of the sun’s

rays from due south.
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* y Surface solar azimuth, equal to the angle between the projection of the sun’s

rays and the normal to the surface on the horizontal plane.

® o Surface azimuth, equal to the angle between the projection of the normal to

the surface on a horizontal plane and due south.

e [ Tilt, angle between the surface and the horizontal.

e & Angle of incidence, angle between the solar rays and a line normal to the

surface.

¢ ha: Hour angle, an expression of AST centred at local solar noon.

o =sin"'[cos(Lat) - cos(d) - cos(ha) + sin(L) - sin(J)]

S = 23.45°sin{w}
365
ha = (AST —12hr)- 22
hr
o = cos™ sin(¢) - sin(Lat) — sin(J)
cos(a) - cos(Lat)
T=¢-V

J

ha
iz

_{cos(a) . cos(|¢]) + |cos(a) ‘ cos(l(p|)|}
@ =cos

(3.89)

(3.90)

(3.91)

(3.92)

(3.93)

(3.94)

The Ky clearness index model was used to determine the solar radiation incident on the

surface (Orgill, Hollands, 1977).

Montreal are given in Table 3.1.

Table 3.1: Mean monthly Kt values for Montreal

Average monthly Kt values that were used for

Jan | Feb

Mar

Apr

May

Jun

Jul

Aug

Sept

Oct

Nov

Dec

Kr 1045 051

0.50

0.48

0.49

0.49

0.52

0.49

0.49

0.41

0.35

0.38
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The hourly clearness index is obtained from monthly values based on the following

correlation:

k=(A+ B-cos(esr-(tod-11.99hrs)))-Kr, (3.95)
where

A =0.409 + 0.5016-sin(sha — 1.047), (3.96)
B =0.6609 - 0.4767-sin(sha- 1.047), | (3.97)
est = earth’s spin rate = 21w/ 24 (rad/hr), (3.98)
sha = sunset ha = cos™'[-tan(Lat)-tan(5)]. (3.99)

The hourly diffuse clearness index was determined using the following correlations:

For (0 <k;<0.35):

kqg=(1-0.249-k) k; (3.100)
For (0.35 <k <0.75):

kg =(1.557-1.84- k) ki, ' (3.101)
For (k;> 0.75):

kq=0.177- k¢ (3.102)

The hourly beam clearness index (k) is obtained from thé difference of the hourly
clearness index, and the hourly diffuse clearness index:

ky = k- kq. (3.103)
The total beam and diffuse irradiation can be determined based on the following indices.

Extraterrestrial solar radiation:

I, =1353. 1+0.033-cos(360'”) . (3.104)
365 m

Beam irradiation:

53



1, =1, -cos(8) k,, (3.105)

Diffuse irradiation:

I, =1, -sin(8)- [-”C—;s(ﬁ—)] k,, (3.106)

Ground-reflected irradiation:

Loy =1, ‘Sin(‘g)'[l_—c;@]pgnd (kg + k). (3.107)

3.8 Angle Dependency of Optical Properties

The solar transmittance, reflectance and absorbance of the glazings are a function
of the angle of incidence, 6, of the incident beam, the glass thickness, L, refractive index,
n, and the extinction coefficient, k. The procedure for calculating these properties is
given in detail in Athienitis and Santamouris (2002), which is reviewed in the following
section. The component reflectivity, , which is the fractfon of each ray component

reflected, is determined by the Fresnel relations of electromagnetic theory:

. . 2 o 2
e 1 s?n(H—H ) + tan(6 - ') ’ (3.108)
2 |\sin(@+8") tan(@ + 6')
where @’ is calculated using Snell’s law:
0'=sin™ (sm_@)) . (3.109)
n

The refractive index is assumed to be constant at 1.52 in all calculations. The distance

the rays travel within the glazing, L, is calculated as:
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| E— (3.110)

_ (sin(é’) )2
n

Now the transmittance, reflectance, and absorbance can be calculated as follows:

2
=4z e G.111)
(I1-r°a®)
r-(1-r)-a’
. , 3.112
A P ( )
a=1-1-p, (3.113)

where a= ¢™**', which represents the exponential decay function of the intensity. For
diffuse radiation, the above expressions are used to find optical properties using an angle
of incidence of 60° (Athienitis, Santamouris, 2002). FORTRAN subroutine
EnvCond.F90, which calculates the optical properties, hourly irradiation levels, and

hourly temperatures used in the 1D model, is listed in Appendix C.
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CHAPTER 4

MODEL VALIDATION

4.1 Introduction

This chapter presents validation for the models in three sections. The first
compares results between the one- and two-dimensional models. It shows that the
assumptions made in the one-dimensional model are reasonable, as they generate similar
results to the two-dimensional model. The next section compares results from the
two-dimensional model to experimental and theoretical results obtained from the Mataro
Public Library. The last section looks at initial results obtained from a test room to see if

the models are capable of making accurate reasonable predictions.

4.2 Comparing 1D and 2D Model Results

In order to compare the two models, thirteen different scenarios were tested. As
the model generates more differences using Configuration 2, all scenarios used this
configuration. Table 4.1 summarises the parameters used for each scenario. FEach
scenario differs from the next by one parameter, making it possible to identify the impact
of each parameter separately. Four different blinds are used with the optical properties
outlined in Table 4.2.

Table 4.1: Parameters used in different scenarios

Scenario ho G T0 Vfront Vback Lfront Lback Bhnd Lfm
(W/m’K) | (Wim%) | (°C) | (/s) | /s) | (m) | (m) # (m)

1 12.91 600 20 1 1 0.05 0.05 1 n/a

2 12.91 600 20 1 1 0.05 005 |2 n/a
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3 12.91 600 20 1 1 0.05 |0.05 n/a
4 12.91 600 20 1 1 0.05 {0.05 n/a
5 25 600 20 1 1 0.05 |0.05 n/a
6 12.91 600 20 1 1 0.05 |[0.05 0.015
7 12.91 100 20 1 1 0.05 10.05 n/a
8 12.91 600 20 05 0. 0.05 ]0.05 n/a
9 12.91 600 20 2 2 0.05 |0.05 n/a
10 12.91 600 20 1 1 0.025 | 0.025 n/a
11 12.91 600 20 1 1 0.15 |0.15 n/a
12 12.91 600 20 11 1 0.05 10.05 n/a
13 12.91 1000 |20 1 1 0.05 ]0.05 n/a

Table 4.2: Blind properties

Blind # | Totina | P blind | O blind
1 0.20 [0.30 {0.50
2 0.20. 1 0.50 | 0.30
3 0.10 {0.20 | 0.70
4 0.05 040 {0.55

Figures 4.1 to 4.4 show the absolute difference in results between the one- and

two-dimensional models. Results from scenarios 1 to 6, 12, and 13 are all within 0 to 3%

difference.

57




25.0%

cenario1
0 0O Scenario 2
2_"’.. 20.0% B Scenario 3
?
g
£
o 15.0% -
o
c
)
)
E
T 10.0%
2
2
o
»n
Q2
< 50%
0.0% .

Qair front  Qair back Qout Qroom  Efficiency Electricity
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Figure 4.5: Convective Heat Transfer Coefficient in PV Section, Calculated for Scenario
9 with 2D Model

As previously mentioned, one of the main differences between the two models is
that the two-dimensional model uses local convective heat transfer coefficients as
opposed to average values. This is the cause of the majority of the differences in results
between the two models. As seen in Figure 4.3, the calculated heat transfer to the
outdoor environment, Qo, and to the room, Qroom, was 12 and 15%, respectively, for
Scenario 9. In the one-dimensional model, the convective heat transfer coefficients used
inside the cavity were equal to 5.73 W/m’K, whereas the profile shown in F igure 4.5 is
used for the two-dimensional model. Even though the average values of the coefficients
are similar, the distribution causes major differences in results between the two models.
To show this, the two-dimensional model was used with the same constant convective
heat transfer coefficients as calculated in the one-dimensional model. Results from
scenario 9 are shown in Figure 4.6; differences which were as high as 15%, are less than

1%.

60



The profile obtained for the local convective heat transfer coefficient in the PV
section is obtained directly from known empirical formulas. Determining the profile in
the Vision section is not as straight forward; it depends on the physical interface between
the two sections. If a protrusion exists in the channel at the interface, the flow might
separate, increasing the convective heat transfer coefficient in that region. Correlations
need to be obtained from experimental data and/or from CFD models. Some authors
have suggested that even in the ﬁrst PV section, that it would be best to couple the type
of model presented in this paper, with a CFD model, to determine accurate
coefficients (Zhai, et al., 2002).

The air temperature profiles in the front and back cavities of Scenario 6 are shown
in Figure 4.7 and 4.8. Two different curves for the two-dimensional model are shown,
one using 10 elements per section, the other 50. The resulting air temperature profiles are
quite similar between the two models. The air temperature calculated for the first node in
the two-dimensional model is too high, as depicted in Figure 4.9, which shows an
enlarged view of the first portion of the curve of Figure 4.8. As more elements are used
per section, this over estimation is reduced, since when Ax approaches zero, the
temperature of the first node converges to inlet air temperature. This is not a problem

with the profile calculated using the one-dimensional model.
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The one-dimensional model produces the temperature profile of the air, and
average temperatures for all solid components. The profile obtained for the air
temperature is in the form of equation (4.1). An approximate temperature profile for the
solid components is obtained using results from equation (4.1) in equation (4.2). Figures
4.10 and 4.11 show results of the temperature pfoﬁles of the various system components
of the PV and Vision sections using Scenario 9. In the two-dimensional model, the
profile of the component temperatures is similar to that of the profile seen in Figure 4.5
of the convective heat transfer coefficients, whereas it is more or less linear for the
one-dimensional model. This variance contributed to the difference in results that was
seen between the two models for this scenario. Using the same constant convective heat
transfer coefficient, results in predicting almost identical component temperature profiles
as seen in Figures 4.12 and 4.13. The temperature of the ends is slightly different in the

two-dimensional model due to the end effects in the radiosity analysis.

Tai,(x>=(2;—ﬁj-e“ +2 @)
Cy Cy
Tk(X) = clTai,(x) +C (42)
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4.3 Comparing Results with those from Literature

Validating a model by simply comparing results from another model is not an
ideal approach as the other models may not have been validated themselves. However, a
1D model is useful in identifying programming errors and boundary condition errors of a
2D or 3D model. Due to a lack of resources, models are often simply assumed to have
been verified when in fact they have not (Hensen, et al., 2002). Models often undergo
verification, but this does not imply that computational results represent physical reality.
Verification simply implies that the model is capable of accounting for the relevant
physical phenomena faced by the system. Only in validation are the theoretical results
verified against experimental data (Chen, Srebric, 2002).

Very few published papers present results that can be used for the purpose of
validation. The results are usually not accompanied with all the required parameters
needed to accurately define a system. This is true for both results presented from
theoretical work and from experimental investigations. Important parameters such as
fluid velocity, heat transfer coefficient values, physical properties of system components,
outdoor conditions such as wind speed, temperature, and solar radiation levels, all of
which can have a significant impact on final results are often not reported. It is also
difficult to compare results between models when the models are designed for a specific
fag:ade (Krauter, et al., 1999).

Infield, et al. (1999), presented theoretical and experimental results for the Mataro
Library presented earlier. Although that specific paper did not give all the required
parameters to define the system, enough information was obtained in subsequent

publications, and by contacting the authors to adequately represent the experimental

67



conditions in simulations with our model.  For parameters that were not given,
approximate values were used in the simulation. For example, the air velocities were said
to be below 0.5 m/s, with no specific value given; a value of 0.3 m/s was used in this
investigation. This assumption generates a source of uncertainty in using their results as
air velocities can have a significant impact on performance. Figures 4.14a to 4.14¢ show
the results that were published at the Jerusalem Solar World Congress by Infield et al.
(1999) (Infield, et al., 1999).

The setup found at the Mataro Library is not identical to the one for which these
models were developed. In order to properly compare the results, modifications were
made to the two-dimensional model so that it more accurately represents that system.
Only the PV section was considered, as the Mataro Library is only composed of one
section. The interior wall needed to be changed from an opaque insulating wall, toa
double-glazed window. The PV section also needed to be modified, so that PV cells did
not cover the whole surface. Instead the cells needed to only cover 85 % of the surface to

allow some of the irradiation to be transmitted into the room.
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Figures 4.15 through 4.21 show results taken from Figures 4.14a through 4.14e,
comparing them to results obtained using the two-dimensional model. The error bars
represent errors that may have occurred by reading the data from the original figures.
The figures were enlarged such that the time scale had one hour equal to one centimetre.
Measurements were taken from the vertical axis using a ruler; an error of £ 2 mm was
assumed from the readings. In general, the result followed the same trend, with some
differences in magnitude occurring.

Figure 4.15 represents data for October 17, 1999. Data presented from that day is
especially relevant as it was the only day for which experimental results are presented,
and also the only day for which the convective heat transfer coefficients used in the
cavityv were given. As seen on the figure, the results from Infield’s model correlate well
with the experimental results, and to some extent, the results from the 2D model correlate
well. Half of the data points are within the error bars, with three others within 5%. The
two points that are most erroneous can easily be attributed to the fact that the
two-dimensional model assumes steady-state conditions. The results are also very
dependent on the level of incident solar radiation. As seen in Figure 4.14a, the solar
radiation recorded on October 17 was sporadic, with some short peaks present throughout
the morning. Some of these peaks were used in the 2D model, which caused the results
to be more clevated than what actually occurred. If on the other hand an average
irradiation value had been used for 8 am and 10 am, the results would have been much
closer to the experimental results.

The fact that the two-dimensional model assumes steady-state conditions

introduces another source of error; it lacks the ability to account for the thermal inertia of
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the system. The thermal inertia of the system generates a phase-difference between the
temperature peaks and the peak irradiation levels. Infield (1999) measured the
phase-difference to be 30 minutes for the Mataro Library. This value is dependent on the
system.. In Salens’ (2002) experiments, solar radiation led the flow rate and the
temperature difference by as much as one and a half hours. Figure 4.16 shows results
taking into account the 30 minute phase difference. As can be seen, the peaks of the
curves are closer together, as would be expected.

The data collected on October 17% is the only such data which gives the
convective heat transfer coefficients used in Infield’s model; these are given in
Figure 4.14b. Figure 4.17 shows the effect of using the local convective heat transfer
coefficients calculated with the 2D model, or using the average values given in Figure
4.14b. The results are very similar to one another. The effect of using the calculated
local coefficients seems to predict lower temperature increases with higher irradiation
levels. The effect seems to be minimal, with the greatest temperature difference being
only 1°C.

Figure 4.18 shows results calculated for February 28" (Infield, et al., 1999). The
results predicted from the 2D model are lower than those predicted by Infield. Taking
into account the possible measurement errors (+0.8 °C) the biggest difference is only
7.3%. If the error that is introduced due to the different convective heat transfer
coefficients is taken into account, this difference is reduced to only 2.7%. As observed
from the figure, the results predicted with the 2D model follow the same trend as the

incident solar radiatton, whereas results predicted by Infield follow the same trend, but
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with a thermal lag of 30 minutes. This can be seen clearly in Figure 4.19, when the
thermal lag is taken into account. In this figure, all curves follow the same trend.

Figure 4.20 compares results from September 2. Results from this day are good
for comparison as the solar radiation follows a smooth curve, unlike data collected
October 17", which experienced erratic irradiation levels. The benefits of this smooth
curve are shown in the figure since the results are within 2.5% taking into account
possible translation errors. The remaining difference can be attributed to the use of
differing convective heat transfer coefficients. Figure 4.21 compares the results of the
predicted glazing temperatures on both sides of the cavity for September 2. The cavity
side glazing temperatures calculated in both models are almost identical. The cavity side
PV temperatures, calculated with the 2D model, are lower than those from Infield’s
model, with the largest difference being only 3.5%. This difference is acceptable since

both models represent the sandwiched PV configuration differently.

4.4 Experimental Results From Concordia Test Room

A test room was built at Concordia University to investigate the application of
PV-integrated double-fagades. The room was made from a prefabricated housing unit
that was delivered and placed on the roof of the Building Engineering building at
Concordia. It has interior dimensions of 2.972 m x 2.896 m x 3.045 m, with a total
interior floor afea of 8.61 m2. There are two door openings, one is a single door and the
other is a large double door. The double door opening is the location for the application
of the dvouble fagade panel. Figure 4.22 shows a drawing of the general layout and of the

test room.
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Figure 4.22: Test Room 3D Schematic (Interior Dimensions in mm; Drawn By: Julie
Szabo)

Two different types of PV panels, installed in two different configurations, are
located in the double door opening of the test room. Two Photowatt panels are installed
on the exterior of the fagade forming a 0.091 m channel. The other side has two Spheral
Solar panels placed in the middle of the cavity in order to allow air to flow on both sides.
The room side of the cavity is plywood with insulation making the energy transfer to and
from the room negligible. Figure 4.23 is a photo of the test room showing the south wall

with the double-fagade configuration.
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Figure 4.23: Photo of the Double-Fagade Configuration of the Concordia Test Room

Experimental data were collected from the PV section of the Spheral Solar side of
the fagade on December 19", 2003, and from both sides on January 26™, 2004. Since the
model assumes steady state conditions, experimental data needs to be collected in periods
of steady solar radiation and outdoor temperatures. The days in question had clear skies
with high levels of solar radiation and no wind, and measurements were taken at peak
conditions between 11am and noon.

Some issues still need to be resolved with the experimental setup. The
thermocouples measuring the exterior glazing temperature in the Photowatt side may not

be shielded adequately, which results in temperature readings that are possibly higher
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than actual conditions. Therefore, for validation purposes these readings have been
ignored. The apparatus used to measure the exterior heat transfer coefficient was not
calibrated and the readings obtained in its current state seem to be higher than expected.
The days considered had low wind speeds, so an exterior heat transfer coefficient of
12 W/m®K is used, which corresponds to values obtained from empirical relations.

The convective heat transfer coefficients calculated in the model do not take into
account wind effects or the 90 degree bend that the flow must go through at the intake.
There are also some wires in the channel for measurement purposes. All of these factors
can cause turbulence in the flow, which could increase the convective heat transfer
coefficient (CHTC) beyond what was calculated, which also affects the profile of the

local CHTC. The experimental results will therefore be verified using calculated and

assumed CHTC.
Table 4.3: December 19" Spheral Solar results
Dec 19 Experimental | Calculated Calculated Calculated Calculated
Data using using 1.9 x using using 1.9 x
1D model 1D model 2D model. 2D model
CHTC CHTC CHTC CHTC
Ave hit py n/a 2.0 3.8 2.2 4.2
Ave hyg py n/a 4.4 8.3 4.2 8.0
Ave hyp oy n/a 5.1 9.6 5.4 103
Ave thJV n/a 3.2 6 3.9 7.4
Tpv 39.6 50.8 36.4 54.8 39.8
Twall 4.4 7.7 4.8 11.5 7.1
Tair  Exit 19.9 17.8 18.2 16.1 16.7
Front
Tair  Exit 6 5.7 7 6 7.4
Back
ATair Ave 11.5 11.8 11.7

Note: n/a represents not applicable

80




Table 4.4: January 26" Spheral Solar results

Jan 26 Experi- | Calculated | Calculated | Calculated | Calculated 2D
mental using using 1.9 x using using 1.9 x input
Data 1D model | 1D model | 2D model. | 2D model | CHTC
CHTC CHTC CHTC CHTC as in
Fig 4.25
Avehypy | n/a 1.9 3.6 2 3.8 3.8
Ave hyr v | 1/a 5.0 9.5 4.2 8.0 7.4
Avehyp v | 1n/a 5.4 10.3 4.8 9.1 7.9
Avehy, pv | 1Va 3.1 59 2.7 5.1 5.1
Tpv 324 40.2 271 47.7 32.6 31.7
Twall -7.4 2.1 -4.9 3.2 -1.5 0.5
Tair  Exit|21.6 15.1 15.2 14.5 14.1 15.7
Front
Tair Exit|2 -3.8 -1.2 -3.5 -13 -1.2
Back
ATair Ave | 24.6 19.8 19.9
Note: n/a represents not applicable
Table 4.5: January 26™ Photowatt results
Dec 19 Experi- Calculated Calculated Calculated Calculated
mental using using 1.9 x using using 1.9 x
Data 1D model 1D model 2D model. 2D model
Calc.CHTC | Calc. CHTC | Calc. CHTC | Calc. CHTC
Ave hjs py | n/a 5.4 10.8 5.0 10.0
Ave hy¢ py | n/a 4.8 9.6 4.7 9.4
Tpv 133 213 13.6 20.1 13.2
Twall -4.0 7.1 -1.5 10.8 2
Tair Exit | -10.6 -12.6 -11.3 -13.1 -11.8
ATair 6.4 4.4 5.7 3.9 52

Note: n/a represent not applicable
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As is shown in Tables 4.3 to 4.5, the theoretical results do not correlate well with
what was measured when calculated values of the CHTC were used. There is a much
better agreement between the results when the CHTC is multiplied by a factor of 1.9 for
the Spheral solar side and 2 for the Photowatt results. The factor of 1.9 was appropriate
for both dates, even though the experimental conditions varied quite a bit between the
two days. Table 4.6 gives a summary of the key parameters used in the investigation.
Note that the two models predicted slightly different results from one another since the
one-dimensional model used average CHTC and the 2D mo&el used local values. In all
cases, the inlet air temperature was assumed to be equal to the outdoor temperature.

Table 4.6: Key parameters from experimental measurements

Parameter Dec. Spheral | Jan. Spheral | Jan. Photowatt
Outdoor Temp. (°C) -2.1 -17 -17
Vel. Exterior Cavity (m/s) | 0.3 0.15 0.6
Vel. Interior Cavity (m/s) | 0.6 0.35 n/a
Solar Radiation (W/m”) | 1000 989 989

As mentioned before, an important aspect of the 2D model is its ability to predict
the temperature distribution of the PV. Figure 4.24 shows the temperature distribution of
both the experimental results, and the theoretical results using CHTC values that are 1.9
times larger than calculated values. The experimental results show a smooth increase in
PV temperature with increasing height. This is due to the high correlation between the
CHTC profile and the PV temperature profile. The model algorithm determines the best
CHTC correlation to use at each point. In this case, the algorithm changes empirical
relation half way up the PV panel. It seems to be a good feature to have since the initial

correlation was starting to generate larger errors that the new correlation corrected. A
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possible improvement in the model could be to average different correlations, to ensure a
smooth transition from one to the other. Empirical relations to calculate the CHTC will
rarely be exact; hence, there will always be a slight variation between experimental and
theoretical results. The goal is to minimize this error. The CHTC can be manually input
to obtain closer a correlation between experimental and theoretical results. Figure 4.25
shows results having modified the CHTC used for Figure 4.24 in order to have a better
correlation. This indicates that the entrance affects only the first point, and that the

remaining points have fairly constant CHTC values.
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Figure 4.24: Calculated Spheral Solar PV Temperatures Using 1.9 x Calculated CHTC |
for Jan. 26™ Data

83



50 B 10
Tpv Experimental

\ —>—~Tpv using input CHTC
45 —e&—hc PV front - 9.5

—#—hc PV back

40 1

w
(5]
L

1

@ ©
5]

PV Temperature (degC)
(]
=1
=]

[

(4]
¥
~
w

20 4

~ o .-
Convective Heat Trasnfer Coefficeint (W/m2K)

0 0.2 0.4 0.6 0.8 1 1.2
Height (m)

Figure 4.25: Calculated PV Temperature Using Input CHTC

Other than being able té accurately predict the PV temperature, which affects the
PV cell efficiency, another important parameter to be able to accurately predict is the exit
air temperature. As shown in Tables 4.3 to 4.5, the models tend to under predict the
temperature rise. It is also apparent that the CHTC is not the only factor affecting the
temperature rise. Multiplying the CHTC by 1.9 in the exterior cavity of the Spheral solar
section using December 19™ conditions only increésed the exit air temperature from 16.1
to 16.7°C in the model, whereas the value was measured as 19.9°C. Many factors can
account for this difference. The exterior convective heat transfer coefficient might be
lower than 12 W/m?K. The average velocity in the cavity might be lower than the
measured 0.3 m/s, where a small difference can have a noticeable impact on the exit air
temperature. Another key factor is that it was assumed that the air entering the cavity

was at the same temperature as the outside air. However, the air might have been
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warmed by the rooftop before entering the cavity, and/or the air temperature might have
increased while going through the inlet. This is an effect that researchers have noted
should not be ignored. Keeping these factors in mind, the calculated average air
temperature increase was within 20% of the measured values, when multiplying the

CHTC by 1.9 and 2 as mentioned.

4.5 Conclusion

This analysis has shown that the results obtained from the use of a
one-dimensional finite-difference thermal model developed by Charron and Athienitis
(2003), correlate well with results obtained from the use of a two-dimensional
control-volume model. For certain scenarios, the difference in results between the two
models is as high as 20%; however, this difference is accounted for by the fact that the
two-dimensional model uses local convective heat transfer coefficients, whereas average
values are used in the one-dimensional model. This demonstrates the importance of
using an appropriate correlation for calculating convective heat transfer coefficients. Ong
(1995) examined various empirical formulas for calculating forced convection heat
transfer co‘efﬁcients between parallel plates and found that the variation between
calculated values may range by as much as £50%. As so many empirical relations exist
to calculate convective heat transfer coefficients, more research is required to identify
which expressions are most suitable for representing the flow in a double-fagade.

A significant finding is that for the gap widths considered in this investigation,
there seems to be little impact on the results from using linearised radiative heat transfer

coefficients to calculate the long-wave radiation heat transfer. This is important since it

85



eliminates the need to have the non-linear terms of the radiosity analysis, which reduces

the computational requirements of solving the system of equations. To verify that this

was the case, radiative heat transfer coefficients were calculated using results of the

radiosity analysis, and compared to the linearised values used in the 1D model; the two
values were in very good agreement. If the gap width becomes significantly larger, then

more errors would be introduced by using linearised radiative heat transfer coefficients.

The thermal conduction in the vertical direction within the components seems to be

negligible. This may not always be the case; it depends on the Width. and type of

components used.

Even with the difficulties that arose in comparing results with other published
results, the 2D model was able to predict the temperature rise in the air cavity occurring
in the Mataro Library within 8%. This is very good correlation since some of the system
characteristics had to be estimated. Two days of experimental results obtained at the
Concordia BIPV test facility were used to validate the model. Results indicate that the
convective heat transfer coefficient in the cavities is 1.9 to 2 times higher than the
calculatgd values. This can be attributed to wind effects, entrance effects, and
measurement wires in the flow path, all of which could have led to more turbulent flows
with higher CHTC values. Using the higher CHTC resulted in a fair correlation between
the measured and calculated results; within the 10 to 21% uncertainty levels predicted by
other authors (Zollner, et al., 2002), (Balocco, 2002). A perfect correlation between
theoretical and experimental results would be very difficult to achieve as the air
temperature calculations are sensitive. There is difficulty in adequately modeling the

flow resistance of the various components (Hensen, et al., 2002).
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CHAPTERSS

RESULTS

5.1 Evaluating System Efficiency

One important, but difficult task is to determine a general expression for
calculating the system efficiency of an AFW-IP that can be used by researchers to
compare different technologies. The most general expression used to calculate efficiency

is to take the ratio of the useful energy delivered over the total incoming solar energy as

follows:

E |

= e 5.1
=—"c (.1)

Equation 5.1 does not show how any of the system parameters interact to influence the
efficiency.

Two expressions are common in rating solar air collectors; these are the collector
efficiency factor, F’, and the heat removal factor F, . F’ is the ratio of actual useful
energy gain, to the gain that would occur if the plate temperature equalled the flow
temperature (ideal case F'=1). F compares the performance of a real collector with the
thermodynamic optimum, i.e. it is a ratio of the actual heat transfer to the air, to the
maximum possible heat transfer. Take for example the solar collector depicted in

Figure 5.1:
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Figure 5.1: Simple Solar Air Collector

The values for F’ and F can be calculated or found from literature:

hh +U,h, +hh, +hh,

. . (5.2)
(U; +hr +hl)(Ub +h2 +hr)_hr
mc A/
Fop=—o2=2 (1—e‘AP”LF/ ’"J , (5.3)
A,,UL '
where
lhzag+ux@m+@h+@%ﬂiw%%+%). (5.4)

by +h by, +U, h, +hh,

Unlike equation 5.1, which was totally general, the expressions for #’ and Fy are

given in terms of known physical parameters. Although it may not be apparent from the

equations exactly how any given term will affect the overall result, it can be easily

calculated using a variety of computer programs. Even though expressions to calculate

the collector efficiency factor and the heat-removal factor of different solar collector

configurations will differ, the result can be used to compare the performance from one

configuration to another.

Can similar expressions be derived for evaluating an AFW-IP? The answer is not

so simple. Solar collectors have one main purpose: to convert incident solar radiation
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into useful thermal energy. AFW-IP on the other hand have a variety of different uses.
The most important, and most costly, is its photovoltaic component that converts incident
solar radiation to electricity. Electricity is more valuable than thermal energy, and any
expression comparing the perfonnance of different types of AFW-IP should take this into
account. In addition, if the window is used for daylighting purposes, then a portion of the
transmitted daylight will offset fhe building’s electricity consumption. Not all
configurations of the AFW-IP will use the gained thermal energy in the building. In
certain applications, the thermal energy will simply be exhausted to the outdoor
environment.

In order to develop an appropriate expression, the intended use of the AFW-IP
would have to be known. Questions such as the following would have to be answered for
each particular design:

e s the thermal energy being utilised to offset the building’s thermal energy load?
e [s daylighting being used in conjunction with the design?
e How much is electrical generation worth compared to thermal energy?
¢ How much of the exhausted heat is offsetting the cooling load?
Different expressions need to be developed for each different application of the AFW-IP;
unfortunately, this goes beyond the scope of this thesis.

In this thesis, the system efficiency used to compare results from one

configuration to the next is defined as folléws:

- Epv + Qair + Etrans i Qroom - E

fan 5.5
G4 (5.5)

n

This expression is simply the general expression for calculating system efficiency that

was presented earlier. The heat transfer to the room is added in the heating season, and
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subtracted when cooling is required. This expression can be used as a total system
efficiency or for each section separately. The energy used by the fan to circulate the air
should be subtracted from the gained energy. However, in this case, the power required

to drive the fan was found to be small relative to the other terms and was omitted.

5.2 Heat Conduction in the Air

As with several models found in literature, the diffusion term is ignored in the air
cavity. This assumption is valid if the heat transfer due to convection is much greater
than the heat transfer due to diffusion. A good way to verify if this assumption is valid is
to calculate the Peclet number, Pe, which is defined as the ratio of the strengths of
convection to diffusion:

_pru-dx
-

Pe (5.6)

When the Peclet number is large, then convection is more dominant; for Pe larger than 2,
convection dominates and diffusion can be ignored (Charron, Athienitis, 2003). In the
case of the airflow window, the air density and thermal conductivity remain relaﬁvely
constant. Hence, the velocity and height of each element are the important criteria to

examine. In order to have insignificant diffusion, the following criteria must be met:

air

P 1.16

2k, 2-0.026

~0.045 <u-dx. (5.7)

In general, the criterion set in equation 5.7 is met when modeling the AFW;
however, for fine grids, combined with low velocity, this may not be the case. For
example, a velocity of 0.3 m/s is quite possible, and if the nodes are smaller than 0.15 m,

then Pe will be smaller than 2. It is relatively simple to verify the effect of the thermal
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conductivity in the air in the 2D model by adding an additional term to the energy
balance equation. These are represented as equation 5.8a, without including the thermal
conductivity in the air, and 5.8b with the added term. The one-dimensional model
produces results that differ from the two-dimensional model mainly due to the differences
in the calculated convective heat transfer coefficients. Verifying the effect of diffusion in
the two-dimensional model, should in essence verify the effect of diffusion in the
one-dimensional model.

0= Velp -C-(Ti - Ti—l)'W'Lgap - hl.(Ti—N - Ti)w-dx— hZ'(Ti—kN - Ti)~w-dx (5.80)

k,.-L_.-w
_ar g isr o

0= Velp-C(T =T, | WL —hl(T i_N—Ti)-wdx—hz-(Ti ~T ) wdx " T T (5.8b)
The added term in equation 5.8b should be insignificant in most cases, since the thermal
conductivity of air is very low, 0.026 W/m-K, at room temperature (Incropera, De Witt,
1990).
A simple way to verify the importance of the added term is to take the sum of the
absolute value of all the heat trénsfer that occurs due to the added term over the total
~available energy:

>

i=0

kair : Lgap i
— 2 QL -T,~T.)

Total Available Energy

(5.9)

If the ratio in equation 5.9 is small, then the overall effect of the added term in
equation 5.8b would be insignificant. After running many diffcrent test cases with the
two-dimensional model, it was found that the added term for diffusion had no apparent
affect on the model. This can be demonstrated by taking an extreme case, i.e. gap width

of 1 m, elemental height of 0.02 m, velocity of 0.2 m/s. Even at these limiting
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conditions, the ratio of equation 5.9 is under 1.7 x 10, explaining the lack of diffusion

effects in the model.

5.3 One-Dimensional Model Results

In order to compare the overall performance of different configurations of the
AFW-IP, a solar radiation model based on a monthly average clearness index is used to
obtain average yearly efficiencies. The environmental conditions used in the model are
representative of what would be experienced in Montreal, Canada, which is at a latitude
of 45° and a longitude of 74°. The transmittance, reflectance, and absorbance of the

glazings, which depend on angle of incidence, are calculated on an hourly basis.

5.3.1 PV Section

In order to increase the heat removal rate of the PV, the back-plate where the PV
cells are mounted could have fins incorporated into it. The effect of integrating fins to
the back-plate is modeled using fin efficiency for an adiabatic fin with corrected

length (L) (Incropera, De Witt, 1990):

44, _ tanh(mL))

where
h 0.5
mL, = [LJ L", (5.11)
k-A,

and Le=Lg, +t/2, A=Lt.
Various fin configurations are modeled to study how efficiency is affected.

Figure 5.2 shows efficiency as a function of fin length, for a fin thickness of 2 mm, gap
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width 0.10 m, air velocity of 1 m/s, and PV section height of 1.5 m. In all cases, the fin
spacing is set to three times the fin thickness to ensure adequate convection/radiation heat

transfer (Rolle, 2000).
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Figure 5.2: PV Section Efficiency vs Fin Length

Figure 5.2 shows the effect of the two most influential factors for the PV section
efficiency. The most important is the difference in configuration as depicted in Figure
1.3. Having airflow on both sides of the PV, as opposed to on only one side, increases
the average yearly combined thermo-electric efficiency from 36% to 62%. This increase
occurs since less heat is rejected outside and is instead captured in the air flowing through
the cavity. This increased efficiency may or may not be beneficial, as less electricity is
generated and not all of the heat captured may be fully utilised.

Adding 0.015 m long fins increases the average yearly efficiency of
Configuration 1 by 24%, whereas the increase is less than 8% for Configuration 2. Gains

in efficiency obtained by having air flow on both sides of the PV can be replicated by
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incorporating fins on the back-plate of the PV. It is important to note that these
calculations are done assuming that the fins are an integral part of the back-plate. If
instead fins are glued or mechanically attached to the back-plate, thermal contact

resistance between the back-plate and the fins could seriously impact performance.

5.3.2 Vision Section

The optical properties and location of the blind have a significant impact on the
overall efficiency of the window section. Two different placements are considered. The
first is as depicted in Figure 1.3, where air flows on only one side, having a closed cavity
on the other. The second blind placement is in the middle of the channel in the Vision
section. The blind properties listed in Table 4.2 are considered.

Average annual vision section efficiency at flow velocities of 1 m/s, gap width of
0.10 m, and height of 1.5 m, for the four blinds, both centred and off to the side, are
shown in Figure 5.3. On average, the extra heat extracted by having flow on both sides
accounts for a 5% increase in efficiency. Blinds with a higher reflectivity have a lowered
efficiency as more solar energy is reflected out of the system. Approximately 46% of the
solar radiation incident on the Vision section is reflected out with Blind 2, compared to

only 29% with Blind 3.
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Figure 5.3: Effects of Blind on Vision Section Efficiency

5.3.3 Combined Efficiencies

Certain parameters affect the efficiency of both sections of the AFW. Three of
these parameters, flow velocity, mass-flow rate, and gap width, are inter-related, i.e one
cannot be changed without affecting the others.

Higher flow velocities lead to higher heat transfer coefficients, which in tum
increase the efficiency of the system. Higher velocities are achieved by increasing the
mass-flow rate, decreasing the gap width, or a combination of the two. Making the cavity
too small, increases the pressure drop of the airflow to a level that fan power becomes an
important factor. In addition, gap widths that are too small could be difficult to clean and
maintain. One the other hand, the width of the exterior facade must not be too wide as
this would take up valuable real-estate space.

Each system has a maximum mass-flow rate that can be handled efficiently. Up

to this maximum, as the mass-flow rate increases, the amount of heat that can be removed
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by the air increases, leading to an increase in system efficiency. If the pre-heated air is
used to meet the outdoor air requirements of a building, the mass-flow rate should not
exceed this requirement. If higher rates are used, higher heating costs could result, as the
air may require more heating after exiting the AFW. Also, if the velocity increases too
much noise can become a problem.

Figure 5.4 demonstrates how the overall ?fﬁciency is affected on an average
yearly basis, when changing the velocity. The velocity is changed by altering the gap
width, while keeping a constant mass-flow rate. The results are for both conﬁguration;
with the blind centred in the cavity. From Figure 5.4, it can be seen that changing the gap

width while keeping the mass-flow rate constant can significantly affect efficiency.

0.6
\,..,w..»,,,wwwgg
>‘0.55 | o M
o .
5 G o
3 0.5 -
i
L
=0.45 -
o
S
0.4
—e— Configuration 1
- Configuration 2
035 | ‘ T T
0 0.5 ] - 2 |

Flow Velocity (m/s)

Figure 5.4: Overall Efficiency of AFW as a Function of Velocity for a Constant Flow
Rate (Gap width varied from 0.05 to 0.20 m)

Figure 5.5 shows how the efficiency is affected on an average yearly basis, as a
function of velocity due to a changing mass-flow rate. The gap width is assumed
constant at 0.10 m. As expected, the results are very similar to those for changing gap

width. The differences between the two cases are due to the differing heat transfer
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coefficient expressions that are used depending ‘on the parameters. Provided noise and
maximum fresh air ventilation requirements are not exceeded, increasing the flow rate

can increase efficiency considerably.
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Figure 5.5: Overall Efficiency as a Function of Velocity at Constant Gap Width of 0.10 m

5.3.4 Expected Yearly Output

Up to this _point, the analysis has focused on system efficiencies; however, other
factors are also important in determining an optimal configuration. For exarﬁple, the
large increase in system efficiency realised in Configuration 2, comes at a significant
price in terms of electricity production. This is due to the fact that the added glazing
reflects signiﬁcapt amounts of irradiation out of the system at low angles of incidence.

At a flow velocity of 1 m/s, total gap width of 0.10 m, and a PV height of 1.5 m,
the PV section of Configuration 1 produced 155 kWh of electricity per meter width and
331 kWh/m of heat. The electricity produced in Configuration 2 is 21% lower at

123 kWh/m, and the heat is more than 109% higher at 692 kWh/m.
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The heat gained in both configurations may or may not be useful. During periods
when cooling is required, this heat could either be rejected outdoors or accessed via a
heat exchanger to preheat domestic hot water. Furthermore, in the heating season, only
the portion of the pre-heated air needed to meet a building’s fresh air requirements would
be useful. In most instances, it would be more economical to use recycled air for the
balance of air requirements. In addition, the PV daily average temperature in
Configuration 2 is 14.0°C, whereas it is only 12.9°C in Configuration 1.

As mentioned, a compromise between the two configurations would be to use
Configuration 1 with fins. This option produces 156 kWh/m of electricity and
642 kWh/m of heat in the PV section, while keeping the average PV temperature at
11.1°C, using 0.015 m long, 0.002 m wide fins.

As discussed, an important application of the AFW-IP would be to preheat air
going into an HVAC system. Figure 5.7 shows the predicted temperature rise of the air
using Configuration 2, with an outside air temperature of 0°C, solar irradiation of
600 W/m?, air velocity of 1 m/s, and a total gap width of 0.10 m. Figure 5.6 shows the
predicted of air temperature rise using Configuration 1, with and without fins of 0.015 m
length, and 0.002 m width, for the same conditions. As shown, the AFW increases the air
temperature of 100 L/s of air per meter width of window by 4 to 7°C, depending on the
configuration.

Again, by comparing Figures 5.6 and 5.7, it can be seen that incorporating fins to
the PV back-plate in Configuration 1 gives similar results to changing from
Configuration 1 and 2. Another important point is that the average PV temperature is

25°C without fins, and only 14°C with fins. If the outside temperature is increased to
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30°C, and irradiance to 1000 W/m?, then the average PV temperatures increase to 70°C

and 53°C, respectively for Configuration 1.

Fins would help reduce average PV

temperature significantly at peak conditioﬁs, which would help to prolong the life

expecfancy of the PV cells.
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5.4 Two-Dimensional Model Results

One of the major advantages of the two-dimensional model is that it can provide a
better representation of the temperature profile in the PV panels. The average
temperature obtained with the one-dimensional model is not the maximum temperature
that the PV cells will reach. Generally, the top of the panel will be hotter than the
bottom. The maximum temperature will lead to thermal stresses and reduction of PV
module efficiency and lifetime; it is therefore important to predict this temperature
accurately for system design. Table 5.1 gives results of the minimum and maximum PV
cell temperatures obtained with different conditions. All the results are calculated using
an outdoor temperature of 30°C, 800 W/m” incident solar radiation, and a total gap width

of 0.10 m.

Table 5.1: PV minimum and maximum temperatures with varying air velocity

Configuration | Air Velocity | Fins ? Minimum Local PV | Maximum Local PV
(m/s) Temperature (°C) Temperature (°C)

1 0.30 No 652 672

1 0.30 Yes 52.5 58.9

1 0.65 No 60.2 65.0

1 0.65 Yes 452 54.7

1 1.00 No 58.3 64.2

1 1.00 Yes 43.0 529

2 0.30 No 71.4 79.4

2 0.65 No 61.2 72.8

2 1.00 No 57.2 70.2

2 1.00 Yes 42.7 57.8
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As is shown in Table 5.1, certain system parameters héve a large inﬂuénce on the
maxitﬁum expected PV temperature. The greétest difference, 26.5°C, occurs between
Configuration 2 with low flow velocities and no fins, and Configuration 1 with high flow
velocities and integrated fins. This shows the importance of properly sizing the AFW-IP
for a building. The gap width should be selected in order to optimise the flow velocity
based on fresh-air requirements. If pre-fabricated modules are selected that do not offer
the flexibility of gap width sclection, then the collector width needs to be selected to

provide optimum conditions.

5.4.1 Results from Modeling Concordia Test Room

The models developed in this thesis will be used to verify experimental results
obtained from the new test room constructed on the roof of Concordia’s engineering
building; therefore, results calculated from differing test conditions would be useful. The
experimental results presented in Chapter 4 were only preliminafy, and were from only
one day. This section presents results of the single ca.vity configuration of the test room
for a wide range of parameters.

The PV parameters were set to those given by the manufacturer. These are listed
in Table 5.2. The table gives values for one panel; there are two panels in the test room.
Note that the results presented in this section are for constant glazing transmittance and
reflectance.

Table 5.2: Properties of Photowatt panels

Property* Photowatt PWX 500
Number of solar cells 36
Dimensions of PV module with frame (mm) 1042 mm (length)
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462 mm (width)

Typical power (W) 475 W
Voltage at typical power (V) 17V
Current at typical power (A) 28 A
Nominal Operating Cell Temperature (°C) [ 45

(0.8 kW/m?, 20 °C, 1 m/s)

Open circuit voltage (V) 215V
Short circuit current (A) 3.1A

Solar cell characteristics

Technology Multi - crystalline

Sizeiof solar cell (mmz) 101.25 X 101.25

Thickness (um) 300 £ 50

Temperature coefficients

Power Gamma = (dP/P)/dT # - 0.43 %/°C
Current Alpha = (dI/I)/dT # + 0.034 %/°C
Voltage Beta=dV/dT #-2.17 mV/°C

"At standard test conditions: 1 kW/m’, AM 1.5 @ 25 °C, Source: Photowatt Inc.

Figure 5.8a shows the effect of solar radiation on PV efficiency and electricity
generation for different outdoor temperatures. For the case with an outside temperature
of 30°C the efficiency drops linearly with increasing solar radiation. At -20°C solar
radiation has no impact on cell efficiency. In reality this would not be the case, as cell
efficiency is not only a function of temperature, as was modeled, but is also dependent on
incident solar radiation (Poissant, et al., 2003). At 5°C, it takes about 550 W/m? to bring
the PV cell temperature above the nominal 25°C to start affecting the efficiency.
Therefore it takes the right combination of temperature and incident solar radiation to

reach nominal temperatures when PV efficiency starts to decline.

102



Figure 5.8b shows the temperature increase in the flowing air as a function of
solar radiation for different outdoor conditions. At low irradiation levels, a greater
temperature increase is achieved with lower outdoor temperatures. This is expected as
lower outdoor temperatures offer a larger temperature gradient between the flowing air
and the components of the AFW, and thas a larger heat flow. It is interesting to note that
as the level of incident solar radiation increases, this trend reverses and higher outdoor
temperatures result in larger temperature gradients. This can be explained by the effect
of PV cell efficiency on operating temperatﬁre. The higher the temperature, the lower the
efficiency, which leads to a greater portion of incident solar radiation being converted to
heat as opposed to electricity‘ The more heat that is available, the more the air
temperature can increase.

Figure 5.8c shows how PV cell temperatures and the temperature of the back
glazing of the PV panel are affected with varying incident solar radiation for different
outdoor temperatures. The trend is similar for all outdoor temperatures: there is a linear
increase in PV temperature with increasing solar radiation. The slope is slightly more

elevated for outdoor temperatures of 30°C as opposed to -20°C, but the difference is

minimal; at 30°C the slope is 0.0363°C/(W/m2), and at -20°C it is O.O349°C/(W/m2),
which is a difference of only 3.9%. Not only does the slope change but the y-intercept is
different; this value changes by 2.2°C relative to the outdoor temperature between the
two extreme cases.

Figure 5.8d shows results with a constant incident solar radiation value of
700 W/m® with varying outdoor temperature. The air temperature increase in the cavity

is more or less constant at 2.4°C. The PV cell temperature increases linearly with
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outdoor temperature at a slope of 0.986 PV °C/OA °C. The PV efficiency, and by
association generated electricity, remain constant until the outdoor air temperature
reaches approximately 0°C, at which point the efficiency starts a linear decline with a
slope of 0.05%/0A °C. If the rate at which PV efficiency drops with PV temperature is
required, the efficiency slope is divided by the temperature slope, which gives a value of
0.051% / PV °C. This value is slightly higher than the range of coefficients suggested by
Sandberg (1999), which had an upper limit of 0.046% / PV °C.

Figure 5.8e shows results with a constant irradiation and outdoor temperature with
varying air velocity. The air temperature increase drops with increasing velocity. The
value goes from 3.9 to 1.6°C when the velocity increases from 0.3 to 1 m/s, respectively.
Even though the temperature increase with higher velocities is lower, the total amount of
thermal energy transported is greater since more air is évailable to transport the energy.
As mentioned previously, the increase in thermal efficiency is generally only useful when
the air is used as pre-heated air for the ventilation system up to the amount need to meet
outdoor air requirements for the building. Beyond this limit, extra energy will generally
be required to heat the fresh air to an acceptable level. For the same increase in air
velocity, the PV efficiency increases by 0.19%, which results in an increase in power
generation of only 0.8 W. Therefore if the only concem is electricity generated, small
gains are achieved by iﬁcreasing the flow velocity, especially if fan power is considered.
The maximum PV temperature was lowered by 2.6 °C over the range of velocities
considered.

Figure 5.8f shows results with varying outdoor heat transfer coefficient. The tests

done in the test room did not take measurements of the outside glazing temperature, or
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wind speeds in order to calculate the outdoor heat transfer coefficient. As mentioned
previously, coefficients in literature are often constant and cover a wide range of values.
The results show that this factor should not be ignored when doing simulations as it has a
significant impact on results; a difference in coefficient of only 5 W/m’K changes cell
efficiency by as much as 0.6%, PV temperature by 12.5°C, and air temperature by 1.3°C.
Changes in wind speeds from 0.5 to 2.2 m/s changes the outdoor heat transfer coefficient
from 10 to 15 W/m?K. Considering that the RETScreen database lists the average wind
speed in Montreal as 4 m/s, this variation is likely to occur. A difficult aspect to model is
that the changes that occur due to outdoor heat transfer coefficients are not linear as with

a lot of the other variables.
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5.5 Conclusion

Investigation of the key parameters that affect the performance of PV-integrated
fagades is important. From the results presented in this chapter, it was seen that the
different intended uses of the facades result in different optimal configurations. For
example, if the particular fagade does not require a lot of daylight, more than 50% can be
covered with PV. Whether the heat absorbed in the air is utilized, or if it is simply
rejected outdoors, plays an important role in determining certain parameters. In both
cases, maximizing the heat removal rate is beneficial as it either reduces heating or
cooling loads.

To review, PV modules placed in the middle of the cavity allow more heat to be

captured as less is rejected; unfortunately, the added glazing reduces the amount of solar
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radiation incident on the PV cells, thus reducing electricity generation. Integrating fins
with the PV back plate has a similar effect to placing the PV inside the cavity; operating
temperatures are reduced without affecting the electricity generating capacity. A low
reflectivity blind may be installed in the middie of the Vision section. The transmittance
of the blind should be large enough to provide adequate daylighting without causing
occupant discomfort. If the preheated air is used to meet fresh air requirements, the total
mass flow rate of the air should not exceed the building occupants’ requirements.
However, if air is being rejected outside, higher flow rates in the cooling season, and
lower flow rates in the heating season are preferable. The gap width should be minimised
to reduce space requirements and increase the air velocity; however, noise considerations
must be taken into account. Gap widths should be large enough to allow for
maintenance.

To demonstrate the importance of the above recommendations, two different
configurations are tested. The first has Blind 3 in the middle of the cavity, using
Configuration 1 with 0.015 m long fins, a gap width of 0.10 m and a velocity of 1 m/s.
The second configuration has blind 2 on the side of the cavity, using Configuration 1 with
no fins, a gap width of 0.20 m and velocity of 0.5 m/s. The average annual efficiency of
the more optimal configuration, listed first, is 55%, whereas it is only 30% in the other
case. This demonstrates a gain in efficiency of over 80% by optimising the
configuration.

Another aspect that should not be ignored is the maximum PV cell temperature.
The two-dimensional model was used to calculate this parameter by varying several

parameters. While maintaining environmental conditions, the maximum cell temperature
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varied from 52.9°C to 79.4°C. This difference of 26.5°C could seriously impact
projected cell efficiencies and life expectancies. PV panels are the most expensive
element of ban AFW-IP, so it is important to optimise its performance, while at the same
time extending its lifetime.

The last section of this chapter examines the expected performance of the
Photowatt side of the test room built at Concordia University. The effects that solar
radiation, outdoor temperature, flow velocity, and the outdoor heat transfer coefficient
have on PV temperature, PV efficiency, and the increase in air temperature are
investigated. The majority of the parameters are affected in a linear fashion when
varying the operating parameters. The main exception is the effect of varying the
outdoor heat transfer coefficient; this produces results in the form of second order
polynomials. The problem that occurs in real test conditions is that all parameters vary

simultaneously, producing non-linear results, which are hard to predict.
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CHAPTER 6

CONCLUSION

6.1 Conclusion

One-dimensional and two-dimensional models were developed to study a double
facade with integréted photovoltaic panels that provides simultaneous electricity
generation and fresh air preheating. Chapter 4 shows that the two models give very
similar results. The only factor that seemed to differentiate the results between the two
models was the use of local convective heat transfer coefficients in the two-dimensional
model, as opposed to average values in the one-dimensional model. Due to the inherent
uncertainties that calculating the coefficients introduce, it was not clear if there was any
advantage in using local values. Chapter 4 went on to show that the models could
produce results to within 10% of a model that was developed for, and validated with the
AFW-IP at the Mataro Library in Spain (Infield, et al., 1999). Promising résults were
also shown when the model was used to verify results that were obtained from the
Concordia University BIPV teth facility. A major problem associated with the attempt at
validation was that the convective heat transfer coefficients in the cavities were 1.9 to 2
times higher than calculated values. This could be attributed to wind effects, entrance
effects, and measurement wires in the flow path, all of which could have lead to more
turbulent flows and hence higher CHTC values. Using the higher CHTC resulted in fair

correlation between the measured and calculated results; values were within the 10 to 21
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percent uncertainty levels predicted by other authors (Zollner, et al., 2002), (Balocco,
2002).

Chapter 5 examined how various parameters of the AFW-IP affect the
peffoxmance of the system. Placing the PV in the middle of the cavity, as was done for
Configuration 2, increased the overall efficiency of the system significantly. However,
the gains in efficiency were all thermal, and the extra glazing actually reduced the
amount of electricity generated by approximately 20%. Integrating 0.015 m long fins to
the back-plate of the PV in Configuration 1 also increased the efficiency by a significant
amount. In that case, the rise in efficiency was only thermal, but there was a slight
increase in electricity production due to the lowered PV operating temperatures. In the
* Vision section, it was shown that it is beneficial to place the blind in the middle of the
cavity as the system efficiency generally increased by approximately 5%.

The last section of Chapter 5 examined the effects that solar radiation, outside air
temperature, air velocity in the cavity, and outdoor heat transfer coefficients will have on
the Concordia University test room. With the exception of the outdoor heat transfer
coefficient, the parameters generally caused a change in the predicted exit air temperature
and the power generation in a linear fashion. The results showed the importance of using
an appropriate value for the outdoor heat transfer coefficient as this parameter had a

significant impact on results.

6.2 Future Work

As mentioned, AFW-IP are very complex systems with many interrelated

parameters. Therefore, modeling such a system accurately is a challenging process.
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Concordia University has embarked on a long-term research project to thoroughly
investigate AFW-IP. This investigation was the first of many to-come. The following is
a list of areas that would benefit from further research as they were only briefly touched
upon in this work:

e An investigation into AFW that rely solely on thermal buoyancy as the driving
force, with the creation of a new model that deals specifically with this case.

e The addition of a time component in the models is required to better simulate the
transient effects of the system.

¢ A CFD model should be created to assist in the simulation. The CFD model
could be used in conjunction with current models to help determine certain terms
that are currently derived from empirical formulas, which introduce uncertainty.

e The influence that the inlet/outlet configuration has on parameters such as the
convective heat transfer coefficient, mass-flow rate, etc., should be looked into.
This could include the use of dampers to control the flow rate, especially in
thermal buoyancy driven flows.

e The effect that air leakage has on the system, both between the AFW and its
surrounding environment, and between the two internal channels formed by the
blind and/or PV module should be studied.

e The effect that wind has on the system should be investigated. This should include
a look into which empirical relation for outdoor heat transfer coefficient is most
accurate in accounting for wind effects and how the airflow within the cavity is

affected by wind.
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An investigation of the use of the temperature gradient of the air flowing through
the cavity as a means to control the flow rate (Zollner, et al., 2002).

Development of control strategies for the heating and cooling seasons, as well as
the intermediate period when both cooling and heating may be required.

Initial measurements at the Concordia test room have shown that when the PV is
in the middle of the cavity, the flow rate differs in the front and back cavities. A
closer look at the factors involved with this phenomenon is needed to be able to
make more accurate predictions for such systems.

A more thorough investigation in the calculation of the convective heat transfer
coetficient within the cavity is needed. This includes looking at the ratio of the
Grashoff number over the square of the Reynolds number to determine what
values should be used to determine if the system is being driven by forced, natural
or mixed convection. A more detailed analysis of mixed convection in narrow
cavities is necessary. In addition a more in depth look into the profile of the
CHTC in the Vision section of the system is required.

The development of similar expressions to the F” and FR values used for solar air
collectors to help rate the AFW-IP.

Determination of a way to properly weigh the value of electricity, daylighting,
and thermal energy when determining energy efficiency.

Determination of the maximum velocity that can be used in an AFW-IP without

encountering noise problems.
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From the extensive list of v;/ork that still needs to be done to more thoroughly
understand the AFW-IP, it is clear that the long-term research project at Concordia
University will be of great value. Some of the points listed will take little time to
investigate, whereas others may take years to fully explore. Velocity profiles will be
measured more accurately using a particle-image velocimetry system in the near future.
One project that will be a direct continuation of this thesis will be the integration of the
one-dimensional model into CANMET Energy Technology Centre’s (CETC) HOT3000
repository. This work will be done as part of the research network formed by the
Buildings Group at the CETC. HOT3000 is a residential energy analysis tool that is
being developed to replace HOT2000. HOT2000 used a bin-based model, whereas

HOT3000 will be based on ESP-r (http://www.esru.strath.ac.uk), which employs a

transient simulation approach to model the relevant physical processes in the building and

HVAC systems.
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APPENDIX A
Listing of HTcoef.F90

FORTRAN subroutine to calculate convective heat transfer coefficient in 2D model
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¥

! Subroutine name: HTcoef
"

i

"

!! Description:  This subroutine is called from subroutine Funcy (EqnGen_wCond)
" to calculate the convective heat transfer coefficients in the cavities.
"

"

"

Implicit none

Integer, intent (in) :: div

Real, intent (in) :: Lgap, H_tot, Vel, G, T1(div),T2(div),Ta(div)
Real, intent (out) :: hel(div),hc2(div)

Integer :: i

Real :: T1_ave !Variable to calculate ave temp of front surface

Real:: T2 _ave !Variable to calculate ave temp of back surface

Real:: Ta_ave !Variable to calculate ave temp of air

Real :: dH Height of elements

Real:: x, xturb Variables to determine if flow is turbulent

Real:: RaD Rayleigh number for flow in a ciruclar duct

Real:: NuD !Nusselt number for flow in a circular duct

Real:: ReD 'Reynold's number for flow in a circular duct

REal:: fric !Friction factor

Logical :: nat 'Logical variable to state if flow is in natural convection
Logical:: mix !Logical variable to state if flow is in mixed convection
Logical:: force !Logical variable to state if flow is in forced convection
Logical:: wide !Logical variable to state if the wide cavity approx. holds
ILgap: width of plate separation

1H_tot: the total plate height

Vel: the velocity of the air flowing between the plates

1G: incident solar radiation on the AFW

IT1: elemental temperature of the plate facing the outdoor environment

IT2: elemental temperature of plate opposite to T1

1Ta: elemental temperature of the air flowing through the AFW

thel: convective heat transfer coefficient along plate at T1

the2: conevective heat transfer coefficient along plate at T2

1div: number of elements the plate is sub-divided into

!1The following is an interface for functions used in this program
1

124



RN R R R RN R R R R R AN N N RN RN NN Rl

Interface

Function C(Tma) ! specific heat of air
implicit none

Real, Intent(IN) :: Tma

Real ¢

End function C

Function dens(Tma) ! air density
implicit none

Real, Intent(IN) :: Tma

Real :: dens

End function dens

Function k(Tma) ! conductivity of air
implicit none

Real, Intent(IN) :: Tma

Real 1 k

End function k

Function visc(Tma) lair viscosity
implicit none ’
Real, Intent(IN) :: Tma

Real :: visc

End Function visc

Function kvisc(Tma) kinematic viscocity
implicit none

Real, Intent(IN) :: Tma

Real :: kvisc

End Function kvisc

Function Pr(Tma) Prandtl Number
implicit none

Real, Intent(IN) :: Tma

Real :: Pr

End Function Pr

Function Gr(Tsurf, Tma, dim) 'Grashoff number
implicit none

Real, Intent(in) :: Tsurf, Tma, dim

Real :: Gr

End Function Gr

Function h1(Tsurf, Tma,dH, i)
implicit none

Real, Intent(in) :: Tsurf, Tma, dH
Integer, Intent(in) :: 1

Real :: hl '

End Function hl

Function h2(Tma,vel,dH,i)
implicit none

Real, Intent(in) :: Tma, vel, dH
Integer, Intent (in) :: i
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Real :: h2
End Function h2

Function h3(Tma, vel, dH, 1)
implicit none

Real, Intent(in) :: Tma, vel, dH
Integer, Intent (in) :: i

Real :: h3

End Function h3

Function h4(Tma,vel,dH, 1)
implicit none

Real, Intent(in) :: Tma, vel, dH
Integer, Intent (in) :: i

Real :: h4

End Function h4

Function h5(h1, h2)
implicit none

Real, Intent(in) :: h1,h2
Real :: hS

End Function h5

End interface

I'MAIN BLOCK
1

dH=H_tot/div
T1_ave=0; T2_ave=0; Ta_ave=0 linitializing

!The following step will determine the average temperature of each surface based on elemental
temperatures

L1: Do i=1,div
T1_ave=T1_ave + TI(i)

T2_ave=T2_ave + T2(i) 'finding the sum of the elemental temperatures
Ta_ave=Ta_ave + Ta(i)

End Do L1

Ti_ave=T1_ave/div; T2_ave=T2_ave/div; Ta_ave=Ta_ave/div !dividing sum by

number of elements
!The following determines if the wide cavity approximation holds
IThe expression is suggested by Saelens (2002)

If (((2*Lgap/H_tot - (Gr(T1_ave,Ta_ave,H_tot)*Pr(Ta_ave))**(-0.25) - &
&(Gr(T2_ave,Ta_ave H_tot)*Pr(Ta_ave))**(-0.25))>0) .or. &

& ((2*Lgap/H_tot -(Gr(T1_ave,Ta_ave,Lgap)*Pr(Ta_ave))**(-1) &
& ~(Gr(T2_ave,Ta_ave,Lgap)*Pr(Ta_ave))**(-1))>0))then
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wide=.true. Iseparate plate approximation is acceptable

print *'wide'

else
wide=false.

print * 'narrow’
end If

IThe following determines if the heat transfer is either governed by forced, natural or mixed

convection (Rolle, 2000)

nat=false.; mix=.false. ; force=.false.; linitializing
If (wide .and. (Gr((T1_ave+T2_ave)/2,Ta_ave,H_tot)/(Vel*H_tot/kvisc(Ta_ave))**2)>4) then
nat=.true. ] Natural convection dominates

print *,'natural’

Else If (wide .and.

(Gr((T1_avet+T2_ave)/2,Ta_ave H_tot)/(Vel*H_tot/kvisc(Ta_ave))**2)>0.25)then

!

mix=.true. Flow affected by both natural and forced convection (mixed)
print * 'mixed’

Else If (wide) then
force=.true. 'Forced convection dominates
print * 'forced’
End If

If (not.wide .and. (Gr((T1_ave+T2_ave)/2,Ta_ave,H_tot)/(Vel*H_tot/kvisc(Ta_ave))**2)>4) then
nat=.true. :

print * 'natural’

Else If (.not.wide .and.

(Gr((T1_avetT2_ave)/2,Ta_ave,H_tot)/(Vel*H_tot/kvisc(Ta_ave))**2)>0.25)then

!

mix=.true.
print * 'mix'
Else If (.not.wide) then
force=.true. !for a narrow front cavity
print * 'forced’
End If

linitializing

If (wide .and. nat) then

L2:

Do i=1,div .
hel(i)=h1(T1(), Ta(i),dH,i)
he2(i)=h1(T2(i), Ta(i),dH.i)
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End Do L2

Else if (wide .and. force) then
L3: Do i=1,div
xturb=(5*1e05)*kvisc(Ta(i))/Vel !Height at which flow becomes turbulent
x=dH*(i-0.5)
if (x<xturb .and. G<200)then !Low incident solar radiation
hel(i)=h2(Ta(i), Vel dILi)
he2(i)=hcl(i)

Else if (x<xturb .and. G>=200)then !High incident solar radiation

hel(i)=h3(Ta(i),Vel,dH,i)
he2(i)=hel (i)

Else if (x>xturb) then
hel(i)=h4(Ta(i),Vel,dH,i)
he2(i)=hcl(i)

End If

End Do L3

Else If (wide .and. mix) then
L4: Do i=1,div
xturb=(5*1e05)*kvisc(Ta(i))/ Vel
x=dH*(1-0.5)
if (x<xturb .and. G<200)then

hel(i)=h5(h1(T1(i), Ta(i),dH,i), &
& h2(Ta(i),Vel,dH,i))

he2(i)y=h5(h1(T2(i),Ta(i),dH,i), &
& h2(Ta(i),Vel,dH,i))

Else if (x<xturb .and. G>=200)then

hel(i)=h5(h1(T1(i), Ta(i),dH,i), &
& h3(Ta(i), Vel dH,i))

he2(i)=hS(h1(T2(i), Ta(i),dH,i), &
& h3(Tai),Vel,dH,i))

Else if (x>xturb) then

he1(i)=hS(h1(T1(i),Ta(i),dH,i), &
& h4(Ta(i),Vel,dIL,i))

he2(1)=h5(h1(T2(i),Ta(i),dH,1), &
& h4(Ta(i),Vel,dH,1))
End If
End Do 14

IThe following calculations for narrow (.not.wide) cavities are done using average values !for convective
heat transfer coefficient, that is, it assumes negligible effect from entrance !region

Else If (.not.wide .and. mix) then

RaD=Pr(Ta_ave)*(Gr(T1_ave,Ta_ave 2*Lgap)+ Gr(T2_ave,Ta_ave,2*Lgap))/2
ReD=Vel*2*Lgap/kvisc(Ta_ave)
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NuD=(ABS((0.0357*ReD*Pr(Ta_ave)/(log(ReD/7)*(1+Pr(Ta_ave)**(-
0.8)**(5./6)))**3 &

(0.15*RaD**(1./3)/(1+(0.492/Pr(Ta_ave))**(9./16))**(16./27))**3))**(1./3)

Ls: Do i=1,div
hcl(i)=NuD*k(Ta_ave)/(2*Lgap)
he2(i)=hc1(i)

End Do LS

Else If (.not.wide .and. force)then
ReD=Vel*2*Lgap/kvisc(Ta_ave)
fric=(1.82*log10(ReD) -1.64)**(-2)

NuD=((fric/8)*(ReD-1000)*Pr(Ta_ave)/(1+12.7*sqrt(fric/8)*(Pr(Ta_ave)**(2./3)-1))) &

& *(1+ (2*Lgap/H_tot)**(2./3))

Le6: Do i=1,div
hel(1)=NuD*k(Ta_ave)/(2*Lgap)

. hc2(1)=hcl(i)

End Do L6

Else If (.not.wide .and. nat)then
L7: Do i=1,div ’
hc1(1)=0.68*(Gr(T1_ave,Ta_ave,Lgap)*Pr(Ta_ave)*Lgap/H_tot)**(0.25
*k(Ta_ave)/Lgap :
hc2(1)=0.68*(Gr(T2 _ave,Ta_ave,Lgap)*Pr(Ta_ave)*Lgap/H_tot)**0.25
*k(Ta_ave)/Lgap
End Do L7

End If

Return
End Subroutine HT coef

AR R RN RN RN RN RN RN RN N R R N RN NN R N N RN R R R S R R RN RN A SRR R RA NS

Function definitions
"
R e N S A L A A R A A A N A L R LS R A DA MR R A A R TR N RS
Function C(Tma)
Implicit None
Real, INTENT(in) :: Tma
Real:: C
C=1000*(1.0057 +0.000066*(Tma - 300.15))
Return
End Function C

Function dens(Tma)
Implicit None
Real, INTENT(in) :: Tma
Real :: dens
dens=1.1774 - 0.00359*(Tma - 300.15)
Return
End Function dens
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Function k(Tma)
Implicit None
Real, Intent(IN) :: Tma
Real :: k
k=0.02624 + 0.0000758*(Tma - 300.15)
Return
End Function k

Function visc(Tma)
Implicit None
Real, INtent(in) :: Tma
Real :: visc :
vise= (1.983 + 0.00184*(Tma - 300.15))*1e-5

Return
End Function visc

Function kvisc(Tma)
Implicit None

Real, Intent(in) :: Tma
Real :: kvisc, visc, dens

visc=(1.983 + 0.00184*(Tma - 300.15))*1e-5
dens=(1.1774 - 0.00359*(Tma - 300.15))
kvisc= visc/dens

Return

End Function kvisc

Function Pr(Tma)

Implicit None

Real, Intent(in) :: Tma

Real :: Pr, C, k, visc

visc=(1.983 + 0.00184*(Tma - 300.15))*1e-5
C=1000*(1.0057 +0.000066*(Tma - 300.15))
k= 0.02624 + 0.0000758*(Tma - 300.15)

Pr = C*visc/k
Return
End Function Pr

Function Gr(Tsurf, Tma,dim)

Implicit None

Real, Intent(in) :: Tsurf, Tma, dim

Real :: Gr,visc, dens, kvisc

vise=(1.983 + 0.00184*(Tma - 300.15))*1e-5

dens= (1.1774 - 0.00359*(Tma - 300.15))

kvisc= visc/dens

Gr = (abs(Tsurf - Tma)*9.81 *Tma**(-1) *dim**3)/kvisc**2

Return
End Function Gr

Function h1(Tsurf, Tma,dH, 1)

implicit none
Real, Intent(in) :: Tsurf, Tma,dH
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Integer, Intent(in) :: 1

Real :: hl, gPr, x, h1_lam, h1_turb, Xcrit, Pr, Gr, k, kvisc
Real :: visc, dens, C

x= dH*(1-0.5)

k=0.02624 + 0.0000758*(Tma - 300.15)

visc=(1.983 + 0.00184*(Tma - 300.15))*1e-5

dens= (1.1774 - 0.00359*(Tma - 300.15))

kvisc= visc/dens

C=1000%(1.0057 +0.000066*(Tma - 300.15))

Pr = C*visc/k

Gr = (abs(Tsurf - Tma)*9.81 *Tma**(-1) *x**3)/kvisc**2

gPr= (0.75*Pr**0.5)/(0.609+ 1. 221 *Pr**0.5+ 1.238*Pr)**(.25
h1_lam=(Gr/4)**0.25 *gPr *k/x

h1_turb=0.02979*k* Pr**(1./15) *(((Pr/kvisc**2)*abs(Tsurf-Tma) &
& *9.81*Tma**(-1))**0.4 / (1+ 0.494*Pr**(2./3))**0.4)*x**0.2

Xerit=(1609*((abs(Tsurf-Tma)*Pr*9.8 1 ¥Tma**(-1))/kvisc**2)**(-1))**(1./3)

if (x < Xcrit) then
hl=hl_lam
Else
hl=hl_turb
End If
Return
End Function hl

Function h2(Tma,vel,dH,i)

implicit none ,

Real, Intent(in) :: Tma, vel, dH
Integer, Intent (in) :: i

Real :: h2,x, k, Pr, kvisc, visc, dens, C

x= dH*(i-0.5)
k=0.02624 + 0.0000758*(Tma - 300.15)

visc=(1.983 + 0.00184*(Tma - 300.15))*1e-5
dens= (1.1774 - 0.00359*(Tma - 300.15))
kvisc= visc/dens

C=1000*(1.0057 +0.000066*(Tma - 300.15))
Pr = C*visc/k

h2=0.332*(vel*x/kvisc)**0.5 *Pr**(1./3) *k/x
return
End Function h2

Function h3(Tma, vel,dH, i)

implicit none

Real, Intent(in) :: Tma, vel,dH
Integer, Intent (in) :: 1

Real :: h3,x, k, Pr, kvisc, visc, dens, C

x= dH*(i-0.5)
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k=0.02624 + 0.0000758*(Tma - 300.15)

visc=(1.983 + 0.00184*(Tma - 300.15))*1e-5
dens= (1.1774 - 0.00359*(Tma - 300.15))
kvisc= visc/dens

C=1000*(1.0057 +0.000066*(Tma - 300.15))
Pr = C*visc/k

h3= 0.453*(vel*x/kvisc)**0.5 *Pr**(1./3) *k/x
Return
End Function h3

Function h4(Tma,vel,dH,i)

implicit none

Real, Intent(in) :: Tma, vel,dH
Integer, Intent (in) :: 1

Real :: h4,x, k, Pr, kvisc, visc, dens, C

x= dH*(i-0.5)
k=0.02624 + 0.0000758*(Tma - 300.15)

visc=(1.983 + 0.00184*(Tma - 300.15))*1e-5
dens= (1.1774 - 0.00359*(Tma - 300.15))
kvisc= visc/dens

C=1000%(1.0057 +0.000066*(Tma - 300.15))
Pr = C*visc/k

hd= 0.0296*(vel*x/kvisc)**0.8 *Pr*(1./3) *k/x
Return
End Function h4

Function h5(h1, h2)
implicit none

Real, Intent(in) :: hi, h2
Real :: hS

h5= (h1**3 + h2*%3)**(1 /3)

Return
End Function h5
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APPENDIX B
Listing of ViewFact.F90

FORTRAN subroutine to calculate view factors within ventilated fagades
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"

! Subroutine name: ViewFact (viewfaclpv_2w), this subroutine is called from subroutine
4 funcv (EqnGenlpv_2w)

1"

1"

!

! Description:  This subroutine is used to calculate the view factors between various
I elements within the function.

"

"

"

Subroutine ViewFact(L,H_tot,w,N,Ff)
Implicit none

Variable declaration

"

HInput and output are done with subroutine funcv (EqgnGenlpv_2w)
1

Integer, intent (in) :: N

Real, intent (in) :: L,H_tot, w

Real, intent (out) :: FiIN*2+3 N*2+3)
Integer :: 1, j

Real :: dH, mem,sum

!! Interface Declaration
!! (defining functions used in the program)

Interface

Function Fpa(x,y,L) ! function for form factors of parallel rectangles
implicit none

Real, Intent(IN) :: x, y, L

Real :: Fpa

End function Fpa

Function Fpe(x,y,z)

implicit none

Real, Intent(in) :: x,y,z !Function for from factors between perpendicular rectangles
Real :: Fpe

End Function Fpe

End interface

IIMAIN BLOCK
"
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dH=H_tot/N
Ff=0 linitialize Ff

Ff(1,N +1)=Fpa(dH, w, L)
Ff(1,N +2)= Fpa(2*dH, w, L) - Ff(1, N+1)

IL3: Calculates the view factor between the first element to all the elements in
fthe PV cover. These equations were found using an energy balance approach.

mem=0
L3: Doi1=3,N
mem=mem+F{(1,i-1+N)
Ff(1,N +1)=(1/2.)*Fpa(i*dH,w,L)-0.5*Ff(I N+1) - &
& 0.5*(-1)*Fpa((i-1)*dH,w,L) - mem
End Do L3

L5: Do i=I,N
Ff(i+ N, 1)=Ff(1,i +N) !By reciprocity, verified
End Do L5

L6: Do j=2,N
Ff(j,N +1)=FfiN+j,1) !By symmetry, verified
End Do L6

L7: Do i=(N+2),2*N

L8: Do j=2,N
Ff(j,1)=Ff(j-1, i-1) !By Symmetry, verified
End Do L8
End Do L7
L9: Do i=1,N
L10: Do j=(N+1),2*N
Ff(,0)=F{(i,j) By reciprocity, verified
End do L10
End Do L9

Note, need to add extra surfaces to account for entry, exit, and side walls
1Surface of entry 2*N-+1, Surface of exit is 2*N+2
Iside walls are 2*N+3

Ff(1,2*N+1)=Fpe(w,dH,L) .
Ff(2*N+1,1)=Ff(1,2*N+1)*(dH*w/(L*w)) !by reciprocity
FfIN+1,2*N+1)=Ff(1,2*N+1) by symmetry
Ff2*N+1,N+1)=Ff(2*N+1,1) Iby symmetry

122:  Doi=2N
Ff(i,2*N+1)=i*Fpe(w,i*dH,L)-(i-1)*Fpe(w,(i-1 )*dH,L)

Ff(2*N+1,1)=Ff(1,2*N+1)*(dH*w/(L*w)) Ireciprocity

Ff(N+i,2*N+1)=Ff(i,2*N+1) Isymmetry

Ff2*N+1,N+)=Ff(2*N+1,i) Isymmetry
End Do 122

L.23: Do 1=1,N
Ff(i,2*N+2)=Ff(N-(i-1),2*N-+1)
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F(2*N+2,0)=Ff(i,2*N+2) *(dH*w/(w*L)) by reciprocity
Ff(N+1,2*N+2)=F{(i,2*N+2) by symmetry
Ff2*N+2 N+1)=Ff(2*N+2,1) by symmetry
End Do L23 :

L26: Do i=1I,N
sum=0
L27: Do j=1,2*N+3
sum=sum+Ff{(i,j)
End Do 127
Ff(i,2*N+3)=1-sum
Ff(2*N+3,1)=Ff(i,2*N+3)*(dH*w/(2*L*H_tot)) !By reciprocity
Ff(i+N,2*N+3)=Ff(i,2*N+3)
Ff(2*N+3,i+N)=Ff(2*N+3 1) by symmetry
End Do 126

'View Factors between the sides, entrance and exit
Ff(2*¥N+3,2*N+3)=Fpa(H_tot,L,w)

Ff(2*N+1,2*N+3)=2*Fpe(L,w,H_tot)

FR2*N+3,2¥N+1)=Ff2*N+1,2*N+3) *(L*w/(2*L*H_ tot)) by reciprocity
Ff(2*¥N+3,2*N+2)=Ff(2*N+3,2*N+1) by symmetry
FH2*N+1,2*N+2)=Fpa(L,w,H_tot)

Ff(2*N+2,2*N+1)=Ff(2*N+1,2*N+2)

F2*N+2,2*N+3)=Ff(2*N+1,2*N+3)

Return
End Subroutine ViewFact

Function Fpa(x,y,L) 1This function is working, verified using

Mathcad

Implicit None

Real, INTENT(in) :: x,y,L

Real :: Fpa, xf,yf

xf=x/L

yf=y/L

Fpa=(2./(3.14159*xf*y))*(log( ( (1+xP*2)*(1+yPr*2)/(1+xf**2+yf**2) )¥*0.5) + &
& xP*(1+yf**2)**0.5 *atan(xf/(1+yf**2)**0.5) +yf*(1+xP**2)**0.5 *atan(yf/(l+xf**2)**0 5 &
& - xfratan(xf) - yf*atan(yf))

Return
End Function Fpa

Function Fpe(x,y,z)
implicit none

Real, Intent(in) :: x,y,z
Real :: Fpe,H,W pi
pi=3.14159

H=z/x; W=y/x

Fpe=(1./(pi*W))*(W*atan(1/W)+ H*atan(1/H)- (H**2 +W**2)**(0.5)*atan( 1/(H*¥2+ W**2)¥*0.5) &
&+0.25*og(((1HW**2) R (1-+H**2)/(1+W**2+H*#2)) (W2 K1+ WH*2-HEIF¥2)/(( 1-HW*5 2 ) (W HH 2+ L #*
2))FHW**2) &

& *(H**2*(I+H**2+W**2)/((1+H**2)*(H**2+W**2)))**(H**2)))

Return
End Function Fpe
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APPENDIX C
Listing of EnvCond.F90

FORTRAN subroutine to calculate hourly environmental conditions for 1D model
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"
! Subroutine name: EnvCond

"

1"

"

!! Description:  This is the subroutine where the environmental conditions are set.
" These include the beam and diffuse solar radiation, temperature,
" and the optical properties of elements based on solar position.

il

"

subroutine envcond(tod,dn,SA,Lat, LNG,STM.,tilt,gnd_refl, kwl kw2 twl w2 kel tgl, &
& Gb,Gd,To, mth, tr_wl_bm, tr_w2_bm, rfl_wl_bm, rffl_w2_bm, tr_w1_df, &
& tr_w2_df, tfl_wl_df, rfl_w2_dfrfl_gl_bm,rfl_gl_df;tr _gl_bmytr_gl_df)

implicit none

integer, intent(in):: dn, tod

integer, intent(out) :: mth :

real, intent(in):: gnd_refl, Lat, tilt, SA, LNG,STM, kwl, kw2, twl, tw2, kgt, tgl
real, intent(out):: rfl_gl_bm,rfl_gl_dftr_gl_bm,tr_gl_df

real, intent(out):: Gb,Gd, To, tr_w1_bm, tr_w2_bm, rfl_wl_bm, rfl_ w2_bm
real, intent(out):: tr_wl_df, tr_w2_df, rfl_wl_df, rfl_w2_df

real:: Ktm(12) !Array with the mean monthly Kt values in Montreal
real:: Tm(12) !Array with mean monthly temperatures in Montreal
real:: Tamp !The amplitude of the temperature swing in Montreal
real:: dA !Declination angle

real:: ts !Sunset time

real:: ast lapparent solar time

real:: ha thour angle

real:: sha Isunset solar angle

real:: alt Isolar altitude

real:: solA !Solar azimuth

real:: cosO !dummy variable to calculate value of cosO

real:: aoi !Angle of incidence

real:: esr !The earth spin rate (rad/hr)

real:: A|B Iconstants required to calculate hourly clearness indexes
real:: kt thourly clearness index

real:: kd thourly diffuse clearness index

real:: kb thourly beam clearness index

real:: lon !Incident radiation on the earth atmosphere

real:: Ibm !Incident beam radiation

real:: Idif !Incident diffuse radiation

real:: Ignd 'Reflected radiation from the ground

real:: deg !dummy variable to change from radians to degrees
real:: SSA 'surface azimuth of system

real:: ET !Equation of time

real:: value !dummy variable

real:: n 'refractive index of the glass
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real:: ag tvalue needed to calculate optical properties

real:: ¢ tcomponent reflectivity

real:: Op langle using Snell's law

real:: Lp llength of travel of beam in glazing
real:: pi Ipi

parameter (pi=3.14159)

RSN R R AR R RN R AR RN R R RN RN AR RN SRR AS

!'Main block
T L T T L L T

lopen (96,file='"G_DATA.dat")
Iwrite(96,*) 'G value for ', dn, 'day’

!Finding the corresponding month to the day number
If (dn < 32) then
mth=1
Else if ( dn<60) then
mth=2
Else if (dn<91) then
mth=3
Else if (dn<121)then
mth=4
Else if (dn<151)then
mth=5
Else if (dn<182)then
mth=6
Else if (dn<213)then
mth=7
Else if (dn<244)then
mth=8
Else if (dn<274)then
mth=9
Flse if (dn<305)then
mth=10
Else if (dn<335)then
mth=11
Else
mth=12
End If

Defining the Mean monthly clearness index Kt values for Montreal
Ktm(1)=0.45
Ktm(2)=0.51
Ktm(3)=0.50
Ktm(4)=0.48
Ktm(5)=0.49
Ktm{6)=0.49
Ktm(7)=0.52
Ktm(8)=0.49
Ktm(9)=0.49
Ktm(10)=0.41
Ktm(11)=0.35
Ktm(12)=0.38
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!1Calculating solar properties
n

dA=23.45*sind(360.%((dn+284.)/365.)) Ideclination angle

ET=(9.87*sin(4*pi*(dn-81)/364)-7.53*cos(2*pi*(dn-81)/364)-1.5*sin(2 *pi*(dn-8 1)/364))/60 leqn of time
in hours

ast=tod + ET+ (STM - LNG)/15 lapparent solar time

ha= 15.*(ast-12.) thour angle from 0 to solar noon
sha=acosd(-tand(Lat)*tand(dA)) Isunset solar angle
ts=acosd(-tand(Lat-tilt)*tand(dA))/15. Isunset time

if (ts > sha/15.) then
ts=sha/15.
end if

altzasind(cosd(Lat)*gosd(dA)*Cosd(ha)+ sind(Lat)*sind(dA)) Isolar altitude

if (alt < 0) then
alt=0
end if

value=((sind(alt)*sind(lat)-sind(dA))/(cosd(alt) *cosd(lat)))*(ha/abs(ha))

if (abs(value) > 1.) then

solA=acosd(1.)

Else

solA=acosd((sind(alt)*sind(lat)-sind(dA))/(cosd(alt)*cosd(lat)))*(ha/abs(ha)) !solar azimuth
end if

SSA=3s0lA - SA !surface azimuth taking into account solar azimuth
c0sO= cosd(alt)*cosd(abs(SSA))

aoi=acosd((cosO + abs(c0s0))/2.) langle of incidence
esr=2.%pi/24. learths spin rate in rad/hr
deg=(1.047/pi)*180.

A=0.409+ 0.5016*sind(sha- deg)

B=0.6609- 0.4767*sind(sha- deg)

kt=(A+ B*cos(esr*(tod-11.99)))*Ktm(mth) 'hourly clearness index

if (kt < 0) then

kt=0

end if

if (kt < 0.35) then
kd=(1-0.249%kt)*kt thourly diffuse clearness index
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Else if (kt <0.75) then
kd=(1.557-1.84%kt)*kt

Else

kd=0.177*kt
End if
kb=kt-kd thourly beam clearness index
Ton=1353.%(1.+0.033*cosd(360.*dn/365.)) lirradiation outside atmosphere
Ibm=Ion*kb*cosd(aoi) Ibeam irradiation
Idif=Ion*sind(alty*kd*((1.+cosd(tilt))/2.) Idiffuse irradiation

Ignd=Ion*sind(alt)*(kd+kb)*gnd_refl*((1.-cosd(tilt))/2.) !rad’n. reflected off ground

Gd=Idif + Ignd
Gb=Ibm

twrite(96,'(i4, £8.3)") tod, Ir(tod)
write (96, *) 'total’

RN RN RN R RN R RN R R RN R R R RN RN RN RS ARNRN]

'Calculation of window properties
1
T T T TS R TR A T R AR A A

Hirst window beam
Op=asind(sind(aoi)/n) ISnell’s law

r=0.5*((sind(aoi-Op)/sind(a0i+Op))**2 + (tand(aoi-Op)/tand(aoi+Op))**2) Icomponent reflectivity
Lp=twl/sqrt(1-(sind(aoi)/n)**2) llength of beam travel

ag=exp(-kw1*Lp)

tr_wl_bm=(ag*(1-r)**2)/(1- (r*ag)**2)
rfl_wl_bm=r + (r*(1-r)**2 * ag**2)/(1-(r*ag)**2)
beam of second window's two glazings
Lp=tw2/sqrt(1-(sind(aoi)/n)**2)

ag=exp(-kw2*Lp)

te_w2_bm=(ag*(1-r)**2)/(1- (r*ag)**2)
rfl_w2_bm=r + (t*(1-r)**2 * ag**2)/(1-(r*ag)**2)

Ibeam of PV cover

Lp=tgl/sqrt(1-(sind(ao1)/n)**2)

ag=exp(-kg1*Lp)
tr_gl_bm=(ag*(1-r)**2)/(1- (r*ag)**2)
rfl_gl_bm=r + (r*(1-r)**2 * ag**2)/(1-(r*ag)**2)
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Hfirst window diffuse assume aoi=60deg
Op=asind(sind(60.)/n) 1Snell’s law

1=0.5%((sind(60.-Op)/sind(60.+Op))**2 + (tand(60.-Op)/tand(60.+0p)) **2)
Lp=tw1/sqrt(1-(sind(60.)/n)**2)

ag=exp(-kw1*Lp)

tr_wl_df=(ag*(1-r)**2)/(1- (r*ag)**2)
rfl_wl_df=r + (r*(1-1)**2 * ag**2)/(1-(r*ag)**2)

!second window diffuse assume aoi=60deg for each glazing
Lp=tw2/sqrt(1-(sind(60.)/n)**2)

ag=exp(-kw2*Lp)

tr_w2_df=(ag*(1-r)**2)/(1- (r*ag)**2)

rfl_w2_df=r + (r*(1-1)**2 * ag**2)/(1-(r*ag)**2)

ldiffuse of PV cover
Lp=tg1/sqrt(1-(sind(60.)/n)**2)
ag=exp(-kgl*Lp) .
tr_gl_df=(ag*(1-1)**2)/(1- (r*ag)**2)
tfl_gl_df=r + (r*(1-1)**2 * ag**2)/(1-(r*ag)**2)

!Mean monthly outdoor temperatures in Montreal
Tm(1)=-9.3
Tm(2)=-9.4
Tm(3)=-3.8
Tm(4)=4.6
Tm(5)=12.9
Tm(6)=17.9
Tm(7)=21.1
Tm(8)=19.7
Tm(9)=15
Tm(10)=7.7
Tm(11)=0.4
Tm(12)=-7.1

Tamp¥7.
!Outdoor temperature assuming and daily amplitude in temperature of Tamp

To=Tm(mth) +Tamp*cos(tod*2*pi/24 — 5*pi/4) !(Athienitis, 1997)

Return
End Subroutine EnvCond
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APPENDIX D
Listing of Yearly.FO0
FORTRAN program to calculate monthly performance of ventilated facades in

Configuration 2 for 1D model
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"

! Program name: Yearly

"
"
"

! Description:  This is the main Program that calls all the subroutines to model the

1"
"
"
n
g

AFW. Here average monthly energy transfers are stored and sent to a
data file.

implicit none

real ::Etot_pv Total solar radiation on PV section

real ::Etot_w Total solar radiation on Vision Section

real ::Erefl_pv !Radiation reflected out of the PV Section

real ::Erefl_w . 'Radiation reflected out of the Vision section

real ::qairlf_pv 'Heat absorbed in air in front PV section

real ::qairib_pv 'Heat absorbed in air flow in back PV section

real ;:qairlf_w 'Heat absorbed in front Vision cavity

real ::qairlb_w 'Heat absorbed in back Vision cavity

real ::qo_pv Heat lost to outside in PV section

real :: qo_w IHeat lost to outside in Vision section

real ::qroom_w 'Energy transferred to room from Vision section

real ::qroom_pv !Energy transferred to room from PV section

real ::Etrans Energy transmitted through Vision section

real ::Egen !Generated electricity

real ::Et_pv(12) !Array for monthly total solar radiation in PV section

real ::Et_w(12) !Array for monthly total solar radiation in Vision section

real :: Erfl_pv(12) !Array for monthly reflected radn from PV section

real ::Erfl_w(12) !Array for monthly reflected radn from Vision section

real ::qaf_pv(12) !Array for monthly energy absorbed by air in front PV section
real ::qab_pv(12) !Array for monthly energy absorbed by air in back PV section
real ::qaf_w(12) !Array for monthly energy abs in front Vision section

real ::qab_w(12) !Array for monthly energy abs in back Vision section

real ::qopv(12) !Array for monthly energy lost to outside from PV section
real :: qow(12) !Array for monthly energy lost to outside from Vision section
real ::qrm_pv(12) Array for monthly energy transferred to room from PV Section
real ::qrm_w(12) !Array for monthly energy transferred to room from Vision section
real ::Etr(12) !Array for monthly energy transmitted through Vision section
real ::Eelec(12) Array for monthly electricity generation

real ::Tpv Temperature of PV cells

real ::sum !dummy variable to add sum of elements

real ::Tave !dummy variable to take average temperature of elements
integer :: mth Imonth number (1 to 12)

integer ::dn !day number (1 to 365)

144.



integer ::tod 'Time of day in hours (1 to 24)
integer ::n !dummy variable to keep counts

RER AR AR RN RN RN NN RN AR RN NN RN RN AR RN

1"Main Block
" :
T R A TR T A R AT T AR T AT TN

n=0; sum=0

L1: Do dn=1, 365!amount of days for analysis (need 365 days for monthly averages)
print * 'day', dn

L2: Do tod=4, 23 'hours used in analysis

n=n+1

call oned_2pv2W(tod, dn, Etot_pv, Etot_w, Erefl_pv, Erefl_w, &

& qairlf_pv,qairlb_pv, qairlf_w, qairlb_w, qo_pv, qo_w, qroom_w, &
& qroom_pv, Etrans, Egen, mth, Tpv)

sum=sum+Tpv

i

!1Stores the energy in an array based on month
"
1

Et_pv(mth)=Et_pv(mth)+ Etot_pv
Et_w(mth)=Et_w(mth)+Etot_w
Erfl_pv(mth)=Erfl_pv(mth) + Erefl_pv
Erfl_w(mth)=Erfl_w(mth) + Erefl_w
qaf_pv(mth)=qaf_pv(mth) + qairlf_pv
qab_pv(mth)=qab_pv(mth)+qairlb_pv
qaf_w(mth)=qaf_w(mth) + qairlf_w
gab_w(mth)=qab_w(mth) + qairlb_w
qopv(mth)=qopv(mth) + qo_pv
gow(mth)=qow(mth) + qo_w
qrm_pv(mth)=gqrm_pv(mth)+ qroom_pv
grm_w(mth)=qrm_w(mth)+ qroom_w
Etr(mth)=Etr(mth) + Etrans
Eelec(mth)=Eelec(mth) + Egen

End Do L2

End Do L1

L T e e e e e e e

!1Can only find monthly averages, and print to file the monthly values if the
!lanalysis is done over a full year.

"

if (dn == 365) then

" .

R A SR e R AR A R T A A TR S R A A T A A A A AN AY

!Calculates the proportion of energy transfered by various mediums
I :

L3: Do mth=1,12
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Erfl_pv(mth)=Erfl_pv(mth)/Et_pv(mth)
Erfl_w(mth)=Erfl_w(mth)/Et_w(mth)
qaf_pv(mth)=qaf_pv(mth)/Et_pv(mth)
qab_pv(mth)=qab_pv(mth)/Et_pv(mth)
gaf_w(mth)=qaf_w(mth)/Et_w(mth)
gab_w(mth)=gab_w(mth)/Et_w(mth)
qgopv(mth)=qopv(mth)/Et_pv(mth)
gow(mth)=qow(mth)/Et_w(mth)
qrm_pv(mth)=qrm_pv(mth)/Et_pv(mth)
grm_w(mth)=qrm_w(mth)/Et_w(mth)
Etr(mth)=Etr(mth)/Et_w{(mth)
Eelec(mth)=Eelec(mth)/Et_pv(mth)
End Do L3

Tave=sum/n

'The following sends the energy data to a file
!

open (1,file=DATA.dat")

write(1,¥) Results for PV Section’
write(1,'(a6,a14,6a10 )") 'Month','Tot E',Refl', 'Qairf,'Qairb', 'Qout’,'Qroom’, Elec'
L4: Do mth=1,12
write(1,'(1x,13,1x,£12.1,6x,6£10.6)') mth,Et_pv(mth),Erfl_pv(mth),qaf_pv(mth), &

gab_pv(mth),qopv(mth),qrm_pv(mth),Eelec(mth)
End Do L4
write(1,*) 'Average Daily PV temperatures:'

write(1,'(f10.6)") Tave

write(1,¥) Results for Window Section'
write(1,'(a6,al4,6a10)") 'Month','Tot E',Refl', 'Qairf,'qairb’, 'Qout’,'Qroom', Etrans'
L5: Do mth=1,12
write(1,'(1x,13,1x,f12.1,6x,610.6)") mth,Et_w(mth),Erfl_w(mth),qaf_w(mth), qab_w(mth), &

& qow(mth),qrm_w(mth),Etr(mth)
End Do L5

End if

Stop

End Program Yearly
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APPENDIX E
Listing of 1D_2PV_2W.F90

FORTRAN subroutine used for system definition and solving called from Yearly.F90
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!! Subroutine name: 1D_2PV_2

" '

"

i

! Description:  This subroutine is the main subroutine where all the inputs are set,
" and the equations for the model are defined.

"

1

"

Subroutine oned_2pv2W(tod,dn, Etot_pv, Etot_w, Erefl_pv, Erefl_w,qairlf_pv,qairlb_pv, &
& qairlf_w, qairlb_w, qo_pv, qo_w, qroom_w, qroom_pv, &
& Etrans, Egen, mth, Tpv)

implicit none

integer, intent (in) :: dn,tod

integer, intent (out) :: mth

real, intent (out) ::Etot_pv, Etot_w, Erefl_pv, Erefl_w, qairtf_pv, qairlf_w, Tpv, &

& _ qo_pv, qo_w, qroom_w, qroom_pv, Etrans, Egen, qairlb_pv,
qairlb_w ‘

real :: Tback Temperature of PV backplate

real ::Twl !'Temperature of the single glazing in Vision section
real =:Tb 1Blind temperature

real ::Lgap_f IWidth of the front cavity (closest to outside)

real ::Lgap_b 'Width of the back cavity (closest to room)

real ::Hpv IHeight of the PV section

real ::-Hw !Height of the Vision section

real ::Vel_f !Velocity of the front cavity (closest to outside)

real :: Vel b Velocity of the air in back cavity

real :: Ebal_w !Energy balance for Vision Section

real :: SA 1Surface azimuth

real :: Lat !Latitude of the system

real :: tilt ITilt of the AFW (90 deg is vertical)

real :: gnd_refl IThe ground reflectance

real :: Gd !The amount of diffuse solar radiation

real :: Gb !The amount of beam solar radiation

real :: To !The outdoor air temperature

real :: value !Variable to keep track of largest Temperature change between iterations
real o w !Width of the AFW

real ;1 Aw !Area of the vision Section

real :: Apv !Area of the PV Section

real - M_f !'Volumetric flow rate of air in front cavity

real : M_b Volumetric flow rate of air in back cavity

real :: abs_pv labsorptance of the PV cells

real :: refl_pv Ireflectance of the PV cells

real :: Troom room temperature

real :: Uwall 'Wall U-value
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real ::
real o
real ::
real ::
real ::
real ::
real ::
real
real ::
real i
real i
real ::
real =
real ::
real ::
real o
real o
real ::
real i
real ::
real ::
real ::
real ::
real i
real ::
real ::
real ::
real ::
real ::
real ::
real ::
real ::
real ::
real ::
real ::
real ::
real ::
real ::
real ::
real ::
real .
real ::
real ::
real ::
real ::
real ::
real ::
real ::
real ::
real ::
real ::
real i
real ::
real ::
real ::
real i

hroom

ho

ewall

Uo_pv

Uo_w

abs_b

refl_b

trans_b

Tm

eb

ewl

ew2

Uroom_pv

Uroom_w

Tpveg

Tbackg

Twlg

Tbg

Tw2_1g

tol

Ucomb

Ebal_pv

Twl_pvg

Taf_pvg
Tab_pvg
Ulf pv
U2f_pv
h1f pv
bh2f_pv
Ulb_pv
hlb_pv
U2b_pv
h2b_pv
Qair2f_pv
Qair2b_pv
hrb_pv
qair2f_w
qair2b_w
hrf_pv
Urf pv
epv_f
epv_b
Urb_pv
Taf_pv
Tab_pv
Twl_pv
Swl_pv

Scov
Spv
Spv_heat

k1, k2, k3, k4, k5, k6, k7, k8

theat transfer coefficient between AFW and room

theat transfer coefficient between AFW and outdoors
lemissivity of the wall

IThermal conductance to the outside from PV section
'Thermal conductance to the outside from Vision section
!blind absorptance

Iblind reflectance

!blind transmittance

'Variable used to calculate the mean temperature
lemissivity of the blind

lemissivity of the single glazing in Vision section
lemissivity of the double glazed window

'Thermal conductance between room and PV section
IThermal conductance between room and Vision section
IFirst pass guess of PV temperature

!First pass guess of PV .backplate

IFirst pass guess of Twl

'First pass guess of Tb

IFirst pass guess of Tw2_1

!Tolerance to stop iterating

!value used to sum two thermal conductance values
!Energy balance for PV section

IFirst pass guess of Twl_pv

IFirst pass guess of Taf_pv

'First pass guess of Tab_pv

'Thermal conductance between front glazing and PV front air cavity
1Thermal conductance between PV and front front cavity
!Conv. Heat Trans. Coef. between front glazing and PV front air cavity
!Conv. Heat Trans. Coef. between PV and front air cavity
IThermal conductance between PV and back air cavity
1Conv. Heat Trans. Coef. between PV and back air cavity
IThermal conductance between back wall and PV back air cavity
!Conv. Heat Trans. Coef. between back wall and PV back air cavity
!Energy absorbed in the front PV air cavity

1Energy absorbed in the back PV air cavity

1The radiative heat transfer coefficient in back PV cavity
'Energy absorbed in the front Vision air cavity

'Energy absorbed in the back Vision air cavity

Radiative heat transfer coefficient in front PV cavity
Radiative thermal conductance in front PV cavity
lemissivity of the front of the PV

lemissivity of the back of the PV

'Radiative thermal conductance in back PV cavity
laverage air temperature in front PV cavity

laverage air temps in back PV cavity

ITemperature of the first glazing in PV section
'Radiation absorbed by first glazing in PV section
'Radiation absorbed by PV cover

1Total Radiation absorbed by PV

IRadiation absorbed in PV as heat

!Constants used to solve system of equations

k9, k10, k11, k12, k13, k14, k15, k16, k17, k18, k19, k20, k21

af, ab
sum, sum?2
C

Dens

tvariables to solve system

!dummy variables used to sum values
Ithermal capacitance of air

!Air density
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real .- Ipl, Ip2, Ip3, Ip4, Ips, Inl, In2, In3, Ind, In5 tVariable used to calculate solar radiation abs.

real ::  Swl 'Radiation absorbed in single glazing in Vision section

real . Sw2_1 'Radiation abs. in first glazing of double glazed window (cavity side)
real :: Sw2_2 'Radiation abs. in 2nd glazing of double glazed window (room side)
real ::  Sblind 'Radiation abs. in blind

real ;' hc_w2 !Convective heat transfer coeff. between glazings of W2

real ;1 Taf_wg IFirst pass value of Average air temps. of front Vision section
real::  Tab_wg IFirst pass value of average air temps of back vision section

real ;. Ulfw 'Thermal conductance between W1 and front Vision air cavity
real ;. U2f w IThermal conductance between blind and front Vision air cavity
real ::  hifw !Conv. heat transfer coeff. between W1 and front Vision air cavity
real :: h2f w !Conv. heat transfer coeff. between blind and front Vision air cavity
real::  Ulb_w !Thermal conductance between blind and back Vision air cavity
real ::  hlb_w IConv. heat transfer coeff. between blind and back Vision air cavity
real ::  U2b_w !Thermal conductance between W2 and back Vision air cavity
real .1 h2b_w !Conv. heat transfer coeff. between W2 and back Vision air cavity
real :: hr_w2 !Radiative heat transf. coeff. between glazings of W2

real 1 hw2 !Combined rad. and conve. Heat trans. coeff. of W2

real ;. Uw2 'Thermal conductance of W2

real ::  Hr_wlb 'Radiative heat trans. coeff. between w1 and blind

real ;. Urf !Radiative thermal conductance between W1 and blind

real ::  Urb 'Radiative thermal conductance between blind and W2

real . hr_w2b 'Radiative heat trans. coeff. between blind and W2

real ;1 y(2) !Temp. and its first derivative used to solve system of equations
real ::  Tw2_2g IFirst guess value of Tw2_2

real = Sol_pv(2,101)  !Solution found for temperatures using RungeK for PV section
real :: Sol(2,101) !Solution found for temperatures using RungeK or Vision section
real :  LNG !Longitude of the system

real ::  STM !Local standard time meridian of the system

real::  Taf ! Average air temperature in front Vision section

real ;. Tab !Average air temperature in back Vision section

real 1 Tw2_1 !Temperature of first glazing of W2 (cavity side)

real ::  Tw2_2 !Temperature of second glazing of W2 (room side)

real 1 meml,mem2, mem3 'Values used to keep stored memory between iterations
real :  rfl_wl_df !diffuse reflectance of W1

real @ rfl_w2_df tdiffuse reflectance of W2

real :  tr_wl_bm !beam transmittance of W1

real::  tr_w2_bm beam transmittance of W2

real ::  rfl_wl_bm !beam reflectance of W1

real 1 rfl_w2_bm Ibeam reflectance of W2

real ;1 tr_wi_df Idiffuse transmittance of W1

real . tr_w2_df ldiffuse transmittance of W2

real ;1 tkwl Ithickness of wl

real ::  tw2 Ithickness of each glazing of W2

real ;1 kwl lextinction coefficient of wl

real :: kw2 lextinction coeff. of w2

real ::  abs_wl_bm !beam absorptance of wl

real ;1 abs_w2_bm !beam absorptance of w2

real 1 abs_wl_df ldiffuse abs. of wl

real ::  abs_w2_df ldiffuse abs of w2

real i1 tkgl Ithickness of g1 (outside glazing in PV section)

real ;0 kgl lextinction coeff. of gl

real 1 tr_gl_bm beam trans. of gl

real 0 rfl_gl_bm 'beam refl. of gl

real ::  abs_gl_bm beam abs. of gl

real .1 tr_gl_df Idiffuse trans. of g1
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real :»  rfl_gl_df ldiffuse refl. of gl

real :: trans_gl laverage transmittance of gl

real :: refl_gl lave reflect. of gl

real ;- trans_w1 lave trans. of wl

real :: refl_wl lave refl. of wl

real ;1 abs_gl_df !diffuse abs. of gl

real ::  adj Ivariable to adjust for fins

real 1 wadj Ivariable to adjust width to account for fins

real ;1 nfin Inumber of fins used

real :: mLc Value used in calculating fin effectiveness

real::  Lc !Corrected length of fin to account of end effects

real ::  Lfin !Length of the fin

real ::  tfin IFin thickness

real ;1 sfin I1Spacing between each fin

real::  Afin !Surface area of the fin

real ::  kfin !Fin material thermal conductivity

integer :: blind lvariable to allow to choose a blind from a selection of 4
integer ::i ldummy variable

integer ::Ni Inumber of divisions for air temperature in Vision section
integer ::Ni_pv Inumber of divisions for air temp. in PV section

integer ::fin tvariable to declare if fins are being used

mteger :yes, no !dummy variables assigned 1 for yes and 0 for no

integer ::numf 1total number of fins used

integer ::count Icounter that keeps track of the number of iterations required
real :: sbe Istefen boltzman constant

Parameter (sbc=5.67*1e-8)!stefan boltzmann constant (W /m2K4)

RN RN RN RN NN RN RN R RN RN AR RN AR

1! Interface Declaration

1! (defining functions used in the program)
R T T T ARSI

Interface

Function npv(T) 1 PV efficiency
implicit none

Real, Intent(IN) :: T

Real :: npv

End function npv

End Interface
yes=1; no=0

RN AR RN RN RN RN RN RN R RN R R RN RN AR AR RN RN RRERRR R

1! Model Inputs
"
IINPUTS TO PROGRAM: The next section is where all the different parameters can be varied for the
program. The only other

_!parameter that can be changed is in Yearly where you define the time span that you want the program
!to run for
T T T A A T R R A A TS T S R R A TR AT A A
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tol=0.5

ltolerance to stop interating

Lat=45 ILatitude

tilt=90 1tilt angle from horizontal

LNG=74 !longitude for Montreal region
STM=75 !local standard time meridian

SA=0 !Surface azimuth

gnd_refl=0.20 !ground reflection

kgl1=6.96 lextinction coefficient of PV cover
kw1=6.96 lextinction coefficient for wl
kw2=6.96 lextinction coefficient for glazings in w2
tkg1=0.0003 Ithickness of PV cover

tkw1=0.005 Ithickness of wl

tw2=0.003 Ithickness of glazings in w2

Hpv=1.12 PV Section height

Hw=0.636 'Window section height

Vel_f=0.3 !Air velocity in the front cavity
Vel_b=0.6 !Air velocity in the back cavity
Lgap_f=0.035 !Gap width in front cavity
Lgap_b=0.055 !Gap width in back cavity

w=0.92 lwidth of airflow window

abs_pv=0.92 labsorptivity of PV

refl_pv=0.08 treflectivity of PV

epv_b=0.1 lemissivity of back of PV panel (oxidize aluminum)
epv_{=0.9 !emissivity of front of PV panel
Uwall=1 !thermal conductance of wall (W/m2K)
ewall=0.9 lemissivity of wall

eb=0.9 lemissivity of blind

ewl=0.9 lemissivity of single glazing

ew2=0.9 lemissivity of double glazing

he_w2=2 lconvective heat transfer between 2 glazings in W2
hroom=6.5 'heat transfer coefficient to room
Troom=0.4 Iroom temperature

ho=12 'heat transfer coefficient to outside

il

'The following sets the blind optical properties

"

. !There are four different blinds that can be used in this model. They have the following properties:

Iblind 1: absorptivity=0.5, reflectivity=0.3, transmissivity=0.2
Iblind 2: absorptivity=0.3, reflectivity=0.5, transmissivity=0.2
'blind 3: absorptivity=0.7, reflectivity=0.2, transmissivity=0.1
!blind 4: absorptivity=0.55, reflectivity=0.4, transmissivity=0.05

Blind=1 Iblind selection

If (Blind == 1) then
abs_b=0.5
trans_b=0.2
refl_b=1-abs_b-trans_b
Else if (Blind == 2) then
abs_b=0.3
trans_b=0.2
refl_b=1-abs_b-trans_b
Else if (blind==3) then
abs_b=0.7
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trans_b=0.1
refl_b=1-abs_b-trans_b
Else if (blind == 4) Then

abs_b=0.55

trans_b=0.05

refl_b=1-abs_b-trans_b
Else

abs_b=0.5

trans_b=0.2

refl_b=1-abs_b-trans_b

Print *,Tmproper blind selection, default (blind 1) used'
End If
Aw=w*Hw larea of window section
Apv=w*Hpv larea of pv section -

M_f=Lgap_ f*w*Vel_f !Volumetric flow rate of air (m3/s) in front cavity
M_b=Lgap_b*w*Vel_b !Volumetric flow rate of air (m3/s) in back cavity

Uroom_pv=hroom*Apv !thermal conductance between wall and room for pv section

Uroom_w=hroom*Aw 1" for window section

Uo_pv=ho*Apv !thermal conductance between pv and outside
Uo_w=ho*Aw Ithermal conductance between single glazing and outside
IFINS

fin=no lare fins included? yes or no
Lfin=0.015 !fin length

tfin=0.002 ' !fin thickness

Sfin=3.*tfin Ifin spacing according to Rolle
Le=Lfin + tfin/2. Icorrected fin length

Afin=2 *Hpv*Lc !fin area

Numf=w/(tfin+Sfin) Inumber of fins

kfin=236 tconductivity of al according to Rolle
adj=0.5 Ineeded in energy balance to adjust

call envcond(tod,dn,SA,Lat, LNG,STM,tilt,gnd_refl kwi kw2, tkwl tw2 kgl tkgl, &
& Gb,Gd, To, mth, tr_wl_bm, tr_w2_bm, rfl_wl_bm, rfl_w2_bm, tr_wl_df, &
& tr_w2_df, rfl_wl_df, rfl_w2_dfrfl_gl_bm,rfl_gl_dfitr_gl_bm,tr_gl_df)

trans_w1= (Gd/(Gb+Gd))*tr_w1_df +(Gb/(Gb+Gd))*tr_wl_bm
refl_wl= (Gd/(Gb+Gd)y*rfl_wl_df+(Gb/(Gb+Gd))*rfl_wl_bm
trans_gl= (Gd/(Gb+Gd))*tr_g1_df +(Gb/(Gb+Gd))*tr_g!_bm
refl_gl=(Gd/(Gb+Gd))*rfl_gl_dft+(Gb/(Gb+Gd))*rfl_gl_bm

Iprint *,'trans_coV', trans_g1, 'refl_cov', refl_gl
lprint * 'trans_w1', trans_wl, 'refl_wl", refl_wl

abs_wl_bm=1-tr_wl_bm-rfl_wl_bm 'beam abs. of wl
abs_w2_bm=1-tr_w2_bm-rfl_w2_bm !beam abs. of each glazing of w2
abs_wl_df=1-tr_wl_df-rfl_wl_df !diffuse abs. of wl

abs w2_df=1-tr_w2_df-rfl_w2_df Idiffuse abs. of each glazing of w2
abs_gl_bm=1-tr_gl_bm-rfl_gl_bm !beam abs. of PV cover
abs_gl_df=1-tr_gl_dfrfl_gl_df \diffuse abs. of PV cover

'First guess values for Twl_pv, Tpv, Tback, Twl, Tb, Tw2, Taf_pv, Tab__pv,’Taf__w, Tab_w
Twl_pvg=21
Tpveg=25
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Tbackg=22
Twlg=19
Tbg=25
Tw2_1g=22
Tw2_2g=21
Taf pvg=20
Tab_pvg=20
Taf wg=24
Tab_wg=24

!END OF INPUTS TO PROGRAM

"The following while loop calculates the temperatures in the PV section using an iterative
Hprocess. It stops once convergence in the temperatures occurs.
i

value=10

mem2=0 ;mem1=0; count=0

Do While (value > tol)

count=count+1 ‘

h1f_pv=0; h2f_pv=0; h1b_pv=0; h2b_pv=0;

call htcoefl D(Lgap_f,Hpv,Vel_f,Twl_pvg,Tpvg,Taf_pvg,(Gd+Gb),h1f_pv,h2f pv)
call htcoef1D(Lgap_b,Hpv,Vel_b,Tpvg,Tbackg,Tab_pvg,(Gd+Gb),hlb_pv,h2b_pv)

th1f_pv=411.9*h1f pv 4.1
th2f_pv=T7 11.9*h2f pv 8.1
Th1b_pv=7.511.9*hlb_pv 110.1
th2b_pv=4.511.9*h2b_pv 17.4

print *,'h1f_pv', h1f pv, 'h2f_pv', h2f pv
print *'h1b_pv', h1b_pv, 'h2b_pv', h2b_pv

mLe=(2.*h1b_pv/(kfin*Lc*tfin))**0.5 * Le**1.5
nfin=tanh(mLc)/mlc
wadj=2.*numf*Lfin*nfin + 0.5*%((1.+adj)*w + (1.-adj)*nfin*w)

Ulf_pv=Apv*hlf pv

U2f pv=Apv*h2f pv

U2b_pv=Apv*h2b_pv

if (fin==yes)then

Ulb_pv=(Afin*numf*nfin + (Apv - numf*Hpv*tfin))*h1b_pv
else

Ulb_pv=Apv*hlb_pv

End if

Ucomb=Uroom_pv*Uwall/(Uroom_pv+Uwall)
Tm=273.15+Twl_pvg+Tpvg)/2.

hrf_pv=4 *sbc*Tm**3/((1/epv_f)+(1/ewall) -1)
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Urf_pv=Apv*hrf_pv
Tm=273.15+(Tpvg+Tbackg)/2.

hrb_pv=4.*sbc*Tm**3/((1/epv_b)+(1/ewall) -1)
Urb_pv=Apv*hrb_pv

RN AR RN RN RN RN R R RN RN RN IR RN RN

Calculation of solar radiation absorbed in each layer
A A A R T R A A T R R T A A R N R AT LA A TR T A

Swl_pv=0;Scov=0;Spv=0;Erefl_pv=0;Spv_heat=0; Etot_pv=0

Ip1=Gd + Gb

Ip2=(1- refl_wl*(refl_gl + trans_g1**2 *refl_pv*(1-refl_pv*refl_gl)**(-1)))**(-1) *Ip1*trans_wl
Ip3=(1- refl_pv*refl_gl)**(-1) *trans_g1*Ip2

In3=Ip3* refl_pv

In2=Ip2* refl_gl + In3*trans_g1

In1=In2* trans_wl + Ip1*refl_wl

Swl_pv = w*Hpv*((Ipl+In2) - (Ip2-+Inl))
Scov = w*Hpv*((Ip2+In3) - (Ip3+In2))
Spv = w*Hpv*(Ip3-In3)

Etot_pv=Ipl1*Apv
Erefl_pv = Inl*Apv

Egen=Apv*Ip3*npv(Tpvg)
Spv_heat=Spv-Egen

'Print *,'Etot_pV', Etot_pv, 'Erefl_pv', Erefl_pv
IPrint *, 'Swi_pv', Swl_pv, 'Scov', Scov, 'Spv_heat', Spv_heat, 'Egen’, Egen

Spv_heat=Spv_heat + Scov Treating PV cover, cells and backplate as one

T I T I T ey

11Solving the energy balance equations for the PV section

"

I R A A A AN A

- af=M_f*C(Taf_pvg)*dens(Taf_pvg)/w
ab=M_b*C(Tab_pvg)*dens(Tab_pvg)/w

ki=Uo_pv + Urf_pv + Ulf_pv

k2=Urf_pv + Urb_pv + U2f_pv + Ulb_pv

k3=Urb_pv + U2b_pv + Ucomb

k4=(k2- Urf_pv**2/kl - Urb_pv**2/k3)**(-1) * (U2f_pv + Urf_pv*U1lf pv/kl)

k5=(k2- Urf_pv**2/k1 - Urb_pv**2/k3)**(-1) * (Ulb_pv + Urb_pv*U2b_pv/k3)

k6=(k2- Urf_pv**2/k1 - Urb_pv**2/k3)**(-1) * (Ucomb*Troom*Urb_pv/k3 + Spv_heat + &
&

Urf_pv*(Uo_pv*To +Swl_pvykl)
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k7=(Utf_pv*k4 + Ulf_pv)/kl
k8=Urf_pv*k5/kl

k9=(Urf_pv*k6 + Uo_pv*To + Swi_pvykl
k10=Urb_pv*k4/k3

k11=(Urb_pv*kS + U2b_pv)/k3
k12=(Ucomb*Troom + Urb_pv*k6)/k3
k13=(h1f_pv*(k7-1) + h2f pv*(k4-1))/af
k14=(h1f pv*k8 + h2f_pv*k5)/af
k15=(h1f_pv*k9 + h2f_pv*k6)/af

if (fin == yes) then

k16=((wadj/w)*h1b_pv*k4 + h2b_pv*k10)/ab
k17=((wadj/w)*h1b_pv*(k5-1) + h2b_pv*(k11-1))/ab
k18=((wadj/w)*h1b_pv*ké6 + h2b_pv*k12)/ab

Else

k16=(h1b_pv*k4 + h2b_pv*k10)/ab
k17=(h1b_pv*(k5-1) + h2b_pv*(kl11-1))/ab
k18=(h1b_pv*k6 + h2b_pv*k12)/ab

End If

I

"Using the Runga Kutta method to solve for the air temperatures
"

y(1)=To

y(2)=y(1)

Ni_pv=50 !number of divisions in Hpv
call tkm(2,y,Hpv, Ni_pv, k13,k14,k15,k16,k17,k18,s0]_pv)

sum=0; sum2=0

Do i=1,Ni_pv+1
sum=sum-+Sol_pv(1,i)
sum2=sum2+Sol_pv(2,i)
End Do

Taf_pv=sum/(Ni_pv+1)
Tab_pv=sum2/(Ni_pv+1)

Twl_pv=k7*Taf_pv + k8*Tab_pv + k9
Tpv=k4*Taf_pv + kS5*Tab_pv + k6
Tback=k10*Taf_pv + k11*Tab_pv + ki2

!Sets tolerance values in memory to avoid getting stuck in a perpetual loop
mem3=mem?2
mem2=mem]
mem]l=value

"
!The following sets the tolerance of the loops based on the largest temperature difference

!between the temperature calculated in the loops compared to previous iteration
"

value=abs(Twl_pv-Twl_pvg)
If(abs(Tpv-Tpvg)>value) then
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value=abs(Tpv-Tpvg)
End if

If(abs(Tback-Tbackg)>value) then
value=abs(Tback-Tbackg)
End If

If(abs(Taf_pv-Taf_pvg)>value) then
value=abs(Taf_pv-Taf_pvg)
End If

If(abs(Tab_pv-Tab_pvg)>value) then
value=abs(Tab_pv-Tab_pvg)
End If

IERRRRN AR RN NN R RN RN RN A RN RN NN RN NN RN RN NN RN RN R NS ARN

1!Sometimes the program gets stuck in a loop, and can't converge. The program detects this
and breaks the loop and prints the tolerance on convergence that was used for that loop

"

BN T A T R e LA TR AR RN NA L

If ((mem3 == value) .or. mem2==value .or. count==20) then
print *, 'Temperatures not converging, used tolerance of*', value
value=tol-0.1

End If

1

!!Setting the intial guesses for the temperatures as the last loops calculated values
n

Twl_pveg=Twl_pv
Tpvg=Tpv
Taf_pvg=Taf pv
Tab_pvg=Tab_pv
Tbackg=Tback
End Do

1

1Calculating the energy transferred in the system
I

qairlf_pv=M_f*dens(Taf_pv)*C(Taf_pv)*(Sol_pv(1,Ni_pv+1)- To)
qair2f_pv=Ulf_pv*(Twl_pv-Taf_pv) + U2f pv*(Tpv-Taf_pv)
qairlb_pv=M_b*dens(Tab_pv)*C(Tab_pv)*(Sol_pv(2,Ni_pv+1)- To)
qair2b_pv=U1b_pv*(Tpv-Tab_pv) + U2b_pv*(Tback-Tab_pv)
qroom_pv=Ucomb*{Tback-Troom)

go_pv=Uo_pv*(Twl_pv-To)
Ebal_pv=Etot_pv-Erefl_pv-qairlf_pv-qairlb_pv-qroom_pv-qo_pv-Egen

Iprint *'Efficiency PV Section', (qair1f _pv+qairib_pv+Egen)/Etot_pv

lprint *,' Erefl', Erefl_pv, 'qo_pv', Qo_pv, 'Qroom_pV', qroom_pv

tprint *'Qairf, Qairl{_pv, 'Qairb’, Qairlb_pv

Iprint *'Gbeanm, Gb, 'Gdiffuse’, Gd

lprint *,'Twl_pv', Twl_pv, 'Tpv!, Tpv, "Tback, Tback, 'Taf_pv', Taf_pv, 'Tab_pv', Tab_pv
Iprint *,'Tair exit front',Sol_pv(1,Ni_pv+1), 'Tair exit back’, Sol_pv(2,Ni_pv+1)

Iprint *, 'npv', npv(Tpv), 'Electricity', Egen
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Iprint *, 'nfin', nfin
Iprint *, 'Ebalance PV Section', Ebal_pv

!Print *,'Front radiation exchange:', Urf_pv*(Tpv-Twl_pv)
!Print *,'Back radiation exchange:', Urb_pv*(Tpv-Tback)

1
ICALCULATIONS DONE FOR THE VISION SECTION
I

"

"

IThe following is to determine the heat from solar radiation captured in each element of Vision Section
§

Etot_w=0; Etrans=0; Erefl_w=0; Sw1=0; Sblind=0; Sw2_1=0;Sw2_2=0
!diffuse calculations

Ip1=Gd
In5=0 lassuming negligible radiation is leaving from room

k1=(1-rfl_w2_df)**(-1) * tr_w2_df
k2=(1-rfl_w2_df)**(-1) * rfl_w2_df¥tr_w2_df
k3=tr_w2_df*rfl_w2_df*kl
kd=InS*tr_w2_df**2 + cfl_w2_df*k2*tr_w2_df
k5=(1-refl_b*k3)**(-1) * trans_b
k6=(1-refl_b*k3)**(-1) * kd*refl_b

k7=refl_b + trans_b*k3*k5

Ip2=(1-rfl_wl_df*k7)**(-1) * (Ip1*tr_w1_df + rfl_wl_df*trans_b*k4)
Ip3=k5*Ip2 + k6

Ip4=k1*Ip3 + k2

Ip5=tr_w2_df*Ip4 + In5

In2=k7*Ip2 +trans_b*k4
In3=k3*Ip3 +k4

Ind=tr_w2_df*In5 + Ip4*rfl_w2_df
Inl=In2*tr_wl_df+ Ipl*cfl_wil_df

Etot_w=Gd*Aw
Etrans=Ip5*Aw
Erefl_w=Inl*Aw

Swl= Aw*((Ip1+In2)-(Ip2+Inl))

Sblind= Aw*((Ip2+In3)-(Ip3+In2))
Sw2_1= Aw*((Ip3-+Ind)-(Ip4+In3))
Sw2_2= Aw*((Ip4+In5)-(Ip5+Ind))

'For beam radiation

Ip1=Gb
In5=0 lassuming negligible radiation is leaving from room

158



k1=(1-rfl_w2_bm)**(-1) * tr_w2_bm
k2=(1-rfl_w2_bm)**(-1) * rfl_w2_bm*tr_w2_bm
k3=tr_w2_bm*rfl_w2_bm*kl
kd=In5*tr_w2_bm**2 + rfl_w2_bm*k2*tr_w2_bm
k5=(1-refl_b*k3)**(-1) * trans_b
k6=(1-refl_b*k3)**(-1) * kd*refl_b

k7=refl_b + trans_b*k3*k5

Ip2=(1-rfl_wl_bm*k7)**(-1) * (Ip1*tr_wl_bm + rfl_wl_bm*trans_b*k4)
Ip3=k5*Ip2 + k6

Ip4=k1*Ip3 + k2

Ip5=tr_w2_bm*Ip4 + In5

In2=k7*Ip2 +trans_b*k4

In3=k3*Ip3 +k4

Ind=tr_w2_bm*In5 + Ip4*rfl_w2_bm
Inl=In2*tr_wl_bm + Ipl*rfl_wl_bm

Etot_w=Etot_w+Gb*Aw
Etrans=Etrans+Ip5*Aw
Erefl_w=FErefl_w + Inl*Aw

Swl= Swl+ Aw*((Ip1+In2)-(Ip2+Inl))
Sblind= Sblind+ Aw*((Ip2+In3)-(Ip3+In2))
Sw2_1=Sw2_1+ Aw*((Ip3+In4)-(Ip4+In3))
Sw2_2=Sw2_2+ Aw*((Ip4+In3)-(Ip5+Ind))

RN R RN R RN RN RN RN RN RN RN R RN R R AR RN RN R RN RN A RA RN RN A

!1The following while loop calculates the temperatures in the Vision section using an iterative
Hprocess. It stops once convergence in the temperatures occurs.

1
AR R RN RN R RN R R RN RN R RN R R R RN AR RN N RN R RA R AR AR AR RN

value=10

mem1=0; mem2=0;count=0

Do While (value > tol)

count=count+1

call htcoefI D(Lgap_f,Hw,Vel_f,Twlg Tbg Taf wg,(Gd+Gb),hlf_w,h2f w)

call htcoef1D(Lgap_b,Hw,Vel_b,Tbg, Tw2_1g,Tab_wg(Gd+Gb),h1b_w,h2b_w)

Ulf_w=Aw*hlf w

U2f_w=Aw*h2f w

Ulb_w=Aw*hlb_w

U2b_w=Aw*h2b_w

Tm=273.15 + (Tw2_1g+Tw2_2g)/2.
hr_w2=4.*sbc*Tm**3/((1/ew2)+(1/0.9) -1)

hw2=hr_w2+hc_w2
Uw2=Aw*hw2
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Tm=273.15 + (Twlg+Tbg)/2.
hr_wlb=4 *sbc*Tm**3/((1/ew1)+(1/eb) -1)
Urf=hr_ wlb*Aw

Tm=273.15 + (Tw2_1g+Tbg)/2.
hr_w2b=4.*sbc*Tm**3/((1/ew2)+(1/eb) -1)
Urb=hr_w2b*Aw

'Solving the energy balance equations for the Vision section
I

af=M_f*C(Taf_wg)*dens(Taf_wg)/w
ab=M_b*C(Tab_wg)*dens(Tab_wg)/w

k1=Uo_w + Ulf_w + Urf

k2=Urf + Urb + U2f_w+ Ulb_w

k3=Urb + U2b_w + Uw2

kd=(k3- Uw2**2 /(Urcom_w + Uw2))**(-1) * Urb

k5=(k3- Uw2**2 /(Uroom_w + Uw2))**(-1) * U2b_w

k6=(k3- Uw2**2 /(Uroom_w + Uw2))**(-1) * (Sw2_1 + Uw2*((Sw2_2+Uroom_w*Troom)/(Uroom_w
+Uw2)))

k7=(k2- Urf**2 /k1 -Urb*k4)**(-1) * (Urf*U1f_w/k} +U2f_w)
k8=(k2- Urf**2 /k1 -Urb*k4)**(-1) * (Urb*k5 + Ulb_w)
k9=(k2- Urf**2 /k1 -Urb¥*k4)**(-1) * (Sblind +Urb*k6 +Urf*(Uo_w*To+Sw1)/kl)
k10=kd4*k7

k11=k4*k8 + k5

k12=k4*k9 + k6

k13=(U1f_w + Urf*k7)/k1

k14=Urf*k8/k1

k15=(Uo_w*To + Swl + Urf*k9)/kl

k16=(h1f_w*(k13-1) + h2f_w*(k7-1))/af

k17=(h1f_w*k14 + h2f w*k8)/af

k18=(h1f w*k15 + h2f_w*k9)/af

k19=(h1b_w*k7 + h2b_w*k10)/ab

k20=(h1b_w*(k8-1) + h2b_w*(k11-1))/ab

k21=(hib_w*k9 + h2b_w*k12)/ab

" : :

Using the Runge Kutta method to solve air temperatures
"

y(1)=Sol_pv(1,Ni_pv+1)
y(2)=Sol_pv(2,Ni_pv+1)

Ni=50
Call rkm(2,y,Hw, Ni, k16,k17 k18,k19,k20,k21,s01)

sum=0; sum2=0
L2: Do i=1,Ni+1

sum=sum-+Sol(1,1)

sum2=sum?2+8ol(2,i)
End Do L2
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Taf=sum/(Ni+1.)
Tab=sum2/(Ni+1.)

Tb=k7*Taf + k8*Tab + k9

Tw2_1=k4*Tb + k5*Tab + k6

Twl=k13*Taf + k14*Tab + K15

Tw2_2=(Uw2*Tw2_1 + Uroom_w*Troom + Sw2_2)/(Uroom_w + Uw2)

!1Sets tolerance values in memory to avoid getting stuck in a perpetual loop
mem3=mem?2

mem2=mem1

meml=value

I

1'The following sets the tolerance of the loops based on the largest temperature difference
between the temperature calculated in the loops compared to previous iteration

"

value=abs(Twl-Twlg)

if (abs(Tb-Tbg)>value) then
value=abs(Tb-Tbg)
End If

If(abs(Tw2_1-Tw2_1g)>value) then
value=abs(Tw2_1-Tw2_1g)
End If

If (abs(Taf - Taf_wg)>value) then
value=abs(Taf - Taf_wg)
End if

If (abs(Tab - Tab_wg)>value) then
value=abs(Tab - Tab_wg)
End if

AR RN RN R RN RN RN AR R RN AR RN RN AR AR RN RN AR RR RN RN R

!'Sometimes the program gets stuck in a loop, and can't converge. The program detects this
and breaks the loop and prints the tolerance on convergence that was used for that loop

"

R R A T R T A T R A e R LR A AR TR AR AT AR

If (mem?2 == value .or. mem3==value .or. count==20) then
print *, "Temperatures not converging, used tolerance of®', value
value=tol-0.1

End If

"

!1Setting the initial guesses for the temperatures as the last loops calculated values
I

Twlg=Twl

Tbg=Tb

Tw2_1g=Tw2_1

Tw2_2g=Tw2_2

Taf_wg=Taf
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Tab_wg=Tab
‘End Do

"

!!Calculating the energy transferred in the system
3]

qairlf_w=M_f*dens(Taf)*C(Taf)*(Sol(1,Ni+1)-Sol_pv(1,Ni_pv+1))
qair2f_w=U1f_w*(Twl-Taf) + U2f_w*(Tb-Taf)
qairlb_w=M_b*dens(Tab)*C(Tab)*(Sol(2,Ni+1)-Sol_pv(2,Ni_pv+1))
qair2b_w=Ulb_w*(Tb-Tab) + U2b_w*(Tw2_1-Tab)

groom_w=Uroom_w*(Tw2_2-Troom)
qo_w=Uo_w*(Twl-To)
Ebal_w=Etot_w-Erefl_w-Etrans-qairlf w-qairlb_w-qroom_w-qo_w

Return
End Subroutine oned_2pv2W

"Function Definition
" :
N T L T R L T e R T E R T NI T A Ie

Function npv(T) ! Calculates PV efficiency based on Tpv
implicit none

Real, Intent(IN) :: T
Real :: npv

if (T>25) then

npv=0.062 - 0.0004*(T-25)
Else

npv=0.062

End If

End function npv
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APPENDIX F
Listing of Model.F90
FORTRAN program to calculate performance of ventilated facades

in Configuration 1 for 2D model
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I

" Program: Model (2DModellpv_2w)

"

I Description: This is the Program that interfaces with all of the subroutines
i

PROGRAM model
implicit none

HVariable declaration and input number of elements per component
1"

" Integer:: i ldummy variable
Integer:: N !Total number of elements in system
Integer:: N1 !Number of elements per component
Integer:: Npv Total number of elements in PV section
Integer:: Nw !Total number of elements per component in Vision section

Integer:: div
Parameter (div=10) Input the number of elements per component (Max=700/14)

PARAMETER (N=div*(5+7)) !Total number of elements (Max 700), not that the (N=div*(a+b)) the div is
Ithe number of elements a section is divided into, and the a is the number of components in the PV section,
while the b is the number of elements in the vision section

REAL:: T(N) !Array defining elemental temperatures

Real:: f(N) !Array defining energy balance equations for each element
LOGICAL :: check Variable used to check convergence

Npv=(N/12)*5 'Number of elements in the PV Section

Nw=(N/12)*7 !Number of elements in the Vision Section

NI1=N/12 !Number of elements per PV surface

Hnput of temperatures used in the first iteration of the model
"

L1: Do i=1,N1

T()=277 +i*(4./N1) PV cover temperature
T(i+N1)=279 +i*(4./N1) 1PV temperature
T(i+2*N1)=280 +i*(4./N1) IPV backplate temperature
T(@+3*N1)=263.1 +i*(4./N1) lair temperature in PV section
T(@+4*N1)=271 +i*(2./N1) back wall temperature
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T(Npv+1)=269.5 +i*(2./N1) !gl in vision section

T(Npv+i+N1)=265.15 +i*(2./N1) !front air temperature in Vision section
T(Npv+i+2*N1)=285 +i*(4./N1) !front temperature of blind
T(Npv+i+3*N1)=285.4 + i*(4./N1) !back temperature of blind
T(Npv+i+4*N1)=264.1 + i*(4./N1) !back air temperature in Vision section
T(Npv+i+5*N1)=285.5 + i*(4./N1) !first glazing temp in dbl glazed window
T(Npv+i+6*N1)=290 + i*(4/N1) !Isecond glazing temp in dbl glazed window

End Do L1

P L T e et e e e e et e e e ey

Nnterface with subroutine broydn, and funcv (EqnGenlpv_2w)
1"
R A A A TR A T A R L A A AT R

call broydn(T,N,check)
call funcv(N,T,f)

" open (1,file="DATA.dat")

if (check) then
write(1,*) 'Convergence problems.’
end if

LR R AR RN RN R NN RN RN SRR R a R NN RN NN R RN AR RN RN A R R RN RN AR A AR RN IS

!'The following section sends the resulting temperatures to a file called Data
"
T AT A T T S R R A R A TR AR A T A TR U A A TS A AR

write(1,*) 'Results for PV Section’

write(1,'(10x,10a12)") 'Tcover', 'f, "Tpv','f, 'Tback', 'f, &
& 'Tair', 'f, 'Twall', 'f

L2:  doi=]1 Nl
write(1,'(10x,10£12.6)") T(1),f(1), TG+N1),f(i+N1), TE+2*N1),f(i+2*N1),T(i+3*N1),{(i+3*N1), &
& T(i+4*N1),f(i+4*N1)
End do L2

write(1,*) Results for Viston Section'

write(1,'(14x, 14a12)") 'Tgl','f', 'Tair_f, 'f, 'Tblind_f, 'f, 'Tblind_b', 'f', 'Tair_b", 'f', &
& 'Tw2_1','f, Tw2_2','f
L3: do i=Npv+1,Npv+N1
write(1,'(14x,14f12.6)") T(),f{), TG+N1),fG+N1), T(+2*N1),f(+2*N1), T(i+3*N1),f(i+3*N1), &

& T(i+4*N1),f(i+4*N1), T(+5*N1),{(i+5*N1), T(+6*N1),{(i+6*N1)
End do L3

END Program model
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APPENDIX G
Listing of funcv.F90

FORTRAN subroutine used for system definition and solving called from Model.FO0
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"

11 Subroutine name: funcv (EqnGenlpv_2w)

1

i

i}

"1 Description:  This subroutine is the main subroutine where all the inputs are set,
" and the equations for the model are defined.

n

"

I

implicit none
INTEGER, intent(in):: n

Real, intent(in):: T(n)
Real, intent(out):: f(n)

Integer :: i, !Dummy variables used for loop definitions

Integer :: N2 !Number of elements in each component

Integer :: indx_pv(2*(N/12)+3), indx_w(2*(N/12)+3) !dummy array used in LU decomposition

Integer :: Nw, NoPV INumber of elements in Vision and PV section, respectively

Integer :: indx_w2(2*(N/12)+3)  !'Dummy array used in LU decomposition

Integer :: yes, no 1Given values of 1 and O to set if fins, and low_e coating are used

Integer :: fin Variable to state if fins are used yes or no (1 or 0)

Real:: H_tot_pv IThe total height of the PV section

real ;. AQ2*¥(IN/12)+3,2%(N/12)+3) 1The radiosity matrix

real :: - abs b IBlind absortance

real::  ‘Acov IPercent coverage of the PV cells

real ::  Check_1w !Dummy variable used to verify that solar rad abs. in each
Vision element is well defined

real ::  dA_pv 1The area of each PV element

real 1 dA_w IThe area of elements in the Vision section

real:: dAfin The elemental fin area

real ::  dH_pv IThe height of each PV element

real :: dH_w I'The height of elements in the Vision section

real :: eb 1The emissivity of the blind

real ::  eback !The emissivity of the PV back plate

real ::  Ebal_pv 1The energy balance of the PV Section

real :: Ebal_w 1The energy balance of the Vision section

real ::  echan b 1The emissivity of the back cavity side walls of PV section

real :: echan_f IThe emissivity of the front cavity side walls of PV section

real ;1 ecov 'The emissivity of the PV cover

real ;1 Eff pv PV Section efficiency

real ;.  Eff w 'Efficiency of Vision section

real = egl !The emissivity of the front glazing

real ::  ein_b 1The emissivity of the inlet of the back PV cavity

real ::  ein_f !The emissivity of the inlet of the front PV cavity
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real @
real =
real ::
real ::
real ::
real ::
real ::
real ::
real ::
real ::
real ::
real ::
real ::
real ::
real ::
real ::
real ::
real ;v
real ::
real ::
real i
real ::
real :
real ::
real ::
real ::
real ::

real ::
real ::
real ::
real ::
real ::
real ::
real ::
real ::
real ::
real ::
real ::
integer ::
integer ::
real
real ::
real ::
real ::
real ::
real ::
real ::
real ::
real ::
real ::
real ::
real ::
real ::
real ::
real ::

Eloss_pv !The amount of energy that is lost in the inlet and outlet sections
Eloss_w !The energy lost to inlet/outlet and side walls in vision section
eout_b !The emissivity of the outlet of the back PV cavity

eout_f 'The emissivity of the outlet of the front PV cavity

Epv !The total amount of electricity generated

Erefl pv !The amount of energy reflected in the PV section

Erefl_w !The energy reflected out of the Vision section

Etot_pv IThe total amount of incident solar radiation available in PV section
Etot_w IThe total available solar rad incident on Vision section

Etrans !The solar rad transmitted through the Vision Section

ew2 'Emissivity of the outer sides of the double glazed window
ewall 1The emissivity of the back wall

FE2*(N/12)+3, 2*(N/12)+3) !Array used to calculate view factors

FE_pv(((N/12)*5)+6,{((N/12)*5)+6) {View factors for the PV section
FL_w((N/12)*7)+6,((IN/12)*7)+6) !View factors for the Vision section
G !The solar radiation incident on the system

H_tot_w !The height of the PV section

h1_pv(N/12) ICHTC in back of PV

h1b_w(N/12) ICHTC on front of blind

hif_w(N/12) ICHTC on single glazing of vision section

h2_pv(N/12) ICHTC on back wall

h2b_w(N/12) ICHTC on cavity side of double glazed window

h2f w(N/12) !CHTC on back of blind

ho !Combined convective and radn heat trans. coef. on external glazings

hroom - !Combined convect. and radn heat trans. coef. from room side elements

hw2 !The heat transfer coefficient between the two glazings of W2

Ipl, Ip2, Ip3, Inl, In2, In3,Ip4, Ip5, In4, InS Ivariables used to calculate solar rad
absorbed in ea layer

k1, k2, k3, k4, k5, k6 Variables used in the calculation of absorbed solar radiation in ea layer

kb 1The blind thermal conductivity

kback !The thermal conductivity of the PV back plate

kcov IThe thermal conductivity of the PV cover

kfin !The thermal conductivity of the fins

kg !The thermal conductivity of the glass

kpv !The thermal conductivity of the PV cells

L_back !The (back) gap width between the PV and the back wall

L_front !The (front) gap width between the front glazing and the PV

Lc !The corrected fin length

Lfin !The length of fins

low_e !An argument used to determine if there is low-e coating in double glazed window

blind !An argument used to determine if what blind type to use

Lpv 'Width of the PV cavity

mLc(N/12) !A term needed to calculate energy transfer from fins

nfin(N/12) !A term needed to calculate energy transfer from fins

npv(N/12) 'The array defining the elemental PV cell efficiency

num !Dummy vatiable used to store a number in memory

Numf 1The total number of fins

P 'Dummy variable used for the ludcmp subroutine

Pdif !Proportion of solar radiation that is diffuse

Q(2*(N/12)+3) !Array needed for the Lubksb subroutine

Qair_pv !The energy absorbed by the air flowing in PV section

Qairb_w IThe solar rad absorbed in the air flowing in back Vision cavity

Qairf_w IThe energy transfered to air flowing in front cavity

Qout_pv !The energy lost to the outside from the PV section

Qout_w 1The energy lost to outside from Vision section

Qroom_pv IThe energy transferred to the room from the PV section
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real ::
real ::
real ::
real ::
real ::
real ::
real ::
real ::
real i
real ::
real .
real ::
real ::
_real =
real ::
real ::
real :
real ::
real ::
real i
real i

real ::
real
real i
real ::
real i

. real

real ::
real ::
real ::
real ::
real ::
real ::
real ::
real ::
real ::
real ::
real ::
real ::
real ::

real ::
real ::
real ::
real ::
real ::
real @
real
real ::
real ::
real ::
real ::
real ::

Qroom_w
refl_b
refl_b_lw
refl_back
refl_back_lw
refl_chanb
refl_chanf
refl_cov
refl_cov_lw
refl_gl1
refl_gl_lw
refl_g2
refl_g2_lw
refl_inb
refl_inf
refl_outb
refl_outf
refl_pv
refl_wall
refl_wall_lw

SQ*(N/12)+3)

Sback
Sblind
Scov
Sfin
Sgl_w

Spv
Spv_h_tot

Spv_heat(N/12)
Sum

suml, sum2, sum3

Sw2_1
Sw2_2
Swall
tb
t_back
t_cov
t_gl

t w2

TI(N/12), T2(N/12), Ta(N/12)

Tave
Tchan_b_w
Tchan_f w
Tchan_pv
tfin
Tin_b_w
Tin_f w
Tin_pv
Tinlet

To

Tout_ b_w
Tout_f w

The energy transferred to the room from the vision section
'Reflectance of the blind

!Long wave reflectance of blind

IThe reflectance of the PV back plate

IThe long wave reflectance of the PV back plate

!The reflectance of the back cavity side walls of the PV section

'The reflectance of the front cavity side walls of PV section
1The reflectance of the PV cover

1The long wave refl. of the PV cover

IThe reflectance of the front single glazing

'Longwave refl. of single glazing

Reflectance of glazings in the double glazed window
'Long wave reflectance of glazings of double glazed window
!The reflectance of the inlet of the back PV section

!The reflectance of the inlet of front PV section

1The reflectance of the outlet of the back PV Section

The reflectance of the outlet of front PV section

1The reflectance of the PV cells

!The reflectance of the back wall

1The long wave refl. of the back wall

An array defining the radiation leaving each element for
radiosity analysis

!The amount of solar radiation absorbed in the PV back plate
1The elemental solar rad absorbed in blind

!Solar radiation absorbed in each PV cover element

IThe fin spacing

'The solar radiation absorbed in each elment of the single
glazing in Vision section

!Array defining the solar radiation + generated electricity in
each PV element

!The total heat absorbed in the PV

!Array defining solar rad absorbed in each PV element

1A dummy variable

!dummy variable

IThe elemental solar rad absorbed in front glazing of W2

'The elemental solar rad absorbed in back (room side) glazing of W2

!The solar radiation absorbed in the back wall of PV section
1The thickness of the blind

1The thickness of the PV back plate

The thickness of the PV covering

!'The thickness of the front glazing

'thickness of each glazing of double glazed window
!Arrays used to send on component elemental temps. to
HTcoef subroutine

!The approx. cavity wall temps in back PV section

!The approx. cavity wall temps. in front PV section

IThe side wall temp. of front Vision cavity

'The side wall temp. of the PV section

!The approx. inlet temp. of inlet of back PV section

1The approx. inlet temperature of inlet of front PV section
1The inlet temperature of front Vision cavity

The inlet temperature in the PV section

Inlet temperature

The approx. outlet temp. of outlet back PV section

!The approx. outlet temp. of outlet front PV section

!The outlet temp. of front Vision cavity
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real:: Tout_pv 'The outlet temp. of the PV cavity

real i1 tpv !The thickness of the PV cells

real ::  trans_b Transmittance of the blind

real ::  trans_back !Transmittance of the PV back plate

real :: trans_pv " !Transmittance of the PV cells and air spaces combined
real ::  trans_cov 1The transmittance of the PV cover

real ::  trans_gl !The transmittance of the front single glazing
real ;1 trans_g?2 'Transmittance of glazing in the double glazed window (W2) -
real ;1 trans_wall !Transmittance of back wall in PV section

real - Troom !The room temperature

real ::  Upv(N/12) - !'Representative U-value of fins

real :: Uwall The back wall U-value

real :: Vback IThe air velocity in the back gap

real ::  Vfront IThe air velocity in the front gap

real:: Vo 1The air velocity incident on the facade

real::  Vpv !The velocity of the air flowing in the PV section
real:: w 1The width of the system

integer:: dn !Day number when test is being run (1 to 365)
integer::tod 'Time of day in hours (1 to 24)

real:: Lat ILatitude of test site

real:: tilt 'Tilt angle of the wall (90 is vertical)

real:: SA 1Surface azimuth of the facade

real:: LNG Longitude of the test site

real :: STM !Standard time meridian

real:: ekcov lextinction coefficient of PV cover

real:: ekback lextinction coefficient of PV backplate

real:: ekg2, ekgl lextinction coefficient of glazings g2 and g1

real ;1 sbe

Parameter (sbc=5.67*1e-8) Istefan boltzmann constant (W/m2K4)

! Interface Declaration
1! (defining functions used in the program)

interface

Function Ch(Tma) ! specific heat of air
implicit none :

Real, Intent(IN) :: Tma

Real :: Ch

End function Ch

Function density(Tma) ! air density
implicit none

Real, Intent(IN) :: Tma

Real :: density

End function density

end interface

1! Main block

170



T It T L v e e et

yes=1; no=0 nitialize, yes and no integers so they act as bolean type

N2=(N/12) Inumber of elements per surface
NoPV=N2*5 Inumber of pv elements
Nw=N2*7 Inumber of window elements
Eloss_pv=0 linitialize

Eloss_w=0

A R L S IR N TR AR R ER A IR A R A AR R N TSR AR TR A FR AR AN
"
11 Model Inputs

1"
IINPUTS TO PROGRAM: The next section is where all the different parameters can be varied for the
Iprogram. The only other parameter that can be changed is the number of divisions that each component is

!divided into. This is changed in the top of the Model program.
A A R A TR R LR TR E AR AR AR LR AT A TN AR

H_tot_pv=0.993 theight of PV Section (m)
H_tot_w=2.134-H_tot_pv 'Height of vision section (m)

w=0.921 'width of AFW (m)

L_front=0.0455 width of front cavity in Vision Section (m)
L_back=0.0455 'width of back cavity in meters in Vision Section (m)
Lpv=L_front+L_back Iwidth of cavity in PV Section

tod=11 Itime of day in hours

dn=26 !day number of the year

To=273.15 -17 loutdoor temperature (K)

Troom=273.15 +0.4 'room temperature (K)

Tinlet=273.15 -17 !Inlet temperature into PV cavity

Vo=1 '0utside air velocity (m/s)

n

1110utdoor heat transfer calculation
1

ho=8.6%(Vo**0.6/(h_tot_pv+h_tot_w)**0.4) loutdoor HTC
if (ho<5.0) then’
ho=5.0
end if
num=0;
L553: Doi=1,N2 Loop to obtain average external glazing temper.
num=num+T(i)+T(NoPV-+1)
End Do 1553

ho=ho + 0.9%sbc*4.%(0.5*(To+Hnum/(2*N2))))**3

ho=12 Input value to override calculate ho
print * 'ho=", ho

G=989 !solar radiation incident on the AFW (W/m”2)
Pdif=150/G 'Proportion of solar radiation that is diffuse
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Viront=0.6 'flow velocity in front cavity of Vision Section (1m/s)
Vback=Vfront !flow velocity in back cavity of Vision Section (m/s)

Vpv=(Vfront*L_front + Vback*L_back)/Lpv lair velocity in PV Section (m/s), note, for
Iconservation of mass to holed needs to be set to: Vpv=(Vfront*L_front + Vback*L_back)/Lpv

Acov=(2*36*0.10125**2)/(H_tot_pv*w) Ipercent coverage of PV

print *,'Acov', Acov

tpv=0.0003 PV thickness (m)

kpv=0.8 PV thermal conductivity (W/mK)

Uwall=1 !Wall thermal conductance (W/Km”2)
hroom=6.5 'heat transfer coefficient to room (W/Km"2)

It HTcoef: convection heat transfer in cavity
"

! Front PV cavity

L101: Do i=1,N2
T1(1)=T(+2*N2)
Ta(i)=T(i+3*N2)
T2(G)=T(i+4*N2)

End Do L101

Call HTcoef(Lpv,H_tot_pv,Vpv,G,T1,T2,Ta,N2,h 1_pv,h2_pv)

L531: Doi=1,N2
h1_pv(1)=2*h1_pv(i)
h2_pv(1)=2*h2_pv(i)
End Do L531

Front Vision cavity

L103: Do i=1,N2
T1(1)=T(i+NoPV)
Ta(i))=T(i+N2+NoPV)
T2(1)=T(i+2*N2+NoPV)
End Do L103

Call HTcoef(L_front,H_tot_w,Vfront,G,T1,T2,Ta,N2,hl f w,h2f_w)
"Back Vision cavity
L104: Do i=1,N2

T1(D)=T(i+3*N2+NoPV)

Ta(i)=T(i+4*N2+NoPV)

T2())=T(i+5*N2+NoPV)

End Do L104

Call HTcoef(L_back,H_tot_w,Vback,G,T1,T2,Ta,N2,hlb_w,h2b_w)

Loop 683 1o allow values of CHTC's to be input manually
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L683: Do i=1N2
hl_pv(i)=hl_pv(i)
h2_pv(i)=h2_pv(i}
h1f_w(i)=hlf_w(i)
h2f w(i)=h2f w(i)
hib_w(i)=hlb_w(i)
h2b_w(i)=h2b_w(i)
End Do L683

Iprint *, 'h1_pv', h1_pv, 'h2_pv', h2_pv
!print *, 'h1f_w', hif_w, 'h2f w', h2f w
Iprint *, 'h1b_w', hlb_w, 'h2b_w', h2b_w

A R A S S T L L ST A AR R RS
"

"Loop 3 sets the efficiency of each PV element

"

sum=0

L3: Do 1=],N2
If (T(N2+i)>298.15) then :
npv(i)=0.0965 - 0.00038*(T(N2+i) - 298.15) Hfactor in temperature dependence
: Else
lof the efficiency of the PV
npv(1)=0.0965
End If
sum=sum-+npv(i)
End Do L3

print *,'Ave PV efficiency:', sum/N2
"
"

Note the following 6 input temperatures used in the radiosity analysis even though, there is no concrete
ltemperatures for the inlets and outlets. These temperatures are used to approximate the radiation heat
Itransfer that occurs through the inlets and outlets.

Tin_pv=Tinlet lapprox. inlet temperature for radiosity analysis in PV
Tout_pv=Tinlet lapprox. outlet temperature for radiosity analysis in PV
Tout_f_w=(T(NoPV+N2) + T(INoPV+3*N2))/2. lapprox. inlet temperature for radiosity

analysis in front Vision

Tout_b_w=(T(NoPV+6*N2) + T(NoPV+4*N2))/2. lapprox. outlet temperature for radiosity analysis in
front Vision

Tin_b_w=(T(7*N2) + T(5*N2))/2. lapprox. inlet temperature for radiosity analysis in
back Vision :

Tin_f w=(T(N2) + T(3*N2))/2.  !lapprox. outlet temperature for radiosity analysis in back Vision

kb=0.4 'blind thermal conductivity (W/mK)
t_b=0.002 !blind thickness (m)
eb=0.9 lemmissivity of blind
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Lat=45 !Latitude

LNG=74 'Longitude

STM=75 !local standard time meridian

SA=0 'Surface azimuth (angle from south, east is neg)

tilt=90 'tilt angle from horizontal

ekgl=6.96 lextinction coefficient of glass

ekg2=6.96 ! "

ekcov=6.96

ekback=ckcov

t_gl1=0.008 lexterior glazing thickness (m)

t w2=0.004 Ithickness of glazings in W2

kg=0.8 Ithermal conductivity of glass (W/mK)
t_cov=0.003 PV cover thickness (m)

kcov=0.8 PV cover thermal conductivity (W/mK)
t_back=0.003 PV backing thickness (m)

kback=0.8 PV backing thermal conductivity (W/mK)

call enveond(Pdif,tod,dn,SA,Lat, LNG,STM,tilt,ekg1,ekg2,t _glt_w2,ekcov,t_cov, &
& ekback, t_back, trans_g1, trans_g2, refl_g1, refl_g2, trans_cov, trans_back, refl_cov, refl_back)

print *, 'trans_g1="', trans_g1
print *, 'refl_g1=', refl_gl

print * 'trans_cov=', trans_cov
print * 'refl_cov="refl_cov
print * 'trans_back=", trans_back
print * 'refl_back=", refl_back
print * 'trans_g2="trans_g?2
print * 'refl_g2="refl_g2

trans_wall=0
refl_wall=0.4

trans_pv=1-Acov
refl_pv=0.05*Acov/(H_tot_pv*w)

egl=0.9
ecov=0.9
eback=0.9
ewall=0.9

low_e=yes
ew2=0.9

lemissivity of the inlets and outlets for radiosity analysis

ein_{=0.9999
ein_b=0.9999
eout_f=0.9999
eout_b=0.9999
echan_f=0.9999
echan_b=0.9999

Itransmissivity of gl
Ireflectivity of gl
Itransmissivity of PV cover
Ireflectivity of PV cover

!transmissivity of each glazing in the double glazed window
Ireflectivity of each glazing in the double glazed window

!1 - % of area covered by pv
Ireflectivity of PV cells (%area * refl)/Atot

lemissivity of gl

lemissivity of PV covering
lemissivity of PV backing
lemissivity of back wall

lis there low_e coating on W2 (yes or no)
lemissivity of W2 on cavity side
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Irefl of a grey opaque surface (Saelens, 2002)
refl_inf=1-ein_f

refl_inb=1-ein_b

refl_outf=1-eout_f

refl_outb=1-eout_b

Refl_chanf=1-echan_f

refl_chanb=1-echan_b

"

11The following sets the blind optical properties
1 , ,
IThere are four different blinds that can be used in this model. They have the following properties:
Iblind 1: absorptivity=0.5, reflectivity=0.3, transmissivity=0.2

1blind 2: absorptivity=0.3, reflectivity=0.5, transmissivity=0.2

Iblind 3: absorptivity=0.7, reflectivity=0.2, transmissivity=0.1

'blind 4: absorptivity=0.55, reflectivity=0.4, transmissivity=0.05

Blind=1 1select which blind number to model (1 to 4)

e nn :

Input for FINS integrated to back plate
1"

fin=no lare fins integrated into the PV back plate? yes or no
Lfin=0.015 !fin length (m)

tfin=0.002 !fin thickness (m)

kfin=236 !fin conductivity (W/mK)

'END OF INPUTS TO PROGRAM

tParameter CALCULATIONS based on imputs
"
nnnnnnuans RN RN u N AR A

!Following parameters are calculated based on inputed parameters

Etot_pv=G*w*H_tot_pv 1Total incident solar radiation for PV section (W)
Etot_w=G*w*H_tot_w ITotal incident solar radiation for vision section (W)
dH_pv=H_tot_pv/N2 'height of each PV element (m)
dH_w=H_tot_w/N2 theight of each Vision element (m)
dA_pv=dH_pv*w larea of each PV element (m”"2)

dA_w=dH_w*w larea of each Vision element (m”2)

If (blind==1)then

abs_b=0.5
refl_b=0.3
Else If (blind==2)then
abs_b=0.3
refl_b=0.5
Else If (Blind==3)then
abs_b=0.7
refl_b=0.2
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Else If (Blind==4)then

abs_b=0.55
refl_b=0.4
Else

abs._b=0.5

refl_b=0.3

print *,'Tmproper blind selection, default (blind 1) used'
End If
trans_b=1-abs_b-refl b
Sfin=3.*tfin v !fin spacing (Rolle, 2000)
Le=Lfin + tfin/2. Icorrected fin length
dAfin=2 *dH_pv*Lc fin area
Numf=w/(tfin+Sfin) Inumber of fins

ILongwave reflectivity of surfaces for radiosity analysis
refl_gl_lw=1-egl
refl_g2_lw=1-ew2

refl_b_lw=1-eb

refl_cov_lw=1-ecov

refl_back_lw=1-eback Ireflectivity of the PV Backing
(Saelens, 2002)

refl_wall_Iw=1-ewall treflectivity of the back wall

sum=0;num=0
L1il: Doi=1,N2
‘ sum= sum+T(i+NoPV+5*N2)
sum= sum+T(i+NoPV+6*N2)
End Do L1111

Tave=sum/(2.*N2)

if (low_e == yes) then
hw2=2+ (4*sbc*Tave**3)/(1/0.9 + 1/0.1 -1)

else if (low_e ==no) then

hw2=2+(4*sbc*Tave**3)/(1/0.9 + 1/0.9 -1)

else

hw2=2+ (4*sbc*Tave**3)/(1/0.9 + 1/0.1 -1)

print *, 'low-e coating assumed for double-window'
end if

print *'hw?2', hw2

IPV SECTION CALCULATIONS
g

!The following two loops will determine what temperature should be used
!for the side walls of the channel in the radiation calculations '
sum=0

L31: Do i=1,N2
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sum=sum+T(2*N2+)+T(i+4*N2)
End Do L31
Tchan_pv=sum/(2*N2)

R RN AR R R RN RN RN RN RN R RN R RN AR AR RN RN RN AR RN AR RRR RN

IThe following is to determine the heat captured in each element of PV Section
1"
T T AT S A A T T A TR T T TR R RS TR AR R ARY

Ipl=G

k1=refl_back + (trans_back**2)*refl_wall*((1-refl_wall*refl_back)**(-1))
k2=refl_pv + (trans_pv**2) *k1*((1-refl_pv*k1)**(-1))

Ip2=(1-refl_cov*k2)**(-1) * trans_cov*Ipl
In2=Ip2*k2

Inl=Ip1*refl_cov + In2*trans_cov

Ip3=(1-refl_pv*k1)**(-1) *trans_pv *Ip2

In3=k1*Ip3

Ip4=(1-refl_back*refl_wall)**(-1) *trans_back*Ip3

Ind=Ip4*refl_wall

Ip5=Ip4*trans_wall

In5=0 lassume no radiation coming from room, basis of above calculations

Scov =dA_pv¥((Ipi+In2) - (Ip2+Inl))
Spv = dA_pv*((Ip2+In3) - (Ip3+In2))
Sback = dA_pv*((Ip3+Ind) - (Ip4+In3))
. Swall =dA_pv*((Ip4+In5) - (Ip5+ind))

Erefl_pv =Inl*w*H_tot_pv !Amount of energy reflected

Sum=0; Spv_h_tot=0
L4: Do i=1, N2
Spv_heat(i)= Spv - Ip1 *(dA_pv)*npv(i)
Sum=Sum+Ip1*(dA_pv)*npv(i)
Spv_h_tot=Spv_h_tot+Spv_heat(i)
End Do L4
Epv=Sum
A R R A L A A A A R A S IR RS R N R A RS AR LA SRR A 3
IPrint *'Erefl_pv',Erefl_pv, 'Scov', Scov*N2, 'Spv_heat', Spv_h_tot,'Epv',Epv, 'Sback’, Sback*N2, 'Swall',
Swall*N2,&
1& 'Etrans_pVv', Ip5*w*H_tot_pv

1PV Check, the following is to verify above calculations (energy balance Input-Output=0)

Print *,'PV Check, zero=', Etot_pv-Erefl_pv-Scov*N2-Swall*N2-Sback*N2-Ip5*w*H_tot_pv-Spv_h_tot-
Epv

1Print *, 'reflected=", Erefl_pv/(dA_pv*N2), 'Apv=", dA_pv*N2
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"

! Loop to determine heat sink parameters
i

L777: Doi=1,N2

mLo(i)=(2.*h1_pv(i)/(kfin*Lc*tfin))**0.5 * Lc**1.5
nfin(i)=tanh(mLc(i))/mlc(i)
!(Incropera, De Witt, 1990)

if (fin==yes)then
Upv()=(dAfin*numf*nfin(i) + (dA_pv - numf*dH_pv*tfin))*h1_pv(i)
else
Upv(i)=dA_pv*hl_pv(i)
End if
End Do L777

!'The following section sets the view factors for the PV section. Note that the program
!lviewfaclpv_2w is does not produce outputs directly for Ff_pv and therefore we call
Ff and then input the value manually into Ff_pv

"

Call viewfact(Lpv,H_tot_pv,w,N2,Ff)

Ff. pv=0
L.55: Do i=1,N2
L56: Do j=1,N2
Ff_pv(2*N2+i, 4*N2+j)=Ff(i,j+N2)
Ff_pv(4*N2+j,2*N2+1)=Ff(j+N2,1)
End Do L56 :
L57: Do j=1,3
Ff_pv(2*N2+i, NoPV+))=Ff(i,2*N2+j)
Ff_pv(4*¥N2+i, NoPV+))=Ff(i+N2,2*N2+j)
F{_pv(NoPV+j, 2¥N2+i)=Ff(2*N2+j,i)
Ff_pv(NoPV+j, 4*N2+1)=Ff(2*N2+j,i+N2)
End Do L57
End Do L55
L58: Do i=1,3
L.59: Do j=1,3
Ff_pv(NoPV+i, NoPV-+j)=Ff(2*N2+i, 2*N2+j)
End Do L59
End Do 158

1

! Loops to determine the radiosity matrix A for the PV cavity
it

A=0;5=0
L28: Do i=1,N2
L29: Do j=1,N2
A(ij+tN2)=-refl_back_Iw*Ff _pv(i+2*N2,j+4*N2)

178



AGHN2,j)=-refl_wall_lw*Ff_pv(i+4*N2,j+2*N2)

if (j==i) then
AG,))=1
A(+N2,j+N2)=1
End if
End Do L29
End Do L28
L30: Do i=1,N2

S(i)=sbc*eback*T(i+2*N2)**4
S(itN2)=sbc*ewall*T(i+4*N2)**4
End Do L30

L36: Do i=1,N2
L37: Do j=2*N2+1,2*N2+3
A(,j)=  -refl_back_Iw*Ff_pv(2*N2+1,NoPV+j-2*N2)
A(+N2,j)= -refl_wall_Iw*F{_pv(4*N2+i,NoPV+j-2*N2)
End Do L37
End Do L36

L38: Do j=1,N2
A(2*N2+1,j)= -refl_inb*Ff pv(NoPV+1,j+2*N2)
A(2*N2+2.j)= -refl_outb*Ff_pv(NoPV+2j+2*N2)
A(2*N2+3 j)= -refl_chanb*F{_pv(NoPV+3,j+2*N2)

A(2*N2+1,j+N2)= -refl_inb*F{_pv(NoPV+1 j+4*N2)

A(2*N2+2,j+N2)= -refl_outb*Ff_pv(NoPV+2,j+4*N2)

A(2*N2+3,j+N2)= -refl_chanb*Ff_pv(NoPV+3,j+4*N2)
End Do L38

L39: Do i=1,3
A(2*N2+1,2*¥N2+)=-refl_inb*F{_pv(NoPV+1,NoPV+i)
A(2*N2+2,2*N2+i)=-refl_outb*Ff_pv(NoPV+2,NoPV+i)
A(2*N2+3,2*N2+i)=-refl_chanb*Ff_pv(NoPV+3,NoPV-i)
End Do L39

AQ*N2+1,2¥N2+1)=A(2*N2+1,2*N2+1)+1
A(2FN2+2,2*N2+2)=A(2*N2+2,2*N2+2)+1
A(2¥N2+3,2¥N2+3)=A(2¥N2+3,2#N2-+3)+1

S(2*N2+1)=sbc*ein_f*Tin_pv**4
S(2*N2+2)=sbc*eout_{*Tout_pv**4
S(2*¥N2+3)=sbc*echan_f*Tchan_pv**4

Q=S

P=0

indx_pv=0

i=2*N2+3

Call ludemp(A, 1, 1, indx_pv,P)
Call lubksb(A, 1, i, indx_pv,Q)

Eloss_pv=Eloss_pv-((Q(2*N2-+1)*(refl_inf-1)+S(2*N2+1))/refl _inf)*w*Lpv
Eloss_pv=Eloss_pv-((Q(2*N2+2)*(refl_outf-1)+S(2*N2+2))/refl _outf)*w*Lpv
Eloss_pv=Eloss_pv-((Q(2*N2+3)*(refl_chanf-1)+S(2*N2+3))/refl_chanf)*2*H_tot_pv*Lpv

Sum=0
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!'"Energy balance equation definition for PV Cover
i

f(1)= Scov - dA_pv*ho*(T(1)- To) &
& - (keov*w*t_cov/dH_pv)*(T(1)- T(2)) - &
& (0.5*t_cov/(kcov*dA_pv) + 0.5*tpv/(kpv*dA_pv))**(-1)*(T(1)- TIN2+1))

Sum=Sum+dA_pv*ho*(T(1)- To)

f(N2)= Scov - dA_pv*ho*(T(N2)- To) &
& - (kcov*w*t_cov/dH_pv)*(T(N2)- T(N2-1)) - &
& (0.5*t_cov/(kcov*dA_pv) + 0.5*tpv/(kpv*dA_pv))**(-1)*(T(N2)- T(2*N2))

Sum=Sum+dA_pv*ho*(T(N2)- To)

L12: Do =2, N2-1
f(i)=Scov - dA_pv*ho*(T(i)- To) &
& - (keov*w*t_cov/dH_pv)*(2*T(i)- T(i-1)-T(+1)) - &
& (0.5*t_cov/(kcov*dA_pv) + 0.5%tpv/(kpv*dA_pv))**(-1)*(T(i)- T(i+N2))
Sum=Sum+dA_pv*ho*(T(i)- To)
End Do L12

Qout_pv=Sum

1

'Energy balance equation definition for PV cells
"

f(N2+1)= Spv_heat(1)- (0.5*t_cov/(kcov*dA_pv) + 0.5*tpv/(kpv*dA_pv))**(-1)*(T(N2+1)- T(1))&
& -(0.5*t_back/(kback*dA_pv) + 0.5*tpv/(kpv*dA_pv))**(-1)*(T(N2+1)-T(2*N2+1)) -
&
& (kpv*w*tpv/dH_pv)*(T(N2+1)- T(N2+2))
f(2*N2)=Spv_heat(N2)- (0.5*t_cov/(kcov*dA_pv) + 0.5*tpv/(kpv*dA_pv))**(-1)*(T(2*N2)- T(N2))&
& -(0.5*t_back/(kback*dA_pv) + 0.5*tpv/(kpv*dA_pv))**(-1)*(T(2*N2)-T(3*N2)) - &
& (kpv*w*tpv/dH_pv)*(T(2*¥N2)- T(2*N2-1))

L14: Do i=N2+2, 2*N2-1
f(i)=Spv_heat(i-N2)- (0.5*t_cov/(kcov*dA_pv) + 0.5*tpv/(kpv*dA_pv))**(-1)*(T@{)- T(-N2))&
& -(0.5*t_back/(kback*dA_pv) + 0.5%tpv/(kpv*dA_pv))**(-1)*(T(1)-T(i+N2)) - &
& (kpv*w*tpv/dH_pv)*(2*T(i)- T(i-1) - T(i+1))

End Do L14

"

!'Energy balance equation definition for PV backplate

1"

f(2*N2+1)= Sback-(0.5*t_back/(kback*dA_pv) + 0.5*tpv/(kpv*dA_pv))**(-1)*(T(2*N2+1)-T(N2+1))- &
& ((Q(1)*(refl_back_lw-1)+S(1))/refl_back_iw)*dA_pv -

(kback*w*t_back/dH_pv)*(T(2*N2+1)- T(2*N2+2)) - &
& Upv(1)*(T(2*N2+1)-T(3*N2+1))

f(3*N2)=Sback-(0.5*t_back/(kback*dA_pv) + 0.5*tpv/(kpv*dA_pv))**(-1)*(T(3*N2)-T(2*N2))- &
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& ((QN2)*(refl_back_lw-1)+S(N2))/refl_back_Iw)*dA_pv -
(kback*w*t_back/dH_pv)*(T(3*N2)- T(3*N2-1)) - &
& Upv(N2)*(T(3*N2)-T(4*N2))

L17: Do i=2*N2+2,3*N2-1
f(i)=Sback-(0.5*t_back/(kback*dA_pv) + 0.5*tpv/(kpv*dA_pv)y**(-1)*(T(1)-T(i-N2))- &
& ((Q(i-2*N2)*(refl_back_lw-1)+S(i-2*N2))/refl _back_Iw)*dA_pv - &
& (kback*w*t_back/dH_pv)*(2*T(i)- T(1-1)-T(i+1)) - &
& Upv(i-2*N2)*(T(1)-T(i+N2))
End Do L17
sum=0

1

1Energy balance equation definition for air cavity in PV section
"

f(3*N2+1)=Vpv*Lpv*w*density(T(3*N2+1))*Ch(T(3*N2+1)*(T(3*N2+1)-Tinlet)- &
Includes BC
& Upv(D*(T(2*N2+1)-T(3*N2+1)) - h2_pv(1)*dA_pv*(T(4*¥*N2+1)-T(3*N2+1))

Sum=Sum-+Upv(1)*(T(2*N2+1)-T(3*N2+1)) + h2_pv(1)*dA_pv*(T(4*N2+1)-T(3*N2+1))

f(4*N2)=va*va*w*density(T(4*N2))*Ch(T(4*N2))*(T(4*N2)—T(4‘*N2-1)) -&
'Includes BC
& Upv(N2)*(T(3*N2)-T(4*N2)) - h2_pv(N2)*dA_pv*(T(5*N2)-T(4*N2))

Sum=Sum+Upv(N2)*(T(3*N2)-T(4*N2)) + h2_pv(N2)*dA_pv*(T(5*N2)-T(4*N2))

L19:Do i=3*N2+2, 4*N2-1
f(iy=Vpv*Lpv*w*density(T(i))*Ch(T(0))*(T()-TG-1)) - &
& Upv(i-3*N2)*(T(i-N2)-T(i)) - h2_pv(i-3*N2)*dA_pv*(T(1+N2)-T(1))
Sum=Sum+Upv(i-3*N2)*(T(i-N2)-T(i)) + h2_pv(i-3*N2)*dA_pv*(T(i+N2)-T(i))
End Do L19

Qair_pv=Vpv*Lpv*w*density(T(4*N2-N2/2))*Ch(T(4*N2 ;N2/2 N*(T(4*N2)-Tinlet)

INote the following is for verification purposes. The energy transfered to the air by
tenthalpy calculations, should be the same as for convection heat transfer calculations

Print *,'Qair_pv-enth',Qair_pv
Qair_pv=Sum '
Print *,'Qair_pv-conv',Qair_pv

SUm=0

1

!!Energy balance equation definition for back wall in PV section
1

L20: Do i=4*N2+1, 5*N2 lassume no conduction up or down the elements

f(i)=Swall-dA_pv*((1/Uwall + /hroom)**(-1))*(T(i)-Troom)- ((Q(i-3*N2)*(refl_wall_lw-1)+S(i-
3*N2))/refl_wall_lw)*dA_pv &
& - dA_pv*h2_pv(i-4*N2)*(T(1)-T(i-N2))

Sum=Sum+dA_pv*((1/Uwall + 1/hroom)**(-1))*(T(i)-Troom)

End Do L20
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Qroom_pv=Sum
Ebal_pv=Etot_pv-Erefl_pv-Epv-Qroom_pv-Qair_pv-Qout_pv-Eloss_pv
Eff_pv=(Epv+Qroom_pv+Qair_pv)/Etot_pv

"
PV Section Printing
"

Print *,'PV Section Energy Balance:",Ebal_pv

Print *'PV Section Efficiency:', Eff_pv

Print *,'Btot_pv', Etot_pv, 'Erefl_pv', Erefl_pv, 'Epv', Epv, '‘Qroom_pV', Qroom_pv
Print *,'Qair_pv', Qair_pv, 'Qout_pv', Qout_pv, 'Eloss_pv', Eloss_pv

"
Loop to print the temperature of the PV backplate
!

Do i=1,N2
Iprint *, 'Height', dH_PV*(i-0.5), Tpv_back’, T(2*N2+i)-273.15
'End Do ‘

num=T(2*N2+1); j=1; suml=0; sum2=0; sum=0 ;sum3=0
print *,'PV Section Exit Temperature - Inlet Temperature',T(4*N2)-Tinlet
L163: Doi=1,N2

suml=suml+ T(i)

sum2=sum2+ T(N2+i)

sum=sum+ T(2*N2+i)

sum3=sum3+T(4*N2+i)

if (T(2*N2+i)>num) then

j=i

num=T(2*N2+i)

end if

End Do L163
Print *'Maximum PV temperature ="', num-273.15,"' and occurs at height of:',(H_tot_pv/N2)*(j-0.5)

Print *, Tpv_ave=', (suml/N2 + sum2/N2+ sum/N2)/3 -273.15, "Twall', sum3/N2 -273.15

Print *,"Tpv,bot, T(2*N2-+1)-273.15,' Tpv,mid', T(2.5¥N2)-273.15, Tpv,top', T(3 *N2)-273.15

ICALCULATIONS FOR VISION SECTION
"

!!The following section sets the view factors for the Vision section. Note that the program
!viewfaclpv_2w is does not produce outputs directly for Ff_w and therefore we call
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1'Ff and then input the value “manually” into Ff_w
i
R T TR T R TR R R A A T R R R A AR SRR TR A TR R AR AR AR NANY

"

!'Front cavity
N '

call viewfact(L_front,H_tot_w,w,N2,Ff)

Ff w=0

1260: Doi=1N2

L.261: Do j=1,N2
Ff_w(i,j+2*N2)=F{(i,j+N2)
Ff_w(j+2*N2,)=Ff(j+N2,1)
End Do 1261

1.262: Do j=1,3

Ff_w(i,NwH)=Ff(i,2*N2+j)
Ff_w(Nwj,i)=Ff(2*N2+j,i)

Ff_w(i+2*N2,Nw+j)=Ff(N2-+i,2*N2+j)
Ff_w(Nw-+j,i+2*N2)=Ff(2*N2+j,N2+i)

End Do 1262
End Do L260
L263: Doi=13
L264: Do j=1,3
Ff_w(Nw+,Nw+j)=Ff(2*N2+i,2*N2+j)
End Do L264
End Do L263

"
!'Back cavity
"

call viewfact(L_back,H_tot_w,w,N2 Ff)

L265: Do i=1l,N2

L266: Do j=1,N2
Ff_ w(i+3*N2,j+5*N2)=Ff(i,j+N2)
Ff_ w(+5*N2,1+3*N2)=Ff(j+N2,i)
End Do L266

L267: Do j=1,3
Ff_w(i+3*N2,Nw+j+3)=Ff(i,2*N2+j)
Ff_w(Nw+j+3,i+3*N2)=Ff(2*N2+j,i)
Ff w(i+5*N2,Nw+j+3)=Ff(N2+i,2*N2+j)
Ff w(Nw+j+3,i+5*N2)=Ff(2*N2-+j,N2-+i)

End Do 1267
End Do 1265
L268: Doi=1,3
L.269: Do j=1,3
F{ w(Nw+i+3 Nw+j+3)=Ff(2*N2+1,2*N2+))
End Do 1.269
End Do 1.268
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!The following two loops will determine what temperature should be used
!for the side walls of the channel in the radiation calculations
1
sum=0
L200: Do i=NoPV+1,NoPV+N2
sum=sum+T(i)+T(i+2*N2)

End Do 1260

Tchan_f_w=sum/(2.*N2)

sum=0
L201: Do i=NoPV+3*N2+1,NoPV+4*N2
sum=sum+T(1)+T(i+2*¥N2)
End Do L201
Tchan_b_w=sum/(2.*N2)

Ip1=G
In5=0 lassuming neglibible radiation is leaving from room

"

!!The k values are simplifications made when solving the system energy balance for Ip, In
"

KI=(1-refl_b*refl_g2*(1 + trans_g2*trans_g1*(1-refl_g2**2)**(-1)))** (-1) * trans_b
k2=(kl/trans_b) * (trans_g2**2 *refl_b*(1+refl_g2%*2))

k3=(1-refl_g2**2)**(-1) * trans_gl

k4=(k3/trans_g1)*trans_g2*refl_g2 :

kS=refl_b + trans_b*(refl_g2*k1 + trans_g2*refl_g2*k1*k3)

k6=trans_b*(refl_g2*k2 + trans_g2*(refl_g2*(k2*k3+k4) + trans_g?2))

Ip2=(1-refl_g1*k5)**(-1) * (trans_gl*Ipl + refl_g1*k6*In5)
In2=k5*Ip2 + k6*In5

Ip3=k1*Ip2+k2*In5

Ip4=k3*Ip3+k4*In5

Ip5=Ip4*trans_g2 + In5*refl_g2

Inl=Ip1*refl_gl + In2*trans_gl

Ind4=Ip4*refl_g2 + In5*trans_g?2

In3=Ip3*refl_g2 + Ind*trans_g2

Etrans=H_tot_w*w*Ip5 ! Amount of transmitted solar radiation
Erefl_w= H_tot_w*w*Inl ! Amount of energy reflected

Sgl_w=dA_w*((Ip1+In2)-(Ip2+Inl))
Sblind= dA_w*((Ip2+In3)-(Ip3+In2))
Sw2_1= dA_w*((Ip3+Ind)-(Ip4-+In3))
Sw2_2= dA_w*((Ip4+In5)-(Ip5+Ind))

'Print *,'Sg1_w', Sg1_w*N2, 'Sblind', Sblind*N2, 'Sw2_1', Sw2_1*N2, 'Sw2_2", Sw2_2*N2

Check_1w= Etot_w -(Sgl_w+Sblind+Sw2_1+Sw2_2)*N2 -Etrans -Erefl_w
'Print *,'Check_1w', 'zero=', Check 1w
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I

' The following loops calculate the radiosity matrix A for front Vision section
"

A=0;S=0

L202: Do i=1,N2

L203: Doj=1,N2
AQjtN2)= -refl_gl Iw*Ff_w(i,2*N2+j)
AQG+N2 j)= -refl_b_Iw*Ff_w(2*N2+i,j)
if (j==i) then
A(1,))=1
A(+N2,j+N2)=1
End if

End Do L203
End Do L202

L204: Do i=1,N2
1205: Do j=2*N2+1,2%N2+3
AGj=  -refl_gl_IW*Ff_w(i,Nw+j-2*N2)
A(+N2,j)= -refl_b_Iw*Ff_w(2*N2-+ Nw-+j-2*N2)
End Do L.205
End Do 1204

L.206: Do j=1,N2
A(2*N2+1j)= -refl_inf*F{ w(Nw+1,j)
A(2*¥N2+2,j)= -refl_outf*F{ w(Nw+2,j)
A2*N2+3,j)= -refl_chanf*Ff_w(Nw+3,j)

A(2*N2+1,j+N2)= -refl_inf*Ff_w(Nw+1,j+2*N2)

A(2*N2+2 j+N2)= -refl_outf*Ff w(Nw+2,j+2*N2)

A(2*N2+3 j+N2)= -refl_chanf*Ff_w(Nw+3,j+2*N2)
End Do L206

L207: Do i=1,3
AQ*N2+1,2*N2+)=-refl_inf*F{ w(Nw+1,Nw+i)
AQ*N2+2 2*¥N2+i)=-refl_outf*Ff w(Nw+2,Nw+i)
AQ2*N2+3,2*N2+i)=-refl_chanf*F{_w(Nw+3,Nw+i)
End Do L207

AQ*N2+1,2*N2+1)=A(2*N2+1,2*N2+1)+1
AQ#N242,2¥N242)=A(2¥N2+2,2%N2+2)+ 1
AQ*N2+3,2¥N2+3)=A(2*N2+3,2*N2+3)+1

1.208: Do i=1,N2
S(i)=  sbc*egl*T(NoPV+i)**4
S(i+N2)= sbc*eb*T(NoPV+2*N2+i)**4
End Do L208
S(2*N2+1)=sbc*ein_f*Tin_f_w**4

S(2*N2+2)=sbc*eout_f*Tout_f w**4
S(2*N2+3)=sbc*echan_f*Tchan_f_w**4

Q=S

indx_w=0
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1=2*N2+3
Call ludemp(A, i, 1, indx_w,P)
Call lubksb(A, 1, i, indx_w,Q)

Eloss_w=Eloss_w-((Q(2*N2+1)*(refl_inf-1)+S(2*N2+1))/refl_inf)*w*L_front
Eloss_w=Eloss_w-((Q(2*N2+2)*(refl_outf-1)+S(2*N2+2))/refl_outf)*w*L_front
Eloss_w=Eloss_w-((Q(2*N2+3)*(refl_chanf-1)+S(2*N2+3))/refl_chanf)*2*H_tot_w*L_front

1

!"Energy balance equations for the First Glazing in Vision Section
1"

Sum=0

f(NoPV+1)=Sgl_w - ho*dA_w*(T(NoPV+1)-To) - h1f_w(1)*dA_w*(T(NoPV+1)-T(NoPV+N2+1)) &
& -(kg*t_gl*w/dH_w)*(T(NoPV+1)-T(NoPV+2))- (Q(1)*(refl_gl_lw-1)+S(1))/refl _gl Iw)*dA_w
Sum=Sum+ho*dA_w*(T(NoPV+1)-To)

f(NoPV+N2)=Sgl_w - ho*dA_w*(T(NoPV+N2)-To) - h1f w(N2)*dA_w*(T(NoPV+N2)-
T(NoPV+2*N2)) &

& -(kg*t_gl*w/dH_w)*(T(NoPV+N2)-T(NoPV+N2-1)) -((Q(N2)*(refl_g1_lIw-
DAHS(N2)Yrefl_gl_lw)y*dA_w

Sum=Sum+ho*dA_w*(T(NoPV+N2)-To)

L209: Do i= NoPV+2,NoPV+N2-1

f(i)=Sgl_w - ho*dA_w*(T(1)-To) - h1f_w(i-NoPV)*dA_w*(T(i)-T(i+N2))- &
& ((Q(-NoPV)*(refl_gl_tw-1)+S(i-NoPV))/refl_gl_lw)*dA_w - &
& (kg*t_gl*w/dH_w)*(2*T(i)-T(i-1)-T(i+1))
Sum=Sum+ho*dA_w*(T(i)-To)
End Do L209
Qout_w=Sum
Sum=0

"
Front cavity in vision section

1"
f(NOPV+N2+1)=Vfront*L_front*w*density(T(NoPV+N2+1))*Ch(T(NoPV-+N2+ 1)) T(NoPV+N2+1)-
T(4*N2))- &  !Includes BC

& h1f w(1)*dA_w*T(NoPV+1)-T(NoPV+N2+1)) - h2f_w(1)*dA_w*(T(NoPV+2*¥N2+1)-
T(NoPV+N2+1))

Sum=Sum+h!f_w(1)*dA_w*(T(NoPV-+1)-T(NoPV+N2+1)) + h2f_w(1)*dA_w*(T(NoPV+2*N2+1)-
T(NoPV-+N2+1))

f(NoPV+2*N2)=V front*L_front*w*density(T(NoPV-+2*N2))*Ch(T(NoPV+2*N2))*(T(NoPV+2*N2)-
T(NoPV+2¥N2-1)) & !Tncludes BC
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& - h1f w(N2)*dA_w*(T(NoPV+N2)-T(NoPV+2*N2)) - h2f_w(N2)*dA_w*(T(NoPV+3*N2)-
T(NoPV+2*N2))

Sum=Sum+h1f w(N2)*dA_wH*T(NoPV+N2)-T(NoPV+2*N2)) + h2f_w(N2)*dA_w*(T(NoPV+3*N2)-
T(NoPV+2*N2))

1210: Do i=NoPV+N2+2, NoPV+2*N2-1
f(i)=Vfront*L._front*w*density(T(i))*Ch(T({))*(T()-T(i-1))- &
& h1f_w(i-N2-NoPV)*dA_w*(T(i-N2)-T(i)) - h2f_w(i-NoPV-
N2)*dA_w*(T(+N2)-T(i)

Sum=Sum+h1f_w(i-N2-NoPV)*dA_w*(T(i-N2)-T(i)) + h2f_w(i-N2-NoPV)*dA_w*(T(i+N2)-

T(@)
End Do 1210

NEnergy balance verification, Qairf_w-enthalpy has to equal Qairf_w-conv
Qairf_w=Vfront*L_front*w*density(T(NoPV+(2*N2-N2/2))y*Ch(T(NoPV+(2*N2-
N2/2)))*(T(NoPV+2*N2)-T(4*N2))

1Print * 'Qairf_w-enth',Qairf_w

Qairf_w=Sum

'Print *,'Qairf_w-conv',Qairf_w

sum2=0

A

H"Front of blind

"

f(NoPV+2*N2+1)= Sblind/2. - dA_w*h2f w(1)*(T(NoPV+2*N2+1)- T(NoPV+N2+1)) - &
& ((Q(1+N2)*(refl_b_lw-1)+S(1+N2))/refl_b_lw)*dA_w - &

& (kb*dA_w/t_b)*(TNoPV+2*N2+1)-T(NoPV+3*N2+1)) - &

& (kb*w*t_b/dH_w)*(T(NoPV+2*N2+1)- T(NoPV+2*N2+2))

sum2=((Q(1+N2)*(refl_b_lw-1)+S(1+N2))/refl_b_lw)*dA_w

f(NoPV+3*N2)= Sblind/2. - dA_w*h2f_w(N2)*(T(NoPV+3*N2)- T(NoPV+2*N2)) - &
& ((Q(2¥N2)*(refl_b_lw-1)+S(2*N2))/refl_b_lw)*dA_w - &

& (Kb*dA_w/t_b)*(T(NoPV+3*N2)-T(NoPV+4*N2)) - &

& (Kb*w*t_b/dH_w)*(T(NoPV+3*N2)- T(NoPV+3*N2-1))

sum2=sum2-+((Q(2*N2)*(refl_b_lw-1)+S(2*N2))/refl_b_lw)*dA_w

L172: Do i=NoPV+2*N2+2, NoPV+3*N2-1
f(i)=Sblind/2. - dA_w*h2f w(i-NoPV-2*N2)*(T(i)- T(i-N2)) - &
& ((Q(i-N2-NoPV*(refl_b_lw-1)+S(i-N2-NoPV))/refl_b_lw)*dA_w - &
& (kb*dA_w/t_b)*(T(i)-T(i+N2))- &
& (Ko*w*_b/dH_w)*(2*T(i)- T(i-1)-T(i+1))

sum2=sum2-+((Q(2*N2)*(refl_b_Iw-1)+S(2*N2))/refl_b_lw)*dA_w
End Do L172
'Erad_f=sum2

A=0;S=0
1"

!1The following loops calculate the radiosity matrix for the back vision section
1

L211: Do i=1,N2
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L212: Doj=I,N2
A(i,jtN2)= -refl_b_Iw*Ff_w(i+3*N2,5*N2+j)
A(+N2,j)= -refl_g2_lw*Ff_w(5¥N2+i,j+3*N2)
if (j==1) then
A(Lp=1
A(I+N2,j+N2)=1
End if
End Do 1212
End Do L211

L.213: Do i=1,N2
L214: Do j=2*N2+1,2*N2+3
A(iLj)= -refl_b_lw*Ff_w(i+3*N2,Nw+j-2*¥N2+3)
A(I+N2,j)= -refl_g2_ 1w*Ff w(5*N2+i,Nw+j-2*N2+3)
End Do L214
End Do L213

L215: Do j=1,N2
A(2*N2+1,j)= -refl_inb*F{_w(Nw+4,j+3*N2)
A(2*N2-+2,j)= -refl_outb*Ff_w(Nw-+5,j+3*N2) -
A(2¥N2+3,))= -refl_chanb*Ff_w(Nw+6,j+3*N2)

A(Z*N2+1,j+N2)= -refl_inb*F{_w(Nw+4,j+5*N2)

A(2¥N2+2,j+N2)= -refl_outb*Ff_w(Nw-+5,j+5*N2)

A(2*N2+3,j+N2)= -refl_chanb*F{ w(Nw+6,j+5*N2)
End Do L215

L216: Do i=1,3
A(Z*N2+1,2*N2+)y=-refl_inb*Ff_w(Nw+4,Nw+i+3)
A(2*¥N2+2,2*N2+i)=-refl_outb*Ff_w(Nw+5 Nw+i+3)
A(2Z*N2+3,2*N2+i)=-refl_chanb*Ff_w(Nw-+6 Nw+i+3)
End Do L216

A(2*N2+1,2¥N2+1)=A(2*N2+1,2#N2+1)+1
A(2FN2+2,2¥N2+2)=A(2*N2+2,2¥N2+2)+1
AQ*N2+3,2*N2+3)=A(2*N2+3 2*N2+3)+1

L.217: Do i=1,N2
S(i)= sbc*eb*T(NoPV+3*N2+i)**4
S(i+N2)= sbc*ew2*T(NoPV+5*N2+)**4
End Do L217

S(2*N2+1)=sbc*ein_b*Tin_b_w**4
S(2*N2+2)=sbc*eout_b*Tout_b_w**4
S(2*N2+3)=sbc*echan_b*Tchan_b_w**4

Q=S

P=0

indx_w2=0

1I=2*N2+3

Call ludemp(A, i, i, indx_w2,P)
Call lubksb(A, 1, 1, indx_w2,Q)

Eloss_w=Eloss_w-((Q(2*N2+1)*(refl_inb-1)+S(2*N2+1))/refl_inb)*w*L_back
Eloss_w=Eloss_w-((Q(2*N2+2)*(refl_outb-1)+S(2 *N2+2))/refl_outb)*w*L_back

188



Eloss_w=Eloss_w-((Q(2*N2+3)*(refl_chanb-1)+S(2*N2+3))/refl_chanb)*2*H_tot_w*L_back

sum2==(0

"

'Back of blind

"

f(NoPV+3*N2+1)= Sblind/2. - (kb*dA_w/t_b)*(T(NoPV+3*N2+1)-T(NoPV+2*N2+1)) - &
& ((Q(1)*(refl_b_lw-1)+S(1))/refl_b_lw)*dA_w - &

& (kb*w*t_b/dH_w)*(T(NoPV+3*N2+1)- T(NoPV+3*N2+2)) - &

& hib_w(1)*(T(NoPV+3*N2+1) - TNoPV+4*N2+1))*dA_w

sum2=((Q(1)*(refl_b_lw-1)+S(1))/refl_b_lw)*dA_w

f(NoPV+4*N2)= Sblind/2. -(kb*dA_w/t_b)*(T(NoPV+4*N2)-T(NoPV+3*N2)) - &
& ((QIN2)*(refl_b_lw-1)+S(N2))/refl_b_lw)*dA_w - &

& (kb*w*t_b/dH_w)*(T(NoPV+4*N2)- T(NoPV+4*N2-1)) - &

& h1b_w(N2)*(T(NoPV+4*N2) - T(NoPV-+5*N2))*dA_w

sum2=sum2-+((Q(N2)*(refl_b_lw-1)+S(N2))/refl_b_Iw)*dA_w

L218: Do i=NoPV+3*N2+2, NoPV+4*N2-1
f(i)=Sblind/2. - (kb*dA_w/t_b)*(T(i)-T(i-N2)) - &
& ((Q(i-3*N2-NoPV)*(refl_b_Iw-1)+S(i-3*N2-NoPV))/refl_b_Iw)*dA_w - &
& (kb*w*t_b/dH_w)*(2*T(i)- T(i-1)-T(i+1)) - &
& dA_w*h1b_w(i-NoPV-3*¥N2)*(T(i)-T(i+N2))

sum2=sum2-+{((Q(i-3*N2-NoPV)*(refl_b_lw-1)+S(i-3*N2-NoPV))/refl_b_lw)*dA_w
End Do L218

Erad_b=sum2

sum=0

"

!'Back air cavity

1
fNOPV+4*N2+1)=Vback*L_back*w*density(T(NoPV+4*N2+1))*Ch(T(NoPV+4*N2+1))*(T(NoPV-+4*
N2+1)-T(4*N2))- & lIncludes BC

& hlb_w(1)*dA_w*(T(NoPV+3*N2+1)-T(NoPV+4*N2+1))- h2b_w(1)*dA_w*(T(NoPV+5*N2+1)-
T(NoPV+4*N2+1))

Sum=Sum+h1b_w(1)*dA_w*(T(NoPV+3*N2+1)-T(NoPV+4*N2+1))+
h2b_w(1)*dA_w*(T(NoPV+5*N2+1)-T(NoPV+4*N2+1))

f(NoPV+5*N2)=Vback*L_back*w*density(T(NoPV+5*N2))*Ch(T(NoPV+5*N2))*(T(NoPV+5*N2)-
T(NoPV+5*N2-1))- &  !Includes BC

& h1b_w(N2)*dA_w*(T(NoPV-+-4*N2)-T(NoPV+5*N2))- h2b_w(N2)*dA_w*(T(NoPV+6*N2)-
T(NoPV+5*N2))

Sum=Sum+h1b_w(N2)*dA_w*(T(NoPV+4*N2)-T(NoPV+5*¥N2))+ h2b_w(N2)*dA_w*(T(NoPV+6*N2)-
T(NoPV+5*N2))

1.219:Do i=NoPV+4*N2+2, NoPV+5*N2-1
£(i)=Vback*L_back*w*density(T())*Ch(T({))*(T(i)-T(-1)) - &
&  hlb_w(i-4*N2-NoPV)*dA_w*(T(i-N2)-T(i)) - h2b_w(i-NoPV-4*N2)*dA_w*(T(i+N2)-

T@)
Sum=Sum+h1b_w(i-4*N2-NoPV)*dA_w*(T(i-N2)-T(i)) + h2b_w(i-NoPV-
4¥N2)*dA_w*(T(i+N2)-T(i))
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End Do 1219

Qairb_w=Vback*L_back*w*density(T(NoPV+(5*N2-N2/2)))*Ch(T(NoPV-H(5*N2-
N2/2)))*(T(NoPV+5*N2)-T(4*N2))

!Energy balance verification, Qair by enthalpy has to equal Qair by convective heat transfer
'Print *,'Qairb_w-enth',Qairb_w

Qairb_w=Sum

!Print *,'Qairb_w-conv',Qairb_w

i

"First Glazing of W2

" :
f(NoPV+5*N2+1)= Sw2_1- dA_w*h2b_w(1)*(T(NoPV+5*N2+1)- TMNoPV+4*N2+1)) - &

& (kg*w*t_w2/dH_w)*(T(NoPV+5*N2+1)-T(NoPV+5 *N2+2)) - &
& hw2*dA_w*(T(NoPV+5*N2+1)-T(N oPV+6*N2+1)) - &
&  (QU+N2)*(refl_g2_lw-1)+S(1+N2))/refl _22 lw)*dA_w

f(NoPV+6*N2)=Sw2_1- dA_w*h2b_w(N2)*(T(NoPV+6*N2)- T(NoPV+5*N2)) - &
& (kg*w*t_w2/dH_w)*(T(NOPV+6*N2)-T(NoPV+6*N2-1)) - &
& hw2*dA_w*(T(NoPV+6*N2)-T(NoPV+7*N2)) - &
& ((QE*N2)*(refl_g2_lw-1)+S(2*N2))/refl_g2_lw)*dA_w

L220: Do i=NoPV+5*N2+2, NoPV+6*N2-1
f())y=Sw2_1- dA_w*h2b_w(i-NoPV-5*N2)*(T(i)- T(@-N2)) - &
& (kg*w*t_w2/dH_w)*(2*T(i)-T(i-1)-T(i+1)) - &
& hw2*dA_w*(T(i)-T(i+N2)) - &
& ((Q(i-NoPV-4*N2)*(refl_g2_Iw-1)+S(i-NoPV-4*N2))/ refl_g2 'lw)*dA_w
End Do 1.220 .
sum=0
Qroom_w=0

!

!1Second Glazing of W2

"

f(NoPV+6*N2+1)=Sw2_2- hroom*dA_w*(T(NoPV+6*N2+1)-Troom) - &
hw2*dA_w*(T(NoPV+6*N2+1)-T(NoPV+5*N2+1)) - &
(kg*w*t_w2/dH_w)*(T(NoPV+6*N2+1)-T(NoPV+6*N2+2))

sum=sum+hroom*dA_w*(T(NoPV+6*N2+1)-Troom)

f(NoPV+7#N2)=Sw2_2- hroom*dA_w*(T(NoPV+7*N2)-Troom) - &
hw2*dA_w*(T(NoPV+7*N2)-T(NoPV+6*N2)) - &
(kg*w*t_w2/dH_w)*(T(NoPV+7*N2)-T(NoPV+7*N2-1))

sum=sum+hroom*dA_w*(T(NoPV+7*N2)-Troom)

L221: Do i=NoPV+6*n2+2, NoPV-+7*N2-1
f(1)=Sw2_2- hroom*dA_w*(T(i)-Troom) - &
hw2*dA_w*(T(i))-T(i-N2)) - &
(kg*w*t_w2/dH_w)*(2*T(i)-T(i-1)-T(i+1))
sum= sum+hroom*dA_w*(T(i)-Troom)
End Do L221
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Qroom_w=sum

Ebal_w=Etot_w- Erefl_w- Qroom_w- Qairf_w- Qairb_w- Qout_w- Eloss_w- Etrans
Eff_w=(Qroom_w+Qairf_w+Qairb_w+Etrans)/Etot_w

!!Printing of Vision section
1"

Print *,'Energy balance for vision section’, Ebal_w

Print *,"Vision Section Efficiency:', Eff_w

Print * 'Erefl_w', Erefl_w, 'Qroom_w', Qroom_w, 'Qout_w', Qout_w

print * 'Etrans', Etrans, 'Qairf_w', Qairf_w, 'Qairb_w", Qairb_w, 'Eloss_w', Eloss_w

print * 'Exit Temperature Front:', T(NoPV+2*N2), 'Exit Temperature Back:', T(NoPV+5*N2)
print *, 'Exit Temperature of PV Section:’, T(4*N2)-273.15

!Loop 109 sums all energy balance equations. This value should approach 0 as
tall the energy balance equations are defined to equal 0. Broyden's method will not
lalways converge on the right answer, so this factor is an indicator of how close
Ithe convergence was
sum=0
L109: Doi=1,N

sum=sum-+abs(f(i))

End Do 1109

Print *,'Non-convergence factor=', sum
9 2

return
END Subroutine funcv

Function Ch(Tma)
Implicit None
Real, INTENT(in) :: Tma
Real :: Ch
Ch= 1000*(1.0057 +0.000066*(Tma - 300.15))
Return
End Function Ch

Function density(Tma)
Implicit None
Real, INTENT(in) :: Tma
Real :: density
density= 1.1774 - 0.00359*(Tma - 300.15)
Return
End Function density
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