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CHAPTER 1

INTRODUCTION

1.1 Building Load and Energy Calculations

1.1.1 TImportance of Building Energy Simulation

“Given the limitation of traditional design methods, is it surprising that buildings often
fail to attain their expected performance? The integrated simulation approach provides a
solution to this dilemma by enabling comprehensive appraisals of alternative designs under
realistic operating conditions. By allowing practitioners to explore a building’s life cycle
performance at the design stage, problems can be identified and corrected before they arise.
Simulation is a powerful tool in the search for design solutions that ensure occupant well-being,
reduce energy consumption, meet sustainability aspirations, mitigate environmental impact and
contribute to climate change abatement.” [Clarke 2001]

According to the Energy Information Agency (EIA), buildings in the U.S. have
consumed more than 30 quadrillion Btu annually in the past decade [EIA 2000]. For residential
buildings alone, the total energy use excluding primary electricity and wood was about 10.3
quadrillion Btu, costing American nearly $ 140 billion in 1997 [EIA 1999]. Space heating, space
air-conditioning, and lighting accounted for more than half of total energy consumption in both
residential and commercial buildings [EIA 1998, 1999]. Although a number of energy saving
building components, such as Trombe walls, advanced windows, and radiant systems, have been

developed over the last thirty years, only a handful of low energy buildings have been properly



constructed due to a lack of knowledge of their thermal behavior. Consequently, low energy
building technologies have had relatively little impact on overall energy use.

Several researchers, however, believe that more than 50% of energy savings can be
achieved through the optimal design of new buildings and the use of improved building
components [Clarke 2001; Rousseau and Mathews 1993; Todesco 1996]. The optimal design
requires proper attention to the unique problems associated with a building’s location, orientation,
climate, and application. Therefore, the full potential savings will require the so-called integrated
whole-building design approach to assess the building energy performance and optimize its
heating, ventilating, and air-conditioning (HVAC) and lighting systems. The integrated approach
not only considers form, function, lighting, and space conditioning criteria, but also actively
considers low energy options to meet these criteria. Thermal capacity, shading, daylighting, as
well as advanced lighting systems and low energy space conditioning systems are considered
thoroughly for the whole design process.

Predicting energy performance of the buildings involves understanding not only
complicated thermal heat transfer processes in the buildings but also interactions between various
building systems, such as lighting and space-conditioning systems. Due to rapid advances in
building technologies, the design and evaluation of the environmental conditions in contemporary
buildings have become increasingly complex. Traditional design and energy analysis methods
using simplified manual calculation techniques (e.g. the Cooling Load Temperature
Difference/Cooling Load Factor (CLTD/CLF) method for design purposes and the Bin Methods
for energy analysis purposes) have become inadequate to provide accurate thermal interactions in
such buildings. Poor understanding of their thermal behaviors can lead to negative energy impact
on a building design. The poor design can also result in uncomfortable spaces. In order to
overcome such complexity and provide effective design decision support, building energy
simulation has become a clear and emerging solution to shortcomings in the traditional methods

[Clarke 2001].



1.1.2 Building Energy Simulation and Thermal Load Calculations

At present, overall solution techniques commonly used in detailed building energy
simulation programs may be divided into two categories: sequential and simultaneous
approaches. The sequential approach is usually referred to as the Load, System and Plant (LSP)
approach [ASHRAE 2001]. In the sequential technique, the simulation of building and HVAC
systems are split into three sequential steps. In the first step, the building loads are calculated for
the entire period, often one-year period. Then, the simulation of HVAC distribution systems is
followed using the building loads as its inputs. The system simulation is also run for the whole
period. Finally, the results from the system simulation are applied as inputs to the simulation of
the HVAC central plants. The sequential nature of the LSP approach neglects the interactions
between building loads, HVAC distribution systems and central plants. Consequently, this
approach may yield questionable results for the situation in which there is strong coupling
between the building envelope and its space-conditioning systems.

The simultaneous solution technique is an alternative approach that accounts for such
load-system-plant interactions. In this technique, the models of building loads, HVAC
distribution systems and central plants are solved simultaneously at each time step. This solution
technique likely improves the accuracy of the predicted results. However, the simultaneous
approach is more prone to numerical instabilities and requires more computation time than the
sequential approach.

In detailed building energy simulation, regardless of the solution technique, determining
building thermal loads is an important part of the simulation. Two commonly employed
approaches for predicting building thermal loads are the Weighting Factor Method (WFM) and
Heat Balance Method (HBM) [ASHRAE 2001]. The HBM is based on the law of conservation
of energy. The WFM, sometimes called the Transfer Function Method (TFM), utilizes room heat

balance calculations for generating the so-called weighting factors; hence, it may be considered to



be a simplified, heat balance based load calculation method. The WFM requires simpler input
data and less computation time than the HBM does.

The WFM utilizes the principle of superposition to divide complex non-linear room heat
transfer processes into a summation of thermal responses of various heat transfer components. In
the WFM, pre-calculated weighting factors, sometimes referred to as room response factors, are
used to convert instantaneous heat gains/losses into the building thermal loads. According to
Kerrisk et al. [1981], two general assumptions are made in the use of the weighting factors. The
first assumption is that heat transfer processes are independent of one another and can be
represented by linear equations. With this assumption, nonlinear heat transfer processes, such as
radiation heat transfer, must be approximated linearly. The other assumption is that system
characteristics, such as heat transfer coefficients and the distribution of transmitted solar
radiation, are fixed. This means that these system characteristics are independent of time and
temperature. Consequently, the weighting factors can be pre-calculated and only one set (for one
zone) of weighting factors can be used for the entire simulation period.

On the other hand, the HBM has been perceived as the more accurate method because it
is formulated from a consideration of fundamental physical principles. A set of energy balance
equations for the enclosed space is solved simultaneously for unknown surface and air
temperatures. The HBM allows all heat transfer processes in the building to be treated in a more
fundamental form. As a result, such significant assumptions required in the WFM, such as the
linearity of heat transfer processes and time-variant system characteristics, are not necessary in
the HBM. Since cooling loads are quite sensitive to interior convection, the accuracy of the HBM
is largely dependent on its interior convection coefficient model. Without inherent limitations as
in the WFM (e.g. constant convection coefficients), the HBM can provide accurate cooling load
results when interior convection correlations are appropriately utilized [Fisher et al. 2002].

Although the heat balance equations require simultaneous solution and the HBM arguably



requires more computational effort, this disadvantage has been largely negated by advances in

desktop computing power.

1.2 Improving the HBM Fenestration Models

The inability of the HBM to accurately model the impact of the simplest interior shading
device on the cooling load has long been a source of frustration for building mechanical and
architectural engineers. Although many studies have developed detailed fenestration models and
measured optical properties of window systems, very little has been done to cast models and input
data in a format that is conducive to thermal load calculations. At the root of the problem is a
fundamentally and potentially flawed assumption that has never been tested. Currently, the
thermal performance of fenestration systems are evaluated by means of two separate but related
models: an optical and a thermal model. In virtually every available model and every available
experimental data set, it is assumed that the thermal model is dominated by material properties;
the impact of the indoor environment in particular is assumed to be inconsequential. This
assumption has led to the universal specification of natural convection correlations between the
glazing and the interior shading device and between the shading device and the room. An
additional problem related to load calculation procedures arise from this assumption. The simpler
models that might be tractable in load calculation procedures tend to combine the convection
coefficient with the radiation coefficient. For the HBM, the convection coefficient must be
treated separately in the computational algorithm, and, for heat balance based load calculation
procedures (including the HBM, the WFM and the RTSM), the convection coefficient must be
available in order to estimate the magnitude of the heat gain and/or the radiative/convective split.

In the past, extensive studies [Breitenbach et al. 2001; Collins and Harrison 1999; Collins
et al. 2002; Collins and Harrison 2004; Duarte et al. 2001; Farber et al. 1963; Jordan and
Threlkeld 1959; Klems et al. 1995; Machin et al. 1998; Ozisik and Schutrum 1959; 1960a; 1960b;

Parmelee and Aubele 1952; Parmelee and Vild 1953; Pennington et al. 1964; Phillips et al. 2001;



Rheault and Bilgen 1989; Rosenfeld et al. 2000; Yahoda and Wright 2004a; 2004b] have been
conducted to analyze and quantify the optical and thermal performance of the fenestration system
containing shading devices, sometimes called the complex fenestration system. However, these
studies have mostly emphasized product-rating methods. They usually employ specific
assumptions and environmental conditions suitable for product rating in developing mathematical
models and/or correlation data. For building thermal load calculations, these models and data
may not be adequate for several reasons. First, they usually assume that room surfaces are black
and have the same temperature as the average room air temperature. This assumption neglects
interactions between the fenestration system and the room. In addition, the room air flow field,
the thermal radiation exchange between the fenestration system and other surfaces, and the re-
radiation of transmitted solar radiation are commonly not accounted for. Finally, most of the
studies are only concerned with instantaneous heat gain, which is different from the instantaneous
space cooling load due to thermal storage effect. In order to estimate the cooling load, the
transmitted solar radiation, the inward flow heat transfer rate of absorbed solar radiation (i.e. the
absorbed solar heat gain), and the convective/radiative split of the absorbed solar heat gain are all
needed (separately). In most product rating studies, the convective/radiative split of the absorbed
solar heat gain is neglected. Also, the transmitted solar heat gain and the absorbed solar heat gain
are normally combined as in the use of the solar heat gain coefficient (SHGC) to predict the total
solar heat gain. Typically, most existing data and models were not developed with heat balance
based thermal load and energy calculations in mind. As a result, these data and models are
usually not consistent with heat balance based approaches. This suggests the need to provide
accurate load and energy calculation procedures that can handle the fenestration system

containing shading devices.



1.3 Research Objective and Scope of Work

The current study addresses the need to overcome the previously described shortcomings
by developing improved models specifically aimed at building thermal load calculations. The
primary objective of the investigation is therefore to enhance the modeling of fenestration
systems containing shading devices for building thermal load and energy calculations. As
previously discussed, existing fenestration models are primarily suited for product-rating
purposes, and typically are not adequate for implementing in a load calculation scheme. To
achieve the research objective, the models considered in this study are therefore within the
context of the load calculation scheme and compatible with the HBM and the Radiant Time
Series Method (RTSM), which are the currently endorsed ASHRAE cooling load calculation
methods. In addition, the models are suitable for incorporating in a building energy simulation
tool.

A vast number of shading devices exist in practice including blinds, drapes, roller shades,
and shade screens. Of these shading devices, slat-type shading devices, such as Venetian blinds,
are popular because they can provide occupant privacy. They are also relatively inexpensive and
can be used to provide glare control to improve visual comfort. As stated by Littlefair [1992],
“The standard Venetian blinds represent conventional window management practice, and are
hence the benchmark against which innovative daylighting systems should be judged.” This
statement implies the importance of the simulation of slat-type blinds. For the current research,
therefore, the focus is on the simulation of the fenestration system containing the slat-type blind.

To enhance the simulation of the fenestration system containing shading devices for load
calculation purposes, the present research is divided into two parts: optical and thermal studies.
The optical modeling approach is based on the so-called multi-layer optical calculation approach
[DOE 2006; ISO 2000; Klems 2002; Rosenfeld et al. 2000; van Dijk and Goulding 1996] where

overall optical properties of the fenestration system containing a slat-type blind are determined as



a function of the optical properties of glazing and blind layers. The current study emphasizes
only the optical models for predicting blind and overall optical properties since existing models
[Finlayson et al. 1993; Rubin et al. 1998; Wright 1998] and computer programs [LBL 1994,
2001; van Dijk and Goulding 1996; Wright and Sullivan 1995] for predicting glazing optical
properties have been well developed. In this study, two optical models are developed: one for
predicting blind optical properties and one for predicting overall optical properties of the
fenestration system containing a slat-type blind.

For the thermal study, two thermal models are also developed: one for the HBM and one
for the RTSM. The thermal model for the HBM is based on the one-dimensional multi-layer heat
balance approach; the thermal model for the RTSM is based on the so-called solar-thermal
separation concept [Klems et al. 1995; Klems and Kelly 1996; Klems et al. 1996; Klems and
Warner 1997]. The thermal model for the HBM can be used to generate thermal parameters, such
as the inward flowing fraction and the total thermal resistance, required by the thermal model for
the RTSM. The thermal model for the HBM requires two thermal parameters, which must be
experimentally determined. Therefore, an experimental method is also developed to support the
thermal model for the HBM. The experimental method can also be used to determine the
radiative/convective splits required by the thermal model for the RTSM.

Although the feasibility of the experimental method was demonstrated with a small set of
experiments, the full parametric set of experiments necessary to develop empirical correlations
for the thermal parameters required by the thermal model for the HBM is beyond the scope of this
investigation. Future studies with full parametric experiments are deemed essential to develop

the empirical correlations.



1.4

below.

Outline of the Thesis

This thesis is organized into seven chapters. The summary of each chapter is given

Chapter 2 first provides an overview of the simulation of the fenestration system
containing shading devices. The chapter then reviews previous studies relating to the
fenestration system with shading devices. Finally, the chapter presents the methodology
used in the current study to enhance the simulation of the fenestration system containing
shading devices.

Chapter 3 presents a comparative analysis of existing optical models for a slat-type blind.
The chapter illustrates the influence of input parameters on optical properties of the blind
and the effect of the blind on building thermal loads. Also, the chapter identifies
strengths and weaknesses in the existing optical blind models. In addition, the chapter
proposes a new comprehensive optical blind model and presents the inter-model
comparison of the new model.

Chapter 4 presents a newly developed comprehensive optical blind model based on
previous investigations [Chantrasrisalai and Fisher 2004; 2006]. The chapter provides a
technical description of the model and discusses the modeling techniques employed in the
model. Detailed calculations of the model are given in Appendices A to C. The chapter
also provides suggestions for the model implementation in a building energy simulation
tool.

Chapter 5 presents an experimental validation of the new optical blind model. The
chapter first presents an in situ experimental method for measuring solar-optical
properties of a fenestration system containing a slat-type blind. The in situ experimental
method includes in situ experimental measurements of total solar transmittance of the

fenestration system and an estimation of slat solar reflectance of the blind assembly (an



input required by the optical blind model) from field measurements The chapter then
illustrates the validity of the new optical blind model by comparing the new model with
measured solar transmittance obtained by the in situ experimental method.

e Chapter 6 presents two newly developed thermal fenestration models suitable for load
calculations: one for the HBM and one for the RTSM. The chapter also presents a
calculation procedure used by the thermal model for the HBM to generate thermal
parameters required by the thermal model for the RTSM. In addition, the chapter
presents an experimental method developed to support the new thermal models. The
chapter then discusses preliminary experimental investigation and provides suggestions
for future thermal model studies based on experimental findings.

e Chapter 7 summarizes the findings of the current study and recommends additional
research.

In summary, Chapter 2 provides a technical overview of the current research. Chapters 3
to 5 discuss the optical study while Chapter 6 discusses the thermal study. Detailed calculations
and supporting information are presented in Appendices. Chapters 3 and 5 include some

materials from previous publications [Chantrasrisalai and Fisher 2004; 2006].
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CHAPTER 2
SIMULATION OF FENESTRATION SYSTEM

CONTAINING SHADING DEVICES

2.1 Energy Transport through Fenestration System and Its

Modeling

Because the fenestration system is translucent, energy transport through/from the
fenestration system includes both conduction and solar heat gains. Conduction heat gain (or loss)
is normally referred to as energy transport due to a temperature difference between outdoor and
indoor environmental conditions whereas solar heat gain is typically referred to as energy
transport due to solar radiation incident on the fenestration system.

The heat transfer mechanism for the conduction heat gain (or loss) actually involves all
three modes of heat transfer: conduction, convection, and radiation. The longwave radiative
exchanges occur both externally between the outermost layer(s) of the fenestration system and
building surroundings, and internally between the innermost layer(s) and other inside surfaces.
The longwave exchanges also occur between layers of the fenestration system itself. At the same
time, conduction and convection heat transfer take place due to temperature differences between
surfaces and adjacent air. Commonly, the modeling of these heat transfer mechanisms is termed

the ‘thermal” model of the fenestration system.
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The solar heat gain includes both solar radiation directly transmitted through the
fenestration system and some portion of solar radiation absorbed by the fenestration system’s
layers. Figure 2.1 conceptually illustrates the fundamental mechanism involved in the solar heat
gain. As shown, some of the incident solar radiation can be transmitted directly through the
space. The ratio of transmitted solar radiation to incident solar radiation is usually referred to as
the solar transmittance of the fenestration system. As also shown in the figure, the rest of the
incident solar radiation is either reflected back outside or absorbed by the fenestration system’s
layers. The ratio of the reflected and absorbed solar radiation fluxes to the incident solar
radiation flux is called the reflectance (of the system) and the absorptance (of each layer),
respectively. Commonly, these ratios are considered to be ‘pure’ optical properties due to no
appreciable overlap between the solar radiation band and the longwave radiation band by which
the radiant heat transfer occurs. In other word, these properties are independent of temperature.
Therefore, the calculation procedure used to determine the optical properties is normally termed

the *solar’ or ‘optical” model of the fenestration system.
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Solar radiation absorbed by layers of the fenestration system is transformed into heat
energy. As conceptually illustrated in Figure 2-1, some portion of absorbed solar radiation enters
into the space while the rest goes back outside. Commonly, the fraction entering the room is
called the inward flowing fraction while the fraction leaving the room is called the outward
flowing fraction. The propagation mechanism for the inward and outward flowing fractions
includes conduction, convection and radiation heat transfer processes and take places at the same
time as the heat conduction gain (or loss) occurs. Therefore, the calculation procedure to
determine these fractions would naturally and fundamentally be included in the thermal model of
the fenestration although the heat conduction gain/loss and inward/outward flowing fractions are
often treated separately’ [ASHRAE 2001]. The next section presents a literature review of
previous studies relating to the energy transport through the fenestration system containing

shading devices. Then, a technical overview of the current research is given.

2.2 Literature Review

Energy transport through the fenestration system containing shading devices have been
studied for more than half a century, and a number of theoretical models to evaluate the
performance of the fenestration system have been introduced. Earlier investigations [Farber et al.
1963; Ozisik and Schutrum 1959; 1960a; 1960b; Parmelee and Aubele 1952; Parmelee and Vild
1953; Pennington et al. 1964] provided much of the initial insight into the problem whereas later
investigations [Klems et al. 1995; Rosenfeld et al. 2000] attempted to generalize the problem in
order to deal with increasing varieties of fenestration products on the market in recent years.

Previous investigations of the fenestration system having shading devices are reviewed here.

! For performance rating purposes, heat conduction loss is normally determined using the overall heat transfer
coefficient (U-value) based on winter conditions but solar heat gain is commonly determined using the inward flowing
fraction(s) based on summer conditions.

13



2.2.1 Early Studies of Fenestration System Containing Shading

Devices

The earliest attempt to understand the energy performance of the fenestration system
containing shading devices was possibly made by Parmelee and his colleagues. In their first
paper, Parmelee and Aubele [1952] presented two theoretical models to predict optical properties
of a slat-type blind: one for specular-reflecting slat surface and one for diffuse-reflecting slat
surface. They also presented mathematical expressions to determine optical properties of a
combination of the single glazing and the blind for both external and internal blind. Their model
for a diffuse-reflecting slat surface is discussed in detail in Chapter 3. In their subsequent paper,
Parmelee et al. [1953] compared their models with experimental data obtained by means of the
solar calorimeter. They found that while their models agreed with measured data quite well for
direct solar radiation, discrepancies between predicted and measured results for diffuse solar
radiation were quite noticeable. They reasoned that the discrepancies were caused by the
uncertainty in determining the distribution of diffuse solar radiation. In their last paper [Parmelee
and Vild 1953], the authors provided design data for use in determining the solar heat gain. To
determine the solar heat gain, they introduced the shading factor defined as the total solar gain
from a fenestration system with shading device(s) minus the convection and radiation gain from a
single unshaded glazing divided by the solar radiation transmitted through the single unshaded
glazing. The shading factor was mathematically expressed as a function of optical properties of
the shade-glass combination, optical properties of the single unshaded glazing, incident solar
radiation and an experimentally determined constant. This shading factor later became widely
known as the shading coefficient (SC). In their last paper, the authors also presented a refined

optical blind model for a diffuse-reflecting slat surface based on the one presented in their first

! Actually, the definitions of shading factor and shading coefficient are slightly different.

14



paper. With the refined model, the distribution of transmitted solar radiation onto inside room
surfaces can be determined based on view factors between slat surfaces and inside room surfaces.

Later, Jordan and Threlkeld [1959] conducted an experimental study to determine the
effectiveness of interior shades on the reduction of solar heat gain. The experimental shade
transmission factor, defined as the ratio of collected solar heat to solar radiation incident on the
solar collector plate with a correction for the reduction in incident energy as it passes through the
cover glass, was used as an indicator for the shade effectiveness. In their paper, they presented
equations for calculating the experimental shade transmission factor as a function of
experimentally determined optical properties and heat transfer coefficients. They showed that
calculated and measured shade transmission factors agreed well for tested shade samples.
Although materials of the shades used in the study were similar to those of roller shades, the
shades were installed in the calorimeter with the edges sealed as opposed to a conventional
installation of roller shades in which air could circulates between the air gap and the room. As a
result, they also presented corrected equations of the shade transmission factor for the installation
of the shades in an actual room. Since their analysis and experiment only considered an ordinary
single glazed window with the interior shades similar to roller shades, their equations and data are
quite limited in applications.

In the meantime, Ozisik and Schutrum [1959] also conducted an experiment to
investigate the energy performance of the fenestration system containing a roller shade. Unlike
Jordan and Threlkeld” work, the shades were installed in the solar calorimeter in a conventional
manner. In the paper, Ozisik and Schutrum showed mathematical expressions for use in the
determination of convection and radiation gain into the room due to absorbed solar radiation (i.e.
inward flowing fraction) and overall heat transfer coefficient (U value). To facilitate design
practitioners, they also introduced the K factor for use in the calculation of total heat gain through
the fenestration system. This K factor is essentially identical to the currently well-known solar

heat gain coefficient (SHGC). Based on calorimeter results, design data (K factor and U value)
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for various roller shades combined with either regular or heat absorbing glass were also given in
the paper. Later, Ozisik and Schutrum also experimentally investigated thermal performance of
the fenestration system containing a drape [1960a] or a slat-type blind placed between two layers
of glass [1960b]. Similar experimental and theoretical analyses were used to develop design data
for use in determining total heat gain through the fenestration system containing either a drape or
a between-pane blind. For the fenestration system with a drape, Ozisik and Schutrum [1960a]
demonstrated that the K factor was substantially dependent on solar reflectance of the drape
whereas solar transmittance and solar absorptance of the drape were quite trivial. Optical
properties for various drapes were determined experimentally and presented for normal incidence.
For the fenestration system with a between-pane blind, Ozisik and Schutrum [1960b] presented
mathematical expressions for effective optical properties as a function of layer optical properties.
Models presented by Parmelee et al. [1952] were used to determine optical properties of the blind
layer. Similar to previous investigations, data and models developed were limited in scope and
applicability because they considered only the single glazing fenestration systems.

To extend the scope of previous studies, Farber et al. [1963] and Pennington et al. [1964]
performed both theoretical and experimental studies for a double-glazing fenestration system
containing an inside shading device, either slat-type blind or drapery. Similar to previous studies,
they presented mathematical expressions for effective optical properties of the fenestration
system assuming that optical properties of individual layers were already known. For the
fenestration system with the blind, optical models presented by Parmelee et al. [1952] again were
used. For the fenestration system with the drape, Farber et al. [1963] attempted to develop a
theoretical model to predict optical properties of the drape based on a simple geometry. Possibly,
the model is the only existing theoretical model since other studies on the drape [Moore and
Pennington 1967; Ozisik and Schutrum 1960a; Van Dyck and Konen 1982; Yellott 1965] all
relied on experimental results for predicting the optical properties of the drape. To determine

inward flowing of absorbed solar radiation, Farber et al. [1963] also presented models based on a
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system of heat balance equations. In order to use their models, the knowledge of all heat transfer
coefficients (including heat transfer coefficients between glazing layers, between the inner
glazing layer and the shading layer, and the shading layer and the room) is needed. In their
studies, they assumed that convection heat transfer from the inner glazing layer with the presence
of the shading device was the same as convection heat transfer from the inner glazing layer
without the shading device. To determine convection from the shading layer, they used the same
convection correlation as for convection from the glazing layer by taking into account the
increase in the total surface area. Although their approach appeared to be questionable, they
showed that the model had reasonable agreements with experimental results obtained by means of
a solar calorimeter [Pennington et al. 1964].

Yellott [1965] conducted an experiment to determine the effectiveness of the drape to
control solar heat gain. To determine solar heat gain through the fenestration system with the
drape, the shading coefficient was utilized. Based on experimental results, the author presented
shading coefficients for various combinations of the windows and drapes as a function of solar
reflectance of the drape. The author also provided a classification of the drapery fabrics for
estimating the shading coefficient based on the so-called openness factor, defined as the ratio of
the open area between the fibers to the total area of the fabric [ASHRAE 2001]. Later, Keyes
[1967] provided the analysis for classifying drapery fabrics in more detail and Moore and
Pennington [1967] described various types of measuring devices and measurement procedures for
accurately determining solar-optical properties of the drape.

Van Dyck and Konen [1982] showed a theoretical model for analyzing a fenestration
system consisting of a single glazing and a shading device. They investigated various shading
devices including blind, roller shade and drapery. Optical properties of the shading device were
experimentally determined and then used in the model for predicting the overall optical properties
of the fenestrations systems. To determine solar heat gain, it was assumed that solar radiation

absorbed by any internal shading device would all remain in the room. This means that the

17



inward flowing fraction of the internal shading layer was assumed to be one. Along with this
assumption, it was also assumed that the presence of the internal shading device had no effect on
the inward flowing fraction of the glazing layer. Therefore, the same formula as that of the
unshaded glazing system was utilized to determine the inward flowing fraction of the glazing
layer of the glazing/shading combinations. Although these assumptions greatly simplify the
analysis, they are unlikely to be valid for the fenestration system under realistic conditions. In a
later study, McCluney and Mills [1993] also employed similar assumptions and developed a
similar equation for determining the shading coefficient of the single glazing with an interior
shade.

Rheault and Bilgen [1989] presented a theoretical analysis of the heat transfer through a
fenestration system with Venetian blinds installed and sealed between two glass panes. Their
analysis considered both convection and radiation heat transfer but neglected heat conduction due
to the assumption that both the blind and glazing are isothermal. Their analysis was divided into
3 parts: solar radiation, longwave radiation, and convection heat transfer. For the solar radiation
exchange, although their model accounted for diffuse solar radiation from both the sky and
ground, it was unclear how view factors between slat surfaces and the sky/ground were
determined. For both solar and longwave radiation exchanges, it was assumed that the blind had
diffuse-reflecting slats; hence, the net radiation method was used to find solar and infrared
radiosities and irradiances on surfaces. For convection heat transfer, it was assumed that the
presence of the blind had no effect on the convection phenomena in the window cavity due to the
large distance from the end of the slats to the glass; thus, a convection correlation for buoyancy
driven flow in a vertical cavity was used. The total heat transfer was determined by solving
energy balances on the outside glass, the slats, and the inside glass. Rheault and Bilgen [1990]
later compared their theoretical model with experimental data obtained using a variable

temperature calorimeter and found that their model agreed quite well with measure results. On
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average, discrepancies between predicted and measured results were only 6% and 7% for total

transmitted solar radiation and temperatures of glass panes and room, respectively.

2.2.2 Recent Studies of Fenestration System Containing Shading

Devices

Due to advancements in window technologies in the late 1980s to early 1990s, previous
models and data obtained by means of solar calorimeters became increasingly obsolete for use in
determining optical and thermal characteristics of fenestration systems that can be a combination
of a variety of glazing and shading products. Consequently, Klems et al. [Klems 1994a; 1994b;
Klems et al. 1995] developed a detailed model in an attempt to generalize the procedure for
predicting the solar heat gain through a complex fenestration system, commonly defined as a
system that contains one or more non-specular optical components, such as slat-type blinds,
drapes, and honeycomb [ASHRAE 2001]. The model was termed the solar-thermal separation
and layer method due to its two main concepts. The first basic concept of the model was that the
fenestration system consists of a series of plane-parallel layers and the overall optical
characteristics of the system could be described as a function of optical properties of individual
layers. The so-called layer method was then used to determine overall optical properties of the
system from the knowledge of optical properties of each separate layer. Although the authors
proposed that the optical properties of individual layers be determined by bi-directional optical
property measurements, theoretical models for glazing and/or shading layers might also be used
to predict individual layer optical properties. The other main concept of the model was that the
inward flowing fractions of the individual layers are purely thermal properties and thus are
independent of optical properties of the layers. Similarly, the authors also proposed that the
inward flowing fractions be determined by calorimetric measurements although a general thermal
model might be utilized as well. Subsequent studies by the same group of researchers [Klems

and Warner 1995; Klems and Kelly 1996; Klems et al. 1996; Klems and Warner 1997] were done
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to support their model. However, these studies only produced limited data [ASHRAE 2001]. A
lack of database and/or sub-models for predicting optical and thermal properties of individual
layers prevented the model from becoming widely used as visualized by the authors [Klems
2002] even though there was an attempt by other researchers to extend the solar-thermal
separation concept by developing a correlation for the inward flowing fraction of the interior
blind [Collins and Harrison 1999].

Pfrommer et al. [1996] developed an optical model for the fenestration system containing
either external or internal slat-type blinds. Since the model was intended for implementing
directly in a building simulation program, analytical formulations were given for most
calculations. Unlike other existing models, the model is applicable to a blind having partially
specular-reflecting and partially diffuse-reflecting slats. The model is discussed in more detail in
Chapter 3 along with the EnergyPlus and Parmelee models [DOE 2002; Parmelee and Aubele
1952]. Analytical and numerical comparisons of the three optical blind models are thoroughly
discussed in Chapter 3.

A number of recent studies [Collins et al. 2002; Collins and Harrison 2004; Collins 2004;
Duarte et al. 2001; Machin et al. 1998; Oosthuizen et al. 2005; Phillips et al. 1999; Phillips et al.
2001; Ye et al. 1999] have primarily focused on the effect of an internal slat-type blind on
convection heat transfer from the glazing layer. Machin et al. [1998] and Duarte et al. [2001]
conducted experimental studies to investigate the influence of the horizontal-slat blind on free
convection for nighttime and daytime conditions (with and without the presence of solar
radiation), respectively. The convection heat transfer rate from a vertical isothermal surface
representing the interior-glazing layer was measured using a Mach-Zehnder interferometer. An
unheated aluminum blind located adjacent to the glazing was used for the nighttime condition
while a heated blind was used for the daytime condition. Various parameters were investigated
including the spacing between the blind and the vertical plate, slat angle, and the amount of

absorbed solar radiation (represented by the flux used to heat the blind). For both conditions,
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experimental results showed that the presence of the blind caused a strong periodic variation in
the local convection heat transfer rate. For the nighttime condition, the average convection heat
transfer rate tended to be slightly lower due to the presence of the blind, except for the completely
closed blind case. For the daytime condition, the average convection heat transfer rate showed a
strong dependency on the amount of absorbed solar flux. The absorbed solar flux also had an
influence on the effect of the blind-to-glazing spacing and the slat angle on the average
convection heat transfer rate. In related studies [Collins et al. 2002; Collins and Harrison 2004;
Collins 2004; Oosthuizen et al. 2005; Phillips et al. 1999; Phillips et al. 2001; Ye et al. 1999],
numerical models based on the computational fluid dynamics (CFD) method were developed to
extend the scope of the study on the effect of the Venetian blind on free convection at the interior
glazing. Ye et al. [1999] first developed a two-dimensional model using the finite element
technique. On the room side, the room air temperature was used as a boundary condition. The
model neglected effects of thermal radiation and conduction within the slats of the blind. The
model was then validated with Machin’s experimental results for the nighttime condition. The
study showed that discrepancies between numerical and experimental results were quite
significant. The authors suggested that the discrepancies were caused by the heat conduction
within the blind. Subsequently, Phillips et al. [1999] extended the model to include the effect of
heat conduction. However, the numerical results were still low compared to the experimental
results. Phillips et al. [2001] later included the effect of thermal radiation in the model and found
that the improved model had good agreements with measured data. Collins et al. [Collins et al.
2002; Collins and Harrison 2004; Collins 2004] extended the numerical model to include the
effect of solar radiation absorbed in the blind so that the model could be used for the daytime
condition as well as the nighttime condition. Once they validated the model with experimental
results for both conditions, they used the model to investigate the influence of various parameters
on convection and radiation heat transfer rates from the glazing having an adjacent slat-type

blind. Using numerical results, Collins and Harrison [2004] presented correlations in the form of
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radiative and convective heat flux from the glazing surface. Collins and Harrison [2004] pointed
out that their correlations are not practical due to their complexity. Consequently, Collins [2004]
has been attempting to develop more usable correlations but has not yet been able to produce one.
Oosthuizen et al. [2005] gave a summary of main results obtained from these experimental and
numerical studies on the effect of the Venetian blind on free convection at the interior glazing. In
addition, Oosthuizen et al. [2005] reported results from numerical studies on the effect of other
blind types (the vertical blind and the roller blind) on free convection at the interior glazing. It is
worth noting that Collins’ correlations [Collins and Harrison 2004] are only applicable for free
convection. This means that the correlations are not applicable to most building systems.
Moreover, the correlations might not be valid for load calculation purposes since the numerical
model used to develop the correlations neglected interactions between the fenestration system and
the room.

Meanwhile, Rosenfeld et al. [2000] gave an overview of recent developments in
modeling the optical and thermal properties of the complex fenestration system occurring in
Europe. For optical properties, the basic concept is similar to the layer method proposed by
Klems et al. [1995] such that overall optical properties of the fenestration system are dependent
on optical properties of individual layers of the system. In the paper, two models for predicting
optical properties of the slat-type blind are discussed. The first model, called the WIS model [van
Dijk and Goulding 1996], is conceptually similar to the EnergyPlus model [DOE 2002] described
in detail in Chapter 3. The only difference between the two models is probably that slat surfaces
are divided into more elements in the WIS model than in the EnergyPlus model (5 elements
versus 2 elements). The model is currently incorporated in the ISO standard [ISO 2000]. The
other model, called the “simple model”, is based on the observation that, for the blind under the
consideration, the distribution of radiation reflected from the slat is not uniform and the peak
occurs at the specular-reflecting direction. Rosenfeld et al. [2000] showed that the simple model,

which accounts for the quasi-specular behavior of the blind, had better agreement with
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experimental results than the WIS model, which assumes that slat surfaces are purely diffuse. In
another paper, Breitenbach et al. [2001] presented mathematical formulations for the simple
model. For thermal properties, Rosenfeld et al. [2000] presented an equation for predicting the
inward flowing fraction, often called the secondary internal heat transfer factor by European
researchers, as a function of outside film resistance, the thermal resistance across the fenestration
system, and the inside film resistance. As commonly used for performance rating purposes,
outside and inside film resistances were assumed to be constant for some specified boundary
conditions (depending on the standards used in each particular country). The thermal resistance
across the fenestration system was considered to be an intrinsic thermal property of the
fenestration system and considered constant regardless of angle of incidence, level of solar
radiation, or environmental conditions. This means that the thermal resistance across the
fenestration system only needs to be measured once. To support this idea, they also demonstrated
that an error in the thermal resistance across the system as large as 50% would only cause errors
of less than 16% and 8% in the inward flowing fraction and the solar heat gain coefficient,
respectively. They then also showed that the predicted solar heat gain coefficient agreed well
with measured results.  Although their demonstration seemed to imply that the thermal
fenestration model may be trivial, it is not clear if their assessment is applicable to various other
situations, besides the specific conditions required by their performance rating method. Like
other studies, they neglected thermal interactions between the fenestration system and the room.
More importantly, they also neglected the convective/radiative split of the absorbed solar heat
gain and/or the inside convection coefficient, which are needed for estimating the space thermal
load.

Recently, Yahoda and Wright [2004a] presented a model for predicting ‘effective’
longwave radiative properties. The model assumes that blind slats are flat, have uniform and
temperature-independent properties, and are opaque to longwave radiation. The model also

assumes gray and diffuse slat surfaces with respect to longwave radiation. The model is
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fundamentally similar to a sub-model in EnergyPlus used to predict solar-optical properties of
diffuse solar radiation [DOE 2002]. By modeling the longwave radiation in the same way as the
shortwave radiation, the blind assembly can be treated as a planar and homogeneous layer that
allows the blind assembly to be handled in a fenestration thermal model conventionally used for a
glazing system [Yahoda and Wright 2004b]. Yahoda and Wright [2005] also presented an optical
model for direct solar radiation. Like Pfrommer’s model [Pfrommer et al. 1996], Yahoda’s
model combined their sub-models into a single model that can describe slat surfaces that are
neither purely specular nor purely diffuse. Their sub-model for a specular-reflecting slat surface
is an enhanced version of Rosenfeld’s simple model [Rosenfeld et al. 2000] that is not restricted
to normal incident light. In addition, Yahoda’s model has enhanced features by allowing
different radiative characteristics for each slat surface (i.e. the upper and lower slat surfaces can
have different slat optical properties and different shining factors). The model is only applicable
to a blind having flat slats with negligible slat thickness. Yahoda and Wright [Yahoda and
Wright 2005] showed that their model predicted nearly identical results as Parmelee’s models did
for both blinds having purely diffuse-reflecting slats and blinds having purely specular-reflecting
slats.

In parallel with the current study, an ongoing ASHRAE research [Collins and Wright
2006; Huang et al. 2006; Wright and Kotey 2006] is attempting to enhance fenestration system
simulation for load calculations. Wright and Kotey [2006] presented an optical model for a
fenestration system containing shading layers. Similar to the optical fenestration model presented
in Appendix D, Wright’s model is based on a multi-layer optical calculation, which requires
optical properties of individual fenestration layers as inputs. The main difference’ between
Wright’s model and the optical fenestration model presented in Appendix D is that the optical

fenestration model presented in Appendix D was developed specifically for the fenestration

! The author used Wright’s technical approach (i.e. the matrix solution technique) to derive a model equivalent to
Wright’s model but consistent with the optical blind model presented in Chapter 5. The author then compared the
model with the optical fenestration model presented in Appendix D and found no difference in the predicted results.
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system containing a slat-type blind. The optical fenestration model is consistent with the newly
developed optical blind model presented in Chapter 4 whereas Wright’s model is not. The reason
for the development of the optical fenestration model is discussed in detail in Section 2.3.2.2. In
addition to Wright’s model, Huang et al. [Huang et al. 2006] presented the measured thermal
resistance of a fenestration system containing a between-pane blind using a guarded heater plate
apparatus while Collins and Wright [Collins and Wright 2006] presented a calculation procedure
to predict U-value and inward flowing fractions of a fenestration system containing a
diathermanous layer (e.g. a blind layer). According to its primary objective, the ongoing
ASHRAE research should result in an enhanced fenestration simulation suitable for load
calculations. However, models and data that have been presented as of this writing appeared to

be more suitable to product rating than load calculations.

2.3 Methodology for Enhancing Fenestration System

Simulation

Typically, the energy performance of a fenestration system is evaluated by means of two
separate but related models: an optical model and a thermal model. The optical model is used to
handle shortwave phenomena of the fenestration system while the thermal model is used to
handle thermal (conduction, convection, and longwave radiation) phenomena of the fenestration
system. Therefore, the methodology for enhancing the simulation of the fenestration system is
essentially divided into two parts: optical and thermal studies. The optical modeling can be
divided into 3 parts: blind, glazing, and fenestration models. The optical blind, glazing, and
fenestration models are used to predict optical properties of the blind layer, the glazing layer, and
the fenestration system, respectively. Interactions of the models in the current study are
illustrated in Figure 2-2. An arrow is used to indicate the flow of information between the
models. A single-ended arrow indicates information flow in one direction only and a double-

ended arrow indicates information flow in both directions.
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Figure 2-2 Interactions of Optical Models, Thermal Model, and
Load Calculation Method

As shown in Figure 2-2, the optical blind and the optical glazing models provide required
inputs for the optical fenestration model. Then, the optical fenestration model provides inputs
required by the thermal fenestration model and the load calculation method. The thermal
fenestration model and the load calculation method interact with each other since the thermal
fenestration model is inherently a part of the load calculation method. For the current study, the
focus is on the optical blind model, the optical fenestration model, and the thermal fenestration
model, which are shown in gray boxes.

Since the objective of the study is to enhance the modeling of the fenestration system for
building thermal load and energy calculations, models considered (both optical and thermal) are

those compatible with building thermal load calculation procedures. In the next section, model
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compatibility with building thermal load calculation methods is discussed. Then, an overview of

the optical study is presented. Finally, an overview of the thermal study is given.

2.3.1 Model Compatibility with Building Thermal Load Calculation

Methods

This section describes criteria used for considering models suitable for the current
research. Since currently endorsed ASHRAE cooling load calculation methods include the HBM
and the RTSM, the models considered in this study are those compatible with these two methods.
To be compatible with the HBM, optical (shortwave radiation) models should distinguish
between transmitted beam and transmitted diffuse solar radiation. This distinction is essential for
modeling consistency required by the internal solar radiation distribution model used in the HBM
since the internal solar radiation model typically treats beam and diffuse radiation differently.
Therefore, for instance, an optical blind model should predict both direct-to-direct and direct-to-
diffuse blind transmittances, and an optical fenestration model should predict both direct-to-direct
and direct-to-diffuse effective (or overall) transmittances. To be compatible with the HBM,
thermal models must treat longwave radiation and convection effects separately. Specifically,
convection coefficients for surfaces of the fenestration system must be handled separately in the
computation algorithms. For load calculations, in general, thermal models should account for the
room air flow field and thermal radiation exchanges between the fenestration system and the
other room surfaces.

To be compatible with the RTSM, models (both optical and thermal) using explicit
calculations are preferable to models using iterative calculations. In general, models developed
for the HBM can be used to generate optical and thermal parameters required by the RTSM to
predict the transmitted solar heat gains, the absorbed solar heat gain, and the conduction heat gain
of the fenestration system. In the RTSM, the solar radiant time factors (Solar RTF) are used to

convert the 'beam portion' of the transmitted solar heat gain into the cooling load while the Non-
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Solar RTF is used to convert all other radiant heat gains into the cooling load. Similar to the
HBM, the RTSM therefore distinguishes between transmitted beam and diffuse solar radiation.
This means that the RTSM requires both direct-to-direct and direct-to-diffuse effective

transmittances to predict transmitted beam and transmitted diffuse solar heat gains, respectively.
2.3.2 Overview of Optical Study

To deal with a variety of fenestration products, McCluney [2002] suggests the
generalized optical modeling approach to determine optical properties of the fenestration system.
With the generalized optical modeling approach, bi-conical® optical properties of materials that
make up the fenestration system must be measured and stored in an optical property database.
Then, to determine optical properties of the fenestration system, a three-dimensional (3-D) ray-
tracing procedure is used along with the knowledge of the fenestration system’s 3-D geometry
and the measured optical properties of the fenestration system’s components. Although this
approach would probably provide the most accurate results, the 3-D ray-tracing technique is
computationally intensive and not yet suitable for incorporating into a heat balance based
building simulation program, let alone a load calculation procedure.

The more suitable approach for optical calculations in heat balance based load
calculations is based on the so-called multi-layer approach. With this approach, optical properties
of the fenestration system can be determined as a function of the optical properties of its
individual components. Presently, this approach is accepted as a worldwide standard [DOE 2006;
ISO 2000; Klems 2002; Rosenfeld et al. 2000; van Dijk and Goulding 1996; Wright and Kotey
2006]. With the multi-layer optical calculation approach, the optical properties of individual
components of the fenestration system must be available as inputs, either as a result of direct

measurement or as a result of measurements combined with detailed mathematical models.

! According to McCluney [2002], the term “conical” is used to indicate a nominally conical (pencil point shaped) solid
angle whereas the term “directional” is used to refer to an infinitesimally small solid angle. This means that the
“conical” term refers to measurable optical properties while the “directional” term refers to theoretical optical
properties. Nonetheless, these two terms are often used interchangeably in the literature [Breitenbach et al. 2001;
Klems and Warner 1995].
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Although the approach is applicable for determining spectral optical properties of the fenestration
system, spectrally-averaged optical properties are normally adequate for building load and energy
calculations. Therefore, an optical fenestration model is based on multi-layer, spectrally-
averaged optical calculations for this research.

The focus of the optical study was on the modeling of the fenestration system containing
a slat-type blind. Using the multi-layer optical calculation approach, the optical modeling may be
subdivided into 3 parts: glazing, blind, and fenestration. The optical glazing model refers to
calculation procedures for determining optical properties of the glazing layer. The optical blind
model refers to calculation procedures for predicting optical properties of the blind layer. The
optical fenestration model refers to calculation procedures for calculating overall (or effective)
optical properties of the combined glazing and shading layers. At present, existing glazing
models [Rubin et al. 1998; Wright 1998] and window computer programs [LBL 1994, 2001; van
Dijk and Goulding 1996; Wright and Sullivan 1995] have been well developed to deal with a
variety of unshaded glazing systems. Therefore, this study was only concerned with the optical
blind and optical fenestration models.
2.3.2.1 Investigation of Existing Optical Blind Models

Several models exist for predicting optical properties of the slat-type blind layer
[Parmelee and Aubele 1952; Pfrommer et al. 1996; Simmler et al. 1996; Yahoda and Wright
2005]. These models are suitable for incorporating in a building energy simulation tool. The first
step in the optical study was therefore to investigate capabilities and accuracy of these existing
models. The existing models including the Parmelee model [Parmelee and Aubele 1952], the
Pfrommer model [Pfrommer et al. 1996], and the EnergyPlus model [DOE 2002; Simmler et al.
1996] were analytically and numerically investigated. Strengths and weaknesses of the models
were also identified. This comparative analysis of existing optical blind models has been
published as a SimBuild-2004 conference paper [Chantrasrisalai and Fisher 2004]. Some

materials from the paper are also presented in Chapter 3.
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2.3.2.2  Development of New Optical Blind and Fenestration Models

The investigation of existing optical blind models discussed in the previous section
identified various strengths and weaknesses in the existing models. The study indicated the need
for an improved optical blind model. Consequently, a new optical blind model, referred to here
as the comprehensive blind model, has been developed. Capabilities of the comprehensive blind
model surpass those of existing models in various aspects. The comprehensive blind model takes
into account slat thickness as well as slat curvature. The model also accounts for slat surfaces
being non-perfect reflectors (i.e. partially diffuse and partially specular-reflecting surfaces).
Technical aspects of the comprehensive blind model are summarized below.

e The model is applicable to both blinds having non-zero-thickness flat slats and blinds
having zero-thickness curved slats.

e The model is applicable to both blinds having horizontal slats (e.g. Venetian blinds, mini
blinds, etc.) and blinds having vertical slats (commonly called vertical blinds).

e The model is applicable to blinds having purely diffuse-reflecting slats, blinds having
purely specular-reflecting slats, as well as blinds having partially diffuse and partially
specular-reflecting slats.

e The model is applicable to blinds having either opaque, translucent, or perforated slat
surfaces.

e The model allows different radiative characteristics on different sides of the blind slats.

e The model treats direct and diffuse components of incident solar radiation separately.

e The model treats diffuse solar radiation from the sky and the ground separately.

The technical description of the comprehensive blind model is presented in Chapter 4. Detailed
calculations of the comprehensive blind model are given in Appendices A to C.
In addition to developing the comprehensive blind model, a new optical fenestration

model has also been developed. The new optical fenestration model is based on the multi-layer,
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spectrally-averaged optical calculations that predict the overall optical properties of the
fenestration system as a function of the optical properties of individual components. The
development of this optical fenestration model is deemed essential since available optical
fenestration models [Klems 2002; Wright and Kotey 2006] are often not consistent with existing
blind models. For example, blind models typically characterize transmitted direct solar radiation
as two components resulting in direct-to-direct and direct-to-diffuse transmittances. These two
components are usually combined in the fenestration models and treated as a single component
even though they have different characteristics. Fenestration models typically do not distinguish
between diffuse solar radiation from the sky and from the ground. Since the newly developed
blind model differentiates between these two diffuse solar radiation sources, a multi-layer
fenestration model consistent with the new blind model is also needed. Detailed calculations of
the newly developed optical fenestration model are presented in Appendix D.
2.3.2.3  Experimental Validation of the Comprehensive Blind Model

In order to validate the comprehensive blind model, an in situ experimental method has
been developed. In situ measurements of total solar transmittance for a west-facing fenestration
system containing an interior blind were performed for various blind types and configurations. In
situ measurements of slat solar reflectance of a slat-type blind were also conducted. The total
solar transmittance is a primary metric commonly used to evaluate the optical blind model and
the slat solar reflectance is an input required by the optical blind model. Then, the comparison
between measured total solar transmittance and predicted results was used to illustrate the validity

of the comprehensive blind model. This investigation is discussed in detail in Chapter 5.
2.3.3 Overview of Thermal Study

Although the analysis of optical characteristics of the fenestration system is quite
complicated, it is not as difficult as that of its thermal counterpart. To determine heat transfer

through the fenestration system, one must rely on experimental results. There are several

31



correlations available in the literature for convection heat transfer in the air gap between (smooth)
vertical planes but they often give different results [Rosenfeld et al. 2000]. The presence of the
shading device layer adds complexity to the problem. Due to the open nature of the shading
device, not only solar (shortwave) radiation but also longwave radiation can pass through the
device. Therefore, longwave exchanges with other inside room surfaces occur for both the
glazing and the shading device. Also, the airflow from the gap between the glazing and the
internal shading device to the room usually occurs depending on the installation of the shading
device (i.e. outside or inside mounting) and the room air flow field (i.e. natural, mixed, or forced
convection flow field). This means that convective heat transfer from the fenestration system
with an interior shading device is certainly not the same as that from the fenestration system
without an interior shading device.

At present, no accepted standard thermal model is available to deal with the problem. A
thermal fenestration model implemented in the EnergyPlus building simulation program [DOE
2006] is currently the most fundamental model suitable for load calculations. The EnergyPlus
thermal model is based on a one-dimensional multi-layer heat balance approach. The model is
certainly applicable for the HBM, but is not for the RTSM. The model considers fenestration
components separately and directly performs an energy balance at each surface of the individual
layers of the fenestration system. The EnergyPlus thermal fenestration model is basically based
on two thermal models: one for glazing layers [Arasteh et al. 1989] and one for shading layers
[ISO 2000; van Dijk and Goulding 1996]. The thermal model for shading layers is presently
incorporated in the 1SO standard [ISO 2000]. Unfortunately, the model has not yet been
validated [van Dijk and Oversloot 2003]. The model is quite complicated and requires various
parameters including convection coefficients in the air gap between the glazing layers and the
shading layer, a convection coefficient for convection from the (inside) shading layer to the room
air, the air permeability between the air gap and the room, etc. Presently, no existing standard is

available to measure these parameters [ISO 2000].
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There are two possible paths for enhancing the thermal fenestration simulation. The first
path is to develop an experimental method for determining and validating the aforementioned
parameters required by the EnergyPlus thermal fenestration model. For thermal load calculation
purposes, experiments must be conducted in a full-scale test room in order to account for thermal
interactions between the fenestration system and the room (i.e. room air flow field and thermal
radiation exchanges with room surfaces). This means that an experimental method employing a
small-scale calorimeter or a guarded hot box is likely invalid since the thermal interactions in the
small-scale calorimeter do not necessarily reflect those of a realistic building environment. The
second path is to develop a new thermal model for the HBM and develop an experimental method
to support the new model. For this study, the second path was considered to be a better option.
As discussed in the following sections, the new thermal model for the HBM simplifies
calculations of the thermal interactions between the fenestration system and the room by
combining the innermost glazing layer and an interior blind into a single layer. Consequently, it
is feasible to conduct the experiments in a full-scale test room to measure thermal parameters
(used to account for the room-fenestration thermal interactions) required by the new model.

For the current research, the focus of the thermal study was on the modeling of the
fenestration system containing an interior slat-type blind. A small number of experimental tests
were performed to demonstrate the feasibility of the experimental method. Future studies with
full parametric experiments are deemed essential to develop empirical correlations in order to
fully support the new model. In the following sections, developments of the thermal models and
the experimental method are discussed.
2.3.3.1 Development of New Thermal Models

Two thermal fenestration models have been developed: one suitable for the HBM (called
the HB thermal fenestration model) and one suitable for the RTSM (called the RTS thermal
fenestration model). Similar to the EnergyPlus thermal fenestration model, the HB thermal

fenestration model is based on a multi-layer heat balance approach. Like the EnergyPlus model,
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the HB thermal fenestration model also employs a thermal glazing model (i.e. a thermal model
for a fenestration system without shading devices [Arasteh et al. 1989; Wright 1998]) for the
glazing layers, except the innermost glazing layer. However, for a fenestration system with an
interior blind, the HB thermal fenestration model treats the innermost glazing layer and the blind
layer as a single layer. The HB thermal fenestration model requires two thermal parameters for
the combined glazing and blind layer that represent thermal interactions within the layer and
between the layer and the room. These two parameters are referred to here as the equivalent
thermal conductance within the combined layer and the equivalent inside convection coefficient
of the inside (fictitious) surface of the combined layer. An experimental method described in the
next section is essential for determining these two parameters.

The RTS thermal fenestration model is based on the so-called solar-thermal separation
concept [Klems et al. 1995; Klems and Kelly 1996; Klems et al. 1996; Klems and Warner 1997].
Essentially, the RTS thermal fenestration model represents thermal calculations for determining
fenestration heat gains and converting heat gains into cooling loads. The model requires various
parameters as inputs. These parameters include total (beam and diffuse) solar transmittances,
layer-specific solar absorptances, layer-specific inward flowing fractions, total thermal resistance,
and radiative/convective splits. Optical models discussed in previous sections can be used to
obtain the solar transmittances and absorptances. The ‘complete’ HB thermal fenestration model
(when empirical correlations for the two aforementioned thermal parameters are available) can be
used to obtain the inward flowing fractions and the thermal resistance. The experimental method
described in the next section can be used to obtain the radiative/convective split of the absorbed
solar heat gain and the conduction heat gain. Detailed thermal calculations are all presented in

Chapter 6.
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2.3.3.2  Development of Experiment Method for Thermal Models

Thermal interactions of the fenestration system containing an interior blind in a room are
very complicated. Figure 2-3a illustrates thermal interactions between the fenestration system
and the room, and Figure 2-3b shows thermal interactions within the gap between the innermost
glazing layer and the interior blind. The thermal interactions between the fenestration system and
the room include convection from the blind to the room air, longwave radiation between the blind
and the room surfaces, bulk convection between the air gap and the room, and longwave radiation
between the innermost glazing and the room surfaces. The thermal interactions within the gap
include convection from both the glazing and the blind to the air in the gap, and the longwave
radiation between the glazing and the blind. Although the sub-model of the EnergyPlus thermal
fenestration model for the shading layers fundamentally uses various thermal parameters
(including convection coefficients in the air gap between the glazing layer and the blind layer, a
convection coefficient for convection from the blind to the room air, the air permeability between
the air gap and the room, etc.) to separately handle these thermal interactions, the model has not
yet been validated [van Dijk and Oversloot 2003]. According to ISO Standard 15099 [2000], a
feasible experimental method to measure various thermal parameters used in the model is not
available. This indicates that the model was developed without considering the level of effort
required to measure these parameters. Though these parameters may be measured by an
experimental method employing a small-scale calorimeter, thermal interactions in the calorimeter
do not necessarily reflect those of a realistic building environment. The replication of a realistic
room airflow field (that accounts for both air jet from the supply diffuser and buoyant air flow
around the fenestration system as illustrated in Figure 2-3) in the small-scale calorimeter is hard
to achieve.

For the current study, a tractable experimental method has been developed along with the
new thermal fenestration models. As a result, experimental measurements of thermal parameters

required by the new thermal models are feasible. As discussed in the previous section, these
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thermal parameters include the equivalent thermal conductance and the equivalent inside
convection coefficient of the inside surface of the combined layer (required by the HB thermal
fenestration model), and the radiative/convective split of the absorbed solar and the conduction
heat gains (required by the RTS thermal fenestration model). The experimental method is based
on the measurement of the radiative heat gain from the fenestration system at steady-state. The
experimental method, which requires that experimental tests be performed in a full-scale test

room, is described in detail in Chapter 6.
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CHAPTER 3

COMPARATIVE ANALYSIS OF EXISING OPTICAL

BLIND MODELS

3.1 Introduction

The use of solar shading devices is an important strategy in energy conscious building
design. Correctly designed shading systems can optimally provide natural light as well as
effectively reduce building heat gains and cooling requirements. However, a detailed knowledge
of the optical and thermal properties of the shading devices is an essential prerequisite of optimal
fenestration system design. It is therefore necessary to have detailed simulation models that can
reliably predict and quantify the performance of shading devices for all locations and seasons.

Slat-type shading devices, such as Venetian blinds, are popular because they are
relatively inexpensive and can provide occupant privacy. They can also be used to provide glare
control to improve visual comfort. Typically, two models are used to characterize the
performance of the fenestration system containing slat-type blinds: an optical and a thermal
model. The optical (or solar) model handles shortwave phenomena of the fenestration system
while the thermal model deals with thermal (conduction, convection, and longwave radiation)

phenomena of the fenestration system.
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To estimate optical properties of the fenestration system, the current standard approach is
based on the so-call multi-layer approach [Klems et al. 1995; Rosenfeld et al. 2000; van Dijk and
Goulding 1996]. W.ith this approach, optical properties of the fenestration system can be
determined as a function of optical properties of its individual components. The optical
properties of individual components of the fenestration system are inputs to the optical
fenestration model and can be determined by measurements and/or detailed mathematical models.
Mathematical models are preferable since they can easily be used to study the effect of input
parameters on fenestration components over a range of conditions [Rosenfeld et al. 2000].

This chapter focuses on models used to predict solar-optical properties of slat-type blinds.
The main objective is to investigate and identify weaknesses in existing optical blind models
suitable for incorporating into a building simulation tool. The study compares three one-
dimensional, optical blind models suitable for building load calculations [Parmelee and Aubele
1952; Pfrommer et al. 1996; Simmler et al. 1996] — and investigates the influence of input
parameters on the solar transmittance. A new optical blind model is then proposed. An inter-

model comparison of the new model is also presented.

3.2 Existing Optical Slat-Type Blind Models

The earliest attempt to analyze optical characteristics of slat-type blinds was possibly
made by Parmelee and Aubele [1952]. They presented two optical blind models: one for a
specular-reflecting slat surface and one for a diffuse-reflecting slat surface. Their models are
discussed in detail in the next section. In their subsequent paper, Parmelee et al. [1953] validated
their models with experimental data obtained by means of the solar calorimeter. They later used
their models to develop design data for use in determining the solar heat gain [Parmelee and Vild
1953]. Several researchers [Collins and Harrison 2004; Farber et al. 1963; Ozisik and Schutrum
1960] utilized Parmelee’s models to study energy performance of various fenestration systems

containing slat-type blinds.
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Like Parmelee and Aubele, Pfrommer et al. [1996] developed optical blind models for
both specular- and diffuse-reflecting slat surfaces. However, they combined their two models
into a single model that can describe slat surfaces that are neither purely specular nor purely
diffuse. Their models are discussed in detail in the next section.

Rosenfeld et al. [2000] discussed two optical blind models recently developed by
European researchers. The first model, called the WIS model developed by van Dijk and
Goulding [1996], is an optical model applicable only for blinds with a diffuse-reflecting slat
surface. The WIS model is conceptually similar to Simmler’s model [1996], which is described
in detail in the next section. The only significant difference between the two models is that slat
surfaces are divided into more elements in the WIS model than in Simmler’s model (i.e. 5
elements versus 2 elements). The WIS model is currently incorporated in the 1SO standard [ISO
2000]. The other model, called the simple model developed by Breitenbach et al. [2001], is based
on the observation that the distribution of radiation reflected from the slat is not uniform and the
peak occurs at the specular-reflecting direction. Rosenfeld et al. [2000] showed that the simple
model, which accounts for the quasi-specular behavior of the blind, had a better agreement with
experimental results than the WIS model, which assumes purely diffuse slat surfaces. The simple
model, however, was developed specifically for product-rating purposes; hence, the model only
predicts blind optical properties for direct solar radiation (e.g. the directional-hemispherical blind
transmittance) and is only applicable for normal incident light. The model is therefore not
suitable for incorporating in a building simulation tool.

Recently, Yahoda and Wright [2005] presented an optical model for direct solar
radiation. Like Pfrommer’s direct model, Yahoda’s model combined their sub-models into a
single model that can describe slat surfaces that are neither purely specular nor purely diffuse.
Their sub-model for a specular-reflecting slat surface is an enhanced version of Rosenfeld’s
simple model that is not restricted to normal incident light. In addition, Yahoda’s model has

enhanced features by allowing different radiative characteristics for each slat surface (i.e. the
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upper and lower slat surfaces can have different slat optical properties and different shining
factors). The model is only applicable to a blind having flat slats with negligible slat thickness.
Yahoda and Wright [2005] showed that their model predicted nearly identical results as
Parmelee’s models did for both blinds having purely diffuse-reflecting slats and blinds having
purely specular-reflecting slats. Yahoda’s model is not included in the comparative analysis since

the model was not available at the time of the investigation.

3.3 Comparative Analysis

This study investigates three selected optical slat-type blind models — the Parmelee,
Pfrommer, and EnergyPlus models [DOE 2002; Parmelee and Aubele 1952; Pfrommer et al.
1996] - that are suitable for use in a building energy simulation program. A brief overview of the
Parmelee and Pfrommer models is given in the previous section. The EnergyPlus model was
originally developed by Simmler et al. [1996] for the DOE-2 building energy calculation program
[Winkelmann et al. 1993]. The EnergyPlus model is only applicable to blinds with diffuse-
reflecting slat surfaces. In this section, fundamental calculations of the three models are

compared in detail.
3.3.1 Common Basic Assumptions

All three models consider the blind assembly as a series of equidistant slats. The slats are
assumed to be of infinite length. Then, in a theoretical analysis, the whole blind assembly is
represented by two consecutive slats. The models are considered to be one-dimensional optical
blind models since the models predict the amount of solar radiation transmitted through the blind
assembly, but do not determine where the transmitted solar radiation falls in the room, which

would require a three-dimensional ray tracing technique.

3.3.2 Calculation Procedures for Direct Solar Radiation

All three models similarly divide the calculation procedure for direct solar radiation into

two parts. The first part of the calculation procedure deals with directly transmitted radiation and
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is purely a geometry problem. The ratio of the unobstructed solar radiation passing through the
blind to the incident solar radiation is called the opening ratio by Parmelee and Aubele [1952].
This opening ratio is generally referred to as the “‘direct-to-direct transmittance’ of the blind [DOE
2002; Pfrommer et al. 1996]. For flat slats of negligible thickness, all three models predict
exactly the same direct-to-direct blind transmittance. However, when either slat thickness or slat
curvature is accounted for, the predicted results are slightly different. Later sections discuss how
the three models apply corrections to take into account slat thickness and slat curvature.

The second part of the calculation procedure deals with reflected radiation. The
EnergyPlus model [DOE 2002] assumes that the slat surface is purely diffuse. Parmelee and
Aubele [1952] present two optical blind models: one for a specular reflecting surface and one for
a diffuse reflecting surface. Pfrommer et al. [1996] also present algorithms for both specular and
diffuse reflecting surfaces but they combined the algorithms into a single model that can describe
surfaces that are neither purely specular nor purely diffuse. The Pfrommer model uses a “shining
factor” [Pfrommer et al. 1996], defined as the ratio between the diffuse-reflected and the total-
reflected components, to specify the diffuseness of the blind slat. The shining factor is one for
purely diffuse surfaces and zero for purely specular surfaces.

Both the Parmelee and Pfrommer models consider infinite reflections between slats in
calculating the reflected solar radiation for purely specular slat surfaces. Parmelee and Aubele
[1952] and Pfrommer et al. [1996] utilize the 2-D ray tracing technique to obtain analytical
solutions for specular reflecting surfaces. A preliminary investigation showed that although the
Parmelee and Pfrommer models use different formulations, the results predicted by Parmelee’s
specular reflecting model and Pfrommer’s model using a shining factor of zero were exactly the
same. In this study, the effect of specularly reflecting surfaces was not further investigated.

Using the 2-D ray tracing technique, Parmelee and Aubele [1952] and Pfrommer et al.
[1996] also present their diffuse reflecting surface models in an analytical form. However,

Parmelee and Aubele consider infinite reflections between slats whereas Pfrommer et al. consider
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only two reflections. To determine optical properties due to reflected solar radiation, the
EnergyPlus model [DOE 2002] employs the net radiation method to solve (solar) radiative energy
exchange within an enclosure formed by the outside opening, two slats and the inside opening.
Each slat is divided into two elements (illuminated and shaded elements), which vary depending
on sunlit area due to incident direct sunlight. To solve radiative energy exchange within the
enclosure, only the illuminated element emits energy while all other surfaces have zero emissive
power. As previously mentioned, the EnergyPlus model is conceptually similar to the WIS model

[van Dijk and Goulding 1996], except that the WIS model divides each slat into five elements.
3.3.3 Predicted Direct Solar Transmission

In this investigation, direct-to-direct transmittance is defined as the fraction of beam solar
radiation passing directly through the blind assembly without hitting the slats. Direct-to-diffuse
transmittance is defined as the fraction of beam solar radiation passing indirectly through the
blind assembly by reflections between the slats. Both direct-to-direct and direct-to-diffuse
transmittances are mainly dependent on the profile angle defined as the angle between a plane
perpendicular to the blind assembly (the normal plane) and a plane coincident with the line of
sight to the sun (the line of sight plane) [Parmelee and Aubele 1952]. Figure 3-1 illustrates the
profile angle along with slat geometry. As shown, the slat angle is defined as the angle between
the slat and the normal plane. The figure shows a downward facing blind with a positive slat
angle. The slat spacing is defined as the distance from the upper surface of the upper slat to the
upper surface of the lower slat while the slat width is defined as the distance of a straight line
from one end of the slat to the other end as shown in Figure 3-1. Using these conventions, the
following analysis is for blinds having horizontal slats.

Overall optical characteristics of the blind assembly are primarily dependent on the slat
angle. Other parameters including slat spacing, slat width, slat reflectance, slat thickness, and slat

curvature have a secondary effect on the overall optical characteristics of the blind. Figure 3-2
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illustrates the influence of the slat angle on the blind transmittances. The different profiles for
direct-to-direct and direct-to-diffuse transmittances are characteristic of upward facing,
downward facing and fully open (horizontal) blinds.

As shown in Figure 3-2a for 0° (fully open) and —45° (upward facing) slat angle cases,
the peak value of the direct-to-direct transmittance (for the blind having flat slats with zero
thickness) is equal to one occurring when the sum of the profile angle and the slat angle is zero.
At the same profile angle, the direct-to-diffuse transmittance is then equal to zero as shown in
Figure 3-2b. Conversely, the peak value of the direct-to-diffuse transmittance occurs at the same

profile angle when the direct-to-direct transmittance becomes zero for all three slat angles.

The blind assembly
— The line of sight plane /(:{WWndmN)pMne
./ 1

The common
edge

Figure 3-1 Profile Angle and Slat Geometry (¢ = the profile
angle, v = the slat angle, S = the slat spacing, W
= the slat width)
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Since all three models predict the same direct-to-direct transmittance, only one set of
results is presented in Figure 3-2a. As shown in Figure 3-2b, the Pfrommer model tends to
predict a lower direct-to-diffuse transmittance than the other two models for all slat angles. This

is due to the fact that the Pfrommer model considers only two reflections between the slats. On
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the other hand, both the EnergyPlus and Parmelee models predict nearly identical results for all
slat angles indicating that the net radiation method employed in the EnergyPlus model and the 2-
D ray tracing technique with infinite reflections between slats used in the Parmelee model are
equivalent.

As the slat reflectance increases, the effect of the two-reflection treatment in the
Pfrommer model becomes more pronounced. Figure 3-3 shows that there is little difference
between the models for a reflectance of 0.1, but a peak error of nearly 25% in the direct-to-diffuse

transmittance for a reflectance of 0.9.
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Figure 3-3 Effect of Slat Reflectance on Direct-to-Diffuse
Transmittance (for Flat Slat with Zero Thickness,
and Slat Angle of 0°)

3.3.4 Calculation Procedures for Diffuse Solar Radiation

Two primary sources are usually treated in the calculation of diffuse solar radiation: the
sky and the ground. In the Parmelee model, a hemisphere in front of the blind assembly is used

to represent the sky and ground. The upper half of the hemisphere represents the sky while the
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lower half of the hemisphere represents the ground. Both the sky and the ground are subdivided
into a number of small patches. The diffuse radiation leaving each patch is then treated as direct
radiation emitted from the center of the patch to the center of the hemisphere where the blind
assembly is located. Consequently, the same procedure used to calculate the direct solar radiation
is used to calculate diffuse radiation from each patch. The blind transmittances of the sky (or
ground) diffuse solar radiation can thus be determined as the ratio of the total solar radiation
transmitted through the blind assembly to the total insolation from the sky (or ground) patches

The sky and ground are also considered as separate sources of diffuse solar radiation in
the Pfrommer model. Unlike the Parmelee model, however, the hemisphere representing the sky
and ground is divided into horizontal slices instead of patches. The diffuse radiation leaving each
slice is treated as the direct radiation emitted from the center of the slice to the center of the
hemisphere. A uniform radiance from the sky and ground slices is used in the Pfrommer model
to calculate blind transmittances for diffuse solar radiation. It is important to note that the
Pfrommer model was developed for blinds with horizontal slats only. For horizontal slats, all
points on the same horizontal sky (or ground) slice have the same profile angle [Pfrommer et al.
1996]. The blind transmittance of diffuse solar radiation can then be determined by integrating
along the profile angle. Pfrommer [1995] provides analytical solutions for their diffuse solar
radiation model.

Unlike the other two models, the EnergyPlus model does not differentiate between the
diffuse solar radiation from the sky and the ground'. The EnergyPlus model uses the net
radiation method for both direct and diffuse solar radiation by specifying energy sources of
different magnitudes and at different locations [DOE 2002]. For diffuse solar radiation, each slat

is equally divided into two segments. A unit energy source is only applied to the fictitious

! This statement is valid only at the time of this investigation. Currently, the optical blind model implemented in the
EnergyPlus program [DOE 2006] is modified to improve its calculations for diffuse solar radiation according to a
suggestion resulted from this study.
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outside surface while a zero energy source is applied to all other surfaces. The net radiation

method is then used to solve diffuse radiative energy balance within the enclosure.
3.3.5 Predicted Diffuse Solar Transmission

To compare the models in this study, all three models predict two blind transmittances for
diffuse solar radiation: sky-diffuse and ground-diffuse transmittances. The sky-diffuse
transmittance is defined as a fraction of diffuse solar radiation from the sky passing directly and
indirectly through the blind assembly. The ground-diffuse transmittance is defined as a fraction
of diffuse solar radiation from the ground passing directly and indirectly through the blind
assembly. Because the EnergyPlus model does not differentiate between the diffuse solar
radiation from the sky and ground, values of sky-diffuse and ground-diffuse transmittances
predicted by the EnergyPlus model are always the same.

Diffuse transmittances are plotted as a function of the slat angle in Figure 3-4. As shown,
the EnergyPlus model predicts a single diffuse transmittance curve because it does not
differentiate between the sky-diffuse and the ground-diffuse transmittances. On the other hand,
the Parmelee and Pfrommer models predict two curves: one for the sky-diffuse transmittance and
one for the ground-diffuse transmittance. As expected, both the Parmelee and Pfrommer models
predict higher ground-diffuse transmittance for the blind opened downward (positive slat angle)
and higher sky-diffuse transmittance for the blind opened upward (negative slat angle). The three
models predict the same sky-diffuse and ground-diffuse transmittances only for fully opened
blinds (slat angle of 0°) when the slat opening’s view to the sky and ground are equal.

The effect of slat reflectance on diffuse transmittance is shown in Figure 3-5. The results
are shown for fully opened blinds (slat angle of 0°). As shown, the three models predict similar
values of diffuse transmittance for low slat reflectance. Similar to previous results, the two-
reflection algorithm used in the Pfrommer model results in a 10% under-prediction of the diffuse

transmittance relative to other models at high values of slat reflectance.
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3.3.6 Corrections for Slat Thickness

In previous sections, the calculation procedures assume flat slats with zero thickness.
This assumption may introduce a non-trivial error in the results, especially for wood blinds. Only
the Parmelee and EnergyPlus models have corrections to take slat thickness into account. Both
models define the correction factor for slat thickness as a fraction of the shaded area due to slat
thickness. The Parmelee model [Parmelee and Aubele 1952] applies the correction factor only to
direct-to-direct and direct-to-diffuse transmittances. Since the calculation procedures for direct
solar radiation are utilized to determine blind transmittances for diffuse solar radiation in the
Parmelee model, slat thickness is implicitly accounted for without applying any additional
correction to the diffuse transmittances. On the other hand, the EnergyPlus model applies the
correction factor to all blind transmittances [DOE 2002].

Figure 3-6 compares flat, zero thickness slats with flat slats having a slat thickness to slat
spacing (T/S) ratio of 0.1. The error associated with neglecting the slat thickness can be as high
as 15% for the peak direct-to-direct transmittance. As shown in Figure 3-6a, both the Parmelee
and EnergyPlus models predict exactly the same direct-to-direct transmittances for the 0° slat
angle case, but they predict different results for other slat angles depending on the profile angle
(the EnergyPlus correction predicts zero direct-to-direct transmittance at all profile angles for the
+45° slat angle case). Likewise, the two models predict almost identical direct-to-diffuse
transmittances for the 0° slat angle case, but they predict quite different results for other slat angle

cases as illustrated in Figure 3-6b.
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3.3.7 Corrections for Slat Curvature

As previously mentioned, the flat slat assumption is used in all three models. Only the
Pfrommer model has corrections to account for the effect of slat curvature, and those corrections

are only applied to the direct-to-direct and direct-to-diffuse transmittances [Pfrommer 1995].
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Figure 3-7 compares flat, zero thickness slats with curved slats having a slat curvature radius to

slat width (R/W) ratio of 1.0.

Figure 3-7
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The figure shows results predicted by the Pfrommer flat and curved slat models. As
shown, the slat curvature can have a significant effect on both the direct-to-direct and the direct-
to-diffuse transmittances depending on the slat and profile angles. The slat curvature has no
effect on the direct-to-direct transmittance for +45° slat angle case. However, the curvature
correction reduces the peak direct-to-direct transmittance by more than 15% for both 0° and —45°

slat angle cases.

3.4 Proposed New Optical Blind Model

In the previous section, three existing optical blind models — the Parmelee, Pfrommer,
and EnergyPlus models [DOE 2002; Parmelee and Aubele 1952; Pfrommer et al. 1996] — are
analytically and numerically compared. Various strengths and weaknesses in the models are
identified. The study shown in the previous sections indicates the need for an improved optical
blind model. Therefore, a new model for predicting optical properties of the slat-type blind is
proposed. To be suitable for building simulation tools, the new model must predict optical
properties for both direct and diffuse solar radiation. Also, the model should take into account
slat thickness as well as slat curvature. In addition, the model should account for slat surfaces
being non-perfect reflectors. Proposed technical aspects and capabilities of the new model are
summarized below.

e The model is applicable to both blinds having non-zero-thickness flat slats and blinds
having zero-thickness curved slats.

e The model is applicable to both blinds having horizontal slats (e.g. Venetian blinds, mini
blinds, etc.) and blinds having vertical slats (commonly called vertical blinds).

e The model is applicable to blinds having purely diffuse-reflecting slats, blinds having
purely specular-reflecting slats, as well as blinds having partially diffuse and partially

specular-reflecting slats.
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e The model is applicable to blinds having either opaque, translucent, or perforated slat
surfaces.

e The model allows different radiative characteristics on different sides of the blind slats.

e The model treats direct and diffuse components of incident solar radiation separately.

e The model treats diffuse solar radiation from the sky and the ground separately.

The model is referred to in this thesis as the comprehensive blind model. A technical
description of the comprehensive blind model is presented in Chapter 4 and detailed calculations
of the model are presented in Appendices A to C. Table 3-1 compares the capabilities of the
comprehensive blind model with other existing optical blind models. Yahoda’s model [Yahoda

and Wright 2005], which was not included in the inter-model comparison, is also included in

Table 3-1.
Table 3-1 Comparison of Capabilities in Optical Blind Models
Capability Comprehensive  Parmelee Pfrommer EnergyPlus Yahoda

Flat-Slat Blind Yes Yes Yes! Yes Yes!
Curved-Slat Blind Yes No Yes? No No
Horizontal-Slat Blind Yes Yes Yes Yes Yes
Vertical-Slat Blind Yes Yes No Yes Yes
Purely-Diffuse-Slat Blind Yes Yes Yes Yes Yes
Purely-Specular-Slat Blind Yes Yes Yes No Yes
Partially-Diffuse/Specular-Slat Blind Yes No Yes No Yes
Opaque-Slat Blind Yes Yes Yes Yes Yes
Translucent-Slat Blind Yes No No Yes No
Perforated-Slat Blind Yes No No No No

Different Radiative Properties for

Different Sides of Slats ves No No Yes es

Different Radiative Characteristics for

Different Sides of Slats Yes No No No Yes

! Applicable to zero-thickness flat-slat blind only
2 Applicable for direct solar radiation but not for diffuse solar radiation, and applicable to a purely-diffuse-slat blind but
not for a non-purely-diffuse-slat blind
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3.5 Conclusions

This chapter theoretically and numerically compares three existing optical blind models
suitable for building thermal load calculations. Overall, the three models predict similar results
for horizontal-slat blinds having flat slats with zero thickness. However, the Pfrommer model
tends to predict lower results than the other models when reflections between the slats become
important (e.g. high slat reflectance) due to the two-reflection algorithms used in the model.
Also, the Pfrommer model, which does not have a thickness correction, can significantly over-
predict the results for flat-slat blinds when the slat thickness is non-trivial. Likewise, the
EnergyPlus and Parmelee models, which do not account for slat curvature, can substantially over-
predict the direct-to-direct transmittance for curved-slat blinds.

The chapter also investigates the influence of input parameters on solar blind
transmittances predicted by the models. These parameters include slat angle, slat reflectance, slat
thickness, and slat curvature. The optical characteristics of the blinds are primarily dependent on
the slat angle, which not only affects the magnitude of the blind transmittance but also changes
the shape of the transmittance curve. Other parameters have a secondary effect on the blind
transmittance and do not affect the shape of the transmittance curve.

In summary, all three of the existing optical blind models studied have deficiencies that
are significant enough to justify additional enhancements. The EnergyPlus and Parmelee models
require a slat curvature calculation, and the Pfrommer model requires a thickness calculation.
Consequently, a new comprehensive optical blind model, that not only includes advantage
capabilities from each of the three models studied but also has enhanced features not available in

any of the three models, is proposed. The new model is presented in detail in the next chapter.
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CHAPTER 4
COMPREHENSIVE MODEL FOR PREDICTING BLIND

SOLAR-OPTICAL PROPERTIES

4.1 Introduction

This chapter presents a new model for predicting optical properties of the slat-type blind.
The new model is referred to here as the comprehensive blind model. The comprehensive blind
model was developed specifically for building simulation tools. Therefore, the model predicts
optical properties for both direct and diffuse solar radiation. Technical aspects and capabilities of
the comprehensive blind model are previously summarized in Section 3.4.

In the next section, a technical description of the comprehensive blind model is
presented. Then, details of the model for direct and diffuse solar radiation are described where
detailed calculations are given in Appendices A to C. Finally, suggestions for implementation of

the model in a building energy simulation tool are provided.

4.2 Technical Description

4.2.1 Model Overview

The comprehensive blind model consists of several sub-models used to handle various
technical aspects as described above. The comprehensive blind model may be first divided into
two models: one for direct solar radiation (direct blind model) and one for diffuse solar radiation

(diffuse blind model). The direct blind model can be further subdivided into two sub-models: the
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flat-slat blind model and the curved-slat blind model as shown in Figure 4-1. The flat-slat blind
model deals with a blind having non-zero-thickness flat slats, which is typical of a blind made of
woods. On the other hand, the curved-slat blind model handles a blind having negligible-
thickness curved slats, which is typical of a blind made of vinyl or aluminum. Both the flat-slat
and curved-slat blind models can then be subdivided into two more sub-models: the net-radiation
blind model for a blind having purely diffuse-reflecting slats and the ray-tracing blind model for a
blind having non-purely diffuse-reflecting slats. Both net-radiation and ray-tracing models use
analytically derived formulations to determine how much the sunlight passes directly through a
blind assembly and how much the sunlight falls on the blind slats. To deal with reflected
radiation, the net-radiation blind model utilizes the net-radiation (or radiosity) method while the
ray-tracing blind model employs the so-called Monte-Carlo ray-tracing technique. Figure 4-1

illustrates the sub-models of the comprehensive blind model.

Comprehensive Blind Model

N

Direct Blind Model for Diffuse Blind Model for
Direct Solar Radiation Diffuse Solar Radiatior
Direct Blind Model for Flat- Direct Blind Model for
Slat Blinds Curved-Slat Blinds

N N

Net-Radiation Model for Ray-Tracing Model for Net-Radiation Model for Ray-Tracing Model for

Flat-Slat Blinds with Flat-Slat Blinds with Curved-Slat Blinds with Curved-Slat Blinds with
Purely Diffuse- Non-Purely Diffuse- Purely Diffuse- Non-Purely Diffuse-
Reflecting Slats Reflecting Slats Reflecting Slats Reflecting Slats

Figure 4-1 Sub-models of Comprehensive Blind Model
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The diffuse blind model considers two different sources of diffuse solar radiation: the sky
and the ground. The model treats diffuse solar radiation as direct solar radiation emitted from a
large hemisphere in front of a blind assembly. Therefore, the diffuse blind model utilizes the
direct blind model and a numerical integration technique to predict sky-diffuse and ground-

diffuse optical blind properties.
4.2.2 Basic Assumptions

The comprehensive blind model considers a blind assembly as a series of equidistant
slats. The slats are assumed to be of infinite length. In a theoretical analysis, the whole blind
assembly is then represented by two consecutive slats. Therefore, the two adjacent slats along
with fictitious surfaces at the outside and the inside openings form the enclosure of the problem
domain.

In addition to the two basic assumptions mentioned above, several assumptions may also
be required depending on sub-models used in the comprehensive blind model. For instance, the
curved-slat blind model assumes that the slat thickness is negligible whereas the flat-slat blind
model assumes that edges of the blind slats are rectangular. Additionally, the net-radiation blind

model assumes that the slat surface is purely diffuse.
4.2.3 Blind Enclosure Geometries

As previously mentioned, the blind enclosure is formed by two consecutive slats along
with fictitious surfaces at the outside and inside openings. Two blind enclosures are considered
in the comprehensive blind model. Figure 4-2a shows the blind enclosure for the flat-slat blind
model while Figure 4-2b shows the enclosure for the curved-slat blind model. Figure 4-2 also
shows slat geometry, the profile angle, and the coordinate system used in the comprehensive

blind model.
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Y Y
A) Enclosure Geometry for B) Enclosure Geometry for
Flat Slat Blinds Curved Slat Blinds
Figure 4-2 Blind Enclosure Geometries and Coordinate Systems

As shown in Figure 4-2, slat angle () is defined as the angle between the straight line
connecting edges of the slat and the plane perpendicular to the blind assembly (i.e. the horizontal
line shown in the figure). Figure 4-2 illustrates a downward facing blind (having horizontal slats)
with a positive slat angle. Slat spacing (S) is defined as the distance between adjacent slats
(measured vertically for blinds having horizontal slats). For a blind having non-zero-thickness
flat slats, the slat spacing is the distance from the upper surface of the upper slat to the upper
surface of the lower slat. Slat width (W) is defined as the distance of a straight line from one end
of the slat to the other end. Slat thickness (T) is defined as the distance from the upper surface to

the lower surface of each slat. Slat curvature radius (R) is defined as the distance from the center
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of curvature radius to the slat surface. These slat geometry parameters along with slat radiative

parameters discussed in the next sections are required inputs for the comprehensive blind model.
4.2.4 Radiative Properties and Characteristics of Slat Surfaces

Due to a lack of detailed optical property data for each particular slat material, the
implementation of the comprehensive blind model used in the current study only requires
spectrally-averaged slat radiative parameters, but it can be easily extended to handle blinds
having spectrally-selective slat materials. The model requires slat reflectance as well as slat
transmittance for both sides of a slat so that the model can be used to handle blinds having either
opaque, translucent, or perforated slat surfaces and blinds having different radiative properties on
different sides of the slat. In addition to slat radiative properties, the model also requires
reflective and transmissive specularity ratios for both sides of the slat because an actual slat
surface is neither purely specular nor purely diffuse [Parmelee and Aubele 1952; Pfrommer et al.
1996]. The reflective specularity ratio is defined as the ratio of the specular-reflected to the
total-reflected components. Likewise, the transmissive specularity ratio is defined as the ratio of
the specular-transmitted to the total-transmitted components. For a blind having opaque and
perforated slats, for instance, although the reflective specularity ratios can be any values between
zero and one, the transmissive specularity ratios are one for both sides since the incident radiation
can only pass through the perforated area of the slats where the outgoing direction of the

transmitted radiation is the same as the incoming direction of the incident radiation.
4.2.5 Profile Angle

The optical characteristics of a blind assembly depend on various parameters including
slat geometry, slat radiative properties and characteristics, the orientation of the blind assembly as

well as the sun position. The profile angle is typically used to relate the orientation of the blind

! The terminology used in a radiation heat transfer textbook [Mahan 2002] is adopted here. The reflective specularity
ratio is equal to one minus the shining factor, which is the terminology used by Pfrommer et al. [1996] to describe slat
reflective characteristics.
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assembly to the sun position similar to the incident angle being commonly used to relate the
orientation of the window to the sun position. According to Parmelee and Aubele [1952], the
profile angle is defined as the angle between a plane perpendicular to the blind assembly (the
normal plane) and a plane coincident with the line of sight to the sun (the line of sight plane).
Figure 4-3 illustrates the definition of the profile angle. It should be noted that the normal plane
must be parallel to the longitudinal dimension of the slats. The definition of the profile angle
accounts for the orientation of the blind assembly (typically parallel to the plane of the window)
and the orientation of slats (either horizontal or vertical). For a vertical blind assembly with
horizontal slats, the normal plane will be horizontal; and for a vertical blind assembly with
vertical slats, this plane will be vertical. The line of sight plane is obtained by rotating the normal
plane around the common edge of the blind assembly plane and the normal plane as shown in

Figure 4-3.

Blind Assembly (Window)
Plane

Line of Sight \ /
Plane \

Figure 4-3 Definition of Profile Angle
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The profile angle is dependent on the blind assembly orientation (typically window
facing angle and window tilt angle), slat arrangement (i.e. horizontal or vertical), and sun position
(i.e. solar altitude and azimuth). The profile angle can be determined from the following

equations [Parmelee and Aubele 1952]:

4 tan(B)
p=tan | —————- 4-1
& (cosqy - §|)J -
¢i,h = ¢v,h +X-90° (4-1b)
¢v,v = 7/_5 (4_1C)

(4-1d)

¢_ . =tan -1 COS(¢v,h)tan(¢v,v)
cos(,)

where X = Dblind assembly tilt angle (0° to 180° from horizontal),
p = solar altitude angle (0° to 90°),
4 = solar azimuth angle (0° to 360° from north),
& = blind assembly facing (azimuth) angle (0° to 360° from north), and
1/ = profile angle (-90° to 90°).

The first subscript on the profile angle specifies the plane of the blind assembly and the second
subscript specifies the direction of the longitudinal dimension of the slat (slat arrangement) where
v, hand i are vertical, horizontal, and inclined, respectively.

It should be noted that the profile angle is a required input for the direct blind model. In a
building simulation tool implementation, however, the profile angle is essentially calculated for
each time step in the simulation tool prior to the calculations of blind optical properties for direct

solar radiation.
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4.2.6 Blinds with Horizontal Slats versus Blinds with Vertical Slats

Although earlier explanations regarding the slat geometry parameters are specifically for
a blind with horizontal slats, they are applicable to a blind with vertical slats as well, except the
definition of slat angle. To clearly understand the difference between the blind with horizontal
slats and the blind with vertical slats, we may imagine that Figure 4-2 shows a cross section of a
wall as seen from the side view for the blind with horizontal slats whereas Figure 4-2 shows the
cross section as seen from the top view for the blind with vertical slats. Figure 4-4 may better
demonstrate the concept just mentioned.

A special caution is necessary regarding the slat angle and the profile angle for a curved-

vertical-slat blind. The blind enclosure geometry used in the curved-slat blind model requires
that the outward facing normal of the slat (1 -- shown in Figures 4-2 and 4-4b) be defined as
positive for an angle measured clockwise from the outward facing normal of the blind assembly
(N, ) and negative for an angle measured counter-clockwise from the outward facing normal of

the blind assembly as illustrated in Figure 4-4b. For the positive outward facing normal of the
slat, the profile angle and the slat angle shown in Figures 4-2 and 4-4 are both positive. For the
negative outward facing normal of the slat, the profile angle and the slat angle shown in both
figures are both negative. It should be noted that Equation (4-1c) is for the curved-vertical-slat
blind with the positive outward facing normal of the slat. Therefore, for the curved-vertical-slat
blind with the negative outward facing normal of the slat, the profile angle must be calculated as a
negative value of Equation (4-1c) when the comprehensive blind model is implemented in a

building simulation tool.
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4.3 Direct Blind Model

The direct blind model employs various computational techniques in order to balance
between the model functional capability and the model computational efficiency. To determine
fractions of the sunlight incident on blind slats and of the sunlight passing through the blind
assembly without any reflections, the direct blind model employs analytically derived
formulations. Then, to deal with reflected/transmitted radiation initially incident on the blind
slats, the direct blind model utilizes two different techniques: the net-radiation method for a blind
with purely diffuse slats, and the Monte-Carlo ray-tracing technique for a blind with non-purely
diffuse slats. Although the Monte-Carlo ray-tracing technique can also be used to handle a blind
with purely diffuse slats, the net-radiation method is utilized to improve the computational
efficiency of the direct blind model.

Figure 4-5 demonstrates calculation cases used by the direct blind model for a blind
having curved slats. The calculations are subdivided into cases according to profile angle limits
shown in Figure 4-6. The profile angle limits indicate how the sunlight falls on blind slats and
how the sunlight passes through the blind assembly as a function of the profile angle. For
example, the phenomena occurring for some calculation cases shown in Figure 4-5 can be
explained as follows.

e For Case 1, there is no opening area, and lower slats are partially illuminated. For this
case, the sunlight cannot pass directly through the blind assembly. The sunlight can only
pass through the blind assembly by reflections mainly from the lower slats and by
transmissions through blind slats if the slats are translucent or perforated.

e For Case 2, there is some opening area, and lower slats are entirely illuminated. For this
case, the sunlight can pass directly through the blind assembly. The sunlight can also
pass through the blind assembly by reflections mainly from the lower slats and by

transmissions through blind slats if the slats are translucent or perforated.
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CASE _6

ﬁi CASE _7

Figure 4-5 Calculation Cases for the Curved-Slat Blind Model
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A)0<w <2nand0<w,<27 B) w,=0and @, =27

Figure 4-6 Profile Angle Limits for the Curved-Slat Blind
Model

o For Case 4, there is some opening area, and both upper and lower slats are partially
illuminated. For this case, the sunlight can pass directly through the blind assembly. The
sunlight can also pass through the blind assembly by reflections from both upper and
lower slats and by transmissions through blind slats if the slats are translucent or
perforated.

The calculation cases shown in Figure 4-5 are applicable for both the net-radiation and
the ray-tracing blind sub-models. The direct blind model employs a similar analytical technique
to derive calculation cases for a blind having flat slats. The analytically derived formulations for

both the curved-slat and the flat-slat blinds are presented in detail in Appendix A.
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4.3.1 Ray-Tracing Blind Model

The ray-tracing blind model is used to handle blinds having slat surfaces that are not
purely-diffuse. To deal with transmitted and/or reflected portions of the direct sunlight incident
on the blind slats, the model utilizes a computer graphic technique (i.e. the ray-tracing method) to
trace rays transmitted through and/or reflected from illuminated slat surfaces. The model also
employs a statistical technique (i.e. the Monte-Carlo method) to deal with rays transmitted
through and/or reflected from slat surfaces that may be neither purely diffuse nor purely specular.
The combined technique used by the ray-tracing blind model, referred to here as the Monte-Carlo
ray-tracing (MCRT) algorithm, is illustrated in Figure 4-7. The figure shows the MCRT
algorithm for tracing emitted rays from each illuminated surface.

As shown in Figure 7, the MCRT algorithm starts the ray tracing process by emitting a
ray from a random location within the illuminated surface. The MCRT algorithm employs a
random number to determine the location of an emitted ray. Shaded boxes shown in Figure 4-7
are where the statistical technique is utilized. In the ray-tracing blind model, the emitted ray is
actually a ray incident from the outside opening that is then either transmitted through or reflected
from the illuminated surface; hence, the MCRT algorithm must first check whether the incident
ray is transmitted through or reflected from (but not absorbed by) the illuminated slat. If the ray
IS transmitted, it is necessary to determine the surface and the location where the transmitted ray
emerges. The MCRT algorithm then determines whether the ray is transmitted (or reflected)

diffusely or specularly before it determines the direction of the emitted ray.
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To determine how rays are transmitted and reflected, the ray-tracing blind model requires
the transmissive and reflective specularity ratios discussed previously. The ray-tracing blind
model utilizes the statistical technique by comparing the transmissive (or reflective) specularity
ratio with a random number used to determine the type of the transmitted (or reflected) ray. If the
random number is less than or equal to the transmissive (or reflective) specularity ratio, the ray is
transmitted (or reflected) specularly. Otherwise, the ray is transmitted (or reflected) diffusely.

After the MCRT algorithm determines the direction of the transmitted (or reflected) ray,
it then finds where the ray ends up (i.e. it determines the point of ray intersection). If the ray hits
either the outside opening or the inside opening, the ray is assumed to be totally absorbed by the
opening. Therefore, the ray tracing process for this ray is done. Otherwise, the MCRT algorithm
continues tracing this ray by determining whether the ray is transmitted, reflected or absorbed.
The algorithm continues the ray-tracing process until the ray is absorbed by either an opening or a
slat surface as shown in Figure 4-7. The MCRT algorithm then starts emitting another ray. A
similar ray tracing process previously described continues until all required rays for the
illuminated surface (i.e. N> N,) have been emitted. If there are more than one illuminated
surfaces, the same MCRT algorithm is used to emit rays for another illuminated surface(s).

As shown in Figure 4-7, when a ray hits an opening or is absorbed by a slat surface, the
ray intensity associated with the ray is added to the total intensity absorbed by each surface. The
ray tracing blind model uses the accumulated intensity by surfaces of the blind enclosure to
determine blind optical properties for direct solar radiation. Appendix A provides detailed

calculations of the ray-tracing blind model.
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4.3.2 Net-Radiation Model

The net-radiation blind model is used to handle blinds having slat surfaces that are
purely-diffuse. To deal with transmitted and/or reflected portions of the direct sunlight incident
on the blind slats, the model utilizes the net-radiation method, sometimes called the radiosity
method. The model is fundamentally similar to the EnergyPlus and the WIS models [DOE 2006;
Rosenfeld et al. 2000]. The main difference between the net-radiation blind model and the two
existing models is that the net-radiation blind model can handle blinds having either flat slats or
curved slats whereas both EnergyPlus and WIS models are only applicable to blinds having flat
slats. In addition, the net-radiation blind model considers slat edges as parts of the problem to
account for slat thickness, which may not be trivial for blinds having flat slats as discussed in
Chapter 3. On the other hand, the EnergyPlus model applies a so-called slat edge correction to
account for slat thickness and the WIS model has no correction for slat thickness.

Like the EnergyPlus model, blind slats are subdivided into several elements depending on
how the slats are illuminated. For example, each blind slat is subdivided into two elements for
Calculation Cases 1, 3 and 7 shown in Figure 4-5 for blinds having curved slats. However, each
slat is subdivided into three and four elements for Calculation Cases 4 and 5, respectively. For
Calculation Cases 2 and 6, there is no surface subdivision. Like the EnergyPlus model, view
factors between surfaces are analytically derived using the Crossed-Strings method [Modest

2003]. Appendix B provides detailed calculations of the net-radiation blind model.
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4.4 Diffuse Blind Model

The diffuse blind model adapts and extends a concept proposed by Parmelee and Aubele
[1952] for estimating blind optical properties for diffuse solar radiation. In an analysis of the
diffuse solar radiation, a hemisphere is placed in front of a plane parallel to a blind assembly (the
blind assembly plane shown in Figure 4-8). The diffuse blind model assumes that there are only
two sources of the diffuse solar radiation: the sky and the ground. As illustrated in Figure 4-8, a
part of the hemisphere above the horizontal plane represents the sky while the other part below
the horizontal plane represents the ground. Both the sky and the ground are subdivided into a
number of small patches as shown in the figure. Then, the diffuse solar radiation leaving each
patch is treated as direct solar radiation emitted from the center of the patch to the center of the
hemisphere where the blind assembly is located. Consequently, the diffuse blind model utilizes
the direct blind model along with a numerical integration method to predict optical blind
properties for the diffuse solar radiation. Appendix C provides detailed calculations of the diffuse
blind model.

It is worth mentioning that the diffuse blind model is applicable to slat-type blinds being
installed on a vertical plane as well as on an inclined plane whereas the Parmelee diffuse model is
applicable only for slat-type blinds being installed on a vertical plane. The vertical blind
assembly is a special case where the upper half of the hemisphere represents the sky while the
lower half of the hemisphere represents the ground. The diffuse blind model is also applicable
for both isotropic and anisotropic diffuse radiance distributions. To deal with the anisotropic
assumption, the diffuse blind model requires the knowledge of diffuse radiance distributions of
the sky and the ground (i.e. sky/ground radiance distribution models). A literature search on the
subject found several models available for predicting sky radiance distribution [Brunger and
Hooper 1993; Igawa et al. 2004; Vida et al. 1999], but found no existing model for calculating

ground radiance distribution. In this study, lgawa’s sky radiance distribution model [Igawa et al.
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2004] is used to investigate the anisotropic sky assumption. Since no ground radiance

distribution model exists, the current study essentially assumes the isotropic ground.
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Figure 4-8 Half Sphere Representing Sky and Ground in Front of
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4.5 Model Implementation

In order to deal with various types of slat-type blinds, the comprehensive blind model
utilizes various techniques to extend model capabilities not available in existing blind models.
The ray-tracing technique (combined with the statistical approach and referred to as the MCRT
algorithm), in particular, is largely responsible for these enhanced capabilities. However, the use
of the ray-tracing technique results in an increase in the computation time required by the
comprehensive blind model as compared to that required by other existing models. To deal with
the computational efficiency issue of the comprehensive blind model, this section provides
suggestions for the model implementation.

The first suggestion, which is quite an obvious one, is to avoid unnecessary calculations
in the ray-tracing loop (that try to find an appropriate surface where the ray is absorbed as shown
in Figure 4-7) since the computation time used by the ray-tracing blind model is mostly spent in
this loop. For example, the (fixed) surface normal of a flat slat surface can be pre-calculated
outside the ray-tracing loop whereas the surface normal of a curved slat surface, which is varied
depending on the location where the ray hits, must be calculated within the ray-tracing loop. On
average, the computation time used for a flat-slat blind is about 70% of the computation time
used for a curved-slat blind.

In addition, although ray-tracing calculations presented in Appendix A are essential, they
are not inherent parts of the comprehensive blind model. This means that an algorithm used in
the ray-tracing loop should be replaced by a more efficient algorithm if such an algorithm is
available. For instance, O'Rourke [1994] discusses deficiencies in a segment intersection
algorithm based on the slope/intercept approach, which is similar to the ray intersection on
straight line presented in Appendix A, and then presents an alternative algorithm based on the
signed-area approach. The implementation using the signed-area approach on average improves

the computation time over the implementation using the slope/intercept approach by about 15%.
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In Appendix A, the ray-tracing blind model uses a simple algorithm that requires the total
number of emitted rays as an input which the model accuracy and model efficiency are mainly
dependent on. The use of a high number theoretically would result in a more accurate result.
However, it would also result in a longer computation time required by the model. The use of the
total number of emitted rays does not provide a sense of a balance between the computational
accuracy and efficiency since different sets of blind input parameters may require different values
of the total number of emitted rays for the same accuracy. To provide a better balance between
the computational accuracy and efficiency, an iterative algorithm shown in Figure 4-9 can be
used. As shown, instead of performing the ray-tracing calculations for a large number of rays, the
iterative algorithm performs the ray-tracing calculations for a small number of rays and then
checks the convergence of the calculated optical properties by comparing predicted optical
properties of the current iteration with those of the previous iteration. In stead of using the total
number of rays, the iterative algorithm therefore uses an accuracy tolerance to terminate the

iteration loop.

For lterative Loop = 1 to Maximum lteration

For Ray Emission Loop = 1 to Number of Rays
Perform Ray-Tracing Calculations

Next

Add Accumulated Radiative Fluxes

Calculate Optical Properties

If (All Optical Properties Converged) Then
Exit Iterative Loop

End If

Next

Figure 4-9 Iterative Algorithm for Ray-Tracing Calculations
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To investigate the effect of the accuracy tolerance, Figure 4-10 shows differences
between optical properties predicted by the iterative algorithm and results predicted by the simple
algorithm using 10 million emitted rays for six different sets of blind input parameters. Figure 4-
10 also illustrates the effect of using different number of rays for the ray-tracing loop. As shown,
the ray-tracing loop using a smaller number of rays (i.e. results of the loop of 1000 shown in the
left hand region) will requires a lower value of the accuracy tolerance to achieve relatively the
same accuracy as the ray-tracing loop using a larger number of rays. In addition, Figure 4-11
shows computation time required by the iterative algorithm as a percentage of the computation
time required by the simple algorithm using 10 million emitted rays. The results shown in
Figures 4-10 and 4-11 indicates that using the ray-tracing loop of 10000 rays with the accuracy
tolerance between 1.0E-04 and 1.0E-05 would yield reasonably accurate results with a dramatic
reduction (more than 95%) in the computation time. Similarly, using the ray-tracing loop of 1000
rays with the accuracy tolerance between 1.0E-05 and 1.0E-06 would yield approximately the
same results and the same computation time.

Until now, suggestions on the model implementation are all related to the ray-tracing
blind sub-model(s). When the comprehensive blind model is implemented in a building
simulation tool, several implementation techniques can be used to improve the simulation time.
Since the direct optical blind properties are primarily dependent on the profile angle, they can be
pre-calculated at the beginning of the simulation for a number of profiles (ranging from 90° to -
90°). Then, for each time step, the interpolation technique can be used to determine the direct
optical blind properties according to the profile angle of that particular time step. The
interpolation technique can be computationally efficient, particularly for an annual simulation.
However, the technique may be not as useful for a one-day simulation since the overhead can be

more than the computation time required by a direct implementation.
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Although the anisotropic sky radiance distribution model agrees slightly better with
measured data than the isotropic sky radiance distribution model does as illustrated in Chapter 5
(i.e., Figure 5-5), the computation time required by the anisotropic model is much higher than the
time required by the isotropic model. Therefore, the isotropic model is more suitable for the
building simulation tool. For the isotropic diffuse radiance assumption, the diffuse optical blind
properties are independent on the time of the day. Therefore, they can be pre-calculated once at
the beginning of the simulation and then can be used directly during the simulation. However, if
the anisotropic sky radiance distribution model is implemented in the building simulation tool, the
interpolation technique with pre-calculated direct optical blind properties is highly recommended
to determine the direct blind properties required by the diffuse blind model (which utilizes the

direct blind model along with a numerical integration method as previously discussed).
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4.6 Conclusions

This chapter presents a newly developed model for predicting the solar-optical properties
of a slat-type blind. The new model, referred to as the comprehensive blind model, is
intentionally developed for implementing in a building simulation tool; hence, the model can be
used to predict optical blind properties for both direct and diffuse solar radiation. The
comprehensive blind model has various enhanced capabilities over existing optical blind models.
For instance, the model is applicable to a blind having curved slats with partially-diffuse-
reflecting and partially-specular-reflecting slat surfaces while other models are not. The
comprehensive blind model utilizes various computational techniques to deal with various
technical aspects. To predict optical properties for direct solar radiation, the model employs
analytical formulations to predict fractions of the sunlight incident on blind slats and of the
sunlight passing through the blind assembly without any reflections. Then, to deal with
reflected/transmitted radiation initially incident on the blind slats, the comprehensive blind model
utilizes two different techniques: the net-radiation method for a blind with purely diffuse slats,
and the Monte-Carlo ray-tracing technique for a blind with non-purely diffuse slats. To predict
optical properties for diffuse solar radiation, the comprehensive blind model uses a numerical
integration method along with its sub-models for the direct solar radiation.

This chapter also provides suggestions for the model implementation in a building
simulation tool. Various implementation techniques are suggested including (1) avoiding
unnecessary calculations in the ray-tracing loop, (2) replacing an existing algorithm with a more
efficient one if such a model is available, (3) using an iterative ray-tracing algorithm based on a
balance between the computational accuracy and efficiency instead of a simple algorithm based
on a total number of emitted rays, and (4) using an interpolation technique with pre-calculated

optical properties.
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In summary, this chapter presents the technical description of the comprehensive blind
model and provides suggestions for the model implementation. The next chapter presents an in
situ experimental method for measuring solar optical properties and compares the comprehensive

blind model with measured data obtained by the in situ method.
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CHAPTER 5
EXPERIMENTAL VALIDATION OF THE

COMPREHENSIVE BLIND MODEL

5.1 Experimental Facility

In order to validate the comprehensive blind model, an experimental cooling load facility
[Eldridge et al. 2003] was modified to accommodate slat-type blind experiments. The south
facing glazing was covered and all opaque interior surfaces were painted a flat black. The west
facing fenestration system, which was used in the experiments, consisted of single pane DSA
glass' with various configurations of horizontal slat-type blinds.  All instrumentation required
for the experimental measurement of space cooling loads was left intact to facilitate investigation
of the impact of fenestration parameters on the cooling load.

In this study, three types of commercial blinds were installed in the facility. Table 5-1
summarizes the blind parameters. The edges of the blinds were masked to prevent transmission
of solar radiation between the blind and the window frame. To measure the total solar
transmittance of the fenestration system with an interior blind, a single pyranometer was used to
measure the incident solar radiation while a traversing dual pyranometer was used to measure the
transmitted solar radiation. Two traversing pyranometers reduced the uncertainty due to non-

uniformly spaced and oriented slats as discussed in the following section.

! Reference glazing for shading coefficient calculations; clear glass with nominal thickness of 3 mm (1/8 in.)
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Table 5-1 Summary of Experimental Blind Parameters

Slat
Blind . " S_Iat Slqt Slat Color / Curvature _Slat Slat Angles,
Blind Description ~ Width, Spacing, . Thickness,
No. Reflectance  Radius, deg.
mm mm a mm
mm
1 in. Vinyl White .
1 Blinds with Curved 235 20.0 White / 20.6 0.5 +45,0, -40
0.82
Slats
1 in. Vinyl Black Black /
2 Blinds with Curved 235 20.0 0 TO 20.6 0.5 +45, 0, -45
Slats ’
1 in. Vinyl Silver .
. . Silver /
3 Blinds with Curved 235 20.0 20.6 0.5 +45,0, -45
0.59
Slats
2 in. Vinyl White .
4 Blinds with Curved 50.0 44.0 White / 53.8 1.0 +45,0, -45
0.81
Slats
1 in. Wood Brown Brown /
5 Blinds with Flat 27.0 215 00 0 - 3.0 +45,0, -45

Slats

* The radius of slat curvature is calculated using the slat width (straight-line width) and the curvature width.

5.2 In Situ Experimental Method

5.2.1 Measurement of Total Solar Transmittance

The experimental procedure required a reasonably accurate measurement of the total
solar transmittance through the fenestration system. Although laboratory measurements utilizing
automated gonio-radiometer/photometers [Klems and Warner 1995] or gonio-spectrometers
[Breitenbach et al. 2001] yield more detailed and accurate results, the traversing pyranometer
method used by Pennington et al. [1964] is the most suitable procedure for the in situ
measurement of total transmitted solar radiation in an experimental cooling load facility.

A traversing dual pyranometer was designed to operate continuously in the experimental
cooling load facility at Oklahoma State University [Eldridge et al. 2003]. Two identical
pyranometers, Kipp and Zonen Model CM11, were mounted 30 cm apart on a base plate as

shown in Figure 5-1. A traversing mechanism moved the base plate along a 30 cm vertical path

82



at a relatively constant rate of 12.5 cm/min. The mechanism was mounted inside the
experimental enclosure directly behind and parallel to the fenestration system as shown in Figure
5-1. The constant rate pyranometer traverse through alternate shaded and sunlit bands produced
by the slat-type blinds measured the total solar radiation transmitted through the fenestration
system. A third pyranometer, Eppley Model 8-48, was mounted parallel to the plane of the
fenestration system on the outside of the experimental cooling load facility. This pyranometer,
which was exposed to the weather, measured the total incident solar radiation on the fenestration
system.

All three pyranometers measure global solar irradiance within a spectral range of 0.3 to
2.8 um. The calibration of the instruments was checked prior to installation by mounting all three
on the same surface and recording measured incident solar radiation for one day. No additional
correction of the output signal was necessary. The uncertainty associated with these
measurements is estimated in the following section.

Although all data points were measured at 1-minute intervals, five minute averages were
calculated to facilitate graphical representation of the data. The primary metric used to validate
the optical blind model was the total solar transmittance defined as the ratio of total solar
radiation transmitted through the fenestration system to total solar radiation incident on the
outside of the fenestration system. Measured data from the traversing dual pyranometer were
spatially averaged to calculate a total solar transmittance that represents an overall characteristic

of the blind assembly rather than local characteristics of individual slats.
5.2.2 Estimation of Total Solar Transmittance Uncertainty

The measured total solar transmittance was the primary metric for model validation. The
uncertainty in the derived solar transmittance due to uncertainties in the two measured

independent variables (i.e. transmitted and incident solar radiation, T and | ), may be estimated

according to Beckwith et al. [1993] as:
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or ? or ?
U =./|—u, | +|=—=u 5-1
r (al |j (a.l. Tj (5-1a)

o : LI , .
By substituting the solar transmittance (7 = T) into Equation (5-1a), we can obtain the

uncertainty as:

o =] k) o

This approach, which assumes that the measurements are independent, is commonly referred to as

the method of Kline and McClintock [Beckwith et al. 1993; Kline and McClintock 1953]. For the
incident solar radiation, the sources of uncertainty include setup of the pyranometer (its
orientation relative to the fenestration system), and the accuracy of the sensor. For the
transmitted solar radiation, the sources of uncertainty include setup of the pyranometers, the
accuracy of the sensors, and the irregularity of the blind assemblies (both slat spacing and angle).
The root mean square of all uncertainties associated with each measurement was used as an
approximation of the total uncertainty associated with that measurement.

For the incident solar radiation, two sources of error were considered. First, the error in
pyranometer orientation was expected to be less than 3° since the pyranometer was mounted
directly on the outside wall parallel to the fenestration system. Thus, the uncertainty due to the
setup of the pyranometer was estimated to be about 0.2% of measured incident solar radiation.
Second, the uncertainty due to the accuracy of the sensor was estimated to be about 5.3% of

measured incident solar radiation. The root mean square of sensor errors (i.e. temperature
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dependence, non-linearity, and directional response) as published by the manufacturer was used
as an approximation of the uncertainty associated with the sensor.

For transmitted solar radiation, the two pyranometers were mounted on the same base
plate. The orientation of the plate relative to the window plane could be accurately estimated.
Over the entire traverse, the estimated error in both the facing and tilt angles of the sensors was
less than 3°. This was equivalent to less than a 5° difference between the normal direction of the
sensor plane and the normal direction of the window. Therefore, the uncertainty due to the setup
of the pyranometers was estimated to be about 0.5% of measured transmitted solar radiation.
Like the estimation of the uncertainty in incident solar radiation, the root mean square of sensor
errors was used as an estimate of the uncertainty associated with the sensor accuracy. This
uncertainty was estimated to be 3.2% of the averaged transmitted solar radiation. The error due
to the irregularity of the blind assemblies was then estimated as the difference of the transmitted
solar radiation values measured by the two pyranometers. Because all inside surfaces of the test
cell were black, the uncertainty due to solar radiation reflected from the inside was neglected.

The maximum estimated uncertainty in the measured solar transmittance for all

experimental tests was U_==0.05. To provide a clear comparison between predicted and

measured results, the uncertainty intervals are shown with the measured data for all reported

results.
5.2.3 Measurement of Slat Reflectance

Although an accurate estimate of slat reflectance requires laboratory measurement using
a spectrophotometer with an integrating sphere [ASTM 1996], a field method to obtain this input
to blind models for load calculations may be useful. Since a net radiometer is generally available
to estimate radiation exchanges between surfaces in cooling load experiments, a simple procedure
was developed to estimate the slat reflectance of a blind assembly in the field using a net

radiometer. The procedure proved to be sufficiently accurate for load calculation model
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validation and could be used where non-destructive testing of installed blind assemblies is the
only option for obtaining the optical input parameters required by the blind model.

Ideally, the solar reflectance’ of the individual slats of a blind assembly would be equal to
the solar reflectance of the completely-closed blind assembly. For a diffusely reflecting blind,
direct measurement of the incident and reflected solar radiation using a net radiometer will give a
first order approximation of the surface reflectance in the solar spectrum. Two corrections
significantly improve the approximation. First, the error introduced by reflected background
radiation may be corrected by means of a calibration surface of known reflectance. Second, the
error introduced by radiation transmitted through the closed blind assembly may be corrected by
estimating the closed blind transmittance.

To correct for solar reflectance from the surroundings, the blind assembly is replaced
with a blind-sized calibration surface of known reflectance’ [Berdahl and Bretz 1997] in the solar
spectrum. As shown in Figure 5-2, the incident and reflected solar radiation for the calibration

surface and its surroundings are then measured using the net radiometer. The measured, reflected

radiation (R ) represented the combined effect of the calibration surface and the

cal,meas

surroundings as follows:

qcal + qsurr
Rcal,meas = A (5_23)
Pyr
where (), = rate at which the solar radiation leaves surface X and is intercepted by the

pyranometer, and

A = surface area of surface Y.

" In accordance with radiative heat transfer theory [Modest 2003], if the collimated light is used as a light source, then
the measured reflectance is ‘directional-hemispherical’ reflectance. If the sun and sky are the light source, then the
measured reflectance is ‘total-hemispherical’ reflectance.

% The calibrated surface was coated with Koolseal White Elastomeric, a roof coating with solar reflectance of 0.81
[Berdahl and Bretz 1997].
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The subscripts cal, surr, and pyr refer to the calibration surface, the semi-infinite background, and
the pyranometer, respectively. Assuming that both the calibration surface and the semi-infinite

background are diffuse, Equation (5-2a) may also be written as:

R _ Acal ’ I:calapyr ’ ‘]cal + Asurr ’ I:surr» pyr J surr (5—2b)

cal,meas
Apyl’

where J, = radiosity of surface X, and

F.,, = view factor from surface X to surface y.

Using the reciprocity relation for view factors, Equation (5-2b) can then be expressed by:

R =F ‘]cal + prrasurr ’ ‘]surr

(5-2¢)

cal,meas pyr—cal

For shortwave radiation, the radiosity is equal to the reflected solar radiation. Therefore,

Equation (5-2c) becomes:

Rcal,meas = prr—>cal ’ pcal,spec ’ Imeas + prr—>surr ’ psurr ’ Imeas (S'Zd)

where P, e = specified reflectance of the calibration surface,
Parr = solar reflectance from the surroundings, and

|meas = incident solar radiation.

Since the summation of the view factors between the pyranometer and other surfaces is one,

F isequalto 1-F

byr—ssurr In addition, O,y meas » Which is defined as the in situ measured

pyr—cal *
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reflectance of the calibration surface including reflectance from surroundings, may be written as

R

cal,meas

meas

We can then rearrange Equation (5-2d) to obtain the solar reflectance from the

surroundings as:

F

. pcal,meas - pcal,spec

pyr—cal
0. = 5-3
surr 1-F ( )

pyr—cal

Since the calibration surface had the same dimensions as the blind assembly, a single view factor

(F

oyr>cal ) designates the view from the net radiometer to both the calibration surface and the

blind assembly. The view factor may be estimated using a view factor formula for a differential
planar element and a finite parallel rectangle [Modest 2003].

To correct for transmission through the closed blind assembly, total solar transmittance
through the fenestration system containing the closed blind, for each particular blind, is measured.

Total solar transmittance through the fenestration system without the blind is also measured.

Then, the transmission loss, 7|, , may be approximated by

_ Tshaded
Tloss = (5_4)
T unshaded
where 7.4 = total solar transmittance of the fenestration system containing the closed
blind,
Tunsnaded — total solar transmittance of the fenestration system without the blind.
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The experimental procedure as described in Section 5.2.1 is also used for these measurements. It
should be noted that Equation (5-4) neglects multiple reflections between the glazing and the

blind.

It is then assumed that the solar reflectance of the closed blind assembly can be

approximated as the difference between the slat reflectance ( p,, ) and the transmission loss

(Tipss)- Then, Equation (5-2d) may be employed along with the definition of F . to

calculate the reflected solar radiation (R ) for the closed blind assembly as:

bl,meas

Rbl,meas = prr—>cal ’ (pslat ~ Tloss ) I meas T (1 - prr—>cal ) " Psurr I meas (5-5)

By substituting Oy ..s (in situ measured reflectance of the closed blind assembly including

bl,meas

reflectance from surroundings) for and rearranging Equation (5-5), we obtain the slat

meas

reflectance ( oy, ) as:

_ pbl,meas - psurr ’ (1 - prr»cal )

slat — F Z-Ioss
pyr—cal

(5-6)

In applying the transmission loss as shown in Equation (5-6), two main assumptions are made.
First, all solar radiation is transmitted through the closed blind by reflections only. Second, the
closed blind and its associated back wall behave like a small cavity or perfect absorber. To
reduce the error associated with the second assumption, a black surface is placed behind the

closed blind assembly during the measurement of the closed blind reflectance.
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Figure 5-3 shows the results of estimating the slat reflectance using this procedure. As
shown, the estimated slat reflectance for each blind is quite constant over long periods of time.
The estimated slat reflectance varies by less than 0.10 for diffuse solar radiation (morning) and by

less than 0.13 for total solar radiation (afternoon).
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Figure 5-3 Calibrated Slat Reflectance

5.3 Comparison of the Comprehensive Blind Model with

Measured Data

In this section, the comprehensive blind model is compared with five experimental data
sets of solar transmittance obtained by the in situ experimental method described in the previous
section. Table 5-1 summarizes the blind parameters, which are used as inputs to the model. The
next section presents definitions of solar transmittances used in the current study. Since the
comprehensive blind model consists of several sub-models, the following section then illustrates

the effect of using different sub-models with baseline input parameters (i.e. the blind slats are
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assumed to be purely diffuse and the blind parameters presented in Table 5-1 are used).

Following the effect of using different models, the effect of varying input parameters is then

demonstrated.  Finally, the experimental comparison using calibrated input parameters is

presented to illustrate the validity of the comprehensive blind model.

5.3.1 Definitions

In this comparison, four effective transmittances are defined and used to calculate the

total solar transmittance in the comprehensive blind model:

‘Direct-to-direct’ transmittance, 7, ., is defined as the fraction of beam solar radiation
that directly passes through the fenestration system without striking the blind slats.

‘Direct-to-diffuse’ transmittance, 7., 4 , is defined as the fraction of beam solar radiation

that indirectly passes through the fenestration system by reflections between the slats and

between layers of the fenestration system.

‘Sky-diffuse’ transmittance, 7, , is defined as the fraction of diffuse solar radiation from

sky »
the sky that passes directly and indirectly through the fenestration system.

‘Ground-diffuse’ transmittance, 7 is defined as the fraction of diffuse solar radiation

gnd »
from the ground that passes directly and indirectly through the fenestration system.

The ‘effective’ modifier indicates that the predicted transmittances include interaction

between the glazing and the blind. Using these terms, the total solar transmittance is calculated as

follows:

Isky “Tory + Ignd *Tgnd + Ibm ’ (Tbm—bm *+ Tom—dr )

Isky + Ignd + Ibm

T, = (5-7)
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Because all experimental data were observed for a west-facing fenestration system, two
additional effective transmittances are defined. Total solar transmittance measured (and/or
predicted) during the morning hours (in the absence of beam solar radiation) is referred to as
‘diffuse’ solar transmittance. Total solar transmittance measured (and/or predicted) in the

afternoon is referred to as ‘total’ solar transmittance.
5.3.2 Baseline Results

To illustrate the effect of using different sub-models of the comprehensive blind model,
Figure 5-4 compares predicted results with measured data for the 1-in vinyl white blind with
curved slats (Blind No. 1) oriented at three different angles. As shown in the figure, the plus
symbols (labeled Measured) with error bars represent measured solar transmittance and its
uncertainty range. The solid line (labeled NetRad - Flat) represents predicted results using the
net-radiation sub-model for a flat-slat blind. The dash line (labeled NetRad — Curved) represents
predicted results using the net-radiation sub-model for a curved-slat blind. The dotted line
(labeled MCRT — Curved) represents predicted results using the ray-tracing sub-model for a
curved-slat blind.

As shown in the left hand region of Figure 5-4, both the net-radiation and the ray-tracing
models for a curved-slat blind predict lower diffuse solar transmittance than the net-radiation
model for a flat-slat blind does for all three slat angles due to the effect of slat curvature
accounted for in the curved-slat models. The predicted results by the curved-slat blind models
appear to have slightly better agreements with measured diffuse solar transmittance for all three
slat angles. It should be noted that both curved-slat blind models predict identical results since
the model implementation assumes that blind slats behave like diffuse-reflecting surfaces for the
diffuse solar radiation although they may behave otherwise for the direct solar radiation. This
means that the net-radiation blind sub-model(s) is employed by the diffuse blind model for the

model implementation used in the current investigation.
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For the total solar transmittance shown in the right hand region of Figure 5-4, both
curved-slat blind models also mostly predict lower results than the flat-slat blind model does.
The predicted results by the curved-slat blind models agree with measured data very well when a
large amount of direct solar radiation is directly transmitted without any reflections (e.g. results
during 3 to 6 p.m. shown in Figure 5-4c). The significant discrepancy between the flat-slat blind
model results and measured data during this time period indicates the effect of neglecting the slat
curvature. However, the predicted results by the flat-slat blind model show quite better
agreements with measured data when a large amount of direct solar radiation is transmitted by
reflections (e.g. results during 1 to 4 p.m. shown in Figure 5-4b) than results predicted by the
other two models. This somewhat counterintuitive result may be due to the combined effect of
model deficiencies and uncertainty in input parameters. As shown, results predicted by the ray-
tracing model for a curved-slat blind have better agreements with measured total solar
transmittance than results predicted by the net-radiation model for a curved-slat blind for all three
slat angles. It is worth mentioning that, for a blind having purely-diffuse-reflecting slats, the net-
radiation and the ray-tracing models typically predict different results of the direct-reflected blind
transmittance. The differences are much smaller when the blind slats are completely illuminated
(e.g. Case 2 shown in Figure 4-5) than when the blind slats are partially illuminated (e.g. Case 3
shown in Figure 4-5). The possible explanation is that the net-radiation model(s) uses inaccurate
view factors, which may be due to the Crossed-Strings method and/or the insufficient surface
subdivision. In the next section, a sensitivity to blind input parameters (i.e. the effect of

uncertainty in input parameters) is investigated.
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The predicted results shown in Figure 5-4 assume isotropic sky and ground radiance
distributions. As previously discussed, however, the isotropic diffuse distribution is not an
inherent assumption in the comprehensive blind model. To demonstrate the effect of an
anisotropic assumption, Figure 5-5 compares predicted results using Igawa’s anisotropic sky
radiance distribution model [Igawa et al. 2004] with predicted results using isotropic sky
assumption with the same direct blind sub-model (i.e. the ray-tracing model for a curved-slat
blind). As shown, the effect of the anisotropic model on the total solar transmittance is very
trivial as compared to its effect on the diffuse solar transmittance although the effect of the
anisotropic model on the predicted sky diffuse irradiation is actually more significant in the
afternoon than in the morning. This is due to the fact that the sky diffuse irradiation is a very
small portion of the total insolation in the afternoon while it has a greater contribution in the
morning. The model differences are noticeable for the diffuse solar transmittance, particularly for
the horizontally opened blind shown in Figure 5-5b. As shown, the anisotropic model shows
slightly better agreements with measured diffuse solar transmittance than the isotropic model
does for the horizontally opened blind. It should be noted that although no anisotropic ground
radiance distribution model exists, an attempt had been made to investigate the effect of an
anisotropic ground assumption by calculating a simple ground radiance distribution based on a
shadow in front of the test building. The investigation indicated that the effect of the shaded
ground assumption on the diffuse solar transmittance might be trivial (the effect on the diffuse
solar transmittance was trivial, and there was no effect on the total solar transmittance since there

was no shadow in front of the west-facing test window in the afternoon).
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5.3.3 Effect of Blind Input Parameters

As previously mentioned, uncertainty in input parameters can cause discrepancies
between the predicted and measured results. Therefore, it is essential to investigate the sensitivity
of predicted solar transmittance to the blind input parameters. The comprehensive blind model
requires several blind input parameters including slat geometry parameters (slat angle, slat width,
slat spacing, slat thickness for flat-slat blinds, and slat curvature for curved-slat blinds), and slat
radiative parameters for both sides of blind slats (slat reflectance and slat reflective specularity
ratio). In this investigation, the ray-tracing blind model and the anisotropic sky radiance
distribution model (i.e. Igawa’s sky radiance distribution model) are employed as baseline models
for direct and diffuse optical blind properties, respectively.

Of all required input parameters, the slat angle is probably the most important parameter
since changing the slat angle can change both the value and the profile of the solar transmittance
curves as illustrated in Figures 5-4 and 5-5. Therefore, to investigate the sensitivity to a small
change in the slat angle, predicted results with the slat angle varied by 5° are plotted against
measured data in Figure 5-6. As shown in Figure 5-6¢, increasing the slat angle for the upward
opened blind not only results in an increase in the peak total solar transmittance but also a shift of
the peak to a later time. For the upward opened blind, the time the peak occurs is useful
information since matching the time of the predicted peak results to the time of the measured
peak data indicates that the actual slat angle was about -40° although the slat angle was
intentionally set at -45°. For the downward opened and horizontally opened blinds, increasing

the slat angle results in only a decrease in the values of predicted total solar transmittance.

! Slat transmittance and transmissive specularity ratio are not necessary since all investigated blinds have opaque slats.
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As shown in the left hand region of Figure 5-6, the effect of the slat angle on the diffuse
solar transmittance is also dependent on the setting of the slat angle. Increasing the slat angle
results in lower diffuse solar transmittance for the downward opened blind as shown in Figure 5-
6a. On the other hand, as shown in Figure 5-6¢, increasing the slat angle results in higher diffuse
solar transmittance for the upward opened blind. For the horizontally opened blind shown in
Figure 5-6b, changing the slat angle causes mixed results. Increasing the slat angle results in
higher diffuse solar transmittance in the early morning but it results in lower diffuse solar
transmittance later. The mixed results for the horizontally opened blind are due to the fact that
changing the slat angle causes opposite changes in the sky and the ground diffuse blind
transmittance for slat angle between +30° and -30° as illustrated in Figure 3-4 (for Parmelee and
Pfrommer results). Therefore, for the horizontally opened blind, the diffuse solar transmittance is
dependent not only on the sky and ground diffuse blind transmittance but also on the sky and
ground diffuse components of the total insolation. For the test window, the sky diffuse
component of the total insolation is larger than the ground diffuse component in the early
morning and the reverse occurs in later morning.

Unlike the effect of the slat angle, changing the slat spacing only causes a change in the
value of the predicted diffuse and total solar transmittance as illustrated in Figure 5-7. As shown
for all three slat angles, increasing the slat spacing results in an increase in both the diffuse and
the total solar transmittance. The effect of other parameters (including the slat thickness, the slat
curvature, and the slat reflectance) is similar to the effect of the slat spacing such that changing
these parameters only result in a value change but not a change in the shape or the time the peak

occurs. The value change is certainly dependent on the change in those parameters.
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As previously discussed, the comprehensive blind model uses the reflective specularity
ratio to deal with a blind having partially-specular- and partially-diffuse-reflecting slats. To
illustrate the effect of the reflective specularity ratio, Figure 5-8 compares predicted results
representing three different slat radiative characteristic types with measured data. It should be
noted that the results labeled “Partial” use the specularity ratio(s) of 0.5 (i.e. 50% specular and
50% diffuse). As shown on the left hand region of the figure, the predicted diffuse solar
transmittance are identical since the model implementation assumes that blind slats behave like
diffuse-reflecting surfaces for the diffuse solar radiation although they may behave otherwise for
the direct solar radiation as previously discussed. On the other hand, as shown on the right hand
region of Figure 5-8, the predicted total solar transmittance are significantly different from one
another. The good agreements between the measured data and the “Diffuse” predicted results
indicate that the blind slats for the 1-in white vinyl blind with curved slats (Blind No. 1) behave
more like the purely-diffuse-reflecting surfaces than like the purely-specular-reflecting surfaces.
It should be noted that an investigation of the effects of different radiative properties and
characteristics on different sides of the blind slats shows results that are not significantly different

from those reported here.
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5.3.4 Calibrated Results

In comparing experimental measurement with the comprehensive blind model, two types
of uncertainty must be recognized. First, the experimental uncertainty associated with the
measurements must be quantified. Then, the uncertainty in the blind model output due to
uncertainty in specifying the model input parameters must be quantified. This uncertainty can be
reduced by calibrating the input parameters using measured data. When this is not possible, it is
useful to estimate the overall uncertainty in the predicted total solar transmittance due to an error
in various input parameters. To estimate the uncertainty due to the error in each input parameter,
the dimensional type 1 influence coefficient [Spitler et al. 1989] is used. The uncertainty in the

total solar transmittance due to the error in each input parameter can be calculated by:

u,; =1C; - Al (5-8)
where U, = uncertainty due to the error in input parameter i,

IC, = dimensional type 1 influence coefficient of input parameter i, and

Al = estimated error of input parameter i.

Then, the overall uncertainty in the predicted total solar transmittance can be estimated as the root

sum of the square of the uncertainties due to individual sources of error as follows:

2 2 2
U, = U2, +U, + okl (5-9)
where U = overall uncertainty in the predicted total solar transmittance, and
n = number of input parameters.
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Based on the investigations illustrated in previous sections, the ray-tracing blind model
and the anisotropic sky radiance model are used along with calibrated input parameters shown in
Table 5-2 to support the validity of the comprehensive blind model. Table 5-2 shows calibrated
input parameters and their estimated error used in this investigation. The calibrated input
parameters are the same as those shown in Table 5-1, except the slat angle for the upward opened
blind. As previously discussed, the slat angle for the upward opened blind can be calibrated by
matching the time of the peaks of the predicted and measured results. For all the blinds, except
the 1-in vinyl silver blind, the slat reflective specularity ratios (both front and back sides) are
assumed to be about 0.05 (i.e. 95% diffuse). For the 1-in vinyl silver blind, which has slats
coated with metallic and reflective paint, it is assumed that the slat reflective specularity ratios are
0.5. It should be noted that although the slat reflective specularity ratios seem somewhat
arbitrary, they are considered educated guesses. An accurate instrument that can be used to
measure bi-directional reflection distribution functions required for the estimation of the slat
reflective specularity ratios, such as gonio-radiometer/photometers [Klems and Warner 1995] or
gonio-spectrometers [Breitenbach et al. 2001], was not available for the current investigation.

Figure 5-9 illustrates the calibrated results (solid line) for the 1-in vinyl white blind. The
figure also shows predicted results by the Parmelee model (dash line) and Pfrommer model
(dotted line) to present the inter-model comparison. As shown, the comprehensive blind model
has slightly better agreements with both measured diffuse and total solar transmittance than the
Pfrommer model does. The comprehensive blind model also shows better agreements with
measured diffuse solar transmittance than the Parmelee model does for all three slat angles. For
the total solar transmittance, however, the comprehensive blind model only has better agreements
with measured data when a large amount of direct solar radiation is directly transmitted without
any reflections. These results are similar to the comparison between the flat-slat blind sub-model
and the curved-slat blind sub-model previously discussed in Section 5.3.2 since the Parmelee

model is equivalent to the flat-slat blind sub-model of the comprehensive blind model.
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Table 5-2 Summary of Calibrated Input Parameters
1in. Vinyl 1in. Vinyl 1in. Vinyl 2 in. Vinyl 1in. Wood
Input White Blinds Black Blinds Silver Blinds ~ White Blinds BroWn Blinds
Parameter with Curved with Curved with Curved with Curved .
with Flat Slats
Slats Slats Slats Slats
Slat Width, mm 23.5+1.0 23.5+1.0 23.5+1.0 50.0+1.0 27.0£1.0
Slat Spacing,
mm 20.0+1.0 20.0+1.0 20.0+1.0 44.0£1.0 21.5+1.0
Slat Radius, mm 20.6+2.0 20.6+2.0 20.6+2.0 53.8+2.0 -
Slat Thickness, ) ) ) ) 30+1.0
mm
+45+5, +45+5, +45+5, +45+5, +45+5,
Slat Angle, deg 045, 0+£5, 0+5, 05, 0+£5,
-40+2 -50+2 -45+2 -43+2 -45+2
Slat Reflectance
(both front and 0.82+0.05 0.10+0.05 0.59+0.05 0.81+0.05 0.45+0.05
back)
Slat Specularity
Ratio (both front 0.05+0.05 0.05+0.05 0.5+0.5 0.05+0.05 0.05+0.05
and back)
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Figure 5-9 Calibrated Results for 1-in Vinyl White Blind
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As shown in Figure 5-9, the comprehensive blind model agrees quite well with measured
data for most cases. Although the comprehensive blind model shows improvements over the
other two models for the diffuse solar transmittance, the discrepancy between the predicted and
measured diffuse solar transmittance for the downward opened blind as shown in Figure 5-9a is
still quite large and well outside either the experimental uncertainty range or the model
uncertainty range. A possible explanation is that the isotropic ground assumption used in the
diffuse blind sub-model of the comprehensive blind model does not reflect the change in the
shadow cast by the test building. At present, no ground radiance distribution model is available
as discussed in Chapter 4. It is worth noting that, however, the comparisons for all other blinds
show good agreements for the downward opened blind as illustrated as follows.

Figure 5-10 compares predicted calibrated results with measured data for the 1-in vinyl
black blind with curved slats (Blind No. 2). As shown in Figure 5-10a, the comprehensive blind
model agrees well with both measured diffuse and total solar transmittance for the downward
opened blind. Like the comparison for the 1-in vinyl white blind, the comprehensive blind model
has slightly better agreements with measured diffuse solar transmittance than the Parmelee and
the Pfrommer models do for all three slat angles. Similarly, the comprehensive blind model and
the Pfrommer model, which account for the slat curvature, follows the measured total solar
transmittance quite well when a large amount of direct solar radiation is directly transmitted
without any reflections (3 to 5 p.m.) as shown on the right hand side region of Figure 5-10c. On
the other hand, the Parmelee model over-predicts the total solar transmittance due to neglecting
the slat curvature. When a large amount of direct solar radiation is transmitted by reflections (e.g.
1 to 4 p.m. for Figure 5-10b), all three models agree fairly well with measured total solar
transmittance. Unlike the comparison for the 1-in vinyl white blind, the differences between
predicted results during this period are trivial due to the fact that the 1-in vinyl black blind has

low slat reflectance.

109



(@) 1 in Vinyl Black - Downward Opened

08 ——————————————————
! Measured - 1 1 1
| Comprehensive i ‘ ‘ ‘ ‘
06 | Parmelee —— | | | | |
al Pfrommer -]
g | e |
c | |
s |
€
(2]
c
o
'_
06:00 08:00 10:00 12:00 14:00 16:00 18:00
Time, Hr
(b) 1 in Vinyl Black - Horizontally Opened
0.8 [ T T T T
i 1
! Measured o | Total Transmittance |
| Comprehensive i ‘ [ ‘ ‘ ‘ >
0.6 B Parmelee —— | | o
w | Pfommer - |
o T T
§ Diffuse Transmittance
€
2]
c
o
|_
0
06:00 08:00 10:00 12:00 14:00 16:00 18:00
Time, Hr
(c) 1 in Vinyl Black - Upward Opened
0.8 === =T \ \
| Measured -, . ' Total Transmittance
| Comprehensive i B ‘ ‘
| Parmelee —— | | |
067‘ ‘7T7777777777%7
Pfrommer - --- /
g | Phommer— | |
c ! ~
g ! -
€
[%2]
e
o
'_
0
06:00 08:00 10:00 12:00 14:00 16:00
Time, Hr
Figure 5-10 Calibrated Results for 1-in Vinyl Black Blind
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As shown in Figures 5-9 and 5-10, the comprehensive blind model, which assumes 95%
diffuse- and 5% specular-reflective slat surfaces, agrees quite well with measured data for both
the 1-in vinyl white and 1-in vinyl black blinds. The good agreements suggest that slat surfaces
of both blinds behave more like diffuse reflectors. To investigate a blind with slats likely
behaving more like specular reflectors or quasi-specular reflectors, Figure 5-11 compares
predicted calibrated results with measured data for the 1-in vinyl silver blind with curved slats
(Blind No. 3). As previously discussed, it is assumed that the 1-in silver blind with metallic and
reflective coated slats has 50% diffuse- and 50% specular-reflective slat surfaces. As shown in
Figure 5-11, the comprehensive blind model agrees fairly well with measured data. However, as
shown in Figure 5-11a, the discrepancies between the measured total solar transmittance and
results predicted by the comprehensive blind model as well as the other two models for the
downward opened blind (after 4 p.m.) are noticeable. This indicates that none of the models
predicts the solar transmittance due to reflections well although both the comprehensive blind
model and the Pfrommer model assume partially diffuse- and partially specular-reflecting slat
surfaces (both models do slightly better than the Parmelee model, which assumes purely diffuse-
reflecting slat surfaces). The possible explanation is that the blind slats were custom painted for
the experiments. As a result, the radiative characteristics on opposite sides of the blind slats
could be different.

To investigate the effect of different radiative characteristics on different sides, Figure 5-
12 compares measured data with results predicted by the comprehensive blind model using the
front- and back-side specularity ratios of 0.4 and 0.8, respectively. As shown in Figure 5-12a, the
comprehensive blind model substantially improves its agreement with the measured total solar
transmittance. However, as shown in Figure 5-12c¢, the comprehensive blind model using
different radiative characteristics on different sides does not agree well with measured total solar
transmittance (worse than the prediction using the same radiative characteristics on different

sides). These contradictory results demonstrate the usefulness of the measured data obtained by
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the in situ experimental method since it is not easy to ‘consistently’ adjust input parameters to
match the predicted results to the in situ measured data. This means that the predicted results can
be easily matched to either measured diffuse or total solar transmittance for a particular slat angle,
but it is difficult to match the predicted results to both measured diffuse and total solar
transmittance for all three slat angles. Further investigations are essential to provide a good
explanation of the contradictions of the 1-in silver blind results.

In addition to the 1-in vinyl curved-slat blinds, Figure 5-13 compares predicted results
with measured data for the 2-in vinyl white blind with curved slats (Blind No. 4) to investigate
how the comprehensive blind model performs for the curved-slat blinds with different slat
geometry. As illustrated, the comprehensive blind model agrees reasonably well with measured
data for all slat angles. Like the 1-in vinyl blinds, the comprehensive blind model has slightly
better agreements with measured diffuse solar transmittance than the other two models do.
Similarly, the Parmelee model over-predicts the peak total solar transmittance for the upward
opened blind although the over-prediction is not as significant as for the 1-in vinyl blinds due to
the ratio of the slat radius to the slat width for the 2-in blind higher than the ratio for the 1-in
blinds (the higher the ratio, the more similar the curved slats to the flat slats).

In addition to the curved-slat blinds, Figure 5-14 compares predicted results with
measured data for the 1-in wood brown blind with flat slats (Blind No. 5). As shown, both the
comprehensive blind model and the Parmelee model, which account for the slat thickness, tend to
under-predict measured data whereas the Pfrommer model, which does not take into account the
slat thickness, tends to over-predict measured data. The discrepancy between results predicted by
the comprehensive blind model and measured data is mostly within the uncertainty ranges. The
under-prediction of the comprehensive blind model for the 1-in flat-slat blind is therefore not

significant.
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Figure 5-11 Calibrated Results for 1-in Vinyl Silver Blind
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Figure 5-13 Calibrated Results for 2-in Vinyl White Blind
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Figure 5-14 Calibrated Results for 1-in Wood Brown Blind
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5.4 Conclusions

This chapter presents an in situ experimental method for measuring solar optical
properties of the fenestration system containing a slat-type blind. In situ measurements of total
solar transmittance were performed for various blind types and configurations. The total solar
transmittance, defined as the ratio of total solar radiation incident on the fenestration system to
total solar radiation transmitted through the fenestration system, is the primary metric commonly
used to evaluate the optical blind model. The uncertainty associated with the in situ procedure is
shown to be less than £0.05 for all experimental tests. This chapter also demonstrates how to
estimate slat solar reflectance of the blind assembly, an input required by the optical blind model,
from field measurements.

In addition, the chapter illustrates the wvalidity of the comprehensive blind model
presented in the previous chapter by comparing the comprehensive blind model along with other
existing models with measured data obtained by the in situ experimental method. Overall, the
comprehensive blind model consistently agrees quite well with measured data for most tested
blinds. The comprehensive blind model has slightly better agreements with measured diffuse
solar transmittance than both the Parmelee and Pfrommer models do. For total solar
transmittance, the comprehensive blind model shows better agreements with measured data than
the Pfrommer model do. The comprehensive blind model agrees significantly better with
measured total solar transmittance than the Parmelee model does when a large amount of direct
solar radiation is directly transmitted without any reflections. However, the Parmelee model
tends to do slightly better when a large amount of direct solar radiation is transmitted by
reflections. For the 1-in vinyl silver blind with curved slats, the comprehensive blind model
cannot consistently predict the measured data well. For instance, the model using the front- and
back-side slat specular reflective ratios of 0.4 and 0.8 as inputs shows good agreements with

measured total solar transmittance for the downward opened blind while it does not have good
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agreements for the upward opened blind. When the model uses the slat specular reflective ratios
of 0.5 (both sides) as inputs, the model would then predict the measured data well for the upward
opened blind but not for the downward opened blind. A further investigation is needed to explain
these contradictory results for the 1-in vinyl silver blind with curved slats where its blind slats
likely behave more like quasi-specular reflectors. Both the Parmelee and Pfrommer models do
not have good agreements with measured total solar transmittance for the downward opened
silver blind.

In summary, this chapter presents an in situ experimental method suitable for the
validation and development of optical models for building simulation tools. The chapter then
compares the newly developed optical blind model with measured data. The good agreements

between predicted and measured results support the validity of the comprehensive blind model.
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CHAPTER 6

DEVELOPMENT OF THERMAL MODELS AND A

SUPPORTING EXPERIMENTAL METHOD FOR A

FENESTRATION SYSTEM CONTAINING AN INTERIOR

BLIND

6.1 Introduction

As discussed in Chapter 2, the thermal fenestration model implemented in the EnergyPlus
building simulation program [DOE 2006] is currently the most fundamental model suitable for
load calculations. The EnergyPlus thermal fenestration model is applicable for the HBM, but not
for the RTSM. The model is basically based on two thermal models: one for glazing layers
[Arasteh et al. 1989] and one for shading layers [ISO 2000; van Dijk and Goulding 1996].
According to van Dijk and Oversloot [2003], the thermal model for shading layers has not yet
been validated. The model is quite complicated and requires various parameters including
convection coefficients in the air gap between the glazing layers and the shading layer, a
convection coefficient for convection from the (inside) shading layer to the room air, the air
permeability between the air gap and the room (i.e., bulk convection), etc. At present, an
experimental method that completely supports the model has not been developed. An acceptable

experimental method would need to cover a range of realistic room airflow configurations and
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room surface temperatures in order to account for interactions between the fenestration system
and the room. Consequently, the EnergyPlus thermal fenestration model is not supported by
experimentally based convection correlations for the interior shading devices.

To enhance the thermal fenestration simulation, two new thermal fenestration models,
applicable to a fenestration system containing an interior blind, have therefore been developed in
this study: one for the HBM and one for the RTSM. Similar to the EnergyPlus fenestration
model, the new model for the HBM is based on a one-dimensional multi-layer heat balance
approach. However, the new model simplifies thermal calculations related to the shading device
by combining the innermost glazing layer and the interior blind layer into a single layer. The new
model requires two additional thermal parameters including the equivalent inside convection
coefficient, which is defined at the inside surface of the combined layer, and the equivalent
thermal conductance of the combined layers. These two parameters must be determined
experimentally. Consequently, an experimental method has also been developed to support the
new model for the HBM.

The model for the RTSM is not completely new but has not been clearly described in the
literature in the context of building load and energy calculations. The model is based on the
solar-thermal separation concept proposed by Klems et al. [Klems et al. 1995; Klems and Kelly
1996; Klems et al. 1996; Klems and Warner 1997]. The model for the RTSM includes both the
fenestration heat gain calculation and the heat gain-to-cooling load conversion calculation. The
model requires various input parameters including total solar transmittances, layer-specific solar
absorptances, layer-specific inward flowing fractions, total thermal resistance, and
radiative/convective splits. Optical models can be used to obtain the solar transmittances and
absorptances whereas the thermal model for the HBM can be used to obtain the inward flowing
fractions and the thermal resistance. The experimental method developed to support the thermal
fenestration model for the HBM can be used to obtain the radiative/convective splits of the

absorbed solar heat gain and the conduction heat gain. It is worth noting that the total electrical
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power applied to the window and the blind for the proposed experimental method simulates the
total fenestration heat gain excluding the transmitted solar heat gain (i.e., only the sum of the
absorbed solar heat gain and the conduction heat gain). Therefore, the radiative/convective splits
of the absorbed solar heat gain and the conduction heat gain are essentially assumed to be the
same.

In the current study, a limited number of experiments were performed to illustrate the
feasibility of supporting the thermal models with experimental data and to investigate the
sensitivity of the thermal parameters required by the thermal models. A comprehensive study
covering full range of room boundary conditions is essential to the development of the empirical
correlations, but is beyond the scope of this investigation. This means that the newly developed
thermal models presented here are not yet ready to be used since the development of empirical
correlations for thermal parameters required by the thermal model for the HBM is needed so that
the ‘complete’ thermal model for the HBM can then be used to generate various thermal
parameters required by the thermal model for the RTSM.

In the following section, the thermal model for the HBM is presented. Then, the thermal
model for the RTSM is provided. Next, a calculation procedure (used in the thermal model for
the HBM) is given to determine thermal parameters (i.e., the inward flowing fractions and the
thermal resistance) required by the model for the RTSM. Then, the experimental method is

presented. Finally, suggestions for future thermal model studies are provided.

6.2 Thermal Fenestration Model for HBM

6.2.1 Model Overview

The thermal fenestration model suitable for the HBM, referred to here as the HB thermal
fenestration model, is based on the one-dimensional multi-layer heat balance approach. The HB
thermal fenestration model directly performs an energy balance at each surface of the individual

layers of the fenestration system. The HB thermal fenestration model simultaneously considers
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all three modes of heat transfer. The model assumes that overall energy flow through the
fenestration system is perpendicular to the plane of the system and is one-dimensional. The
model also assumes that the glazing layer is opaque to longwave radiation." The model treats the
glazing layers, except the innermost glazing layer, fundamentally the same as the EnergyPlus
thermal fenestration model for a fenestration system without shading devices [DOE 2006;
Winkelmann 2001]. However, for a fenestration system containing an interior blind, the model
treats the innermost glazing layer and the blind layer as a single layer. Figure 6-1 conceptually
illustrates the HB thermal fenestration model for the fenestration system with the interior blind.
The left hand side figure shows an actual fenestration system consisting of L glazing layers and
an interior blind layer while the right hand side figure shows a modeled fenestration system

consisting of L-1 glazing layers and a combined glazing and blind layer.
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Figure 6-1 Illustration of the HB thermal fenestration model
for a Fenestration System Containing an Interior
Blind

! According to Winkelmann [2001], this assumption is valid for most glass products but may not be good for thin
plastic suspended films. Therefore, the heat balance equations should be modified for suspended films.
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As shown in Figure 6-1b, the heat balances on the front and back surfaces of each

individual layer (i.e., layer i) can simply be given as follows:

nf nf nf
qcond,i = qlwr,i + qconv,i (6'1)
rb nb b
qcond,i = qlwr,i + qconv,i (6'2)
where .., = net(conduction) heat flux to/from the surface (Btu/h-ft2, W/m2),
Qo = convection heat exchange with adjacent air or surface (Btu/h-ft2, W/m?), and
Qyir = net longwave radiation exchange with adjacent surface(s) or surroundings

(Btu/h-ft2, W/m).

The superscript ‘f” refers to the (front) surface of each particular layer closest to the outside while
the superscript ‘b’ refers to the (back) surface of the layer closest to the inside. The subscript ‘i’
refers to the i™ layer of the fenestration system. The conduction, convection, and longwave
radiation terms can be expressed as a function of surface temperatures as discussed in the
following sections. It should be noted that the absorbed solar radiation is included in the
conduction terms.

It is worth mentioning that the HB thermal fenestration model presented in this chapter is
only applied to the glazing area of the fenestration system through which solar radiation can be
transmitted. The window frame, which is typically considered as a part of the fenestration
system, can be handled by existing thermal models, such as the EnergyPlus thermal calculations
for the window frame and divider [DOE 2006].

To estimate building thermal loads in the HBM, surface temperatures must be solved
first. The HB thermal fenestration model described in this section must be used in conjunction

with heat balance calculations for opaque surfaces to find the surface temperatures of each layer
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of the fenestration system as well as the surface temperatures of other opaque surfaces. The
HBM and its treatment of opaque surfaces are described elsewhere [Liesen and Pedersen 1997;
McClellan and Pedersen 1997; Pedersen et al. 1997; Pedersen et al. 1998]. Suggestions for the
model implementation in the HBM are discussed in Section 6.6.2. In the following sections,
calculations for the conduction, convection, and longwave radiation terms shown in Equations (6-
1) and (6-2) for each particular layer of the fenestration system containing an interior blind are

described in detail.
6.2.2 Calculations for Outermost Layer (Layer 1)
Calculations identical to those used for the outside heat balance of an opaque surface can

be employed to determine the longwave radiation and convection terms for the front surface of

the outermost fenestration layer. These equations are given by McClellan and Pedersen [1997]

as follows:
Qs = & O '(Ta‘fout _Ts,f14j +e o [Fsky (Tdy ~Taow) + Fy(Ty _Ta4,0ut)] (6-3)
Gogs = Noon(Taou ~Tol) (6-4)
where ¢ = longwave emittance,
o = Stefan-Boltzmann constant (0.1714 x 10°® Btu/h-ft2-°R*, 5.669 x 10°®
W/mz-K?),
Taowr = outdoor air (dry bulb) temperature (°R, K),
Ts = surface temperature (°R, K),
Fsiy = view factor of surface to sky,
Teiy = sky temperature (°R, K),
Fq = view factor of surface to ground,
Tg = ground surface temperature (°R, K), and
Pe.out = convective heat transfer coefficient at an outside surface (Btu/h-ft2-°F,
W/mzK).
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McClellan and Pedersen [1997] discuss detailed calculations of Equations (6-3) and (6-4)
including several models for estimating the sky temperature as well as the outside convective heat
transfer coefficient. It is worth noting that all convective heat transfer coefficients used in the HB
thermal fenestration model are ‘average’ heat transfer coefficients, not ‘local’ heat transfer
coefficients.

For the back surface of the outermost fenestration layer, the longwave radiation term can
simply be calculated using a net-radiation equation for infinite parallel plates [Incropera and

Dewitt 2002] as:

q;\,/vl)r 1= ‘91 G- (Tsl,)l4 - Ts,fz4 ) (6_5)

(1 & x1 &, )

The convection term can be determined based on the surface-to-surface convective heat transfer

coefficient as:

qgot:w 1= hc,1—2 '(Tsl,)l _Ts,fz) (6-6)
where hci. = surface-to-surface convective heat transfer coefficient between surface 1 and

surface 2 (Btu/h-ft2-°F, W/m2-K).

Existing natural convection correlations for the cavity between glazing layers [ISO 2000] can be
utilized to estimate the surface-to-surface convective heat transfer coefficient.

Assuming that (1) shortwave radiation (including solar and shortwave from lights) is
absorbed uniformly through the thickness of the glazing layer, and (2) thermal storage of the

glazing layer is negligible, the conduction terms can be calculated as:
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q::,o;d i = G '(Ts,fl _Tsl,)l) 5 (6-7)

qgo?]d 1= C, '(Ts,fl _Tsl,)l)—i— qs;r'l (6'8)
where ¢ = thermal conductance of the fenestration layer (Btu/h-ft2-°F, W/m2-K), and

Qaor = shortwave radiation absorbed by the fenestration layer (Btu/h-ft2, W/m?2).

The thermal conductance of the glazing layer can be calculated as the ratio of the glazing thermal
conductivity to the glazing layer thickness. The absorbed shortwave radiation can be determined
by Equation (6-23) given in a following section. Wright [1998] illustrates the derivation of the
conduction terms (i.e., Equations (6-7) and (6-8)) and also shows an equation to calculate the
temperature distribution (along the thickness) within the glazing layer. The derivation of the
conduction terms is also given in Appendix E. It is worth mentioning that the shortwave
radiation term includes solar radiation incident from the outside, reflected radiation (of the

transmitted solar radiation) from the inside as well as shortwave radiation from lights.
6.2.3 Calculations for Between-Pane Layer (Layer i)

For the i" glazing layer (i = 2 to L-1), which is neither the outermost nor the innermost
glazing layer, calculations similar to those used for the back surface of the outermost fenestration

layer can be utilized. The following equations summarize the required calculation terms.

b

of
S ey e KAy ©9)
Qeonvi = hc,(i—l)—i'(Tst?i—l_Ts,fi) (6-10)
Qoo = G '(Ts,fi _Tst,)i)_qggr’i (6-11)
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o _ 5ib'5if+ N TR o 6-12
Quri = 1_(1_5ibxll_5iil) o (TS,i Ts,i+1) ( )

qgot:w,i = hc,i—(i+l)'(Tst?i _Ts,fm) (6-13)
qgozd,i = G '(Ts,fi _Tst,)i)"'M (6-14)

6.2.4 Calculations for Combined Glazing and Blind Layer (Layer L)

As previously mentioned, the HB thermal fenestration model treats the innermost glazing
layer and the blind layer as a single layer. The (real) front surface of the innermost glazing layer
represents the front surface of the combined glazing and blind layer whereas a fictitious surface at
a plane parallel to the interior blind represents the back surface of the combined layer.

For the front surface of the combined layer, calculations similar to those used for the i"

glazing layer can be employed to estimate the longwave and convection terms as follows:

f gb '8f ( b 4 i 4 ( )
" = L1 L o (T -T ) 6-15
qlwr,L 1_(1_5E,1X1_5|_f ) s,L-1 s,L

qgon,L = hc,(L—l)—L '(Tsl,)L—l _Ts,fL) (6'16)

For the (fictitious) back surface of the combined layer, the longwave radiation term
includes the net radiation exchange between the fenestration system and other room surfaces, and
the total longwave radiation from internal heat sources. Therefore, the longwave radiation term

can be determined as:

4 o o 4 "
q|Wt;,L = ?ZSLSJ '(Tsl,]L _Ts,j4)_qlwr,is (6-17)
L j=1
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where M = total number of room surfaces,

AL = (fictitious) inside surface area of the fenestration system (ftz, m2),

S S; = Hottel’s total exchange area (ft2, m?),

T;’L = equivalent temperature of the (fictitious) back surface of the combined layer
(°R, K),

Ts; = temperature of room surface j (°R, K), and

Owris = total longwave radiation from internal heat sources (Btu/h-ft2, W/m?).

Based on the experimentally determined convective transport from the combined layer, the

convection term for the back surface of the combined layer can be formulated as:

qgobnv,L = hc,eqv,in '(Tsl,)L _Ta,ref ) (6-18)

where hceqin = equivalent convection coefficient of the (fictitious) back surface of the
combined layer (Btu/h-ftz-°F, W/m2-K), and

reference air temperature (°R, K).

Ta, ref

An experimental method presented in Section 6.5 is used to determine the equivalent convection
coefficient of the back surface of the combined layer (i.e., heeqvin) for mixed and/or forced flow
regimes. The reference air temperature is a subject of the experimental investigation.

By combining the innermost glazing layer and the interior blind into a single layer, the
total heat transfer from the back (real) surface of the innermost glazing layer to the (imaginary)
plane parallel to the interior blind can be modeled as the equivalent conduction heat transfer. All
thermal interactions between the window and the blind (including convection and radiation)
would be treated as the equivalent conduction heat transfer across the combined glazing and blind
layer. The equivalent conduction model includes two homogeneous sub-layers having perfect

thermal contact where the first sub-layer represents the innermost glazing layer and the second
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sub-layer represents the blind and the air gap between the glazing layer and the blind layer. The
thermal conductance of the first sub-layer is calculated using thermo-physical properties of the
glass (i.e., thermal conductivity and thickness) whereas the equivalent thermal conductance of the
second sub-layer is experimentally determined using the proposed experimental method presented
in Section 6.5.

The conduction terms of the combined layer can be calculated as:

nf _ C, '(CL +Cy _1)T f C.-Cy Tb (CL +C +1) qg/vr,L (6-19)
qcond,L - sL sL
CL +CL+1 CL +CL+1 CL +CL+1 2
c, -C c.,-1-c, —c c .
q::'ol:ld,L = - - Ts,fL - ( - IJl)Ts?L + - qS & + q;'wr,ul (6-20)
CL +CL+1 CL +CL+1 CL +CL+1 2
where ¢, = thermal conductance of the first sub-layer representing the glazing layer L
(Btu/h-ft2-°F, W/mz-K),
CL+1 = equivalent thermal conductance of the second sub-layer representing the

blind layer and the air gap between the glazing and blind layers (Btu/h-ft?-°F,
W/mz-K),

Oer . = shortwave radiation absorbed by the glazing layer L (Btu/h-ft2, W/m?), and

Oew 1,1 = Shortwave radiation absorbed by the blind layer L+1 (Btu/h-ft2, W/m2).

The thermal conductance of the first sub-layer can simply be determined as the ratio of the
glazing thermal conductivity to the glazing layer thickness. As previously mentioned, the
experimental method presented in Section 6.5 is used to determine the equivalent thermal
conductance of the second sub-layer (i.e., c.+1). The derivation of the conduction terms (i.e.,
Equations (6-19) and (6-20)) and the conduction modeling assumptions are given in Appendix E.

By modeling the innermost glazing layer and the interior blind layer as a single layer, the

HB thermal fenestration model relies on the proposed experimental method to provide the
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equivalent convection coefficient of the back surface of the combined layer and the equivalent
thermal conductance within the combined layer (i.e., that of the second sub-layer representing the
blind layer and the air gap between the glazing and blind layers). The modeling of the combined
layer gives the HB thermal fenestration model two important advantages over the EnergyPlus
thermal fenestration model. First, experimental measurements of the two thermal parameters
required by the HB thermal fenestration model are feasible. As previously mentioned, no
experimental method exists to measure thermal parameters required by the EnergyPlus thermal
fenestration model (e.g., convection coefficients in the air gap between the glazing layers and the
blind layer, the convection coefficient for convection from the interior blind to the room air, the
bulk air convection (or the air permeability) between the air gap and the room, etc.). Second, the
overall calculations are simplified (i.e., the calculations of the HB thermal fenestration model are
simpler than the calculations of the EnergyPlus thermal fenestration model). The two
experimentally determined thermal parameters required by the HB thermal fenestration model
account for thermal interactions (including convection and radiation) between the window and the
blind, thermal interactions between the window/air gap and the room, and thermal interactions
between the blind and the room. Most of these thermal interactions are determined separately in

the EnergyPlus thermal fenestration model.
6.2.5 Transmitted Solar Radiation

In this section, the calculation of transmitted solar radiation through the fenestration
system is presented. Although the transmitted solar radiation is not directly involved in the heat
balance calculations of the fenestration system, Fisher et al. [2002] showed that transmission of
solar (and shortwave) radiation from inside to outside should be taken into account. Thus, the
heat balance calculations for the fenestration system (i.e., a thermal fenestration model) should

account for the reflections of transmitted solar radiation from other inside surfaces of the space.
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The solar flux on the inside surface of the fenestration system may be determined by an internal
solar distribution model in the HBM.
For modeling consistency with a typical internal solar distribution model, transmitted

beam and diffuse solar radiation are treated separately. The beam solar radiation transmitted

through the fenestration system ( Gy a, om.<o ) CaN be calculated by:

; A
qtran—bm,sol = ( it j ’ Ibm ’ Ts%s—bm (6'21)
Atotal
where A, = sunlitarea of the fenestration system,
A,. = total area of the fenestration system (not including frames and dividers),
I = beam insolation on the outside surface of the fenestration system, and
7o = system (overall) beam-to-beam transmittance of the fenestration system.

As shown, Equation (6-21) accounts for the effect of external shading devices, such as overhangs.
The external shading device models are presented in the ASHRAE Handbook - Fundamentals

[ASHRAE 2005] and discussed by McQuiston et al. [2005].
The diffuse solar radiation transmitted through the fenestration system (.., ol ) Can be

calculated by:

: Asuni
Qiran—df sol :[ Atum Mo Tomear + | gyt 'T:zifdf + | gngar 'T;ﬁi—df (6-22)
otal
where 1y, = sky-diffuse insolation on the outside surface of the fenestration system,
lya_ar = ground-diffuse insolation on the outside surface of the fenestration system,
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sys _

Tomgr = System (overall) beam-to-diffuse transmittance of the fenestration system,

sys

Tyt system (overall) sky-diffuse transmittance of the fenestration system, and

sys

Tga_at = System (overall) ground-diffuse transmittance of the fenestration system.

The above formulations explicitly indicate that direct solar radiation incident on the
fenestration system can result in both transmitted beam and diffuse solar radiation. The two
equations are applicable to fenestration systems with and without shading devices. For the
fenestration system without shading devices, the system (overall) beam-to-diffuse transmittance
becomes zero. Equation (6-22) also explicitly distinguishes the sky and the ground as different
sources of diffuse solar radiation so that their effects can be taken into account more accurately.
Specifically, the optical blind and fenestration models described in Chapter 4 and Appendices A
to D can be used to estimate the system transmittances of the fenestration system containing a

slat-type blind.
6.2.6 Absorbed Solar Radiation

As previously discussed, the HB thermal fenestration model accounts for both the solar
radiation incident from the outside and the shortwave radiation incident from the inside
(including transmitted solar radiation from other fenestration systems, reflected solar radiation
and shortwave radiation from lights). In this section, the calculations of the shortwave radiation
absorbed by fenestration layers are presented. Using layer-specific system absorptances predicted
by the optical fenestration model described in Appendix D, the shortwave radiation term for a

fenestration layer i (i = 1 to L+1) can be calculated by:

" N Asunlit,f sys, f Asunlit,b " sys,b
Qg —[ J lom * Comar i + “Oom,swris * Xom-df i

Atotal Atotal
. sys, f . sys, f " . sys,b _
gy gt *Paryari T Vgnaar * Xand-ar i + Aot swris * Pt (6-23)
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"

where ( = net shortwave radiation from inside the room that behaves like beam solar

bm,swr ,is
radiation (i.e., transmitted beam solar radiation from other windows),
O swris = Net shortwave radiation from inside the room that behaves like diffuse solar

radiation (i.e., shortwave radiation from lights, reflected solar radiation from

other surfaces, and transmitted diffuse solar radiation from other windows),

a>! . = system (overall) absorptance due to beam solar radiation from the outside
(“front’) for fenestration layer i,

ag’ﬂjf i = system (overall) absorptance due to (beam) shortwave radiation from the
inside (‘back”) for fenestration layer i,

agyy i = system (overall) absorptance due to sky-diffuse solar radiation from the
outside for fenestration layer i,

ayi'y: = system (overall) absorptance due to ground-diffuse solar radiation from
the outside for fenestration layer i, and

ajfyfi’b = system (overall) absorptance due to (hemispherical diffuse) shortwave

radiation from the inside for fenestration layer i.

Equation (6-23) can be used to determine the shortwave radiation term for either the glazing layer

or the blind layer with appropriate system (overall) absorptances for that particular layer.

6.3 Thermal Fenestration Model for RTSM

6.3.1 Model Overview

The thermal fenestration model suitable for the RTSM, referred to here as the RTS
thermal fenestration model, is based on the solar-thermal separation concept proposed by Klems
et al. [1995] such that the inward flowing fractions of solar radiation absorbed by the fenestration
layers are purely thermal properties (i.e., independent of solar-optical properties). The RTS
thermal fenestration model requires various input parameters including solar transmittances of the

fenestration system, solar absorptances of fenestration layers, inward flowing fractions of
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fenestration layers, total thermal resistance of the fenestration system, and the
radiative/convective split of the absorbed solar heat gain of the fenestration system.

According to Pedersen et al. [Pedersen et al. 1998; Spitler et al. 1997], the computational
procedure of the RTSM can be divided into two steps. In the first step, various instantaneous heat
gains are calculated and then divided into radiative and convective portions according their
radiative/convective split. In the second step, the convective portion of the heat gains is summed
to give a cooling load due to convective heat gains. The radiative part of the heat gains is
converted into a cooling load using radiant time factors. The total cooling load is the summation
of the cooling loads due to both convective and radiative heat gains. The full description of the
RTSM and its treatment of various heat gains are discussed in the literature [Pedersen et al. 1998;
Spitler et al. 1997].

The RTS thermal fenestration model is utilized in the first step by the RTSM to predict
fenestration heat gains and their convective and radiative portions. In the next section,
fenestration heat gains are described. Then, the radiative/convective split of each particular heat
gain is discussed. Finally, the conversion of the radiative portion of fenestration heat gains into

cooling loads is also discussed.
6.3.2 Fenestration Heat Gains

Fenestration heat gains include both solar and conduction heat gains. For the correct
application of the radiant time factors, beam and diffuse components of solar radiation are treated
separately. For the correct application of the radiative/convective split, transmitted and absorbed
components of solar radiation are treated separately. Consequently, fenestration heat gains are
divided into four components: 1) transmitted beam solar heat gain, 2) transmitted diffuse solar
heat gain, 3) absorbed solar heat gain, and 4) conduction heat gain.

The transmitted beam solar heat gain is defined as the transmitted solar heat transfer rate

where the transmitted radiation behaves like beam solar radiation. Therefore, the transmitted
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beam solar heat gain is the beam portion of the transmitted solar gain due to beam insolation.
The transmitted beam solar heat gain can thus be calculated by multiplying the total fenestration
area (A, ) by the transmitted beam solar flux (q:ran—bm,sol) determined according to Equation (6-
21).

The transmitted diffuse solar heat gain is defined as the transmitted solar heat transfer
rate where the transmitted radiation behaves like diffuse solar radiation. Therefore, the
transmitted diffuse solar heat gain includes the diffuse portion of the transmitted solar gain due to
beam insolation and the transmitted solar gain due to diffuse insolation. The transmitted diffuse

solar heat gain can thus be calculated by multiplying the fenestration area by the transmitted
diffuse solar flux (O, o < ) determined according to Equation (6-22).

The absorbed solar heat gain is defined as the inward flowing heat transfer rate of total

insolation absorbed by the fenestration system’s layers. The absorbed solar heat gain (¢ )

can be calculated by:

n
. _ HE LSS f . LSS f LSS f ) ] -
Uaps sol _lei [(I bm " om_df i Asunlit)+(| sydf " Asy-ati T Vgnaar * Xgnd-ar.i ) Protal (6-24)
i1

where n = number of layers of the fenestration system,
Ni; = inward flowing fraction for layer i,
aX !l ; = system (overall) absorptance due to beam insolation for layer i,
assﬁ’ys;zf,i = system (overall) absorptance due to sky-diffuse insolation for layer i, and

sys, f
Cgnd—df i

system (overall) absorptance due to ground-diffuse insolation for layer i.

Unlike the HB thermal fenestration model, the RTS thermal fenestration model neglects

shortwave radiation incident on the fenestration system from the inside due to an inherent
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assumption in the RTSM (i.e., the adiabatic zone assumption used to generate the radiant time
factors).

The conduction heat gain is defined as the conduction heat transfer rate due to the
outdoor and indoor temperature difference. Because the fenestration system usually consists of
very thin layers of materials, the thermal storage effect can typically be neglected and the heat

conduction through the fenestration system can commonly be assumed to be steady state.

Therefore, the conduction heat gain (q,,, ) can be calculated by:

. (Ta o Ta i)
Jeona = R — A\otal (6-25)
fs,tot

where T, = outside (ambient) air temperature,
T.i = inside (room) air temperature, and
Riwt = total thermal resistance of the fenestration system.

In order to calculate the fenestration heat gains, both optical properties (i.e.,
transmittances and absorptances) and thermal properties (i.e., inward flowing fractions and
thermal resistance) are needed. Optical models described in Chapter 4 and Appendices A to D
can be used to obtain the optical properties. The HB thermal fenestration model can be utilized to
generate the thermal properties. Section 6.4 describes a calculation procedure that utilizes the HB
thermal fenestration model to obtain the inward flowing fractions and the total thermal resistance

required by the RTS thermal fenestration model.
6.3.3 Radiative/Convective Split

The radiative/convective split of fenestration heat gains is required by the RTSM. A

100% radiative/0% convective split is used for both transmitted beam and diffuse solar heat gains
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since both are totally radiative heat gains. The experimental method presented in Section 6.5 can
be used to measure the radiative/convective split of both absorbed solar and conduction heat
gains. As discussed in Section 6.5.2.2, the total electrical power applied to the window and the
blind simulates the fenestration heat gain representing the sum of the absorbed solar heat gain and
the conduction heat gain. Consequently, it is assumed that the radiative/convective splits of the
absorbed solar heat gain and the conduction heat gain are the same. In other words, the measured
radiative/convective split is applied to both the absorbed solar heat gain and the conduction heat
gain.

6.3.4 Conversion of Radiant Fenestration Heat Gains into Cooling

Loads

In the RTSM, two types of periodic room response factors, commonly referred to as the
radiant time factors (RTF), are used to convert radiant heat gains into cooling loads. The Solar
RTF is applied to the transmitted beam solar heat gain while the non-Solar RTF is applied to all
other heat gains [Pedersen et al. 1998; Spitler et al. 1997]. The different applications of these two
radiant time factors are due to internal radiative distribution assumptions used to generate them.
For the Solar RTF, it is assumed that the radiative heat gain entering the space is all apportioned
onto the floor. On the other hand, it is assumed that the radiative heat gain entering the zone is
uniformly distributed (e.g. area-averaged distribution) over all internal zone surfaces. However,
according to the ASHRAE Load Toolkit implementation [Pedersen et al. 2001], only a portion of
the transmitted beam solar heat gain absorbed by the floor should be converted into cooling load
by the Solar RTF . Like other heat gains, a portion of the transmitted beam solar heat gain
reflected from the floor should be converted into cooling load by the non-Solar RTF. As
recommended by McQuiston et al. [2005], the calculations in the RTSM can be greatly simplified
by using a single set of the radiant time factors (i.e., using the non-Solar RTF). This

simplification would results in a minimal inaccuracy for cases where the amount of the
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transmitted beam solar gain absorbed by the floor is insignificant or where the thermal response

of the floor is similar to the thermal responses of other room surfaces.

6.4 Generating RTS Thermal Model Input Parameters

As previously discussed, the HB thermal fenestration model can be utilized to generate
the inward flowing fractions and the total thermal resistance required by the RTS thermal
fenestration model. The following sections describe calculations used to determine the inward

flowing fractions and the total thermal resistance.
6.4.1 Total Thermal Resistance

The total thermal resistance of the fenestration system required by the RTS thermal

fenestration model can be given by:

Reot = Rouw+ Lj Ryap.i + ZL: Ryi + Rgpin + Rin (6-26)
i=1 i=1
where Ry = outside air film thermal resistance (h-ft2-°F/ Btu, m>K/ W),

Rgap = thermal resistance of a cavity between glazing layers (h-ftz-°F/ Btu, m2K/
W),

Rq = thermal resistance of a glazing layer (h-ftz-°F/ Btu, m2-K/ W),

Rgh+1 = thermal resistance within the combined glazing and blind layer (h-ft2-°F/ Btu,
m2K/ W), and

Rin = inside air film thermal resistance (h-ft2-°F/ Btu, m2-K/ W).

Utilizing the HB thermal fenestration model, the thermal resistance of the cavity between

glazing layers can be calculated by:

b f
Rgap,i — Ts,i "st,i+1 (6_27)
qcond,i
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The thermal resistance of the glazing layer can simply be determined as a reciprocal of

the glazing thermal conductance (i.e., the ratio of the glazing layer thickness to the glazing

thermal conductivity) as follows:

1_L (6-28)

Likewise, the thermal resistance within the combined glazing and blind layer can be

expressed as a reciprocal of the thermal conductance of the combined layer as follows:

1
Rppra =7 (6-29)
CL+1

As previously mentioned, the experimental method described in this chapter is used to determine

the thermal conductance within the combined layer (i.e., Ci+1).

The outside air film thermal resistance can be given by:

1 (6-30)

Rout = rn .
hr,o + hc,o

where h,, h;, = radiative and convective heat transfer coefficients at the outside surface

(Btu/h-ftz-°F, W/m2K).

The outside convective heat transfer coefficient can be determined by an existing convection
correlation employed in the HB thermal fenestration model. Using the HB thermal fenestration

model, the outside radiative heat transfer coefficient can be calculated by:
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h, = _ Qs (6-31)

Similarly, the inside air film thermal resistance can be given by:

R 1

_ (6-32)
! hr,i + hc,i

where h;, h,; = radiative and convective heat transfer coefficients at the inside (fictitious)

surface (Btu/h-ft2-°F, W/m?-K), respectively.

Utilizing the HB thermal fenestration model, the heat transfer coefficients at the inside surface

can be calculated by:

nb

D (6-33)
Y Ts,L _Ta,i
b
" (6-34)
! Tsl,)L _Ta,i
where T, = room air temperature (°R, K).

It is worth noting that the inside convective heat transfer coefficient described in this section (i.e.,

h,;) can be different from the equivalent inside convective heat transfer coefficient described in

Section 6.2 (i.e., h, . ;,) if the reference air temperature used for h is not the room air

c,eff ,in

temperature.
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6.4.2 Inward Flowing Fractions

According to Wright [1998], the inward flowing fraction can be calculated as the ratio of
the thermal resistance from the location of the absorbed solar radiation to the outdoor (air) side

and the total (indoor/outdoor air) thermal resistance. Therefore, the inward flowing fractions can

be given by:
R+ 7R
Ni, = "U'R%gl for outermost glazing layer (6-35)
fs,tot
i-1
Rout + Z(Rgap,j + Rg,j )+ % Rg,i
Ni, = = for glazing layeri=2to L (6-36)
Rfs,tot
Ni, ., :Rfsg‘_R‘” for interior blind layer (6-37)

6.5 Experimental Method for Thermal Fenestration Model

Parameters

This section describes an experimental method developed to support the thermal
fenestration models discussed in previous sections. The experimental method is used to measure
various thermal parameters required by the thermal fenestration models. These parameters
include the equivalent inside convection coefficient of the inside (fictitious) surface of the
combined innermost glazing and blind layer (i.e., hceqin in Equation (6-18)) and the equivalent
thermal conductance within the combined glazing and blind layer (i.e., ¢ +1 in Equations (6-19)
and (6-20)) for the HBM thermal fenestration model, and the radiative/convective splits of the

absorbed solar heat gain and the conduction heat gain for the RTSM thermal fenestration model.
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In the following section, an overview of the experimental method is given. Following the
overview, the experimental calculation procedure is presented. Then, the demonstration of the
proposed experimental method is discussed. The experimental facility and instrumentation as

well as the uncertainty analysis are described in detail by Wilson [2007].
6.5.1 Technical Overview of Experimental Method

The experimental method for determining the thermal parameters required by the
proposed thermal fenestration models is based on the measurement of the radiative heat gain from
a fenestration test unit representing the fenestration system containing an interior blind at steady
state. For load calculation purposes, it is desirable that experimental tests are performed in a full-
scale room with a typical flow regime (e.g. air supplied through radial or slot ceiling diffusers).
The fenestration test unit required by the proposed experimental method consists of a heated slat-
type blind, an insulated heated flat plate representing the window, and a heated guard plate as
shown in Figure 6-2. For the current study, all heated layers of the fenestration test unit were
electrically heated. The guard plate is used to prevent heat loss from the back of the fenestration
test unit to the outside so that the total electrical heat applied to the window and the blind
simulates the total heat gain from the fenestration system to the room. For the HB fenestration
model, the ratio of the total electrical power consumed by the window and the blind to the

window surface area is equal to the surface heat flux at the inside (fictitious) surface of the
fenestration system (i.e., qggnd,L in Equation (6-20)). For the RTS fenestration model, the total
electrical power consumed by the window and the blind is equivalent to the sum of the absorbed
solar heat gain and the conduction heat gain. Essentially, the guard plate is controlled according

to the temperature of the window. Figure 6-2 illustrates an experimental configuration where the

fenestration test unit is installed in a full-scale, well-instrumented, and well-controlled test room.
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Using the test room heat balance calculation, the steady-state error along with surface and
air temperatures in the test room are used to determine if the test room has reached steady-state.
Based on the energy conservation principle, the steady-state error is equal to the total heat gain in
the room minus the sum of the room heat extraction rate and conduction heat losses through the
test room surfaces. The total heat gain in the test room is equal to the sum of the ‘plug’ load and
the total electrical power input used to heat the window and the blind layers of the fenestration
test unit. The plug load is necessary to achieve ‘typical’ room operating conditions. It is worth
noting that the test room heat balance calculation is not actually necessary for the proposed
experimental method. However, according to previous research by the author [Chantrasrisalai
and Fisher 2007], using the steady-state error along with temperatures in the test room is better
than using only room temperatures to indicate the steady-state condition.

Once the test room has reached steady-state, the radiant heat gain from the fenestration
test unit is measured using the scanning radiometer measurement technique developed by Hosni
and Jones [Hosni et al. 1998; Jones et al. 1998]. Jones et al. [1998] show that the radiant heat
gain from electrical equipment can be measured by scanning the entire hemisphere over the
equipment with a net-radiometer. After scanning the hemisphere, the total radiant heat gain can
then be determined by summing the product of the radiant fluxes and their associated area over
the hemisphere. Ideally, due to the geometry of the fenestration system, a rectangular box
covering the fenestration test unit is considered to be a more suitable scanning area than the
hemisphere. The use of the rectangular box in place of the hemisphere is analogous to the use of
the hemi-cube method [Cohen and Greenberg 1985; Rogers 1998] instead of the unit-sphere (or
Nusselt Analog) method [Modest 2003] for calculating view factors between surfaces. However,
due to physical and technical limitations, a parallel plane covering the fenestration test unit (about
1 inch (25 mm) from the fictitious plane representing the inside surface of the fenestration test
unit) was used for the current study. Theoretically, the parallel plane measurement would result

in about 5% lower measured radiant heat gain than the rectangular box measurement would. Due
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to a non-uniform radiant heat gain distribution (higher in the middle of the surface), the error due
to using the parallel plane was expected to be lower than 5%. For calculation purposes, the
uncertainty in the measured radiant heat gain due to using the parallel plane was estimated to be
5% of measured value.

Under steady-state conditions, the radiative/convective split required by the RTS thermal
fenestration model can accurately be determined by measuring the total power input to the heated
fenestration test unit (only the window and the blind) and the radiant heat gain from the
fenestration test unit. The fraction that is transferred as thermal radiation can simply be
calculated as the ratio of the radiant heat gain to the total power input. The convective fraction
can then be calculated as one minus the radiative fraction. As previously mentioned, for the RTS
thermal fenestration model, the total electrical heat applied to the window and the blind simulates
the sum of the absorbed solar heat gain and the conduction heat gain (or the total fenestration heat
gain excluding the transmitted solar heat gains). Consequently, it is assumed that the
radiative/convective splits of the absorbed solar heat gain and the conduction heat gain are the
same, meaning that the measured radiative/convective split is applied to both the absorbed solar
heat gain and the conduction heat gain.

The determination of the equivalent inside convection coefficient (i.e., heeq,in iN Equation
(6-18)) required by the HB thermal fenestration model is more complicated than the
determination of the radiative/convective split. For the proposed experimental method, the
measured equivalent inside convection coefficient represents a thermal parameter for the
combined glazing and blind layer due to the fact that the measured convective heat gain include
convective heat gains from both the window and the blind. This means that the equivalent
convection coefficient measured by the proposed experimental method is only applicable to the
HB thermal fenestration model presented in Section 6.2, but is not applicable to other multi-layer
thermal fenestration models, such as the EnergyPlus thermal fenestration model [DOE 2006]. As

discussed in Section 6.2, the HB thermal fenestration model treats the innermost glazing layer and
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the interior blind layer as a single layer. Therefore, an equivalent temperature representing the
inside (fictitious) surface temperature of the combined glazing and blind layer is needed in order
to determine the equivalent convection coefficient. To estimate the equivalent surface
temperature, the technical approach utilizes Hottel’s total exchange area method [Hottel and
Sarofim 1967] with known net-radiation exchange between the fenestration test unit and other
room surfaces, and known surface temperatures of other room surfaces. Therefore, the proposed
experimental method requires that temperatures of all room inside surfaces besides the
fenestration test unit are measured along with the measured radiant heat gain. After the
equivalent surface temperature is determined, the equivalent convection coefficient can simply be
determined using Newton’s law of cooling with the measured convective heat gain and measured
reference air temperature. The reference temperature is a subject of the investigation. For the
current study, the (spatially averaged) room air temperature and the supply air temperature were
investigated.

The determination of the equivalent thermal conductance within the combined glazing
and blind layer (i.e., c_+; in Equations (6-19) and (6-20)) required by the HB thermal fenestration
model also needs the known equivalent surface temperature of the combined glazing and blind
layer as well as the electrical power input to the heated window and the surface temperature of
the heated window. As discussed in Section 6.2 and Appendix E, for conduction modeling
purposes, the combined glazing and blind layer is modeled as two homogeneous sub-layers
having perfect thermal contact where the first sub-layer represents the innermost glazing layer
and the second sub-layer represents the blind and the air in the gap between the glazing and the
blind layers. The electrical power applied to the window of the fenestration test unit simulates

the heat transfer rate at the interface between the two sub-layers (i.e., the product of the

Hf
cond,ab

conduction heat flux at the interface, q in Equation (E-7), and the window surface area).

Since the electrical power input to the heated window is needed, separate watt transducers are
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necessary to measure the electrical power dissipated by the heated window and the heated blind.
In addition to room surface temperatures, the surface temperature of the heated window must also

be measured.

6.5.2 Experimental Calculation Procedure

6.5.2.1 Steady-State Space Heat Balance Calculations
The proposed experimental method requires that each experimental test be performed at
steady-state. The application of the steady-state heat balance of the test room is utilized to

monitor the steady-state condition along with air and surface temperatures in the test room. The

steady-state test room heat balance error (d,,,,, ) can be calculated by:

Gerror = G piug + G fentor — Aspace — ) Goond foss =0 (6-38)
where .y, power input to the plug load,
drentt = fenestration heat gain representing the sum of the absorbed solar heat gain
and the conduction heat gain of the fenestration system,
dspace = SPace heat extraction rate, and
deondloss = conduction heat loss through a surface.

For each experimental test, the steady-state error and test room temperatures are monitored until
the temperatures are stable and the steady-state error is below a specified threshold value
(typically 10% of the total room heat gain). Once steady state conditions have been achieved, the

radiant heat gain is measured.

147



The fenestration heat gain representing the sum of the absorbed solar heat gain and the
conduction heat gain can simply be calculated by:

qfen,tot = QWd,inp + qbl,inp (6'39)

where d,qi, = mMeasured power input to the vertical plate representing the window, and

doiinp = Measured power input to the heated blind.

The power inputs to the window and the blind are directly and separately measured.
Assuming no air leakage, the space heat extraction rate of the test room for steady-state,

steady flow conditions can be calculated by:

qspace =Mg, -C p '(Tra _Tsa) (6'40)
where C, = air specific heat,

Mg, = mass flow rate measured in a flow measurement chamber,

Tra = air temperature measured at the return air grille, and

Te = air temperature measured at the supply air diffuser.

The steady-state heat conduction formulation is utilized to estimate conduction heat
transfer between the test room and surrounding areas. For each surface, the conduction heat loss

can be calculated by:

qcond,loss =U-A (Tsi _Tao) (6'41)

where U = overall heat transfer coefficient of a test room surface,
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A = surface area,
T = temperature measured at the inside surface, and
Tao = measured air temperature of the guarded space of that particular surface.

The overall heat transfer coefficients can be estimated using literature data [ASHRAE 2005].
6.5.2.2 Radiative/Convective Split Calculations

This section describes the calculation procedure used to obtain the radiative/convective
split required by the RTS thermal fenestration model. As previously mentioned, the total
electrical heat applied to the window and the blind simulates the fenestration heat gain
representing the sum of the absorbed solar heat gain and the conduction heat gain. Consequently,
it is assumed that the radiative/convective splits of the absorbed solar heat gain and the
conduction heat gain are the same, meaning that the measured radiative/convective split is applied
to both the absorbed solar heat gain and the conduction heat gain.

Once the test room has reached steady state, scanning radiometer measurements are used

directly to calculate the total radiant heat gain from the fenestration test unit (d s, o4 ) as follows:

m
g fen,rad = z q;”ad,i ’ Ai (6’42)
i=1
where qrq; = netradiant heat flux measured at measurement location i,
A = area associated with measurement location i, and

total number of measurement locations.

m

For the current study, the measured net radiant heat flux was the sum of the net shortwave radiant
flux and the net longwave radiant flux although the amount of the net shortwave radiant flux was

not significant. The scanning radiometer measurements are discussed in detail by Wilson [2007].
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The radiative/convective split of the fenestration heat gain can be calculated by:

F fen,rad = qfen,l’ad (6'43)

fen,tot

l:fen,conv =1- l:fen,rad (6'44)

where  Fign rag fraction of the fenestration heat gain that is transferred as thermal radiation,

and

Frenconv = fraction of the fenestration heat gain that is transferred as convection.

6.5.2.3  Equivalent Convection Coefficient Calculations

This section describes the calculation procedure used to obtain the equivalent inside
convection coefficient (i.e., hequin in Equation (6-18)) required by the HB thermal fenestration
model. As discussed in Section 6.2, the HB thermal fenestration model combines the innermost
glazing layer and the interior blind layer into a single layer'. Therefore, to determine the
equivalent inside convection coefficient based on the proposed experimental method, the
equivalent inside (fictitious) surface temperature of the combined innermost glazing and blind
layer is first needed. To estimate the equivalent surface temperature, Hottel’s total exchange area
method [Hottel and Sarofim 1967] is utilized along with the measured radiant heat gain and
measured inside surface temperatures of the test room (excluding the fenestration test unit).
Although surface temperatures of the window and the blind of the fenestration test unit are

measured, they are not required in the equivalent convection coefficient calculations.

! The HB thermal fenestration model treats the innermost glazing layer and the interior blind layer as a single layer for
heat balance calculations. For the conduction modeling purposes, however, the combined layer along with the air gap
between the glazing layer and the blind layer is modeled as two homogeneous sub-layers having perfect thermal
contact as discussed in Section 6.2 and Appendix E.
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Let the inside (fictitious) surface of the fenestration test unit be surface 1 of the test room.
According to Hottel and Sarofim [1967], the net-radiation exchange between the fictitious surface

and other room surfaces can be expressed by:

Gronrad = oznlfsj (-1 (6-45)
j=1
where e, ¢ = radiantheat gain measured by the net radiometer,

o = Stefan-Boltzmann constant,

TSJ- = Hottel’s total exchange area between the fictitious surface and the inside
surface j,

T; = measured temperature of the inside room surface j, and

n = total number of inside surfaces of the test room including the fictitious
surface.

The total exchange areas are calculated based on room surface areas, view factors between inside
surfaces and room surface emissivities [Hottel and Sarofim 1967]. Due to the simple geometry of
the test room, the view factors between inside surfaces were analytically calculated using
equations for parallel planes and perpendicular planes [Modest 2003]. Data from the literature
and paint manufactures were used to estimate emissivities of all inside surfaces for the current
research. An average of the window and the blind layer emissivities was used to represent the

emissivity of the fictitious surface.
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Equations (6-45) can be rearranged to obtain the equivalent (fictitious) surface

temperature as follows:

1

n.____ 4
Qfen,rad + O-z S1Sj 'Tj4
T, = =2 (6-46)

Y55,

i=2

Once the equivalent inside surface temperature of the fenestration test unit has been
determined, the equivalent inside convective heat transfer coefficient of the fenestration system

can be estimated using Newton’s law of cooling as follows:

qfen conv
Neettin =————— (6-47)
A (T =T

where G, = total convective heat gain from the fenestration test unit, and

T e reference air temperature.

The convective heat gain can simply be calculated as the difference between the measured
fenestration heat gain and the measured radiant heat gain. The measured fenestration heat gain
(total window and blind electrical power) is determined using Equation (6-39) while the
measured radiant heat gain is determined using Equation (6-42). Typically, the room air
temperature is used as a reference air temperature in a building simulation tool. However, Fisher
and Pedersen [1997] found that the supply air temperature gave less experimental uncertainty
than the room air temperature when it was used in the development of their convection

correlations. For the current research, both reference temperatures were investigated.
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6.5.2.4  Equivalent Thermal Conductance Calculations

This section describes the calculation used to obtain the equivalent thermal conductance
within the combined glazing and blind layer (i.e., ¢ .+, in Equations (6-19) and (6-20)) required by
the HB thermal fenestration model. As discussed in Section 6.2, by modeling the innermost
glazing layer and the blind layer as a single layer, the total heat transfer from the back (real)
surface of the innermost glazing layer to the (imaginary) plane parallel to the interior blind is
treated as the equivalent conduction heat transfer across the combined glazing and blind layer.
The combined layer is modeled as two homogeneous sub-layers having perfect thermal contact
where the first sub-layer represents the innermost glazing layer and the second sub-layer
represents the blind and the air gap between the glazing layer and the blind layer. The thermal
conductance of the first sub-layer can be calculated using thermo-physical properties of the glass
(i.e., thermal conductivity and thickness) while the equivalent thermal conductance of the second
sub-layer must be experimentally determined.

By guarding the back of the fenestration test unit', the electrical power applied to the
window alone simulates the total heat transfer rate from the back surface of the innermost glazing
layer to the plane parallel to the interior blind for the proposed experimental method. The
aforementioned total heat transfer rate is the same as the heat transfer rate at the interface between
the first sub-layer and the second sub-layer of the conduction model as illustrated in Figure 6-3.
The equivalent conduction heat transfer is assumed to be steady state. The detailed conduction
model used by the HB thermal fenestration model is given in Appendix E.

To determine the equivalent thermal conductance within the combined glazing and blind

layer, the measured power input to the heated window (d,, in, ) is Used along with the measured

surface temperature of the heated window (T, ) and the estimated equivalent surface temperature

! For a 50 W electrical power input to the window and a 1 °F temperature difference across the insulation board
between the window and the guard plate, the estimated conduction loss/gain through the back of the fenestration test
unit is less than 2% of the electrical power input. For the current study, an estimated conduction loss/gain using
measured temperature difference was used in the uncertainty estimation of measured thermal parameters.

153



of the fenestration system (T,). The equivalent thermal conductance within the combined glazing

and blind layer (c, ;) can simply be determined as follows:

c-lwd,inp
CLyy =" 6-48
S A (T - Ty) (6-49)

where A = plane area of the fenestration test unit (i.e., the window area).
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6.5.3 Demonstration of the Proposed Experimental Method

The primary objective of the heated window/blind experiments was to illustrate the
feasibility of supporting the newly developed thermal fenestration models with measured data.
As previously discussed, the development of empirical correlations is essential to support the
proposed thermal models. Thus, the secondary objective of the current experimental
investigation was to provide guidelines for the complete parametric set of experiments required to
support the model.
6.5.3.1  Feasibility of Experimental Method

As mentioned in Section 6.1, the sub-model of the EnergyPlus thermal fenestration model
for the shading layers has not yet been validated [van Dijk and Oversloot 2003] and no
experimental method is available to measure various thermal parameters used in the shading layer
model [ISO 2000]. For the current study, an experimental method has been developed along with
the new thermal fenestration models. As previously discussed, the combined layer model makes
measurements of the two thermal parameters required by the HB thermal fenestration model
feasible.

Three approaches together are used to illustrate the feasibility of supporting the thermal
models by the proposed experimental method. First, an uncertainty analysis is used to estimate
the accuracy of both primary and derived experimental values. It is also used as a practical means
of validating measured results. Second, a verification exercise is used to support the validity of
primary experimental measurements as well as the estimation of the equivalent fenestration
surface temperature. Both the equivalent thermal conductance within the combined layer and the
equivalent convection coefficient of the combined layer inside surface, required by the HB
thermal fenestration model, are derived based on the equivalent fenestration surface temperature.
Third, in the absence of published experimental data, a comparison between measured results and

published numerical data is used to illustrate that the proposed experimental method is sensitive
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enough to capture the effect of an experimental variable on the measured thermal parameters (i.e.,
changes in measured results due to a change in the test variable are demonstrably reasonable).
These three approaches are discussed in detail in following sections.
6.5.3.2  Experimental Variables and Experimental Tests

There are a large number of variables that can have an effect on the thermal parameters
required by the new thermal fenestration models. These variables may be categorized into four
groups: outdoor environmental variables, indoor environmental variables, fenestration variables,
and blind variables. The outdoor environmental variables include outdoor air temperature, wind
direction, wind speed, amount of insolation, etc. The fenestration variables include number of
glazing layers, type of glazing layers, (solar) optical properties of glazing and blind layers, the
emissivity of the inside surface of the innermost glazing layer, etc. The blind variables include
blind slat geometry (i.e. slat angle, slat width, and slat spacing), blind surface emissivity, distance
between the window and the blind, type of blind assembly (horizontal-slat blind or vertical-slat
blind), and type of blind installation (inside or outside mounting). The indoor environmental
variables include room air temperature, supply air temperature, air circulation rate, air distribution
configuration, other room surface temperatures, etc. By using the guard plate to prevent heat loss
from the back of the fenestration test unit to the outside, the proposed experimental method
essentially eliminates all of the outdoor environmental variables and most of the fenestration
variables (except the emissivity of the inside surface of the innermost glazing layer). The
window power input and the total power input (the sum of the window power input and the blind
power input), which simulate the heat transfer rates at the inside surfaces of the innermost glazing
layer and the fenestration system, account for these variables.

The current study investigates the influence of four experimental variables on the thermal
parameters: the window power input, the blind power input, the blind slat angle, and the room

airflow rate. The experimental tests for the current study were performed in the Building Airflow
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and Contaminant Transport Laboratory. The experimental configuration, which is described in

detail by Wilson [2007] and conceptually illustrated in Figure 6-2, included:

a guarded hot panel of dimension 3 ft. by 3 ft. (0.91 m by 0.91 m) used to represent a full
scale fenestration system,

e a blind with 1-in horizontal and curved slats mounted inside the fenestration frame (i.e.,
inside mounting) with the distance of 2.25 inches (57.2 mm) between the window surface
and the middle plane of the blind assembly,

o the window and the blind slats both painted white with an emissivity of approximately
0.9,

e The conditioned air supplied through the radial ceiling diffuser, and

e The return air configured for the ceiling plenum return (i.e., non-ducted return).

Figure 6-4 illustrates the location of the fenestration test unit, the supply air diffuser, and the
return air grille. The test room conditions were controlled as follows:

e The average supply air temperature at the supply air diffuser was maintained between
60.6 °F and 61.1 °F (15.9 °C and 16.2 °C), and

e The average room air temperature was maintained between 71.1 °F and 72.7 °F (21.7 °C
and 22.6 °C).

For the current study, two sets of tests were performed. The first set, which was
performed using the fenestration test unit without the blind, was used in the verification exercise
while the second set, which was performed using the fenestration test unit with the blind, was
compared to published data and used to the evaluate the sensitivity of model parameters to the
test variables. Essentially, only the window power input and the room airflow rate were

investigated for the verification exercise.
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6.5.3.3  Estimation of Experimental Uncertainties

As previously discussed, an uncertainty analysis is used to estimate the accuracy of both
primary and derived experimental results. The analysis is also used as a practical means of
validating measured data. For the current study, the experimental uncertainty analysis based on
the well-known method of Kline and McClintock [Kline and McClintock 1953] was performed to
estimate the accuracy of the experimental results. A detailed analysis is presented by Wilson
[2007]. In the following sections, the estimated experimental uncertainties are given along with

the measured data.
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6.5.3.4  Verification of Experimental Measurements

The proposed experimental method relies on the radiant heat gain measurement to
determine the radiative/convective split of the total heat gain from the fenestration test unit. The
method also relies on the radiant heat gain measurement and the surface temperature
measurement to estimate the equivalent inside surface temperature of the fenestration test unit.
The scanning radiometer measurement technique utilized in the current study has already been
validated by Jones et al. [1998]. The technique has also been used successfully in previous work
by the author to measure the radiative/convective split of the total room lighting heat gain
[Chantrasrisalai and Fisher 2007]. To support the validity of the estimation of the equivalent
(fictitious) surface temperature, however, several experimental tests were performed using the
fenestration test unit without the blind.

For these experimental tests, the fenestration test unit consisting of only the insulated
heated (window) panel and the heated guard plate was installed flush with the interior surface of
the wall. For these tests, the temperature of the real inside surface of the fenestration system can
be measured. Using the calculation procedure described in Section 6.5.2.3, the inside surface
temperature of the fenestration system can also be estimated using measured radiant heat gain and
measured temperatures of other room surfaces. To illustrate the validity of the experimental
measurements used in the current study, Figure 6-5 shows the calculated surface temperature
plotted against the measured surface temperature for the experimental tests with the fenestration
test unit without the blind. The diagonal line represents the ideal temperature estimation. The
estimated uncertainty of the calculated surface temperature is shown as a vertical error bar while
the estimated uncertainty of the measured surface temperature is shown as a horizontal error bar
on each data point. As shown in Figure 6-5, all data points lie close to the ideal line. The
difference between the calculated and measured surface temperatures is mostly less than 0.40 °F
(0.22 °C) and all less than 1.20 °F (0.67 °C). The excellent agreement between the calculated and

measured surface temperatures demonstrably supports the validity of the measurements of the
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radiant heat gain and the surface temperatures as well as the estimation of the equivalent
fenestration surface temperature.

As shown in Figure 6-5, the vertical error bar is not even due to the fact that the scanning
area for the radiant heat gain measurement used for the current study was a parallel plane
covering the fenestration test unit, which would theoretically result in lower measured radiant
heat gain as discussed in Section 6.5.1. It should be noted that the measurement plane was about
2 inches (50 mm) far from the inside surface of the fenestration test unit for these tests. To
reduce this uncertainty, the measurement plane was moved 1 inch (25 mm) closer to the

fenestration test unit for experimental tests with the fenestration test unit with the blind.

130

125 ~

120 ~ -

115 ~
110 ~
105 ~
100 4

95 4

90 A

Calculated Window Surface Temperature, °F

85 A

80 T T T T T T T T T
80 85 90 95 100 105 110 115 120 125 130

Measured Window Surface Temperature, °F

Figure 6-5 Comparison between Calculated and Measured Window
Surface Temperatures

160



As also shown in Figure 6-5, the uncertainty in the measured surface temperature (the
horizontal bar) is quite high for tests with high measured surface temperature. This was due to
the fact that the surface temperature variation was higher when the vertical plate representing the
window was operated using higher power input. The maximum temperature difference for a test
with 200 W power input could be more than 10 °F (5.6 °C). Figure 6-6 illustrates the measured
radiant heat flux distribution, which should be analogous to the surface temperature distribution.
For the current study, the uncertainty in measured surface temperature due to spatial averaging
was approximated as twice the standard deviation of the mean measured surface temperature.
The uncertainty analysis as well as experimental instrumentation for the current study is

discussed in detail by Wilson [2007].
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Since the real surface temperature of the fenestration test unit can be measured for tests
using the fenestration unit without the blind, the net-radiation exchange rate between the
fenestration test unit and other room surfaces (or the net radiant heat gain) can be calculated using
measured temperatures of all room surfaces. Therefore, in addition to comparing fenestration
surface temperatures, Figure 6-7 compares the calculated net radiant heat gain with the measured
net radiant heat gain. In addition to a diagonal solid line representing an ideal estimation,
diagonal dashed lines representing the £10% estimation are also shown in Figure 6-7. As shown,
all data points lie closely to the ideal line and well within the £10% lines demonstrating the
validity of the radiant heat gain measurement and the surface temperature measurements used in

the current study.
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6.5.3.5 Experimental Evaluation of the Effect of Experimental Variables
Effect of Experimental Variables on Radiative Fraction

For the current study, a parametric set of fifteen experiments were performed to evaluate
the effects of four experimental variables on the thermal parameters. As previously mentioned,
the four experimental variables included the window power input, the blind power input, the blind
slat angle, and the room airflow rate. Table 6-1 summarizes the measured radiative fraction for
the experiments. General observations are summarized as follows:

e The thermal interactions between the fenestration system containing an interior blind and
the room were substantially different from those between the fenestration system without
an interior blind and the room. For experimental tests using the fenestration test unit
without the blind (i.e., verification tests discussed in Section 6.5.3.4), the measured
radiative fraction varied between 0.66 and 0.72. On the other hand, the measured
radiative fraction, for tests using the fenestration test unit with the blind as shown in
Table 6-1, varied between 0.28 and 0.38. These results indicated that the presence of the
interior blind had a significant effect on the thermal interactions between the fenestration
system and the room.

e A change in the measured radiative fraction due to a change in an experimental variable
was normally noticeable and the trend in the change due to a change in a particular
variable was mostly consistent (e.g., increasing an experimental variable caused a
reduction in the measured radiative fraction or vice versa). However, the uncertainty in
the measured radiative fraction was quite high, particularly for tests with the window
power input of 50 W and the blind power input of 50 W. Therefore, the sensitivity of the
measured radiative fraction appeared somewhat insignificant, particularly when the
comparisons involved the tests with the window power input of 50 W and the blind

power input of 50 W.
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Table 6-1 Measured Radiative Fraction

Window Power, Watts 150 150 50
Blind Power, Watts 150 50 50
Airflow Rate of 14 ACH 0.30+0.02
Slat Angle of 0° Airflow Rate of 10 ACH 0.3210.03 0.36+0.03 0.36+0.05
Airflow Rate of 5 ACH 0.33+0.03 0.38+0.04 0.36+0.05
Airflow Rate of 10 ACH 0.28+0.02 0.30+0.03 0.32+0.05
Slat Angle of +45°
Airflow Rate of 5 ACH - - 0.33+0.05
Airflow Rate of 10 ACH 0.29+0.02 0.30+0.03 0.32+0.05
Slat Angle of -45°
Airflow Rate of 5 ACH - - 0.33+0.05

For the comparisons not involving the tests with the window power input of 50 W and the
blind power input of 50 W, the measured radiative fraction was more sensitive to
changing the slat angle and changing the blind power input than changing the room
airflow rate. A change in the measured radiative fraction due to changing the slat angle
(from a fully-opened blind to a partially-opened blind) and changing the blind power
input (for the slat angle of 0°) was higher than the experimental uncertainty in the
measured radiative fraction. On the other hand, a change in the measured radiative
fraction due to changing the room airflow rate was mostly lower than the uncertainty in
the measured radiative fraction.

Unlike changing the blind slat angle from a fully-opened blind to a partially-opened
blind, changing the slat angle from a downward opened blind to an upward opened blind
appeared to have a trivial effect on the measured radiative fraction. A change in the
measured radiative fraction due to changing from a downward opened blind to an upward

opened blind was lower than the uncertainty in the measured radiative fraction.
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As previously discussed, the uncertainty in the measured radiative fraction was quite
high. This was mainly due to the accuracy of the watt transducer used to measure the blind
power input. According to its manufacturer, the accuracy of the watt transducer with 2500 W full
scale used for the blind can be approximated as +0.5% of full scale (the accuracy of the watt
transducer with 500 W full scale used for the window can be approximated as £0.04% of full
scale). Therefore, the uncertainty in the measured radiative fraction was high, particularly for
tests with the window power input of 50 W and the blind power input of 50 W since the total
power input for these tests was lower than that for other tests. Consequently, the high
experimental uncertainty for tests with the window power input of 50 W and the blind power
input of 50 W caused the sensitivities of the measured radiative fraction to changing the total
power input and to changing the window power input to appear somewhat trivial. To reduce the
experimental uncertainty for future studies, a high accuracy watt transducer should be used.

As shown in Table 6-1, increasing the room airflow rate from 5 air changes per hour
(ACH) to 10 ACH caused a reduction in the measured radiative fraction as expected. However,
changes in the measured radiative fraction were unexpectedly small compared to the experimental
uncertainties. This was likely due to the fact that the supply air diffuser was located quite far
from the fenestration test unit as shown in Figure 6-4. As a result, the attached wall jet had fully
dissipated and the air speeds in the vicinity of the fenestration test unit were somewhat low.
Consequently, the overall convective heat transfer from the fenestration test unit was not
dominated by an attached wall jet as might be expected for other diffuser configurations.
Nevertheless, the effect of the room airflow rate was not negligible as illustrated in Figure 6-8.
As shown, the reduction in the measured radiative fraction due to increasing the room airflow rate

from 5 ACH to 14 ACH was slightly higher than the experimental uncertainties.
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Measured Radiative Fraction
for the fully opened blind with the window power input of 150 W
and the blind power input of 150 W
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Figure 6-8 Effect of Room Airflow Rate on Radiative Fraction

Significance of HB Thermal Model Parameters

As previously discussed, the modeling of the combined innermost glazing and blind layer
simplifies the calculations required for the HBM (i.e. the HB thermal fenestration model) and
makes it possible to support the thermal model with experimental measurements. By combining
the innermost glazing layer and the blind layer into a single layer, the equivalent thermal
conductance within the combined layer and the equivalent convection coefficient of the
equivalent (fictitious) inside fenestration surface are used to account for thermal interactions
(both convection and radiation) between the window and the blind, thermal interactions between
the window/air gap and the room, and thermal interactions between the blind and the room. The
two thermal parameters are coupled by the equivalent surface fenestration temperature. This

means that the equivalent thermal conductance accounts for all thermal interactions from the
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inside surface of the innermost glazing layer to the imaginary plane parallel to the blind assembly
and the equivalent convection coefficient (along with a standard method for inside longwave
exchange calculations) accounts for all thermal interactions from the imaginary plane to the room.
Both thermal parameters are equally important to the HB thermal fenestration model.

For the proposed experimental method, the equivalent convection coefficient can be
derived from the measured radiant heat gain, the measured power input to the window and to the
blind, the measured reference air temperature, and the calculated equivalent surface fenestration
temperature (derived from the measured radiant heat gain and the measured room surface
temperatures). Table 6-2 summarizes the measured equivalent convection coefficient based on
the measured room air temperature and Table 6-3 summarizes the measured equivalent
convection coefficient based on the measured supply room air temperature. Essentially, the effect
of an experimental variable on the measured equivalent convection coefficient(s) should be
opposite to the effect of an experimental variable on the measured radiative fraction. A change in
the experimental variable causes a reduction in the radiative fraction, and thus should result in an
increase in the equivalent convection coefficient(s). An examination of the experimental results
showed that the effects on the measured equivalent convection coefficient based on a spatially
averaged room air reference temperature were all consistent with (i.e. opposite to) the effects on
the measured radiative fraction. On the other hand, using a supply air reference temperature
yielded inconsistent results for a few cases. The possible explanation is that the air temperature
adjacent to the fenestration system was closer to the spatially averaged room air temperature than
the supply air temperature since the attached wall jet had fully dissipated as previously discussed.
Although using the spatially averaged room air reference temperature provided slightly more
consistent results than using the supply air reference temperature, it resulted in higher
experimental uncertainties due to lower temperature differences. Therefore, both room and
supply air reference temperatures should be considered in a future study when developing the

empirical correlation(s) of the equivalent convection coefficient.
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Table 6-2 Measured Equivalent Convection Coefficient, Btu/hr-
ft2-°F (W/m2-K), (Using Room Air Temperature as
Reference Temperature)

Window Power, Watts 150 150 50
Blind Power, Watts 150 50 50
. 2.39+0.26
Airflow Rate of 14 ACH (13.6+15) - -
. . 2.19+0.24 1.78+0.24 1.73+0.38
Slat Angle of 0 Airflow Rate of 10 ACH (12.5+1.4) (10.1+1.4) (9.8+2.1)
. 2.030.22 1.63+0.23 1.67+0.36
Airflow Rate of 5 ACH (115+1.3) (9.241.3) (9.542.0)
. 2.57+0.27 2.31+0.29 2.01+0.43
Airflow Rate of 10 ACH (14.6+1.5) (13.11.7) (11.4+2.4)
Slat Angle of +45° 1.93+0.40
. .93=0.
Airflow Rate of 5 ACH - - (10.9+2.3)
. 2.430.26 2.31+0.30 2.03+0.43
Airflow Rate of 10 ACH (13.8+1.5) (13.11.7) (11.5+2.4)
Slat Angle of -45° 1902041
. .90=0.
Airflow Rate of 5 ACH - - (10.8+2.3)
Table 6-3 Measured Equivalent Convection Coefficient, Btu/hr-

ft2-°F (W/m2-K), (Using Supply Air Temperature as
Reference Temperature)

Window Power, Watts 150 150 50
Blind Power, Watts 150 50 50
. 1.77+0.16
Airflow Rate of 14 ACH (10.0£0.9) - -
o . 1.67+0.16 1.25+0.15 0.95+0.19
Slat Angle of 0 Airflow Rate of 10 ACH (9.5+0.8) (7.1+0.8) (5.4+1.1)
. 1.57+0.15 1.18+0.15 0.96+0.19
Airflow Rate of 5 ACH (8.9+0.9) (6.7+0.8) (5.4+1.1)
. 1.90+0.17 1.58+0.18 1.09+0.21
Airflow Rate of 10 ACH (10.8+1.0) (9.0+1.0) (6.2+1.2)
Slat Angle of +45° 0.2740.05
. 27+0.
Airflow Rate of 5 ACH - - (1.54+0.30)
. 1.82+0.17 1.56+0.17 1.08+0.21
Airflow Rate of 10 ACH (10.40.9) (8.8+1.0) (6.1+1.2)
Slat Angle of -45° 1 06£0.21
. .060.
Airflow Rate of 5 ACH - - (6.0+1.2)

168



Similar to the equivalent convection coefficient, the equivalent thermal conductance is a
derived experimental result using the measured window power input, the measured window
surface temperature, and the calculated equivalent surface fenestration temperature. Table 6-4
summarizes the measured equivalent thermal conductance from the current experimental tests.
Although a change in the measured equivalent thermal conductance due to a change in an
experimental variable was comparatively higher than a change in the measured equivalent
convection coefficient (both parameters have the same units), the change in the measured
equivalent thermal conductance was relatively low compared to the uncertainty in the measured
equivalent thermal conductance. Therefore, the sensitivity of the equivalent thermal conductance
to most experimental variables appeared somewhat insignificant. As shown in Table 6-4,
uncertainties in the thermal conductance were quite high (much higher than uncertainties in the

convection coefficient shown in Tables 6-2 and 6-3).

Table 6-4 Measured Equivalent Thermal Conductance, Btu/hr-
ft2-°F (W/m=2-K)

Window Power, Watts 150 150 50
Blind Power, Watts 150 50 50
. 5.97+2.86
Airflow Rate of 14 ACH (33.9+16.2) - -
o . 5.56+2.53 3.93+1.15 5.66+3.25
Slat Angle of 0 Airflow Rate of 10 ACH (31.6+14.4) (22.36.5) (32.1+18.4)
. 5.64+2.69 3.77+1.12 5.04+£2.63
Airflow Rate of 5 ACH (32.015.3) (21.426.4) (28.6+14.9)
. 3.78+£1.08 2.78+£0.54 3.34£1.10
Airflow Rate of 10 ACH (21.446.1) (15.8+3.1) (18.926.2)
Slat Angle of +45° 3215101
. 2141,
Airflow Rate of 5 ACH - - (18.245.7)
. 3.60£1.19 2.71+0.59 3.37£1.25
Airflow Rate of 10 ACH (20.446.8) (15.443.3) (19.1%7.1)
Slat Angle of -45° 3095108
. .09+1.
Airflow Rate of 5 ACH - - (1756.1)
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There are two primary reasons for the high uncertainties in the thermal conductance.
First, as previously discussed in Section 6.5.3.4, the uncertainty in the measured surface
temperature of the heated vertical plate used to represent the window was quite high due to non-
uniformity in the surface temperature. Second, the differences between the measured window
and the calculated equivalent fenestration surface temperatures used for the equivalent thermal
conductance calculation were relatively low compared to the differences between the calculated
equivalent fenestration and the measured reference air temperatures used for the equivalent
convection coefficient calculation. The differences between the window and the equivalent
fenestration surface temperatures ranged between 3.4 °F and 20.8 °F (1.9 °C and 11.6 °C). The
differences between the equivalent fenestration and the reference air temperatures ranged
between 12.6 °F and 37.2 °F (7.0 °C and 20.7 °C) for the spatially-averaged room air reference
temperature. The difference between the window and the equivalent fenestration surface
temperatures was primarily dependent on both power inputs to the window and to the blind. This
means that the small temperature difference could not be avoided for some combinations of the
power inputs.

For results presented in Table 6-4, the temperature differences were all positive meaning
that the measured window surface temperatures were higher than the calculated equivalent
fenestration surface temperatures for those experimental tests. However, the temperature
difference can not only become very small, it can also become negative for certain power input
combinations. To illustrate the situations when the temperature difference becomes very small or
negative, Figure 6-9 shows the ideal equivalent thermal conductance as a function of the
temperature difference and the heat transfer rate’ at the window surface (i.e., the inside surface of

the innermost glazing layer).

! More appropriately, the ideal equivalent thermal conductance would have been plotted as a function of the heat flux at
the window surface. However, the heat transfer rate based on the size of the fenestration test unit employed in the
current study was used to facilitate the comparison between the ideal thermal conductance and the measured one.
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Figure 6-9 Equivalent Thermal Conductance as a Function of
Surface Temperature Difference

Figure 6-9 also shows the measured equivalent thermal conductance plotted against the
ideal equivalent thermal conductance where the measured data follows the ideal line(s) closely.
As shown in Figure 6-9, measured temperature differences for tests with window power input of
50 W and blind power input of 150 W were either negative or lower than the temperature
differences for other tests (i.e., tests with results presented in Table 6-4). For tests with the
window power input of 50 W and the blind power input of 150 W, the uncertainty in the
measured equivalent thermal conductance was very high compared to those for other tests since
the measured temperature difference (either negative or positive) was much smaller. The tests
with the window power input of 50 W and the blind power input of 150 W demonstrates the

situations when the experimental uncertainty in the measured equivalent thermal conductance can

171



become unacceptably large. Although this appears to be a serious limitation of the test procedure,
the environmental conditions required to produce window power input of 50 W and the blind
power input of 150 W would be difficult to replicate in an actual building. In laboratory tests, the
heat transfer rate (or flux) at the window surface can be fixed by using a heated guard plate as
being done for the current experiments. In real situations, however, the window surface heat flux
likely decreases or becomes negative (i.e., heat conducted back to the outside) as the blind
temperature increases (i.e., the temperature difference decreases). This means that, unlike the
‘laboratory’ equivalent thermal conductance, the ‘actual’ equivalent thermal conductance is
unlikely to follow an ideal thermal conductance line based on a fixed heat transfer rate (or flux).
6.5.3.6  Comparison with Published Numerical Data

Although experimental data is not published in the literature, Collins et al. [2002] did
some numerical studies with a program that was calibrated to their natural convection blind
experiments. The measured data presented here cannot be directly compared with Collins
numerical studies since the flowfield, fenestration geometry, and boundary conditions all differed.
Nevertheless, the trends predicted by the numerical program for natural convection provide some
insight into the measured results.

Figure 6-10 shows the comparison of the blind slat angle effect on the measured and
numerical radiative fractions. As shown in Figure 6-10a, changing from a fully opened blind (slat
angle of 0°) to a partially opened blind (either slat angle of +45° or slat angle of -45°) caused a
reduction in the measured radiative fraction. This reduction was likely due to the fact that the
blind slats at a partially opened position blocked the view of the window to the room surfaces and
thus reduced the radiation exchange between the window and the room surfaces. The radiative
fraction was decreased since the window was always at a higher temperature than the blind slat
surfaces. Also, the convection from the partially-opened blind was likely higher than that from
the fully-opened blind, leading to lower blind temperatures and thus a reduction in the radiative

fraction. The measured results for the downward opened blind (slat angle of +45°) were nearly
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identical to those for the upward opened blind (slat angle of -45°). This is consistent with a
relatively undisturbed buoyant plume from the blind for the natural convection case (Figure 6-
10b) and for a minimally disturbed plume for the experimental case. This suggests that, for the
ceiling diffuser, buoyant forces dominate the air flow in the window cavity even at 10 air changes

per hour.
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Figure 6-11a shows that increasing the blind power input caused a reduction in the
measured radiative fraction. This indicates that the blind is more strongly dominated by
convection than the window. This is a reasonable result since the blind interacts directly with the
bulk airflow in the room and since the surface area of the blind is roughly twice that of the
glazing. Figure 6-11b shows that increasing the blind absorbed solar radiation also caused a
reduction in the numerical radiative fraction. Good agreements between measured and numerical
results shown in both Figures 6-10 and 6-11 illustrate that the proposed experimental method can

appropriately capture the effects of experimental variables on measured thermal parameters.
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6.6 Future Development of the Thermal Fenestration Models

6.6.1 Development of Thermal Parameter Correlations

Empirical correlations of the equivalent convection coefficient and the equivalent thermal
conductance are required by the HB thermal fenestration model. Therefore, a comprehensive
study with a full parametric set of experiments is essential to the development of the empirical
correlations. As discussed in Section 6.5.3.2, a large number of variables can have an influence
on the thermal parameters. The use of the guard plate in the proposed experimental method
eliminates all outdoor environmental variables and most fenestration variables, except the
emissivity of the inside surface of the innermost glazing layer. The window power input and the
total power input (the sum of the window power input and the blind power input), which simulate
the heat transfer rates at the inside surfaces of the innermost glazing layer and the fenestration
system, account for these variables. Indoor environmental variables (e.g., room airflow rates and
diffuser configurations), blind variables (e.g., distance between the window and the blind and
type of blind installation) as well as the inside surface emissivity of the innermost glazing layer
should be investigated in order to develop the empirical correlations needed to fully support the
HB thermal fenestration model. Collins’ study [Collins et al. 2002; Collins and Harrison 2004]
may be useful in the design of the full parametric experiments and in the selection of the forms of
the empirical correlations.

The fenestration test unit used in the current study has an important limitation since it can
only be used to simulate positive heat fluxes (i.e., all electrical heat applied to the window and the
blind go into the room). In actual situations, negative heat fluxes can occur, particularly in the
winter. To simulate the negative heat fluxes, a set of experiments should be run with a cooled
instead of the heated window panel. For this configuration, the heated guard plate would also be
replaced by a cooled guard plate to prevent conduction heat gain from the outside. For the heated

blind, no change is needed since it can be expected that, for negative heat flux cases, the negative
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heat flux at the inside (fictitious) surface of the fenestration system would always be lower (in
absolute value) than the negative heat flux at the inside surface of the innermost glazing layer.
For the fenestration test unit using a cooled panel, the calculations presented Section 6.5.2 are still
valid, except that the value of the power input to the window become negative instead of positive.
The total heat transfer rate at the inside surface of the fenestration system can be either positive or
negative depending on the power input to the blind and the heat removed from the cooled
window. In conclusion, experimental tests should be performed for both positive and negative
heat fluxes in order to provide correlations that are applicable to realistic situations.

According to Collins’ study [2002], the total heat flux at the equivalent inside
fenestration surface can vary between -132.6 W/m? and 119.8 W/m? for the natural air flowfield
with the window surface temperature ranging from 277 K to 317 K, the blind absorbed solar
radiation of 60 W/m2, and the window and the blind emissivities of 0.6. Although the possible
maximum positive and negative heat fluxes are likely higher than those found in Collins’ study,
the maximum (positive) heat flux of about 360 W/m? used in the current study is expected to be

high enough to cover the positive realistic range.
6.6.2 Implementation of the HB Thermal Fenestration Model

In section 6.2, equations used in the HB thermal fenestration model are presented in
terms of conductive, convective, and radiative heat fluxes in order to provide a clearer
understanding of the surface heat balances of the fenestration layers. To implement the model in
the HB load calculation scheme, equations for the conduction, convection, and radiation terms
presented in Sections 6.2.2 to 6.2.4 must first be substituted into Equations (6-1) and (6-2) for
each fenestration layer. Then, the heat balance equations for all fenestration layers must be
solved simultaneously with the heat balance equations for room opaque surfaces to obtain the
surface temperatures of each layer of the fenestration system as well as the surface temperatures

of other opaque surfaces.
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The calculation procedure will depend on the form(s) of the empirical correlations of the
thermal parameters required by the HB thermal fenestration model. Assuming that the thermal
parameters are correlated as a function of heat fluxes (neither heat transfer rates nor surface
temperatures) at the inside surface of the innermost glazing layer and at the inside (fictitious)
surface of the fenestration system, a suggested calculation procedure is illustrated in Figure 6-12.
The suggested calculation procedure is an iterative procedure where all surface temperatures and
the thermal parameters (i.e., HB Thermal Model Parameter) required by the HB thermal
fenestration model are solved iteratively until the convergence criteria is met. Any solution
technique (e.g., successive substitution method, matrix formulation with linearized radiative heat
transfer coefficients, Newton-Raphson method, etc.) normally used in the HBM can be used in

the calculation step used to solve all surface temperatures simultaneously.

Initialize All Surface Temperatures and HB Thermal Model Parameters

For Each Time Step
Calculate All Variables Independent On Surface Temperatures
For Each lteration
Calculate All Variables Dependent on Surface Temperatures
Solve Surface Temperatures (All Fenestration Layers and Opaque Surfaces) Simultaneously
Calculate Inside Surface Fenestration Heat Flux Using Equation (6-20)
Calculate Inside Surface Temperature of Innermost Glazing Layer Using Equation (E-9)
Calculate Inside Surface Heat Flux of Innermost Glazing Layer Using Equation (E-7)
Calculate HB Thermal Model Parameters Using Calculated Heat Fluxes
If (All Surface Temperatures and HB Thermal Model Parameters Converged) Then
Exit Iterative Loop
End If
Next Iteration
Calculate Other Remaining Output
Next Time Step

Figure 6-12 Suggested Calculation Procedure for HB Load
calculations Using HB Thermal Fenestration Model
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As shown in Figure 6-12, Equations (E-7) and (E-9) are required in addition to the
equations presented in Section 6.2 and those required for the opaque surfaces. Equations (E-7)
and (E-9) are used to calculate the heat flux and the temperature of the inside surface of the
innermost glazing layer, respectively. Since the innermost glazing layer and the blind are treated
as a single layer in the HB thermal fenestration model, the inside surface temperature of the
innermost glazing layer need not be solved simultaneously along with all other surface
temperatures. As shown, it can be calculated explicitly using Equation (E-9) along with the
known outside surface temperature of the innermost glazing layer and the known equivalent

inside fenestration surface temperature.
6.6.3 Generation of RTS Thermal Model Input Parameters

In conventional window calculations (i.e. for product-rating method), the U-factor (a
reciprocal of the total thermal resistance) is typically calculated based on specified winter and
nighttime boundary conditions while the SHGC (the sum of the total solar transmittance and the
total inward flowing solar absorption) is normally calculated based on specified summer and
daytime boundary conditions [ISO 2000; LBL 2001]. For these specified boundary conditions,
outdoor and indoor temperatures as well as outside and inside convection coefficients are
commonly fixed. This means that these thermal parameters calculated using the product-rating
method may not be suitable for load calculations where environmental conditions are variable.

Therefore, the total thermal resistance and the inward flow fractions should be generated
by using the ‘complete’ HB thermal fenestration model implemented in the HBM based on design
day calculations. Then, it is essential to correlate the generated output to the environmental
conditions so that the results can be usable. For the RTSM, it is desirable that the generated data
sets are presented in simple formats (e.g., tables, graphs and correlations). The data presentation

is a subject of the future investigation.
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Although the radiative/convective split of the conduction and absorbed solar heat gains
can be measured directly using the proposed experimental method, it may be difficult to use the
measured radiative/convective split directly since the power input to the window, one of the
experimental variables, does not explicitly simulate any variable in the RTSM. Instead of
correlating the measured radiative/convective split directly, it is therefore recommended that the
HB thermal fenestration model also be used and the generated radiative/convective split then be
correlated to the environmental conditions. In the HB thermal fenestration model, the required
radiative fraction can be calculated as the ratio of the radiation term shown in Equation (6-17) to
the conduction term shown in Equation (6-20). The comparison of the generated radiative
fraction and the measured radiative fraction is essential to support the validity of the generated
radiative fraction. Good agreements between the generated and measured radiative fractions will
also support the validity of the HB thermal fenestration model.

In parallel with the current study, Spitler and Nigusse [2007] are proposing a thermal
fenestration model for the RTSM for an ASHRAE research project. The model is simpler than
the RTS thermal fenestration model proposed in the current study since the model combines the
transmitted and absorbed solar heat gains. The model utilizes the solar heat gain coefficients
(SHGCs) for the window and the interior solar attenuation coefficient (IAC) to handle the
fenestration system containing an interior shading device. The optical and thermal models
presented in the current study can be employed to provide information required by Spitler’s
model. The IAC for the fenestration system containing an interior blind can be approximated
using the inward flowing fractions generated by the HB thermal fenestration model and the solar

transmittances determined by the optical models as follows:
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14 14
qtrn,sol + qabs,sol

IAC = (6-49c)
Lom - SHGCy, + (g o + 1 gngar ) - SHGC
where .., = transmitted solar heat flux of the fenestration system containing the interior

blind,

Omsso = absorbed solar heat flux of the fenestration system containing the interior
blind,

SHGC,,, = beam solar heat gain coefficient of the fenestration system without a
shading device,

SHGC, = diffuse solar heat gain coefficient of the fenestration system without a

shading device.

Like the inward flowing fractions and total thermal resistance, the 1AC should be
generated by using the HB thermal fenestration model implemented in the HBM based on design
day calculations. Essentially, Equation (6-49) is implemented as a part of the HB thermal

fenestration model.
6.7 Conclusions

This chapter presents two newly developed thermal fenestration models suitable for load
calculation methods: one for the HBM, called The HB thermal fenestration model, and one for
the RTSM, called the RTSM thermal fenestration model. The two models were developed
specifically for the fenestration system containing an interior blind. The HB thermal fenestration
model is based on the one-dimensional multi-layer heat balance approach. The model directly
performs an energy balance at each surface of the individual layers of the fenestration system.
The model treats the glazing layers, except the innermost glazing layer, fundamentally the same
as existing thermal models (for a fenestration system without shading devices) that are suitable

for the HBM. However, for a fenestration system containing an interior blind, the model treats
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the innermost glazing layer and the blind layer as a single layer. By modeling the innermost
glazing layer and the blind layer as a single layer, the HB thermal fenestration model relies on an
experimental method to provide two additional required parameters including the equivalent
inside convection coefficient of the inside surface of the combined layer and the equivalent
thermal conductance within the combined layer. Therefore, an experimental method has also
been developed along with the thermal fenestration models.

The RTSM thermal fenestration model is based on the solar-thermal separation concept.
The RTSM thermal fenestration model includes both the fenestration heat gain calculation and
the heat gain-to-cooling load conversion calculation. The model requires various input
parameters including total solar transmittances, layer-specific solar absorptances, layer-specific
inward flowing fractions, total thermal resistance, and radiative/convective splits. Optical models
can be used to obtain the solar transmittances and absorptances while the HB thermal fenestration
model can be used to obtain the inward flowing fractions, the thermal resistance as well as the
radiative/convective splits. Consequently, the chapter also presents a calculation procedure used
in the HB thermal fenestration model to generate thermal parameters required by the RTSM
thermal fenestration model.

Moreover, the chapter also presents the experimental method used to support the new
thermal fenestration models. In addition to measuring the two HB thermal model parameters, the
experimental method can also be used to obtain the radiative/convective splits of the absorbed
solar heat gain and the conduction heat gain required by the RTSM thermal fenestration model.
The experimental method is based on the measurement of the radiative heat gain from a
fenestration test unit representing the fenestration system containing an interior blind at steady
state. In addition to the radiant heat gain measurement, the measurements of the electrical power
input used to heat the fenestration layers and various temperatures are all essential. For the
current study, a limited set of experiments were performed to illustrate the feasibility of

supporting the thermal models with measured data and to evaluate the effects of experimental
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variables on the thermal model parameters. Based on the experimental findings, various

suggestions for future studies are also provided.
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

The objective of this study was to enhance the modeling of fenestration systems
containing shading devices for building thermal load and energy calculations. The models
considered for the current study were those compatible with the Heat Balance Method (HBM)
and the Radiant Time Series Method (RTSM), which are currently the recommended ASHRAE
cooling load calculation procedures. The focus of the current study was on the simulation of the
fenestration system containing a slat-type blind.

To enhance the fenestration simulation, a new comprehensive blind model, a new optical
fenestration model and new thermal fenestration models were developed. The optical models
were based on the multi-layer optical calculation approach where overall optical properties of the
fenestration system containing a slat-type blind can be determined as a function of the optical
properties of glazing and blind layers. The current study emphasized only the optical models for
predicting blind and overall optical properties. The thermal model developed for the HBM was
based on the one-dimensional multi-layer heat balance approach while the thermal model
developed for the RTSM was based on the solar-thermal separation concept. The new thermal
models (the model for the HBM, in particular) are applicable to the fenestration system
containing an interior blind only. The thermal model for the RTSM relies on the thermal model

for the HBM as well as optical models to generate its required input parameters. The thermal
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model for the HBM relies on an experimental method (as well as existing correlations for glazing

layers) to provide its required thermal parameters. In the following sections, the significant

contributions of the current study are summarized.

7.1.1 Optical Models

The contributions of the optical study may be summarized as follows:

A comprehensive model for predicting optical properties of a slat-type blind has been
developed. Capabilities of the comprehensive blind model surpass those of existing
models in various aspects. The comprehensive blind model takes into account slat
thickness as well as slat curvature. The model also accounts for slat surfaces being non-
perfect reflectors (i.e. partially diffuse and partially specular-reflecting surfaces). The
model can handle both blinds having horizontal slats (e.g. Venetian blinds, mini blinds,
etc.) and blinds having vertical slats (commonly called vertical blinds). In addition, the
model can be used for blinds having either opaque, translucent, or perforated slat
surfaces. Moreover, the model allows different radiative characteristics on different sides
of the blind slats. To handle these various aspects, the comprehensive blind model
utilizes several computation technigues including (1) analytical formulations to predict
fractions of the sunlight incident on blind slats and of the sunlight passing through the
blind assembly without any reflections, (2) the net radiation method to deal with reflected
radiation for a blind with purely diffuse slats, (3) the Monte-Carlo ray-tracing technique
to deal with reflected radiation for a blind with non-purely diffuse slats, (4) numerical
integration to deal with diffuse solar radiation.

An optical fenestration model for predicting overall optical properties of the fenestration
system has been developed. Unlike existing models, the new optical fenestration model
is consistent with the comprehensive blind model and suitable for load calculations. The

model treats beam and diffuse components of solar radiation separately, and the model
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7.1.2

distinguishes between diffuse solar radiation from the sky and from the ground. The
model is applicable to the fenestration system containing an exterior blind, a between-
pane blind, or an interior blind. The model is presented in analytical formulations that
require optical properties of the glazing layers and the blind layer as inputs.

An in situ experimental method has been developed for measuring the total solar
transmittance of the fenestration system and the slat solar reflectance of the blind
assembly from field measurements. The total solar transmittance of the fenestration
system is a primary metric commonly used to evaluate optical models, and the slat solar
reflectance is a required input of the optical blind model. Measured data obtained by the
in situ experimental method were used to illustrate the validity of the comprehensive
blind model. Overall, the comprehensive blind model consistently agreed quite well with
measured total solar transmittance for the blinds that were tested. However, further
investigation is needed for quasi-specular reflectors. Overall good agreements between

measured and predicted results supported the validity of the comprehensive blind model.
Thermal Models

The contributions of the thermal study may be summarized as follows:

A thermal model suitable for the HBM, called the HB thermal fenestration model, has
been developed. Like existing models suitable for the HBM, the HB thermal fenestration
model utilizes a thermal glazing model (i.e. a thermal model for a fenestration system
without shading devices) to handle the thermal interactions of the glazing layers.
However, the HB thermal fenestration model simplifies the thermal interactions between
the innermost glazing layer and the blind, the thermal interactions between the innermost
glazing layer/air gap and the room, and the thermal interactions between the blind and the
room. These interactions are simplified by modeling the innermost glazing layer and the

interior blind layer as a single layer. Consequently, the model requires two additional
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thermal parameters, the so-called equivalent convection coefficient and the so-called
equivalent thermal conductance, which together account for all the aforementioned
thermal interactions. Unlike thermal parameters required by existing thermal models,
these two thermal parameters can be feasibly measured in a relatively simple laboratory
procedure.

To support the HB thermal fenestration model, an experimental method has been
developed along with the new model. The experimental method is based on the
measurement of the radiative heat gain from a simulated fenestration test unit at steady
state. In addition to the radiant heat gain measurement, the measurement of the electrical
power input used to heat the fenestration layers and the measurement of various
temperatures are required. To illustrate the feasibility of supporting the thermal models
with measured data, a limited set of experiments were performed in the current study. As
discussed in detail in Chapter 6, the feasibility of the experimental method was supported
by the experimental uncertainty analysis, the verification of experimental measurements,
and a comparison between measured data and published numerical results. In addition,
the experimental investigation evaluated the effects of experimental variables on thermal
parameters in order to provide useful information for the design of the full parametric
experiments required for the development of empirical correlations for the HB thermal
fenestration model.

In addition to the HB thermal fenestration model, a thermal model suitable for the RTSM,
called the RTS thermal fenestration model, has been developed. The RTS thermal
fenestration model is based on the solar-thermal separation concept and thus requires
various (solar) optical and thermal parameters as input data. The newly developed
optical models discussed in the previous section can be used to provide the required
optical input parameters. The HB thermal fenestration model can be used to provide the

required thermal input parameters. As a result, the calculation procedure for the required
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7.2

thermal parameters, which is considered as a part of the HB thermal fenestration model,

has also been developed.

Recommendations for Future Work

Although the current study has enhanced the fenestration simulation by developing

several new models as well as their supporting experimental methods used to handle both optical

and thermal phenomena, much work still remains. Some recommendations for future work are

provided as follows:

To fully utilize the new thermal fenestration models, several additional studies are needed
as discussed in Chapter 6. These studies include (1) the development of the empirical
correlations of thermal parameters required by the HB thermal fenestration model, (2) the
implementation of the HB thermal fenestration model in the load calculation procedure
(i.e., in the HBM), and (3) the generation of the thermal parameters required by the RTS
thermal fenestration model.

When the development of the thermal models is complete (i.e., they are ready to be used),
it is then essential to validate these new models. Various validation techniques may be
used. For instance, as discussed in Chapter 6, the comparison of the radiative fraction
generated by the HB thermal fenestration model and that measured by the proposed
experimental method can be used to illustrate the validity of the generated radiative
fraction as well as the validity of the HB thermal fenestration model. Also, an
experimental validation (similar to the ASHRAE RP-1117 study [Fisher et al. 2002]) of
the load calculation methods using the new thermal models should be conducted. For
this validation, it is essential to perform experimental tests for both the fenestration
system without the blind and the fenestration with the blind so that the effect of the

thermal fenestration model(s) on thermal loads can be quantified. It will also be useful to
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test various types of the fenestration system (various combinations of the glazing layers
and the interior blind) to illustrate the general applicability of the thermal models.

The current study only emphasized the simulation of the fenestration system containing a
slat-type blind. However, a vast number of shading devices exist including drapes, roller
shades, shade screens, etc. Therefore, future studies of these shading devices (both
optical and thermal) are also recommended to further enhance the simulation of

fenestration systems with these shading devices.
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APPENDIX A

RAY-TRACING OPTICAL BLIND MODEL FOR DIRECT

SOLAR RADIATION

A.1 Overview

The ray-tracing optical blind model consists of two sub-models: the flat-slat blind sub-
model and the curved-slat blind sub-model. The flat-slat blind sub-model is used to deal with
slat-type blinds having non-zero-thickness flat slats, which are typical of blinds made of wood.
On the other hand, the curved-slat blind sub-model is used to deal with slat-type blinds having
negligible-thickness curved slats, which are typical of blinds made of vinyl and aluminum.
Figure A-1 illustrates blind enclosure geometries used in the ray-tracing model for the flat-slat
and the curved-slat blinds.

To determine optical blind properties, the ray-tracing model uses analytically derived
formulations to determine how much the sunlight passes directly through the blind assembly, and
how much the sunlight falls on blind slats. The model then utilizes the so-called Monte-Carlo ray
tracing technique [Mahan 2002] to deal with the sunlight that reflects from the blind slats.

Detailed calculations required by the ray-tracing model are described in the following sections.
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The calculation procedure used in the ray-tracing blind model is summarized below.

First, calculate essential information used to define the blind enclosure.

Then, calculate limits of profile angle and determine calculation cases.

Next, calculate ratios of sunlight passing directly through the blind and falling on slat
surface(s).

Then, determine illuminated slat surface(s).

Next, perform ray-tracing calculations to trace rays emitted from the illuminated slat
surface(s).

Finally, calculate optical blind properties.

Blind Enclosure Geometries

In the ray-tracing model, the whole blind assembly is represented by two consecutive

slats. The blind enclosure is formed by two adjacent slats along with fictitious surfaces at the

outside and inside openings. Figure A-1 shows blind enclosures along with slat geometry, profile

angle, and the coordinate systems used in the model. As illustrated in Figure A-1, the left hand

side figure shows the enclosure for the flat-slat blind sub-model while the right hand side figure

shows the enclosure for the curved-slat blind sub-model. As shown, the sunlight comes from the

left side of the figure. Therefore, the outside opening is represented by the left hand side

fictitious surface and the inside opening is represented by the right hand side fictitious surface.

A.2.1 Definitions of Slat Geometry

The following terms are used to define slat geometry as shown in Figure A-1.

Slat angle () is defined as the angle between the straight line connecting edges of the
slat and the plane perpendicular to the blind assembly (the horizontal line shown in
Figure A-1). Figure A-1 shows a downward facing blind (having horizontal slats) with a

positive slat angle.
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(0,0)

1 .
Y Y
A) Enclosure Geometry for B) Enclosure Geometry for
Flat Slat Blinds Curved Slat Blinds
Figure A-1 Blind Enclosure Geometries and Coordinate Systems

o Slat spacing (S) is defined as the distance between adjacent slats (measured vertically for
blinds having horizontal slats). For blinds having non-zero-thickness flat slats, the slat
spacing is the distance from the upper surface of the upper slat to the upper surface of the
lower slat.

o Slat width (W) is defined as the distance of a straight line from one end of the slat to the
other end as shown in the figure.

o Slat thickness (T) is defined as the distance from the upper surface to the lower surface of

each slat. The slat thickness is used only for the flat-slat blind sub-model.
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o Slat curvature radius (R) is defined as the distance from the center of curvature radius to
the slat surface. The slat curvature radius is used only for the curved-slat blind sub-

model.
A.2.2 Calculations for Blinds with Flat Slats

Figure A-2 shows the blind enclosure for the flat-slat blind model. The figure also shows
six essential points (A to F) used to define the blind enclosure, the x-y coordinate system used in
the model, and the total width (TW) and total height (TH) of the blind enclosure. The flat-slat
blind model assumes known slat geometry previously defined including slat angle, slat spacing,

slat width, and slat thickness (i.e. these parameters are required inputs).

Figure A-2 Blind Enclosure for the Flat-Slat Blind Model
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Knowing slat geometry, the total width and total height can then be given by:

TW =W cos(y )+ T sin(y) (A-1)

TH =S +Wsin(y )—T cos(y) (A-2)

Next, the six points defining the blind enclosure can be determined by:

A=(0,TH) (A-3)
B=(0,TH -S) (A-4)
C =(Tsin(y )W sin(y)) (A-5)
D =(TW,0) (A-6)
E=(TW,S) (A-7)
F =W cos(y),S —T cos()) (A-8)

Finally, surfaces forming the blind enclosure are determined as straight lines connecting two
points. As shown in Figure A-2, the outside opening is the line from points A to B, the upper slat
edge the line from points B to C, the upper slat the line from points C to D, the inside opening the
line from points D to E, the lower slat edge the line from points E to F, and the lower slat the line

from points F to A.
A.2.3 Calculations for Blinds with Curved Slats

Figure A-3 shows the blind enclosure for the curved-slat blind model. The figure also
shows essential parameters used to define the blind enclosure, the x-y coordinate system used in

the model, and the total width (TW) and total height (TH) of the blind enclosure. The curved-slat
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blind model assumes known slat geometry previously defined including slat angle, slat spacing,
slat width, and slat curvature radius.

As shown in Figure A-3, the angle 7 that relates slat width to slat radius is defined as a

half of an angle between a straight line from the right slat edge to the curvature center and a

straight line from the left slat edge to the curvature center. The angle 7 can be determined by:

n=sin"(W/2R) (A-9)

Figure A-3 Blind Enclosure for the Curved-Slat Blind Model
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Also, two additional angles, x and y, are required prior to the calculations of the
curved-slat blind enclosure geometry. The angle « is defined as an angle between a straight line
from a slat edge to the curvature center and the horizontal line. For a positive slat angle, the
straight line is from the left edge to the curvature center as shown in Figure A-3. However, the
straight line is from the right edge to the curvature center for a negative slat angle. The angle x

can be calculated by:

k=ml2- (77 + |1//|) (A-10)

The angle y is defined as an angle between a straight line from a slat edge to the curvature center

and the vertical line. For a positive slat angle, the straight line is from the right edge to the
curvature center as shown in Figure A-3. On the other hand, the straight line is from the left edge

to the curvature center for a negative slat angle. The angle y can be determined by:

y=n-|y| (A-11)

Figure A-3 shows the curved-slat blind enclosure with a positive slat angle, a positive angle x,
and a positive angle y .
Knowing the three angles and the specified slat geometry, the total width and total height

of the curved-slat blind enclosure can then be calculated by:

TW =W COS((//) for positive x (A-12a)
TW = R[L+sin(y)] for negative x (A-12b)
TH =S +R[1-sin(x)] for positive » (A-13a)

205



TH =S +Wsinjy| for negative (A-13b)

In the curved-slat blind model, curved slats are represented by their center of curvature
and two angles defining the left and right edges of the slats. Similar to the flat-slat blind model,
openings are described by straight lines connecting two points. The following data are essential
for defining the blind enclosure used in the curved-slat blind model.

e CL and CU are centers of the lower and the upper slat curvatures, respectively.
e o and ar are angles defining the left and the right edges of the curved slats, respectively.
e OL and OU are two end points of the straight line representing the outside opening.

e IL and IU are two end points of the straight line representing the inside opening.

Figure A-4 shows these essential data required by the curved-slat blind model. The left
hand side figure shows the curved-slat blind with a positive slat angle and a positive angle «
while the right hand side figure shows the curved-slat blind with a positive slat angle and a
negative angle x . It should be noted that only the back side of the upper slat and the front side of
the lower slat are parts of the blind enclosure for the positive angle x. However, for the negative
angle x, the front side of the upper slat is also a part of the blind enclosure as illustrated in
Figure A-4.

The center of upper slat curvature can be calculated by:

CU, = Rcos(rc) for positive y and positive x (A-14a)
CU, =R for positive y and negative x (A-14b)
CU,=TW - RCOS(K) for negative y and positive x (A-14c)
CU,=TW -R for negative iy and negative x (A-14d)
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CU, =R for positive y (A-15a)

CU, = Rcos(y) for negative y (A-15Db)

Then, the center of the lower slat curvature can be calculated by:

cL=(cu,,cu, +5) (A-16)

A) Positive Angle x B) Negative Angle x

Figure A-4 Essential Data for Defining Blind Enclosure in the
Curved-Slat Blind Model
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Let LU and RU be points representing the left and the right edges of the upper slat curvature,

respectively. Then, for the positive slat angle, they can be determined by:

LU =(CU, - Rcos(x),CU,, - Rsin(x)) (A-17a)

RU = (CU, +Rsin(y),CU, —Rcos(y)) (A-18a)

For the negative slat angle, they can be determined by:

LU =(CU, - Rsin(y),CU, —Rcos(y)) (A-17b)

RU = (CU, +Rcos(x),CU, - Rsin(x)) (A-18b)

Knowing the points LU and CU, the angle representing the left edge of curved slats (i.e.

the angle &, ) can be determined as follows.

e Let N be aunit vector having the same direction as the y-axis. Thus,

N = 0 (A-19)
1
e LetV beavector from CU to LU. Thus,
V| el A-20
“|Lu, -cu, (A-20)

e Then,if (LU, >=CU,),

a, = cosl(v '%‘j (A-21)
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e Otherwise,

(A-22)

In the above calculations, the angle ¢, is measured in the counter-clockwise direction as shown

in Figure A-4. Similarly, the angle representing the right edge of curved slats (i.e. the angle c; )

can be determined by substituting the point LU by the point RU in the above calculations.

Next, the two end points representing the outside opening can be calculated by:

OU =(0,cU, —Rsin(x))
ou =(o,cu,)

ou =(0.cu, -Rcos(y))
ou =(0,0)

oL=(o,0U, +S)

Finally, the two end points representing the inside opening can be calculated by:

IU = (TW,CU , —Rcos(y))

IU =(TW,0)
IU =(TW,CU, —Rsin(x))
U =(Tw,cu,)

IL=(TW,1U, +S)

for positive  and positive xk
for positive y and negative x
for negative y and positive y

for negative y and negative y

for positive y and positive ¥
for positive y and negative y
for negative y and positive x

for negative y and negative x
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The slat radius, used to describe the curvature of the blind slats in the curved-slat blind
model, is a required input. However, three other parameters may also be used to describe the slat
curvature: the angler, the curvature length (CW) defined as the distance from one end of the slat
to the other end measured along the slat curvature, and the curvature height (CH) defined as the
distance from the straight line connecting slat edges to the top of slat curvature. Figure A-5
shows these four parameters along with the slat width (W). The slat radius can be related to the

other three parameters and the slat width as follows:

R=_ WV (A-27)
2sin(n)
R=W (A-28)
2n
2 2
2CH
Figure A-5 Parameters for Describing Slat Curvature
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If either the angle 7 or the curvature height is known, the slat radius can be solved

directly from Equation (A-27) or (A-29), respectively. However, if only the curvature length is
known, it is essential to use one of numerical methods for root finding (e.g. the secant method)

with Equations (A-27) and (A-28) to determine the slat radius.

A.2.4 Physical Limitations

Figure A-6 shows completely closed blinds with a positive slat angle. The maximum slat

angle for a flat-slat blind can be obtained from the following relationship:

s T
sin(90°)  sin(90° —y,..)

(A-30)

The relationship in Equation (A-30) suggests that the slat angle specified for the flat-slat blind

model must satisfy the following equation.

T T
—cosY = |<w <cos — A-31
(sj v (sj (ASY

Otherwise, the flat-slat blind is considered to be completely closed.
Utilizing Equations (A-9) to (A-18) for the curved-slat blind model, distances from the

lower curvature center to the left and right edges of upper curvature can be calculated by:

CL— LU =+/[S +Rcos(r7 +w)]? +[Rsin( + )]’ (A-32)

CL—RU =[S + Rcos(7 —)* +[Rsin(y —w)]? (A-33)
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Due to physical limitations, the distances CL — LU and CL — RU must always be greater than
or equal to the slat radius for a blind with zero-thickness curved slats. This means that the slat

angle specified for the curved-slat blind model must satisfy the following equation.
S S
—cos| —— |<w <cosH —— |- A-34
n ( ZRJ v ( Rj n (A-34)

Otherwise, the curved-slat blind is considered to be completely closed.

90° - W max

A) Closed Flat Slat Blinds B) Closed Curved Slat Blinds

Figure A-6 Completely Closed Blinds with Positive Slat Angle
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A.3 Limits of Profile Angle, Calculation Cases, and Radiative

Ratios

To establish calculation cases in the ray-tracing blind model, the profile angle limits are
utilized. Figure A-7 illustrates the limits of the profile angle for the flat-slat blind sub-model
while Figures A-10, A-11, and A-12 illustrate the limits for the curved-slat blind sub-model.
These limits indicate how the sunlight can pass through the blind assembly as a function of the
profile angle. For instance, the phenomenon for a blind with flat-slats can be explained as

follows.
e Forg, <¢<+90°, there is no opening area, and upper edges and lower slats are

illuminated. This means that the sunlight can only pass through the blind assembly by

reflections (mainly from the lower slats).
e Forg, <@ <¢,, there is some opening area, and upper edges and lower slats are

illuminated. For this profile angle range, the sunlight can pass directly through the

opening area and indirectly by reflections (mainly from the lower slats).

o Forg, <¢<¢,, there is some opening area, and upper edges and upper slats are
illuminated. For this profile angle range, the sunlight can pass directly through the
opening area and indirectly by reflections (mainly from the upper slats).

e Forg, <@ <¢,, there is no opening area, and upper edges and upper slats are

illuminated. This means that the sunlight can only pass through the blind assembly by

reflections (mainly from the upper slats).
e For—90° < ¢ < ¢,, there is no opening area, and only upper edges are illuminated. This

means that the sunlight can only pass through the blind assembly by reflections. It should

be noted that this case only occurs when the slat angle is not zero.

213



Figure A-7 Limits of Profile Angle for the Flat-Slat Blind
Model

A.3.1 Calculations for Blinds with Flat Slats

The limits of profile angle for the flat-slat blind model can be calculated by:

4, = tan S—-W -sin(y)—T -cos(y) (A-35)
' W -cos(y) —T -sin(y)

b, =~y (A-36)
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4, = —tan™ S+W -sin(y)—T -cos(y) (A-37)
3 W -cos(y) +T -sin(y)

¢, =-ml2 for y =0 (A-38a)

S/ _
4, ——tan"* M for y 0 (A-38b)
sin(y )

Utilizing the limits of profile angle, calculations for the flat-slat blind model may be

divided into five cases as shown in Figure A-8. As shown, Figure A-8 illustrates how the

sunlight can pass through the flat-slat blind for each case. The figure also shows fractions of the

sunlight that passes directly through the blind, falls on the slat edge, and falls on the blind slat.

As shown in Figure A-8, the opening ratio (OR) is defined as a fraction of sunlight that can pass

directly through the blind assembly without any reflections. The edge ratio (ER) is defined as a

fraction of sunlight that falls on the slat edge. The slat ratio defined as a fraction of sunlight that

falls on the blind slat can thus be determined as the difference between one and the sum of the

opening and edge ratios. The calculations of the opening and the edge ratios are summarized

Case 1 for ¢, <@ <+90°:

ER = max( Iw] (A-39a)
S cos(g)

OR=0 (A-40a)

Case 2for ¢, <p<¢,:

R= L. Costv+9)

(A-39b)
S cos(g)
OR=1-ER - W .S +9) (A-40b)
S cos(g)
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Figure A-8 Calculation Cases for the Flat-Slat Blind Model
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Case 3for ¢, <p<o,:

ER=1.COSW +9)

(A-39c¢)
S cos(g)
OR=1__ T J{T -tan(z//)+W] sin(y + ) (A400)
S -cos(y) S cos(¢p)
Case 4 for ¢, <@ <e,:
ER = I . w (A-39d)
S cos(g)
OR=0 (A-40d)
Case5for —90°<p<¢, and y #0:
ER=1 (A-39%)
OR=0 (A-40e)

A.3.2 Calculations for Blinds with Curved Slats

Prior to the calculations of the profile angle limits for the curved-slat blind models, three

angles (@, to w,) shown in Figure A-9 are needed. These angles are dependent on slat geometry

but independent on the profile angle. To determine these angles, first let DT, and DT, be

distances from the center of the lower curvature to the right and left edges of the upper curvature
(i.e. the distances from CL to 1U and CL to LU shown in Figure A-9), respectively. They can be

determined by:

DT, =[S + Rcos(n7 — ) +[Rsin(n — )]’ (A-41)

DT, =[S + Rcos(7 +)]? +[Rsin(y + w)]? (A-42)
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Figure A-9 Angles @, to o, Required by the Curved-Slat Blind
Model

Then, let g, be the angle IL-CL-IU and x, be the angle I[U-CL-MT. They can be determined by:

e Sin_{s -sin(180— (7 —l//))} _ Sin_{s -sin(y —w)} (A43)
DT, DT,

R
=05 ™| —— A-44
X2 { DT } ( )

1
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Also, let y, be the angle LL-CL-LU and y, be the angle LU-CL-RT (or the angle LU-CL-LT).

They can be determined by:

7= Sinl{s -sin(180 (17 -Hﬂ))} _ Sin{s -Siﬂ(?]—f—l//)} (A-45)
DT, DT,

R
=c0os ™ A-46
o { DT } ( )

2

As shown in Figure A-9, the angles @,, w,, and @, are the angles LL-CL-MT, LL-CL-

RT, and LL-CL-LT, respectively. Therefore, they can be determined by

o =2n-(x+ 7,) (A-47)
W, =Y+ X4 (A-48)
W3 = Y3~ Xy (A-49)

These angles are physically bounded between zero and 27 . The angles are measured in the
clockwise direction as shown in Figure A-9. The angle @, is zero when the angle xis positive.
Figures A-10 and A-11 illustrates the limits of profile angle for the positive angle « for
the curved-slat blind model. Figure A-10 shows the limits of profile angle when both angles @,
and @, are greater than zero and less than 27 while Figure A-11 shows the limits of profile
angle when the angle @, is equal to zero and the angle @, is equal to 277 . For the negative
angle x, Figure A-12 illustrates the limits of profile angle when both angles @, and @, are

greater than zero and less than 27 .
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Figure A-10 Profile Angle Limits for Positive Angle x for the
Curved-Slat Blind Model When O<w <27  and

O<w, <21
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Figure A-11 Profile Angle Limits for Positive Angle x for the
Curved-Slat Blind Model When @, =0 and o, =27
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Figure A-12 Profile Angle Limits for Negative Angle x for the
Curved-Slat Blind Model When O<w® <27  and

O<w, <2n
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Knowing the angles o, to @,, the limits of profile angle for the curved-slat blind model

can be determined using the following algorithm.

If (x <0)and (i >0) Then

¢ =r-(n+vy) (A-50a)
Else

¢ =" (A-50b)
End If

If (w, <2n) Then

¢ =0,-(n+y) (A-51a)

$, =~y (A-52a)
Else

4, = cos™ R[Sin(77+W)+5in(77—V/)] (A-51b)

1 JIS +Rcos(n +w) —Reos(n — ) +[Rsin(y +w) + Rsin(y — )]

b =n-y (A-52b)
End If
¢, =—y (A-53)
¢y =0, —(n+y) (A-54)

If (o, >0) Then

¢ =0, —(n+y) (A-55a)

Else

4, = —cos™ Rlsin(7 +w) +sin(y - )] (A-55D)
’ \/[S —Rcos(n7 +w) +Rcos( —y)]* +[Rsin(z7 + ) + Rsin(n —y)]’

End If
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Utilizing the limits of profile angle, calculations for the curved-slat blind model may be
divided into seven cases as shown in Figures A-13 and A-14 for the positive angle . Like the
flat-slat blind model, the opening ratio (OR) is defined as a fraction of sunlight that can pass
directly through the blind assembly without any reflections. The upper slat front ratio (URF) is
defined as a fraction of sunlight that falls on the front side of the upper slat. The upper slat back
ratio (URB) is defined as a fraction of sunlight that falls on the back side of the upper slat. The
lower slat ratio (LR) is defined as a fraction of sunlight that falls on (the front side of) the lower
slat. The sum of these ratios is equal to one. These ratios can be calculated as a function of
intermediate variables including USHR, TSHR, SHCR, and SHFR (TSHR, SHCR, and SHFR are
shown in Figures A-13 and A-14). It should be noted that the URF is required only for cases
when the angle k is negative and the slat angle is positive. For these cases, the front side of the
upper slat must also be considered as a part of the blind enclosure (see Figure A-12).

For the positive angle «; the calculations of the opening ratio, the upper slat back ratio,
and the lower slat ratio are summarized below. In the following calculations, values of TSHR,
SHCR, and SHFR cannot be greater than one or less than zero. Therefore, if they exceed these

limits, they must be set to their maximum (one) or minimum (zero) limit.

Case 1 for ¢, <@ <+90°:

OR=0 (A-56a)
URB =0 (A-56h)
LR =1 (A-56¢)

Case 2 for ¢, <@ <@, and w, =27

TSHR = W SN + §) (A-57a)
S| cos(p)
OR =1-TSHR (A-57b)
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URB=0

LR =TSHR

Case3fora) @, <p<¢, and w, <25 ,0rb) @, <p <@, and @, =27 :

TSHR = E{l—cos(n +y +¢)}
S cos(¢p)

OR =1-TSHR
URB=0

LR =TSHR

Case4fora) o, <p<@,,0orb) p=¢, and o, >0:

TSHR :5{1—605(77—!#—@}
S cos(p)

sin(y +¢)
cos(¢)

OR =1-TSHR

SHFR =
S

URB = SHFR
LR =TSHR - SHFR

Case 5for ¢, <p <@, and @, >0:

SHCR - E{l— cos(n +y + ¢)}
S cos(p)

OR=0
URB =1-SHCR

LR =SHCR
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(A-57d)

(A-58a)

(A-58b)
(A-58¢)

(A-58d)

(A-59a)

(A-59b)

(A-59c)
(A-59d)

(A-59)

(A-60a)

(A-60b)
(A-60c)

(A-60d)
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CASE _1

oL CASE _3

TSHR

Figure A-13 Calculation Cases 1 to 4 for the Curved-Slat Blind
Model for Positive Angle «

Case 6 for ¢, <@ <@, and o, =0:

sin(y +¢)
cos(¢)

OR =1-TSHR

TSHR:Vl
S

URB =TSHR

LR=0
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CASE _6
OL CASE _5 %ﬁé B

ﬁi CASE _7

Figure A-14 Calculation Cases 5 to 7 for the Curved-Slat Blind
Model for Positive Angle «

Case 7 fora) —90°< @ <¢, and @, >0,0rb) —90°<p <@, and @, =0:

OR =0 (A-62a)
URB =1 (A-62b)
LR=0 (A-62c)
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Equations (A-56) to (A-62) can also be used for cases when both the slat angle and the

angle x are negative. For cases when the slat angle is positive and the angle x is negative, the

calculations of the opening ratio, the upper slat back ratio, and the lower slat ratio are summarized

as follows. Similar to the variables TSHR, SHCR, and SHFR, the value of USHR cannot be

greater than one or less than zero. Therefore, if it exceeds these limits, it must be set to its

maximum (one) or minimum (zero) limit.

Case 1for ¢, <@ <+90°:

USHR = g[cos((zﬁ) —tan(g) - {L - sin(g) ]

OR=0

URF =USHR
URB =0

LR =1-USHR

Case2for @, <p<g,:
Rr.
USHR = §[3|n|zc| —tan(g) - il cos(x)}]

OR=0

URF =USHR
URB=0

LR =1-USHR

Case 3for ¢, <p<¢, and w, =27
Rr.
USHR = §[3|n|zc| —tan(g) - L cos(x)}]

sin(y +4¢)
cos(¢)

TSHR=Vl
S
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(A-63b)
(A-63c)
(A-63d)

(A-63¢)

(A-64a)

(A-64b)
(A-64c)
(A-64d)

(A-64e)

(A-65a)

(A-65b)



OR =1-TSHR (A-65¢)

URF =USHR (A-65d)
URB =0 (A-65¢)
LR =TSHR —USHR (A-65f)

Case4fora) @, <p<¢, and w, <2n,0rb) @, <p <@, and @, =27 :

USHR = g[sin|zc| —tan(g) - il cos(x)}] (A-66a)
TSHR = 2{1— CO(S:Z(;‘)” * "”} (A-66b)
OR =1-TSHR (A-66¢)
URF =USHR (A-66d)
URB =0 (A-66e)
LR = TSHR —USHR (A-66f)

Case5for ¢, <@ <g,:

USHR = g[sin|r<| —tan(g) - L cos(x)}] (A-67a)

TSHR = 5{1_‘305(’7 i _"5)} (A-67b)
S cos(p)

SHFR = W SN +9) (A-67c)
S| cos(g)

OR =1-TSHR (A-67d)

URF =USHR (A-67e)

URB = SHFR (A-67f)

LR = TSHR — (USHR + SHFR) (A-67)
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Case 6 for ¢, <@ < @,:

USHR = g[sin|r<| —tan(g) - L cos(x)}] (A-68a)
SHCR = 2{1— Cozg’;(;’)” * ‘ﬂ (A-68b)
OR =0 (A-68c)
URF = USHR (A-68d)
URB =1 SHCR (A-68¢)
LR = SHCR —USHR (A-68f)

Case 7 for —90° < p < @,:

USHR = 1—§[cos(¢) — tan|g]- {L—sin|g]}] (A-692)
OR =0 (A-69b)
URF =USHR (A-66c)
URB =0 (A-69d)
LR =1-USHR (A-69)

A.4 Boundaries between Hluminated and Shaded Areas

In the ray-tracing blind model, illuminated surfaces are used as sources for emitting rays.
Figure A-8 shows these surfaces (identified by numbers) for calculation cases used by the flat-slat
blind sub-model. Figures A-13 and A-14 illustrates the illuminated surfaces for calculation cases
with the positive angle k used by the curved-slat blind sub-model. As shown, a blind slat (and/or
a slat edge) is completely illuminated in several calculation cases. In other cases, the blind slat(s)
is partially illuminated. For completely illuminated slat cases, calculations described in Section

A.2 can adequately be employed to determine essential data used to represent the illuminated
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surface(s). For partially illuminated slat cases, a point used to represent a boundary between
illuminated and shaded surfaces is required in addition to points used to define the blind

enclosure geometry. In the following sections, calculations of the boundary point are presented.

A.4.1 Calculations for Blinds with Flat Slats

As shown in Figure A-8, a point representing a boundary between illuminated and shaded
surfaces is not required for Calculation Cases 2 and 3. However, the boundary point is needed for
the other cases. As shown, points G, H and | are needed for Calculation Cases 1, 4 and 5,
respectively.

For Calculation Case 1, the point G can be determined by finding a ray intersection on

the lower slat. For ¢ >90°— , the point B is the origin of the ray. Otherwise, the point C is

the origin of the ray. According to Figure A-1, the unit vector representing the direction of the

ray can be given as a function of the profile angle by:

o

Then, a ray intersection algorithm described later in Section A.8.1 can be used to find the ray
intersection on the slat (represented by a straight line).

Similarly, for Calculation Case 4, the point H can be determined by finding the ray
intersection on the upper slat with the point A as the origin of the ray. For Calculation Case 5, the
point | can be determined by finding the ray intersection on the upper slat edge with the point A

as the origin of the ray.
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A.4.2 Calculations for Blinds with Curved Slats

For the positive angle k, no boundary point is required for Calculation Cases 2 and 6 as
shown in Figures A-13 and A-14. A boundary point on the lower slat (BL) is however required
for Calculation Cases 1, 3, 4, and 5. A boundary point on the upper slat (BU) is also required for
Calculation Cases 4, and 7. For Calculation Case 5, two boundary points on the upper slat (BU_
and BUR) are required as shown in Figure A-14.

For Calculation Case 1, the point BL can be calculated by finding a ray intersection on
the lower slat with the upper slat left edge (the point OU) as the origin of the ray. Similar to the
flat-slat blind model, Equation (A-70) can be used to determine the direction of the ray in the
curved-slat blind model. Ray intersection calculations described in Section A.8.2 can be used to
find the ray intersection on the slat (represented by a curvature).

For Calculation Case 3, the point BL is calculated differently from that discussed for
Calculation Case 1. As shown in Figure A-13, the ray direction is tangential to the lower slat
curvature at the point BL. Therefore, the surface normal at the point BL is perpendicular to the
ray direction. Because a dot product of perpendicular vectors is zero, a unit vector of the surface

normal can be determined as (by using Equation (A-70) as the ray direction vector):

)

Knowing the unit surface normal vector, point BL can then be determined as a function of the

curvature center of the lower slat (CL ) and the curvature radius (R) as follows:

BL =(CL, + R-sin(#),CL, —R-cos(#)) (A-72)
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For Calculation Case 4, Equation (A-72) can be used to determine the point BL. The
point BU can be calculated by finding a ray intersection on the upper slat with the point OU as the
origin of the ray. Equation (A-70) is used to determine the ray direction whereas ray intersection
calculations described in Section A.8.2 is used to determine the ray intersection on the upper slat.

For Calculation Case 5, the points BL and BU,_ are identically calculated as the points BL
and BU for Calculation Case 4, respectively. The point BUg is similarly calculated as the point
BU_ except that the point BL is used as the origin of the ray instead of the point OU.

For Calculation Case 7, the point BU can similarly be calculated as the point BU for
Calculation Case 4. However, the lower slat left edge (the point OL) is used as the origin of the
ray instead of the point OU.

Similar to the calculations of the profile angle limits, the calculations of the boundary
points just described for the positive angle k cases can also be used for cases when both the slat
angle and the angle x are negative. For cases when the slat angle is positive and the angle x is
negative, slightly different calculations are required since, for these cases, the front side of the
upper slat becomes a part of the blind enclosure as shown in Figure A-12. It should be noted that
Calculation Cases 2 to 6 when the slat angle is positive and the angle « is negative are similar to
Calculation Cases 1 to 5 when the angle k is positive except that there is one more illuminated
surface in addition to illuminated areas shown in Figures A-13 and A-14. For these cases, the
front side of the upper slat is completely illuminated. The calculations previously described for
Calculation Cases 1 to 5 for the positive angle k can be used to determine the boundary point(s)
for the partially illuminated slat(s).

For Calculation Case 1 when the slat angle is positive and the angle « is negative, the
front side of the upper slat is partially illuminated. Equation (A-72) can be used to determine the
boundary point on the front side of the upper slat except that the curvature center of the upper slat

is used in place of the curvature center of the lower slat (i.e. CU is used instead of CL). For this
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case, (the front side of) the lower slat is also partially illuminated. Similar calculations used for
the point BL for Calculation Case 1 when the angle k is positive can be used to determine the
lower slat boundary point. However, the boundary point on the front side of the upper slat is used
as the origin of the ray instead of the upper slat left edge (i.e. the point OU).

For Calculation Case 7 when the slat angle is positive and the angle « is negative, only
the front side of the upper slat and the lower slat are partially illuminated. Equation (A-72) can
be used to determine the boundary point on the lower slat. Then, the lower slat boundary point is
used as the origin of the ray for the calculations of the boundary point on the front side of the
upper slat. Similar calculations used for the point BU for Calculation Case 7 when the angle k is

positive can be used to determine the boundary point on the front side of the upper slat.

A.5 Monte-Carlo Ray-Tracing Algorithm

Section A.3 presents analytically derived formulations used by the ray-tracing blind
model to determine how much the sunlight passes directly through the blind assembly (i.e. the
opening ratio -- OR), and how much the sunlight falls on blind slats (i.e. the slat ratios -- URF,
URB, LR). This section describes a Monte-Carlo ray tracing algorithm used by the ray-tracing
blind model to handle transmitted and/or reflected portions of the sunlight falling on the blind
slats. The Monte-Carlo ray tracing (MCRT) algorithm utilizes a computer graphic technique (i.e.
the ray-tracing technique) to trace rays transmitted through and/or reflected from illuminated
surfaces. The MCRT algorithm also employs a statistical technique (i.e. the Monte-Carlo
method) to deal with blinds having slat surfaces that may be neither purely-diffuse nor purely-
specular.

In the ray-tracing blind model, a large number of rays are emitted from illuminated
surfaces. Number of emitted rays from each illuminated surface can be determined according to
Section A.6.1. Figure A-15 shows a flow chart of the MCRT algorithm used to trace emitted rays

from each illuminated surface. As shown, the MCRT algorithm starts the ray tracing process by
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emitting a ray from a random location within the illuminated surface. The MCRT algorithm
employs a random number to determine the location of an emitted ray as described in Section
A.6.3. It should be noted that shaded boxes shown in Figure A-15 are where the statistical
technique is utilized. In the ray-tracing blind model, the emitted ray is actually a ray incident
from the outside opening that is then either transmitted through or reflected from the illuminated
surface; hence, the MCRT algorithm must check whether the incident ray is transmitted through
or reflected from the illuminated slat as discussed in Section A.7. If the ray is transmitted, it is
necessary to determine the surface and the location where the transmitted ray emerges as
discussed in Section A.8.1. Then, the MCRT algorithm will determine whether the ray is
transmitted (or reflected) diffusely or specularly before it determines the direction of the emitted
ray. Section A.8.2 discusses how to determine the type of the transmitted (and/or reflected) ray,
and Sections A.8.4 and A.8.5 describe calculations used to determine the direction of the ray.
Next, the MCRT algorithm uses calculations described in Section A.9 to determine where the
emitted ray ends up (i.e. the point of ray intersection). If the emitted ray hits either the outside
opening or the inside opening, the ray is assumed to be totally absorbed by the surface.
Therefore, the ray tracing process for this ray is done. Otherwise, the MCRT algorithm continues
tracing this ray until it is absorbed by either an opening or a slat surface as shown in Figure A-15.
The MCRT algorithm then starts emitting another ray. A similar ray tracing process previously
described continues until all required rays for the illuminated surface (i.e. N> N¢) have been
emitted. If there are more than one illuminated surfaces, the same MCRT algorithm is used to
emit rays for another illuminated surfaces.

As shown in Figure A-15, when a ray hits an opening or is absorbed by a slat surface, the
ray intensity associated with the ray is added to the total intensity absorbed by each surface.
Section A.6.2 describes the calculations of the emitted ray intensity. The ray-tracing blind model
uses the accumulated intensity by surfaces of the blind enclosure to determine blind optical

properties as discussed in Section A.10.
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A.6 Ray Emission

A.6.1 Number of Emitted Rays

The ray-tracing blind model requires the total number of emitted rays (Ne ) as an input.
As shown in Figures A-8, A-13 and A-14, some calculation cases have only one illuminated
surface while other cases have two illuminated surfaces. For the curved-slat blind model when
the slat angle is positive and the angle k is negative, some cases may have three illuminated
surfaces. For cases with one illuminated surface, the number of emitted rays from the illuminated
surface is simply equal to the total number of emitted rays. For cases with two or more

illuminated surfaces, the number of emitted rays from each illuminated surface can commonly be

calculated by:

IR,
Ne,i = Int(l_ORj ' Ne,tot (A’73)
where Ng; = number of emitted rays from the illuminated surface i,
IR; = illuminated slat ratio of the illuminated surface i, and

Int

function used to convert a floating point number to an integer number.

Depending on the illuminated surface considered, the illuminated ratio is equal to either one of

the slat ratios or the edge ratio. The slat ratios, the edge ratio, and the opening ratio can be

calculated as discussed in Section A.3.
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A.6.2 Emitted Ray Intensity

With a unit radiative flux of the incident solar radiation on the outside opening, the
radiative fraction of each illuminated surface is simply equal to the illuminated ratio. The ray
radiative intensity (i.e. the radiative fraction associated with an emitted ray) from an illuminated

surface can generally be determined by:

IR - (7. + p
I, =N (@ +p) (A74)
Ne,i
where |, = ray intensity from the illuminated surface i, and
T = solar transmittance of the illuminated surface i.
o = solar reflectance of the illuminated surface i.

It should be noted that the ray-tracing blind model allows different solar optical
properties of the front side and the back side of the blind slats. Therefore, the ray intensity from
an illuminated front surface may be different from that from an illuminated back surface if the
front slat optical properties are not the same as the back slat optical properties. Otherwise, the ray
intensity would be the same for all illuminated surfaces assuming no numerical error. Since the
flat-slat blind sub-model considers slat edges as parts of the blind enclosure, the sub-model
assumes that the solar reflectance of the slat edges is equal to the average of the solar reflectance
of the front side and the back side of the blind slats. The sub-model also assumes that the solar
transmittance of the slat edges is equal to zero even though the slat surfaces are translucent or

perforated.
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A.6.3 Emitted Ray Location

Figure A-8 shows illuminated surfaces for calculation cases used by the flat-slat blind
model whereas Figures A-13 and A-14 illustrates illuminated surfaces for calculation cases with
the positive angle k used by the curved-slat blind model. Calculations described in Sections A.2
and A.4 can be employed to determine two end points used to define an illuminated surface.

To determine the location of an emitted ray for the flat-slat blind sub-model, let PA and
PB be the end points of an illuminated flat surface. Also, let F,,. be a random number (number
between zero and unity) used to determine the location of an emitted ray. Then, the emission

point, PE, on the illuminated flat surface can be calculated by:

PE, =PA +F, -(PB, —PA ) (A-75a)

PE, =PA, +F,, -(PB, - PA ) (A-75b)

To determine the location of an emitted ray for the curved-slat blind sub-model, let AA
and AB be angles representing the end points of an illuminated curved surface. Then, the
emission angle (AE) that represents the emission point on the illuminated curved surface can be

calculated by:

AE = AA+F,, -(AB - AA) (A-76)

Next, the emission point, PE, can be calculated as a function of the curvature center (C) and the

radius (R) of the illuminated curved surface by:

PE, =C, +R-cos(AE) (A-77a)
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PE, =C, +{R?~(PE,~C,} forAE<n (A-77b)

PE, =C, —R*~(PE, ~C,f for AE>~ (A-77¢)

It is worth mentioning that, with known end points of the illuminated curved surface, the angles
AA and AB can be determined using the calculation procedure (i.e. Equations (A-19) to (A-22))

described in Section A.2.3.

A.7 Transmission/Reflection/Absorption Probability

To determine whether a ray incident on a slat surface is transmitted, reflected or
absorbed, the ray-tracing blind model utilizes the statistical technique by comparing a random
number with the solar optical properties of the slat surface. If the random number is less than or
equal to the slat solar reflectance, the model treats this ray as a reflected ray from the surface at a
point of the ray intersection. If the random number is less than or equal to the sum of the slat
solar reflectance and the slat solar transmittance, the model treats this ray as a transmitted ray.
Otherwise, the model considers this ray to be totally absorbed by the slat surface. As previously
discussed in Section A.6.2, the ray-tracing blind model allows different solar optical properties of
the front side and the back side of the blind slats. Therefore, different slat optical properties are
used in the comparison for different sides of the slat surface.

It should be noted that the previous paragraph describes a comparison used for a ray after
multiple transmissions and/or reflections. However, as discussed in Section A.5, an emitted ray is
actually a ray from the outside opening that is initially incident on an illuminated surface and then
either transmitted through or reflected from the surface (but not absorbed by the surface).
Therefore, the multiplication of the random number and the sum of the slat solar reflectance and
the slat solar transmittance is used in place of the random number in the initial comparison used

for the emitted ray.
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A.8 Tracing of Transmitted/Reflected Rays

A.8.1 Emerging Location of Transmitted Rays

If an incident ray is transmitted through a slat, it is necessary to determine the surface and
the location where the transmitted ray emerges. For the flat-slat blind model, it is assumed that
the solar transmittance of the slat edges is equal to zero even though the slat surfaces are
translucent or perforated as previously mentioned. This means that the ray can only be
transmitted through slat surfaces (used to represent the blind enclosure as discussed in Section
A.2). If the ray is incident on the upper slat, the transmitted ray essentially emerges from the

lower slat. Then, the location on the lower slat can be calculated by:

(% ¥e) =%,y )+ (Tsin(y ). - T cos(y)) (A-78)

where (Xe, ye) and (xi, yi) are the emerging location and the incident location, respectively. If

the incident ray is from the outside opening (i.e. the transmitted ray is considered to be the
emitted ray), the emitted ray location described in Section A.6.3 is used as the incident location.
Otherwise, the ray intersection calculations described in Section A.9 can be used to determine the
incident location. Equation (A-78) can also be used when the ray is incident on the lower slat and
the transmitted ray essentially emerges from the upper slat. However, the positive sign in front of
the second term on the right hand side of the equation is replaced by a negative sign.

For the curved-slat blind model, if the ray is incident on the front side of the upper slat
(when the angle x is negative), the transmitted ray essentially emerges from the back side of the
upper slat and the emerging location is the same as the incident location (the curved-slat blind
model assumes that slat thickness is negligible). If the ray is incident on the lower slat (always on

the front side), the transmitted ray also emerges from the back side of the upper slat. The x-value
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of the emerging location is the same as the x-value of the incident location whereas the y-value of
the emerging location can be determined by subtracting the slat spacing from the y-value of the
incident location. If the ray is incident on the back side of the upper slat and the angle xis
positive, the transmitted ray essentially emerges from the lower slat. The x-value of the emerging
location is the same as the x-value of the incident location whereas the y-value of the emerging
location can be determined by adding the slat spacing to the y-value of the incident location.
However, if the ray is incident on the back side of the upper slat and the angle x is negative, it is
necessary to check whether the transmitted ray emerges from either the front side of the upper slat
or from the lower slat. If the transmitted emerges from the front side of the upper slat, the
emerging location is simply the same as the incident location. If the transmitted emerges from
the lower slat, the emerging location can be determined as previously described for the case when

the ray is incident on the back side of the upper slat and the angle « is positive.
A.8.2 Type of Transmitted or Reflected Rays

The ray-tracing blind model requires an input, called the reflective specularity ratio, to
handle blinds having partially diffuse-reflecting and partially specular-reflecting slats. The
reflective specularity ratio is defined as the ratio of the specularly reflected rays to the total
reflected rays. The ray-tracing blind model then utilizes a statistical approach by comparing the
reflective specularity ratio with a random number used to determine the type of the reflected ray.
If the random number is less than or equal to the reflective specularity ratio, the ray is reflected
specularly. Otherwise, the ray is reflected diffusely.

Similarly, the ray-tracing blind model also requires an input, called the transmissive
specularity ratio, to handle blinds having partially diffuse-transmitting and partially specular-
transmitting slats (e.g. blinds with perforated and translucent slats). The transmissive specularity
ratio is defined as the ratio of the specularly transmitted rays to the total transmitted rays.

Likewise, the ray-tracing blind model then utilizes the statistical approach by comparing the
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transmissive specularity ratio with a random number used to determine the type of the transmitted
ray. If the random number is less than or equal to the transmissive specularity ratio, the ray is
transmitted specularly. Otherwise, the ray is transmitted diffusely.

Like the slat radiative properties, the ray-tracing blind model allows different specularity
ratios for the front side and the back side of the blind slats. Therefore, different specularity ratios

are used in the comparison for different sides of the slat surface.

A.8.3 Surface Normal

Prior to calculations of the transmitted/reflected ray direction, it is essential to know the
surface normal first. The surface normal for a flat surface is fixed while the surface normal for a
curved surface varies depending on the point of ray emission/intersection. This means that the
surface normal of the flat surface can once be pre-calculated at the beginning while the surface
normal of the curved surface must be calculated after calculations of the ray
emission/intersection.

Referring to Figure A-1, unit normal vectors of surfaces used in the flat-slat blind model

can be calculated as a function of the slat angle as follows:

- sin(y)

U UpperSlat = {COS(I// )j| (A'79a)
L]Lowerslat = _UUpperSIat (A’79b)
- —~cos(y)

UUpperEdge :{ Sln(l//) :| (A-79c)
L]LowerEdge = _UUpperEdge (A’79d)

It should be noted that the unit normal vectors of openings are not needed since rays hitting the

openings are considered to be absorbed only.
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For the curved-slat blind model, a unit normal vector of a curved blind slat can be
determined as a vector from the curvature center to a point of the ray emission/intersection or a
vector from the ray emission/intersection to the curvature center depending on which side of the
blind slat is under consideration. For the lower slat, only the front side is considered to be a part
of the blind enclosure. Therefore, the unit normal vector of the lower slat is always determined as
the unit vector from the curvature center to the ray emission/intersection. For the upper slat,
however, there are two cases. If an anglex is positive, only the back side of the upper slat is
considered to be a part of the blind enclosure. If the angle x is negative, the front side of the
upper slat is also considered to be a part of the blind enclosure. The unit normal vector of the
back side of the upper slat is determined as the unit vector from the ray emission/intersection to
the curvature center. On the other hand, the unit normal vector of the front side of the upper slat
is determined in the opposite direction. For the case when the angle x is negative, if the ray hits

the upper slat curvature, it is essential to check which side of the upper slat the ray actually hits.

To determine which side of the upper slat the ray hits, let V and U be unit direction vectors of

the incident ray and surface normal of the upper-slat back side, respectively. If the dot product of

V and U is less than zero, the incident ray hits the back side of the upper slat. Otherwise, the

incident ray hits the front side of the upper slat.
A.8.4 Direction of Specularly Transmitted or Reflected Rays

Essentially, the direction of a specularly transmitted ray is the same as its incident
direction; hence, no additional calculation is needed. On the hand, the calculation of the direction

of a specularly reflected ray is necessary. Figure A-16 shows a relationship between directions of
incident and specularly reflected rays. As shown in the figure, T is a vector representing the

direction of the incident ray, U a unit normal vector representing the normal direction of a
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specularly reflecting surface, and S a vector representing the direction of the specularly reflected

ray. The vector S can be expressed by:

S=T+2:1|-cos(6)-U (A-80a)

where the cosine of the angle of incidence can be given by:

_Te(-U) Teu ]
cos(@) = [ i (A-80b)

-l

Figure A-16 Relationship between Directions of Incident and
Specularly Reflected Rays
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Combining the two equations above, the specularly reflected direction can be calculated in the

vector form as follows:

S=T-2(TeUU (A-80c)

A.8.5 Direction of Diffusely Transmitted or Reflected Rays

The same calculation can be used to determine the direction of a diffusely transmitted ray
and the direction of a diffusely reflected ray. To determine the direction of a diffusely
transmitted or reflected ray, the ray tracing blind model utilizes a random number (Fg;) to

calculate an angle () between the diffusely-reflected (or transmitted)-ray direction and the

surface normal as follows:

p=—nl2+7x-Fg (A-81)

Equation (A-81) implies that the angle £ must be within —n/2 and /2.

Figure A-17 illustrates a relationship between the direction of a diffusely reflected ray
and the surface normal. As shown in the figure, D is a vector representing the direction of the
diffusely reflected ray, and U a unit normal vector representing the normal direction of a

diffusely reflecting surface. The vector D can be derived as follows:

6, =tan*(U,/U,) forU, =0 (A-82a)
6, =nl2 forU,=0andU, >0 (A-82b)
6, =-xl2 forU,=0and U, <0 (A-82c)
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0,=0,+p (A-82d)

D, =D, -tan(6,) (A-82¢)

UeD=U,D,+U,D, =[U,tan(6,)+U, | D, = cos(B) (A-82f)

Therefore, the direction of the diffusely reflected ray can be determined by:

cos(3)
_ A-83
YU, tan(6,)+ U, | (A-832)
D, =D, tan(6,) (A-83b)
DX
X
B >
u,| @ % B
Y
U, U
Y

Figure A-17 Relationship between Directions of Diffusely
Reflected Ray and Surface Normal
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A.9 Ray Intersection Calculations

As shown in Section A.2, in the flat-slat blind model, the blind enclosure consists of six
surfaces (two openings, two flat slats, and two slat edges) all represented by straight lines. There
are two cases in the curved-slat blind model. For the positive anglex, the blind enclosure
consists of four surfaces where two openings are represented by straight lines and two curved
slats (the back side of the upper slat and the front side of the lower slat) are represented by curved
lines. For the negative angle k-, the blind enclosure consists of five surfaces with an addition of
the front side of the upper slat represented by a curved line. Calculations of ray intersections on

straight lines and curved lines are described in detail in the following sections.
A.9.1 Ray Intersection on Straight Line

Figure A-18 shows a ray intersection on a given surface represented by a straight line.
As shown in the figure, the point (Xo,Yo) represents the origin of the incident ray, the unit vector
(vxVy) indicates the direction of the ray, the point (x3,y;) represents the ray intersection, and the
points (x.,y.) and (Xg,yr) represent a given surface.

Using an equation for a straight line from the ray origin to the ray intersection, the

intersection can then be given by:

(X, y,)= (x0 +Tv,, Y, +Tvy) (A-84)

where T is the length of the ray path, the distance from the ray origin to the ray intersection.
The intersection can also be described using the following relationship (typically used for

a straight line represented by two joining points):

Yy =mx +b, (A-85)
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where mlzM is the slope of the line representing the given surface, and

Xgp = XL

XY, — X
b, = eV ZX YR s the y-intercept of the line.

Xp = XL
Substituting x; and y; from Equation (A-84) into Equation (A-85), the path length of the

ray can then be determined by:

Yo —MX, — b,
myv, -V,

T= (A-86)

For a negative value of T , the intersection would be behind the ray origin meaning that the ray
cannot hit the given surface. For a positive value of T , the calculated intersection using Equation
(A-84) would represent a possible intersection on the given surface. Because the equations of a
straight line (e.g. Equation (A-85)) typically describe an infinitely long line, it is essential to
check if this possible intersection is actually on the given surface to avoid a fault ray intersection
as illustrated in Figure A-19.

The above calculations illustrate the general case where a component of the ray direction
vector is not zero and the slope of the given surface is finite (i.e. the surface is not a vertical line).
To avoid computational errors due to infinite numbers (e.g. numbers divided by zero), however,
the following algorithm shown in Figure A-20 is used in the ray-tracing blind model to determine

the path length of the ray for the ray intersection on the straight line.
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(XL’yL) L,
Y
Figure A-18 Ray Intersection on Straight Line
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Figure A-19 Fault Ray Intersection on Straight Line
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If (v, =0) Then
If (L, =0) Then
T =-999
Else If (L, =0) Then
T=(y.—vo)lv,

Else
T = KYL“yo)+'m|(Xo_'XLH/Vy
End IFf
Else If (v, =0) Then
If (L, =0) Then
T =(x, - x,)/Vv,
Else If (L, =0) Then
T = -999

KXL__X0)+_(y0_'yL)/ml]/Vx

Else
T
End 1Ff

Else
If (L, =0) Then
T =(x, - x,)/Vv,
Else If (L, =0) Then
T=(y.-vyo)lv,

Else
(N ((Vy/Vx) = mI ) Then
T =-999

Else

T = Yo =M X, — b,
myv, —v,
End IF
End IFf

Figure A-20 Algorithm to Calculate Ray Path Length for Ray
Intersection on Straight Line
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A.9.2 Ray Intersection on Curvature

Figure A-21 shows a ray intersection on a given surface represented by a curvature (a
part of a circle). Similar to the ray intersection on the straight line, the point (xo,yo) represents the
origin of the incident ray, the unit vector (vy,vy) indicates the direction of the ray, and the point
(x1,y1) represents the ray intersection. However, the given surface is described by the curvature
radius (R), the curvature center (x.yc) and two angles (a1 and og) representing the left and right
edges of the curvature.

Similar to the ray intersection on the straight line, the ray intersection can be determined
using Equation (A-84). Using an equation for a circle, the relationship of the intersection and the

center of the slat curvature can be given by
(% =% ) +(v, -y, )’ ~R* =0 (A-87)
Substituting x; and y; from Equation (A-84) into the circle equation, we get

(vf +v§)|’2 +2{vx(x0 — X, )+V, (Y, —yc)}‘I'Jr{(x0 % ) +(y, -y, ) —Rz}:o

(A-88)
Equation (A-88) is a quadratic equation in T where
A=v; +v; =1 (A-89a)
B=2-{v,(x =%, )+v, (Yo — ¥ )} (A-89b)
C=(X %) +(yo-¥.) -R? (A-89¢)
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(0,0)

Figure A-21 Ray Intersection on Curved Line
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Let D=B?-4AC. Then, the solutions of the quadratic equation can be given by

_-B+/D
2A

T (A-90)

If D <0, there are no real roots meaning that the ray does not intersect the circle.

If D =0, there is one real root meaning that the ray is tangential to the circle.

If D > 0, there are two real roots representing two possible points of intersection with the circle.
For D > 0, if values of T are less than zero, the two roots represent points behind the ray

origin implying that the ray does not actually hit the curvature. If both Ts are greater than zero, it

is essential to check if the two possible points are on the curvature. The point is on the curvature

if the angle « of that point is between angles o1 and o of the curvature as shown in Figure A-21.

The angle « of each point can be determined using the same calculation procedure (Equations (A-

19) to (A-22)) used to determine the angles o and o as previously discussed in Section A.2.3.

If both points are on the curvature, the point closest to the ray origin (i.e. the point with lesser T)

is the only possible intersection on the curvature.
A.9.3 Improving Ray Intersection Calculations

The previous two sections describe the calculations for a possible intersection on a given
surface. To determine the actual ray intersection, the straightforward approach would first find
all possible points of intersection between the ray path and the blind enclosure (e.g. points 1 to 5
shown in Figure A-22). Then, the approach would check the path length of each possible
intersection to find the surface where the ray actually hits (surface with the least path length). In
Figure A-22, point 1 is the actual ray intersection.

The straight forward approach is quite simple to implement. However, it requires ray

intersection calculations for all surfaces of the blind enclosure. Thus, the approach usually
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performs unnecessary calculations. To improve the computational efficiency, the unnecessary
calculations should be avoided. For example, for a flat-slat blind, a ray originated from the lower
slat cannot hit the lower edge and the lower slat itself. Therefore, ray intersection calculations for
both surfaces are not needed. Also, if the x-component of the ray-direction vector is positive, the
ray cannot hit the outside opening; hence, the ray intersection calculation for the outside opening
is not required as well. It is worth mentioning that a ray originated from a flat surface cannot hit
its original surface whereas a ray originated from a curved surface may hit its original surface.
Figure A-23 show a ray intersection algorithm used in the flat-slat blind model. Figures A-24 and
A-25 show a ray intersection algorithm used in the curved-slat blind model for the positive and

the negative angle x, respectively.

Figure A-22 Possible Ray Intersections in Flat-Slat Blind Model
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: If (Ray Origin = Upper Slat) Then E
i Determine possible ray intersections on lower slat and lower edge |
i If (an intersection found on both surfaces) Then i
! Compare path lengths to find the actual intersection i
i Else If (an intersection found on either one of surfaces) Then :
: Done i
i Else If (no intersection found on both surfaces) Then

i Check x-component of ray direction vector to find the actual i
! intersection on an opening i
i End If !
| Else If (Ray Origin = Lower Slat) Then i
E Determine possible ray intersections on upper slat and upper edge |
i If (an intersection found on both surfaces) Then E
! Compare path lengths to find the actual intersection E
i Else If (an intersection found on either one of surfaces) Then !
: Done i
i Else If (no intersection found on both surfaces) Then

i Check x-component of ray direction vector to find the actual i
! intersection on an opening i
i End If !
: If (Ray Origin = Upper Edge) Then i
E Determine possible ray intersection on lower slat i
i If (an intersection found on the surface) Then i
! Done i
i Else If (no intersection found on the surface) Then E
i Find the actual intersection (on the outside opening) E
i End If :
i Else If (Ray Origin = Lower Edge) Then i
! Determine possible ray intersection on upper slat i
i If (an intersection found on the surface) Then !
| Done |
i Else If (no intersection found on the surface) Then i
i Find the actual intersection (on the inside opening) i
! End If !
; End If :

_______________________________________________________________________________________________

Figure A-23 Ray Intersection Algorithm for the Flat-Slat Blind
Model
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If (Ray Origin = Upper Slat) Then i
Determine possible ray intersections on upper slat and lower slat |
If (an intersection found on both surfaces) Then |
Compare path lengths to find the actual intersection i
Else If (an intersection found on either one of surfaces) Then !
Done |
Else If (no intersection found on both surfaces) Then
Check x-component of ray direction vector to find the actual !
intersection on an opening
End If |
Else If (Ray Origin = Lower Slat) Then i
Determine possible ray intersection on upper slat
If (an intersection found on the surface) Then '
Done |
Else If (no intersection found on the surface) Then
Check x-component of ray direction vector to find the actual !
intersection on an opening
End If i

Figure A-24 Ray Intersection Algorithm for the Curved-Slat
Blind Model for Positive «

IT (Ray Origin = Front Side of Lower Slat) Then
Determine possible ray intersection on lower slat
IT (an intersection found on the surface) Then
Done
Else If (no intersection found on the surface) Then
Check x-component of ray direction vector to find the actual
intersection on an opening
End If
Else If (Ray Origin = Back Side of Upper Slat) Then
Determine possible ray intersections on (back side of) upper slat and
lower slat
IT (an intersection found on both surfaces) Then
Compare path lengths to find the actual intersection
Else If (an intersection found on either one of surfaces) Then
Done
Else If (no intersection found on both surfaces) Then
Check x-component of ray direction vector to find the actual
intersection on an opening
End If
Else If (Ray Origin = Lower Slat) Then
Determine possible ray intersection on upper slat
IT (an intersection found on the slat) Then
Check which side of the slat where the ray actually hits
Else If (no intersection found on the slat) Then
Check x-component of ray direction vector to find the actual
intersection on an opening
End If
End If

_____________________________________________________________________________________________

Figure A-25 Ray Intersection Algorithm for the Curved-Slat
Blind Model for Negative «
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A.10 Blind Solar-Optical Properties

The ray-tracing blind model determines four blind solar-optical properties: direct-direct
blind transmittance, direct-reflected blind transmittance, direct blind reflectance, and direct blind
absorptance. The direct-direct blind transmittance is defined as the fraction of direct sunlight that
directly passes through the blind assembly without striking any blind slats. The direct-reflected
blind transmittance is defined as the fraction of direct sunlight that indirectly passes through the
blind assembly by reflections between the blind slats. The direct blind reflectance is defined as
the fraction of direct sunlight that reflects from the blind assembly back to the outside. The direct
blind absorptance is defined as the fraction of direct sunlight that is absorbed by the blind slats.

By definition, the direct-direct blind transmittance is identically the same as the opening
ratio. Therefore, calculations described in Section A.3 are used to calculate the direct-direct blind
transmittance by the ray-tracing blind model. Utilizing the MCRT algorithm as discussed in
Section A.5, the direct-reflected blind transmittance can be determined as the accumulated ray
intensity of the inside opening. Likewise, the direct blind reflectance can be determined as the
accumulated ray intensity of the outside opening. Finally, the direct blind absorptance can simply
be determined as the difference between one and the sum of all other blind optical properties.

It should be mentioned that, for blinds with flat slats, when the slat angle is zero, the
direct-reflected blind transmittance must also include the fraction of direct sunlight that directly
reflected from a slat edge (i.e. the upper slat edge in the model). The slat-edge reflection fraction
can be calculated by multiplying the slat edge ratio and the solar reflectance of the slat edge.
When both the slat angle and the profile angle are zero, the ray tracing process is unnecessary for
the flat-slat blind model. For this special case, the direct-reflected blind transmittance is zero
while the direct blind reflectance is equal to the slat-edge reflected fraction.

To check whether the ray-tracing blind model is correctly implemented, the direct blind

absorptance may be calculated differently. The direct blind absorptance can alternatively be
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determined as the sum of the accumulated ray intensity of all blind slat surfaces (using the MCRT
algorithm) and the fraction of direct sunlight that is initially absorbed by illuminated surface(s).
The initial absorption fraction can generally be calculated as the sum of the product of the slat

ratio and the solar absorptance of an illuminated surface.
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APPENDIX B

NET-RADIATION OPTICAL BLIND MODEL FOR DIRECT

SOLAR RADIATION

B.1 Overview

Like the ray-tracing optical blind model, the net-radiation blind model consists of two
sub-models: one for blinds having non-zero-thickness flat slats and one for blinds having
negligible-thickness curved slats. The net-radiation model also employs the same analytically
derived formulations as described in Appendix A to determine how much the sunlight passes
directly through the blind assembly, and how much the sunlight falls on blind slats. However, the
model utilizes the net-radiation method, instead of the Monte-Carlo ray tracing technique, to deal
with the sunlight that reflects from the blind slats. Detailed calculations required by the net-
radiation model are described in the following sections. The calculation procedure used in the
net-radiation blind model is summarized below.

o First, calculate essential information used to define the blind enclosure.

e Then, calculate limits of profile angle and determine calculation cases.

o Next, calculate ratios of sunlight passing directly through the blind and falling on slat
surface(s).

e Then, determine blind enclosure surfaces and their view factors.
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o Next, perform net-radiation calculations.

o Finally, calculate optical blind properties.

B.2 Common Calculations

The net-radiation blind model resembles the ray-tracing blind model in many aspects
since both models utilize the same analytically derived formulations to determine how much the
sunlight passes directly through the blind assembly, and how much the sunlight falls on blind
slats. Therefore, calculations described in Sections A.2 to A.4 for the ray-tracing blind model are
also used by the net-radiation blind model. However, it should be noted that the curved-slat blind
sub-model of the net-radiation blind model was developed only for a positive angle x.
Therefore, the net-radiation curved-slat blind sub-model only uses calculations valid for the
positive angle x .

It should also be mentioned that, in the net-radiation blind model, if a blind slat is
partially illuminated, the slat surface is subdivided into two surfaces: illuminated and shaded
surfaces. Otherwise, there is no slat surface division. Figure B.1 illustrates the surface divisions
for calculation cases in the flat-slat blind sub-model while Figures B.2 and B.3 illustrates those
for calculation cases in the curved-slat blind sub-model (see Figures A-8, A-13, and A-14 for a
comparison with the ray-tracing blind model). As shown, surface identification numbers and
points used to define those surfaces for each case are given in the figures.

For the flat-slat blind sub-model, calculations described in Section A.2.2 can be used to
determine points A to F used to define the blind enclosure. Calculations described in Section
A.4.1 can be used to determine a boundary between illuminated and shaded slat surfaces (i.e.
point G for Case 1, point H for Case 4, or point | for Case 5). Points G and H can then be related

as follows:

H =(G, +Tsin(w)G, -S +T cos(y)) (B-1)
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Figure B-1 Calculation Cases for the Flat-Slat Blind Model
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Figure B-2 Calculation Cases 1 to 4 for the Curved-Slat Blind
Model
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" La CASE 5 %:g

Smé CASE _7

Figure B-3 Calculation Cases 5 to 7 for the Curved-Slat Blind
Model
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For the curved-slat blind sub-model, calculations described in Section A.2.3 can be used
to determine points representing opening surfaces (i.e. Ua, Ug, La and Lg). Calculations described
in Section A.4.2 can be used to determine a boundary between illuminated and shaded slat
surfaces (e.g. point L for Cases 1, 3, 4 and 5). Then, the following relationship can be used to

determine another boundary point having the same subscript on the opposite slat (i.e. point Uc):

U=(L,L,-S) (B-2)

B.3 Net-Radiation Method

To deal with the reflected radiation for blinds having purely diffuse reflecting slats, the
net-radiation method is employed in the net-radiation blind model. To illustrate the use of the

net-radiation method in the net-radiation blind model, Figure B-4 shows radiative energy balance

on a non-opaque material. Let Q, and Q,, be the net fluxes at which radiation impinges on and

n+1

are absorbed by surfaces n and n+1, respectively. Then, the relationship between net flux (Q ),

radiosity (J ), and irradiation (G ) can be expressed by:

Q, =G, -J, (B-3a)

Qn+1 = Gn+l -J n+1 (B'3b)

By definition, the radiosity can be written in terms of irradiation (G ), emissive power (E), and

surface radiative properties (p and 7 ) as:

J,=R,+E,+T..,=pG,+E, +7 G, (B-4a)

n+l—n +1

J N+l — Rn+l + En+1 +Tn = pn+lGn+l + En+1 +7 G (B'4b)

n—n+1>~"n
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n+1

n+1

Figure B-4 Radiative Energy Balance on a Non-Opaque Material

Using the definition of view factor and rearranging the above equations, we have

N N
‘]n = FPhn z I:i—>n‘]i ~Thion z I:i—>n+l‘]i = En (B'Sa)
i=1 i=1
N N
J n+l pn+lz Fi*)l’H—lJi - Tn»n+1z I:ian‘]i = En+1 (B'Sb)
i=1 i=1
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Equation (B-5) can be written in a matrix form for all enclosure surfaces as

[AI[I]=[E] (B-6)
where [J] = vector of unknown radiosities,

[E] = vector of known emissive powers, and

[A] = matrix of known coefficients.

The matrix entries (or coefficients) of A can be expressed by

A.=6,.,-pF_, —7F_,, foroddr (ie.r=1,35..) (B-7a)

A.=06 .-pF_ —7F_,_, forevenr (ie.r=24,6,..) (B-7b)
where r = row index,

c = column index, and

0,

r.c

Kronecker delta (= 1 for r = ¢; and = 0, otherwise).

After solving the matrix equation, the net radiation flux incident on surface n can be determined

by

Qn :zFi—m‘]i _‘]n (B'8)
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To illustrate how the net-radiation method is being applied in the net-radiation blind
model, let consider Calculation Case 3 for the curved-slat blind model shown in Figure B-2. As
shown in the figure, some of solar radiation can be directly transmitted through the blind
assembly and the lower slats of the blind are partially illuminated. For this example, the
determination of reflected radiation can be considered as a problem of an enclosure with six
surfaces: 1) opening on the outside, 2) opening on the inside, 3) illuminated upper slat, 4)
illuminated lower slat, 5) shaded upper slat, and 6) shaded lower slat.

For surfaces in this example, p, and p, are equal to zero, p; and ps are equal to diffuse

sl,b

slat reflectance on the back side of the blind slats ( pg™ ), and ps and ps are equal to diffuse slat

reflectance on the front side of the slats ( ps' f ). Also, 7 and 7, are equal to one, and 73 to 7 are
equal to diffuse slat transmittance (rj: ). In addition, Ej is equal to beam radiation transmitted

diffusely through the (translucent) blind slats (LR -z, ) E, is equal to beam radiation reflected

sl, f

diffusely from the blind slats (LR - p,,; ), and all other emissive powers are equal to zero.

It can be noticed that J; and J, are equal to zero for the openings. This suggests that only

four equations are required to be solved. Therefore, the problem reduces to

1-gF,—0iR, —ACF—0iF, —AR.—mR., —AR.-oF, [[3] [LRE
A Ba—tihs 1- pdll‘fF4—4_TcSh[ s P s Taea pd}fF ~tiFes . Jy _ LR g
i Fs—TaFe  —A Fas—tiFas 1-0i Fs—TiFes —Af Fos—TaFos || 0

L i Fo—taFes A Fs—TuFas —Af Rs—TuFes 1A Foo—tuk 55 | | % 0

It is worth noting that, for this problem, the lower slat surfaces (surfaces 4 and 6) cannot view
themselves (i.e. F44 and Fg are zero) while the upper slat surfaces (surfaces 3 and 5) can view

themselves (i.e. F33 and Fs.5 are not zero).

! For this case, LR is equal to TSHR, which can be calculated as described in Section A.3.2.
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After obtaining the radiosities, the net radiation flux incident on surfaces of the enclosure
can then be determined using Equation (B-8). Finally, blind optical properties can be calculated
as a function of the net radiation flux incident on the enclosure surfaces. Calculations of the blind
optical properties are presented in Section B.5. In the following sections, essential data required

for the net-radiation calculations are summarized.
B.3.1 Calculations for Blinds with Flat Slats

This section summarizes essential data required by the flat-slat blind model. It should be
noted that the emissive power terms are only given for those that are not zero. It should also be
mentioned that Figure B-2 shows calculation cases when the slat angle is not zero. For zero slat
angle cases, slat edges are not considered as parts of the blind enclosure in the net-radiation
calculations. This means that the number of surfaces in each case for zero slat angle cases is less
than that for non-zero slat angle cases by two. View factor calculations are described in detail in
Section B.4.2.

Summary of Surface Radiative Properties:
o Slat reflectance of opening surfaces = zero

e Slat transmittance of opening surfaces = one

e Slat reflectance of upper slat surfaces = p5”

e Slat transmittance of upper slat surfaces = 7]

e Slat reflectance of lower slat surfaces = pjf"f

e Slat transmittance of lower slat surfaces = 7]

1.b sl, f
Pa” + Pa
o Slat reflectance of slat edge surfaces = LB o

¢ Slat transmittance of slat edge surfaces = zero
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Case 1 for ¢, <@ <+90°:

View factor case humber = 1 for zero slat angle case

View factor case number = IV for non-zero slat angle case

Es

(1-ER)-z3

E, =(1-ER)- py’

E. = ER- p:-* for non-zero slat angle case

m

Case 2for ¢, <p<¢,:

o View factor case number = | for zero slat angle case

View factor case number = 111 for non-zero slat angle case
sl
e E,=(1-ER-OR)-z3

E, =(1-ER-OR)- py;

E, =ER- p¢ for non-zero slat angle case

bm

No net-radiation calculation required for ¢ = ¢, and =0

Case 3for o, <p<o,:

View factor case humber = | for zero slat angle case

View factor case number = 111 for non-zero slat angle case
* E;=(1-ER-OR)-p;’
e E,=(1-ER-OR)-z

E, = ER- p-* for non-zero slat angle case

bm

Case 4 for ¢, <@ <,

e View factor case number = Il for zero slat angle case

o View factor case number = IV for non-zero slat angle case
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© E=(-ER)py’
« E,=(-ER)7,

e E,=ER-p2° for non-zero slat angle case

bm
Case5for —90°<@p<¢, and y #0:
e View factor case number = Il for ¢ = ¢,

e View factor case number =V for ¢ < ¢,

sle

s E5 :pbm
B.3.2 Calculations for Blinds with Curved Slats

This section summarizes essential data required by the curved-slat blind model. Like the
flat-slat blind model, the emissive power terms are only given for those that are not zero. Slat
radiative properties are the same as those given for the flat-slat blind model except that there is no
slat edge in the curved-slat blind model. Detailed calculations of view factors are described in
Section B.4.3.

Case 1 for ¢ <@ <+90°:
e View factor case number =11
e E;= Tt?rln
e E,= pﬁr'ﬁf
Case 2 for @, <p<@, and @, =27
o View factor case number = |

e E,=LR-7)

. E4 — LR.pSLf

bm
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Case 3fora) @, <@ <¢, and @, <27 ,0rb) @, <@ <@, and @, =27
e View factor case number = 11
e E,=LR-7)
e E,=LR-p2f

Case 4 fora) g, <p<@,,orb) p=¢, and @, >0:

View factor case number = I11

e E,=LR-7)
. E4:LR_pS|,f

bm

e E,=URB-p2°
e E,=URB.7

Case 5for ¢, <p <@, and @, >0:
e View factor case number = IV
e E,=LR-7),
e E,=LR-py'

bm

e E,=URB-p2°
e E,=URB.7

Case 6 for o, <@ <@, and @, =0:
e View factor case number = |
e E,=URB-p}°

bm

e E,=URB.7J
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Case 7 fora) —90°< @ <@, and @, >0,0rb) —90°<p <@, and @, =0:
e View factor case number = Il
© Ei=pm
e E,=12
B.4 View Factors between Blind Enclosure Surfaces

View factors used in the net-radiation blind model are derived using the Crossed-Strings
method [Modest 2003]. To determine view factors, distances between points representing blind
enclosure surfaces are needed. In the next section, calculations of the distances between points

are presented. Then, summaries of view factor calculations are given in the following sections.
B.4.1 Distance Calculations

A distance between two points required for the view factor calculations can be
categorized into 3 groups: the straight distance, the curved distance, and the mixed distance. The
straight distance is defined as the length of the straight line connecting the two points. The
curved distance is defined as the distance measured along a curvature where the two points are
on. The mixed distance is defined as a combination of the straight distance and the curved
distance. For points A and B shown in Figure B-5, either the straight distance or the curved
distance may be needed depending on which view factor is being considered. For points A and D,

the mixed distance is typically required.
In the distance and view factor calculations, AB denotes the straight distance for points

A and B, AB denotes the curved distance for points A and B, and AD denotes the mixed
distance for points A and D. In the following calculations, it is assumed that points A, B, C, and
D are already known. As shown in Figure B-5, points A and B are points on the upper curvature

while point D is a point on the lower curvature. Point C is the center of the lower curvature.
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Figure B-5 Determinations of Points Required for Mixed
Distance Calculation

Then, the straight distance for points A and B can simply be calculated by:

AB=(A -B,) +(A,-B,f (8-9)
For points A and B, the curved distance can be calculated by:

AB =2R~/AB (B-10)
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where R is the curvature radius, and ZAB is an angle difference of the two points on the
curvature. The calculation procedure described in Appendix A (i.e. Equations (A-19) to (A-22))
can be used to determine an angle representing each point on a curvature.

For points A and D, it is essential to check whether the lower curvature has an effect in
the calculation of the distance between the two points. If it does, point P; as shown in Figure B-5
will be within the distance between points A and D. As shown in the figure, point P; is a point on
the lower curvature where a vector from the point to point A on the upper curvature is
perpendicular to a vector from the point to the center of the lower curvature. To check if point P,
is within the distance between points A and D, the straight distance for points A and P; can be

calculated by:

AP =yAC?-R? (B-11)

Then, if Kﬁl is greater than AD, point P, is not within the distance between points A and D.
Therefore, the distance for points A and D can be calculated as the straight distance. This means
that AD s equal to AD . Otherwise, the mixed distance for points A and D can be determined

by:

)

|
(W)
Il
|
0|
+
HU)

(B-12)

It is essential to determine the coordinate of point P; and its related angle before the
calculation of FE[A) can be done. In the following calculations, point Py is referred to as a

perpendicular point. The calculation procedure described below is used to determine two

possible perpendicular points (i.e. points P; and P, shown in Figure B-5).
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Let V be a unit vector from a perpendicular point P (e.g. either point P, or P,) to the

original point O (e.g. point A) and R be a unit vector from that perpendicular point to the

curvature center C (e.g. point C). Then, we have

O,-P =0P-V, (B-13a)
O,-P,=0P"V, (B-13b)
C,—P =CP-R, (B-14a)
C,-P,=CPR, (B-14b)

Subtracting Equation (B-13a) by Equation (B-14a) and Equation (B-13b) by Equation (B-14b),

we get

Ol
T
<
!
3
9
2
I
O

(B-15a)

Ol
T
<
|
9
9
o)
I
@)
!
O

(B-15b)

Because V and R are perpendicular to each other, the dot product of the two vectors is equal to

. . . = Vy = _Vy - = Vly
zero. This implies that R= or R= . In Figure B-5, R =| and
-V, \" Vi,

X

- -V
R, :[ y Z’V} . Using these relations, we get
2,X
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OP(0,-C,)+CP(0, -C, )]
V, = {V“} _ OP*+CP* (B-16a)

Vl,y 6§'V1,x;(ox _Cx)
CP ]
CP(0,-C,)+0P(0,-C,)]
i _Vox | OP?+CP?
Va {vzy} opr.v,, -(o,-c,) (B-16b)
CP

Knowing \71 and \72, the two possible perpendicular points (e.g. P, and P,) can finally be

determined using Equation (B-13). It is essential to calculate both perpendicular points since we
do not know in advance which perpendicular point is the one we actually need. For instance,
point P,, not point P, would be the one we need if we want to determine the distance between
points A and E.

After determining the two possible perpendicular points, we can determine which point is

the one we need by checking (straight) distances between the two perpendicular points and the
point of interest (e.g. point D for Kﬁ). The perpendicular point with a shorter distance (e.g.

point P; for AD ) would be the one.

B.4.2 Calculations for Blinds with Flat Slats

For the flat-slat blind model, only the straight distance is required in the view factor
calculations. In the flat-slat blind model, the view factor calculations can be divided into five
cases as shown in Figure B-6. Calculation Cases | and Il are used for zero slat angle cases while
Calculation Cases Il to V are used for non-zero slat angle cases. The view factor calculations

required for each case are summarized below.
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Figure B-6 View Factor Calculation Cases for the Flat-Slat
Blind Model
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Case |: 4-Surface Enclosure Domain (for ¥ =0)

_ (K5+5lf)—(ﬂlf+c_)
F=0; Fi,= ~~
2AC
13 = (AC +C—D—)_ AD ; Fo=F
2AC
Fou=F; Foo=Fy
sza = F174 I:274 = F173
AC
FS—l = ﬁ Fl—S F372 = FS—l
(Kﬁ + C_:I?)— (KC_: + 5!5)
F3=0; F= N
2CD
Foi=Fs,; F,o=F,
I:473 = Fs 4 I:474 = F373

_ (K5+6|?)—(K|f+c_)
F,=0; F,= A
2AC
_(AC+CH)-AH - e
1-3 OAC ) 1-4 1-3
_(AC+CD)-AD _ . - .
1-5 OAC 131 1-6 1-5
Fou=F,; Fo=Fy
DF +CD)-CF
2-3 = ( 25’5) - szs ; F274 = F273
_(DF+DH)-FH -
2-5 25’3 ’ 2-6 2-5
AC DF
F3—1 = ﬁ F173 ; F3,2 = ﬁ szs
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F, =

F36:

Case IlI: 6-Surface Enclosure Domain (for y #0)

(AB+AC)-BC |
e 2AB '
F.=0;
_ _{(E6+C—D)— AD
e 2AC
£ (K§+ §C)—KC_3
e 2AB ’
F=F.;

} Fs

Foo=

281

(Kﬁ+5§)—(_ﬂ€+§ﬁ)

2CH

(CTIE+C_EW)—(C_:C_5+ ﬁ)
2CH

(CD+DF)-CF
2CD

‘(K5+6ﬁ)—(ﬂﬁ+c_o)
2AC

2AC

[(AC + Kf)—ﬁf}:
— »

.



Foo=F; F,.=F;

szs = F1—6; sze = Fl—5
(AC +CD)-AD . (BE + DF)-EF
31— == ' I:3—2 = == Fs-z'
2CD 2DF
_ (Kﬁ +Cl If)— (KC_: + 5!5)
F3=0; F = N
2CD
Fs-s =0; F3—6 = Fs—z F3—2
I:471 = I:3 2 F472 = F371
I:473 = Fs 4 F474 = Fs 3
Fos =Fs; Fo6=Fss
AB
F, = ﬁ Fis; F,=0
AC +BC)-AB

F..=0; F,= ( —

53 54 2BC
Fs = 0 Fs o = 0
Fou=Fs s Foo=Fsy
F6—3 F5_4 , F6—4 F5—3
Fefs = Fs 6 Fefe = Fs 5

Case IV: 8-Surface Enclosure Domain (for y #0)

. _(K§+K5)—§5. . _KEF

= 2AB ' Yol

AC +AG)-CG

Fo,= ( ZK(T) ; Foo=Fy
A - _(DF+DH)-FH

22 111 2.5 SDF
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o (DF +FG)-DG |
26 = =

2DF
AC
I:4—1 K_C_S I:1—4’
(5 G+ F_)—(T F
Foo= o
Fafz' = F7 1
F,= 0
. [(AC+CH)-AH
1-3 I 2AC 1-1
'(AC+CD)-AD
Fs= _( ZK(T) :|F1—1‘ -Fs;
_(AB+BC)-AC
v 2AB '
Fou=F;

F - {(c—m DF)- 615_2 e

2DF

_ (AC +CH)-AH .
==

AH+CG)-(AC+GH).

E4=( 2CH

FS 6

2CH

_ (CF+GH)-(CG + ﬁ);

(€A +FH)-CF
== CH

DF
F = ﬁ Fos
(AC+BC)-AB
F = S~
2BC

E _{(K5+€lf)—(ﬁlf+($)
2 2AC

F174 = Fl—l' ) Fl‘ 4

Fie :{(AC +ALF—)_CF :|F1 v~ Fig

i 2AC
F =0
F,,=0

(Klf + 5?)— AD

I:2—4 = DE Fz—z' - Fz—e
sze = szz Fz -6
Fz—s = I:1—7
F,,=0
F, =0
F, = 0
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If (DEsin(y’)< DH ) Then

Fis

Fis

F47

5-1

=Fsy;

B (K5+C_5ﬁ)—(ﬂﬁ+ 55)_
B 2AG ’

=F, . —F

_(AH+DH)-AD
- 2DH ’

(AG+DG)-AG
2 2AG
F,,=0
F,.=0
F,s=0
stz = stz' Fz 2
AG
F5—4 = ﬁ 4-5
_ (DG +FH)-(DF +GH)
e 2DH
Fog=F,—-F,
CH
Fefa _ﬁ 3-6
Fefs = Fs 6
Fos=0
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If (ABsin(y)< AG ) Then

Fo.=F,
F.,=0
Else
Fo.=F - F
Fo.=F —Fs
End If
Fry= % Fo; F_,=0
Fr s =0; F, =0
F,,=0; F, =0
If (AB'sin(y )< AG ) Then
F..=F
F=0
Else
F,.=F,F,
Fe=F,-F,
End If
F,=0; Fs_zzg 8
F,,=0 F,o=0
F,.=0 Fo s =0
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If (DEsin(y’)< DH ) Then

End If

Case V: 7-Surface Enclosure Domain (for 7 # 0)

_(AB+AC)-BC .
Y-S

__(K5+EI?)—(KI?+C_D)

2AC

2AC

_ (KB_+ §5)— AC

1K6+Kﬁyéf1F
AT =

2AB il

}Fl—l' ;

F11:O

(K6+65yﬂ5}F
D) »

F .=
o { 2AC
(AB+BT)-AT
F1—5 = ~5
2AB
F1—7 =0
Fo=Fy
F274 = I:173
F,,=0
(AC +CD)-AD
Fy = ~=
2CD
F,,=0
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E o (55+5f)—(ﬂf+ 5!5)
> 2CD

F6=0;

Figey =Fars

c _(AC+Ci)-AT
1.5 = F'1_(546) el ;

Foo=Fs;

F474 = F373

F4—6 = F4—(5+6) - I:475 ;

AB

F., = ﬁ Foc;
F._,=0;
Fs=0;
F.,=0

Fo.= % Fe:
Fes=0;

Fes =0;
F.,=0
F,_,=0;

F, =0

F,5=0
Fo=F,-F,
- _(ac+BC)-AB
1-(5+6) OAC
Fio=F,
Fys=Fsy;
F.
F =—15% F ;
4-5 F1-7(5+e) 4-(5+6)
F,.=0
F.,=0
R, =1-F,
F. =0
F.,=0
Fos=1-F¢,4
F..=0
Fa= 0
F=1-F,
Fs=0
F= 0
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B.4.3 Calculations for Blinds with Curved Slats

For the curved-slat blind model, all straight, curved and mixed distances are required in
the view factor calculations. In the curved-slat blind model, the view factor calculations can be
divided into four cases as shown in Figure B-7. The view factor calculations required for each

case are summarized below.

Figure B-7 View Factor Calculation Cases for the Curved-Slat
Blind Model
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Case I: 4-Surface Enclosure Domain
UL, +0,L, )-(L,L, +0,0,)

u,L,+U
F1_1:0, F1—2:( a1 ZUA_A
F .= (UAEA +UAUB )_(LTB I:A) FE = (UAEA + AA AB _(_AI:B)
o 2LTA _A o 2LTA _A
Foa=F.; F,,=0
F . = (UBEB +UAUB)_(UAI:B). F = (_B_B + I:AI:B )_ (UB I:A)
2 U, L, ' 24 20, L,
U,L, UL,
Fyy= U:U/; Fis F, = UEUBB F,s
E :1_l{AqB E - (_AI:B +_BI:A)_(LTA_A+UB_B)
7 WUsg ’ - 2U Alj 5
U,L, U,L,
Foy = ﬁ Fgs Fio = EE EBB F .
Fos=F: Fr =0
Case II: 6-Surface Enclosure Domain
- - _0,L+0,L,)- (6L +U,0,)
11 1-2 ZUAEA
=R (UAEA +U,U¢ )_(Uc EA). E - (UAEA +L,Le )_(_AI:C)
e 2U,L, ’ 4 20,L,
E - (UA_B +U I:A)_(_AUC +Ug I:A) E - (LTAEA +LoLs )_(UAEB E
o 20, L, Lo 20, L, =
Fou=F; F,,=0
- 00 +0L)-0,5+00). o _UeLi+LL)-0uL,)
2-3 ZLTB —B v oy 2—B —B 2-6
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Case Ill: 8-Surface Enclosure Domain

_ AYC
Fis 20.L,
= (_AUD +Ug AAl_(__A U, +U, I:A)
o 2U Aba
F_= (_A _B + LTD I:A__(__AUD + LTB I:A)
1-7 U L,
I:2—1 I:1—2
F.. = (UA_B + _c HBl_(__A EB + LTB _c )
2-3 U L,
F = (_B _c + LTD AB__(__C I:B + UBUD )
o 2U B-B
F _(LTBEB+LTB_UE)_(_DEB)
= 20, L,
U,L,
Fo,=—2AF_
3-1 U AUC 1-3
_1_ U AUC
700,
F = (_A_C + UCUD )_UAUD
o 2U,U.
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- _0,L+0,L,)-(LL +U0,)
. 2UA A
F = (UAEA + HA Hc _(_AI:C)
. 20,L,
Flfe = (U A LA * 2lATADE)A_ (U A LD ) - F174
F1—8 = (U ALA +;&I;BE)A_ (U ALB - F1—4 - F1—6
F,,=0
F274 = (U 2 LB +2&B B_)B_ (U B LA - sze - szs
' Fz_e = (U oL +2LBTBC_)B_ (U olc - Fz_a
F :(LTBE +HBHD)_(UBI:D)
° 2U, L,
U,L,
F,,=—=2"2F
3-2 U AUC 2-3
- _0,L+UL,)-0,L,+U.L)
- 2U,U,
E _(LTAED+_ Ec)_ UAEC+_CED)
e 2U,U.
F _(LTAEB+_C HD)_ UAED+_CEB)
- 2U,U.
U, L,
F,,=—=="F
4-2 LA Lc 2-4



(0L +U,L,)- (0L, +U, L) B
Fus e  Fi=0
2L, L,
(O, +U, L )- (U, L, +U,L,) B
Fro= C  Fui=0
2L, L,
Fsy = LHJAHA Fis F,= LHJB =° Fos
UUp UcUp
Ry =oadep F.=cACF,
Uy, Uy,
Fsszl_chD F56: LTcI:D"'LTDEc)_ALTc_c +LTDED)
U.Up 20U,
F = (_BLTD +cho )_UBLTC F = (Uc EB +UDED)_ HUC I:D +UD I:B)
> 20 U, e 20 U,
Fei= LﬂAl:A Fie: Feo = LJBI:B Foe
cbo L.Lp
u,u
Fe—s = I:AI:C Fs—e’ F6—4 =0
cbo
Fos = Fog: Fee=0
([ORL +U, L )- (0, L, +U, L) B
Fo_s S ; Fee=0
2L L,
U,L, U, L,
F_, ==22F ; F,,=—=BEBF_
7-1 0,0, 1-7 7-2 0,0, 2-7
F = AJCE LN
UU, UgUp
Frs= L{CL{D F_: F, = I: l: Fs
UU, UgUp
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= _1 U, - (0,0, +0, L, )-(0,L, +U,L,)
7-7 =~ 7-8 =
UgU, 2U.U,
Fo = l{AI:A Fle: Fo o= l{BI:B F, e
LsLp LsLlp
u,u
Fafs = E:l:;: F3—8 F6—4 =0
u.u
F7: HCHDF7 F7 :O
8-5 LB LD 5-8 8-6
Fo; =Fe; Fse=0
Case IV: 10-Surface Enclosure Domain
£ _o - (0,0, +0,L,)-(C,L, +0,T,)
11— 12 L
2U,L,
- _(OL+00,)-(0L,). - _OL+LL)-0,L)
e 20, L, ’ 1-4 20, L,
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- (0L, +U. L )- (0, L +U.L,) -
4-9 c o ! 4-10 —
2L, L.
U,L, UL,
F5—1 _ U AUA F1—5 : F5—2 _ U BUB F2_5
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B.5 Blind Solar-Optical Properties

Similar to the ray-tracing blind model, the net-radiation blind model determines four
blind solar-optical properties: direct-direct blind transmittance, direct-reflected blind
transmittance, direct blind reflectance, and direct blind absorptance. In existing optical blind

models [DOE 2006; Pfrommer et al. 1996], these four optical properties are often referred to as

direct-to-direct blind transmittance (7.1 .. ), direct-to-diffuse blind transmittance (zpn 4 ),

direct-to-diffuse blind reflectance (pp ), and direct-to-diffuse blind absorptance (e ).

respectively. The four blind optical properties can simply be calculated by:

1o =OR @1
Tl?rln—df =Q, (B-18)
pt?rln—df =Q (B-19a)
Pt =1~ Tomom = Tom-ar — Pomat (B-20)
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where OR is the opening ratio, and Q,and Q, are net radiation fluxes incident on the outside
and the inside openings, respectively. Calculations of OR are discussed in Section A.3 whereas
calculations of Q, and Q, are presented in Section B.3.

Equations (B-17) to (B-20) are applicable to both the flat-slat and the curved-slat blind
sub-models. For the flat-slat blind model with zero slat angle cases, however, the direct blind
reflectance is determined slightly different. This is due to the fact that reflected radiation due to
sunlight incident on slat edges only goes back to the outside; hence, the slat edges are not
considered as parts of the blind enclosure in the net-radiation calculations. Therefore, to account
for this reflected radiation, the direct blind reflectance for the flat-slat blind model with zero slat

angle cases can be calculated by:

Pom-ai =Qu +ER- pir? (B-19h)

When both the slat angle and the profile angle are zero, there is no need for the net-radiation
calculations for the flat-slat blind model. For this special case, both Q,and Q, are zero; hence,

the direct-reflected blind transmittance is zero while the direct blind reflectance is equal to the
product of the slat edge ratio and the slat edge reflectance (i.e. the second term on the right hand
side of Equation (B-19b)).

Like the ray-tracing blind model, to check whether the net-radiation blind model is
correctly implemented, the direct blind absorptance can be determined differently. The direct
blind absorptance can alternatively be calculated by summing all net radiation fluxes absorbed by
the blind slat surfaces and the fraction of direct sunlight that is initially absorbed by illuminated

slat surface(s).
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APPENDIX C

OPTICAL BLIND MODEL FOR DIFFUSE SOLAR

RADIATION

C.1 Overview

The diffuse blind model adapts a concept proposed by Parmelee and Aubele [1952] to
estimate blind optical properties for diffuse solar radiation. In an analysis of the diffuse solar
radiation, a hemisphere is placed in front of a plane parallel to a blind assembly (the blind
assembly plane shown in Figure C-1). The diffuse blind model assumes that there are only two
sources of the diffuse solar radiation: the sky and the ground. As illustrated in Figure C-1, a part
of the hemisphere above the horizontal plane represents the sky while the other part below the
horizontal plane represents the ground. Both the sky and the ground are subdivided into a
number of small patches as shown in the figure. Then, the diffuse solar radiation leaving each
patch is treated as direct solar radiation emitted from the center of the patch to the center of the
hemisphere where the blind assembly is located. Consequently, a model used to predict optical
blind properties for the direct solar radiation can be utilized to predict optical blind properties for
the diffuse solar radiation. The diffuse blind model assumes that blind slats behave like diffuse-
reflecting surfaces for the diffuse solar radiation although they may behave otherwise for the
direct solar radiation. Therefore, the net-radiation blind model described in Section B is

employed by the diffuse blind model. It should be noted that the diffuse blind model is applicable
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when the blind assembly plane is vertical as well as when the plane is inclined. The model is also

applicable to both isotropic and anisotropic diffuse radiance distributions.

C.2 Diffuse Irradiance on Blind Assembly

Fundamentally, the irradiance (or radiative heat flux; units in W/m?2 or Btu/h-ft?) on a
small surface located at the center of a hemisphere (1 ) due to radiance (or radiative intensity;

units in W/mz-sr or Btu/h-ft2-sr) from a small patch of the hemisphere can be given by

a =R(@,,p,) cos(,) o0 (C-1)

\/ A _ Ground
Horizonta , : : Patch

Plane

N

Blind Assembly :
Plane T

Figure C-1 Halft Sphere Representing Sky and Ground in Front of
the Blind Assembly
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where R(Hp,gop) is the radiance of the small patch centered at the zenith angle (6,) and the

azimuth angle (¢, ); 6, is an angle of incidence, the angle between a line from the hemisphere

center to the patch center and a line normal to the surface; and (2 is a solid angle (unit in

steradian). Figure C-1 illustrates how the zenith angle, the azimuth angle, and the angle of
incidence are defined. According to Figure C-1, Z is the zenith (or vertical) direction, A the

surface-azimuth direction, and N the surface normal direction. The range of the zenith angle is
from O to & in radians (or from 0 to 180 in degrees). The range of the azimuth angle is from -xt to
7 in radians (or from -180 to 180 in degrees). Figure C-1 shows a positive azimuth angle. The
range of the incidence angle is from 0 to 7/2 in radians (or from 0 to 90 in degrees).

Referring to Figure C-1, the solid angle can be expressed as a function of the zenith angle

and the azimuth angle as follows:

o0 =sin(0,)- 00, -op, (C-2)

Also, the angle of incidence can be related to the zenith angle and the azimuth angle as follows:

cos(d;) = cos(d,) - cos(X) +sin(@, ) -sin(X) - cos(e ) (C-3)

where 2 is the surface tilt angle measured from the horizontal plane as shown in Figure C-1.

The range of the surface tilt angle is from 0 to = in radians (or from 0 to 180 in degrees).
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Then, the diffuse irradiance due to the radiance from the sky (R, (Hp,gop)) on an

arbitrarily inclined surface, with the surface tilt angle less than or equal to n/2, can be calculated

by

v 90
L sy = [ [ Rag (0p.0,) 5in(8,) - c0s(6)) - 56, - 5, (C-4)
-z 0
For —z/2<¢p <712, the zenith angle limit (&, ) is equal to ©/2. Otherwise, the zenith angle

limit can be determined by solving Equation (C-3) for the zenith angle (6,) when the cosine of

the angle of incidence is zero [Gueymard 1987]. The solution yields

6, = tan {— L } (C-5)
tan(2) - cos(e,)

The diffuse irradiance due to the radiance from the ground (R (49p ,gop)) on the same inclined

surface can be calculated by

xl2 7[+90

li g0 = | [Ros (0p.0,) 5In(8,) - c08(6,) - 50, - 59, (C-6)

-7l2 7l2

where the zenith angle limit is obtained using Equation (C-5).
For the surface tilt angle greater than n/2, Equations (C-4) and (C-6) may also be used to
predict the diffuse irradiance on the surface due to the radiance from the sky and from the ground,

respectively. However, the limits of the azimuth angle used in Equation (C-4) are from -n/2 to
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n/2 while the limits of the azimuth angle used in Equation (C-6) are from -z to w. The limits of
the zenith angle used in Equation (C-4) are from the zenith angle limit (6, ) to /2 whereas the
limits of the zenith angle used in Equation (C-6) are from n+6, to n. For the diffuse sky
irradiance, Equation (C-5) is used to determine the zenith angle limit. For the diffuse ground
irradiance, the zenith angle limit is equal to -7/2 when — 77 /2 <@ < 712 . Otherwise, Equation
(C-5) is used to determine the zenith angle limit.

For an isotropic sky, the sky radiance is constant and the sky diffuse irradiance can be

determined analytically resulting in the following familiar formula of the isotropic diffuse sky

model:
i 1+ cos(2) 1+ cos(2)
Itljf‘o—sky =7 Rsky,cont B e Idf,hor N A~ (C'7)
2 2
where Ry, o IS the constant sky radiance and I ., is the diffuse irradiance on a horizontal

plane of the isotropic sky.
Likewise, if we assume that both direct and diffuse solar radiation reflect isotropically
from the ground (i.e. an isotropic ground), the ground diffuse irradiance can be expressed

analytically by:

i 1-cos(2) 1-cos(2)
Idsfo—gnd =7 Rgnd,cont : = Pgnd * Itot,hor N 5 (C'8)
2 2
where R e IS the constant ground radiance, p.q is the ground reflectance and |, ., is the

total irradiance on a horizontal plane.
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If the sky and the ground are considered to be anisotropic, the knowledge of sky and
ground radiance distributions is essential in order to solve Equations (C-4) and (C-6). A literature
search on the subject found several available models for predicting sky radiance distribution
[Brunger and Hooper 1993; Igawa et al. 2004; Vida et al. 1999], but found no existing model for
calculating ground radiance distribution. It is worth noting that building energy simulation tools
commonly predict diffuse solar irradiance on outside surfaces of a building without the
knowledge of diffuse radiance distributions although the programs may not assume isotropic
diffuse radiance distributions. Anisotropic sky diffuse models typically employed in these
programs, such as Perez’s model [Perez et al. 1990], are categorized as slope irradiance models
[Vartiainen 2000], which usually yield the prediction of the sky diffuse irradiance on an inclined

surface directly but provide no information about the radiance of the sky.

C.3 Blind Solar-Optical Properties

Since the diffuse blind model considers two sources of the diffuse solar radiation, the
diffuse blind model predicts two sets of blind diffuse solar-optical properties: one for sky diffuse
radiation and one for ground diffuse radiation. Each set consists of three optical properties:
diffuse blind transmittance, diffuse blind reflectance, and diffuse blind absorptance. The diffuse

blind transmittance can be determined by:

b '[J-[Tt?rln—bm + Tkt;r:w—df ] Ry (8,.9,)-sin(8,)-cos(6,)- 60, -6,

df =

(C-9)
I df

Equation (C-9) shows a general formula for a diffuse blind transmittance. Limits of the two
integrations, the diffuse radiance, and the diffuse irradiance depend on the source of diffuse solar
radiation considered. As previously mentioned, the net-radiation blind model described in detail

in Appendix B is employed to predict the direct blind transmittance and the direct-reflected blind
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transmittance. The two direct blind transmittances are dependent on the profile angle, which is

subsequently a function of the zenith angle (6, ) and the azimuth angle (¢ ). The profile angle

can be calculated as described in Chapter 4.

Similarly, the diffuse blind reflectance can be determined by

o [P -Ra (0,0, -5in(8,) - cos(6)) - 86, - 5,

Pai = (C-10)
I df
where the direct blind reflectance is also determined by the net-radiation blind model.
Finally, the diffuse blind absorptance can simply be calculated by
bl ( bl bl )
ag =1-\tg + Py (C-11)

A numerical integration method is essential for solving Equations (C-9) and (C-10).
Utilizing the calculations described above, the diffuse blind model is applicable to a slat-type
blind installed on a vertical plane as well as on an inclined plane. The vertical blind assembly is a
special case where the upper half of the hemisphere represents the sky while the lower half of the
hemisphere represents the ground. The diffuse blind model is also applicable to both isotropic
and anisotropic diffuse radiance distributions. However, the model will depend on the

availability and the accuracy of radiance distribution models selected.
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APPENDIX D

OPTICAL FENESTRATION MODEL

In this appendix, an optical fenestration model for predicting overall optical properties of
a fenestration system containing a slat-type blind is presented. The model is based on the multi-
layer optical calculations where the overall optical properties are determined as a function of
optical properties of the fenestration system’s individual components. The model was
specifically developed to be consistent with a newly developed optical blind model presented in
Chapter 5 so the model is slightly different from those given in the literature [DOE 2006; I1SO
2000; Klems 2002; van Dijk and Goulding 1996; Wright and Kotey 2006]. To be consistent with
the new optical blind model, the model treats direct and diffuse components of incident solar
radiation separately. Also, the model treats direct and diffuse components of transmitted solar
radiation due to incident direct solar radiation separately. In addition, the model treats diffuse
solar radiation from the sky and the ground separately.

The optical fenestration model presented here is applicable to the fenestration system
consisting of any number of glazing layers with one blind layer. The model requires spectrally-
averaged optical properties of the glazing and the blind as input data. Optical properties of the
glazing can be obtained using glazing models [Finlayson et al. 1993; Rubin et al. 1998; Wright
1998] and/or window computer programs [LBL 1994, 2001; van Dijk and Goulding 1996; Wright
and Sullivan 1995]. Optical properties of the blind are determined using the newly developed

blind model presented in Chapter 5.
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In the following calculations, the overall optical properties denoted by “sys” are given in
terms of separated blind optical properties and glazing optical properties. The blind optical
properties denoted by ‘bl’ are optical properties of the blind layer alone while the glazing optical
properties denoted by ‘gl’ are optical properties of the whole glazing system in the absence of the

blind. For the fenestration system containing an interior blind, overall optical properties

sys

including system transmittances (z*°), system absorptances of the glass layers (a®*?), and

sys,bl

system absorptances of the blind layer (« ) can then be determined by

TE%S bm (0 ¢) z'bm( ) Tl?rln—bm,f (¢) (D-1)
bl gl bl
Pom-dt, f(¢)'pdf b Tt f
Tt?r{]S df (‘9 ¢) Tbm( )l:ft?rlr]df,f(¢)+ ml 0 ,0 (D-2)
df b df f
z_gl 0)- bl _agl,n
o g:{n(e ¢) abgr:]nf( )+ bm( ) Pom—dt, f(¢) df b (=1t0N) (D-3)
1- Pdf b pdf f
bl gl bi
Pbm—df f(¢)',0df b Xt
A Z'f (9 ¢) Tbm( atl))rln—df,f (¢)+ - (D-4)
1- pdf b pdff
bl gl bl
Psky—dt ,t P b " Tdf 1
Tsslz; df = Tdf Tsky gt = (D-5)
1- Pdf b pdf f
g | gl,n
. .a
ag " =ad i pSky L 9L (for glass layer n = 1 to N) (D-6)
1- Pdf b P, f
I Psk dff'p(?fb'adf,f
a:g;'—bdlf = Tr?fl asbkly—df,f = (D-7)
i 1- pdf b pdf £
I Pddff'Pdgfb'Tdff_
T;ﬁ, df _Tdf Tng—df,f = (D-8)
i 1- pdf b pdf f
gI bl gl,n
. -a
a;ﬁj'gld’fn :a[?fljrf] + T df pgnd df , f . df b ’ (n =1to N) (D-9)
1- pdf b " P, f
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.9
ssbl_ _gl| bl Pagnd—dt,t * L b " K, 1
Xgnd—dt = Tof | Xgnd—dt , f 1_
Pdf b Pdf f

(D-10)

In the above formulations, the parentheses after the optical properties indicate that those

properties are dependent on the profile angle (¢) and/or the angle of incidence (&). The

calculations account for both the blind and the glazing having different front- and back-side
optical properties. The denotation ‘f” refers to radiation incident on the side of each particular
layer closest to the outside while the denotation ‘b’ refers to radiation incident on the side of the
layer closest to the inside. It is assumed that radiation is diffusely reflected from the blind layer
although the blind slats are non-purely diffuse reflecting surfaces (i.e. blind optical properties for

direct solar radiation determined using the ray-tracing blind model). Therefore, hemispherical
diffuse blind properties (7, oo, and cly ) are required for the optical fenestration model in

addition to direct, sky-diffuse, and ground-diffuse blind properties. The diffuse blind model
described in Appendix C can also be used to obtain the hemispherical diffuse blind properties
where isotropic radiance distribution (of the hemisphere over the blind) is assumed.

For the fenestration system containing an exterior blind, the overall optical properties can

be determined by

Tom- bm(H ¢) Tbm( ) Tt?rln—bm,f(¢) (D-11)
o (9 ¢)_ 7o l:Tt?rlnbm,f (¢)'pl?rL1f (G)Pgrln df b(¢)+z—grln—df,f (¢)} (D-12)
pdf f pdf b

o’ ?jlf n(9'¢): Tl?rln—bm,f (¢) al?r:lnf (6)
n aé;fl " l:Tk?rln—bm,f (¢)pk?r:1 f (‘9) ptl;rln df b(¢)+rt?rln—df,f (¢):| . (n=1toN) (D-13)
1- Pdf f Pdf b
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aiﬁfﬂf ('9’ ¢) = alk))rln—df f (¢)+ Tkl))rln—bm,f (¢) pl?r:l,f ('9) akl))rln—df b (¢)

Tkl;rln—bm,f (¢) pt?r:\,f (9) Pomat b (¢) + Tom ot f (¢)

gl bi
* P ¢ At b (D-14)
1_ o0 . o
Pdt,t " Pdip
bi gl
T T
sky—df £~ Tdf
Tyt =7 oo (D-15)
sky—df 1— g bl
Pt " Pdip
bl gl,n
T o4
sky—df £~ Xt
ag " =————, (n=110N) (D-16)
sky—df 1— g bl
Pdt,t " Pdip
bl gl bl
T pEa
sys,bl bl sky—df , f df, f df b
Ay df = Xsky—df 1 1_ 0 bi (D-17)
— Pt Pt b
bl gl
T T
nd—df £ * T df
o g = (D-18)
gnd—df 1— gl bl
Pdt,t " Pdip
bl gl,n
T (X4
sys,gl,n __ “gnd—df,f df , f _
agnd—df - 1— gl bl (n =1to N) (D-lg)
Pdt,t " Pdip
bl gl bl
T P
sys,ol bl gnd—df £~ Pdf . " dfp
QA gnd—df = Xgnd—di 1 (D-20)

1_p(?fl,f 'pgfl,b

For the fenestration system containing the interior blind, only front-side blind optical
properties (those denoted by ‘f”) are required. However, back-side blind optical properties (those
denoted by ‘b”) are also needed for the fenestration system containing the exterior blind. It
should be noted that the profile angles are the same for direct radiation incident on the front (from
the sun) and on the back (from the glazing) sides of the blind assembly. However, the slat angles
are opposite. Therefore, if the slat angle specified for determining the front-side blind optical
properties is positive, the slat angle specified for obtaining the back-side blind optical properties

would be negative.
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For the fenestration system containing a between-pane blind, Equations (D-1) to (D-20)
can be utilized to calculate its overall optical properties. In the first step of the calculations, the
fenestration system is subdivided into 2 sub-systems. The first sub-system consists of all glazing
layers closer to the outside than the blind layer while the second sub-system consists of the blind
layer and all remaining glazing layers (i.e. glazing layers closer to the inside than the blind layer).
A glazing model (i.e. a fenestration model for the glazing system) is used to calculate overall
optical properties of the first sub-system whereas the glazing model along with Equations (D-11)
to (D-20) are used to calculate overall optical properties of the second sub-system. In the second
(final) step of the calculations, Equations (D-1) to (D-10) are then employed to calculate overall
optical properties of the fenestration system containing the between-pane blind. In the second
step, the overall optical properties of the first sub-system are used in place of glazing optical
properties while overall optical properties of the second sub-system are used in place of blind

optical properties.
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APPENDIX E
DERIVATIONS OF CONDUCTION TERMS FOR HB

THERMAL FENESTRATION MODEL

This appendix provides derivations of conduction terms used in the HB thermal
fenestration model. The HB thermal fenestration model is described in detail in Chapter 6.
Section E.1 shows derivations of the conduction terms for a glazing layer, which are used for the
fenestration layers 1 to L-1 modeled by the HB thermal fenestration model. Section E.2 shows
derivations of the conduction terms for a combined glazing and blind layer, which are used for

the fenestration layer L modeled by the HB thermal fenestration model.

E.1 Conduction Terms for Glazing Layer

For an individual glazing layer, it can be assumed that (1) shortwave radiation (including
solar radiation and shortwave radiation from lights) is absorbed uniformly along the thickness of
the glazing layer, and (2) thermal storage of the glazing layer is negligible. Figure E-1 illustrates
the conduction in a glazing layer with uniform solar absorption. For this case, conduction in the
glazing layer can be modeled using an equation for 1-D heat conduction with a heat generation

term as follows:

2: 4
K d T(X)+qswr,g -0 (E-l)

97 42
dx ty
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where X = distance along the thickness of the glazing layer (ft, m),
T(x) = temperature along the thickness of the glazing layer (°F, K),
Kg = thermal conductivity of the glazing layer (Btu/h-ft-°F, W/m-K),
ty = thickness of the glazing layer (ft, m), and
darg = Shortwave radiation absorbed by the glazing layer (Btu/h-ft2, W/m2).

According to Incropera and DeWitt [2002], a general solution of Equation (E-1) can

simply be expressed as:

7—2+ B;x+ B, (E'Z)

where B; and B, are the constants of integration, which are dependent on boundary conditions.

qgwr,g
t

[*]
Vil
q::,obnd,g
—
—
qgozd,g
Tgfl 0Tgb
< T, >
—
X
Figure E-1 Conduction in a Glazing Layer with Uniform Solar

Absorption
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The HB thermal fenestration model requires the conduction terms be expressed as a

function of surface temperatures. Therefore, first applying the boundary condition at x = 0 where
T(0) = T, , we get B, = T, . Then, applying the boundary condition at x = t; where T(ty) = T,

we get
f b ”
e E3)

Equation (E-2), which describes the temperature distribution along the thickness of the glazing

layer, thus becomes

ty-ky 2

1 f b 1
T(X)=- Gsur,g Xz—[Tg “Tg_Gswrg }x +T) (E-4)
g Kg

Then, the conduction term at x = 0, q”f can be related to the surface temperatures as

cond,g ’

given below:
q(r:rO;d - _ k dT (X) (E‘Sa)
g 9 dX 0
y Qg . [Tq ~Tg Qg (E-5b)
qcond,g:_kg' - Kk X _2 k
ty -Kq ty g
x=0
k q"
qgofr1d,g :%(Tgf _Tgb)_ Sv;g (E-50)
g
) qH '
qcofnd,g =Cy '(Tgf _Tgb )_ Svg ’ (E-5d)
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where g is the thermal conductance of the glazing layer (Btu/h-ft2-°F, W/m2-K), which is the ratio
of the glazing thermal conductivity to the glazing thickness.

The conduction term at x = tg, q72, ,, €an be obtained similarly resulting in the following

equation:

q"
Uond. g = Co '(Tgf -Tg )+ Sv;g (E-6)

E.2 Conduction Terms for Combined Glazing and Blind

Layer

As discussed in Chapter 6, the HB thermal fenestration model treats the innermost
glazing layer and the interior blind as a single layer. By combining the glazing layer and the
blind layer into a single layer, the total heat transfer from the back (real) surface of the innermost
glazing layer to the (imaginary) plane parallel to the interior blind is treated as the equivalent
conduction heat transfer through the combined glazing and blind layer. The total heat transfer
includes convection and radiation and accounts for thermal interactions between the window and
the blind. For the conduction modeling purposes, the combined glazing and blind layer is
modeled as two homogeneous sub-layers having perfect thermal contact. The first sub-layer
represents the glazing layer alone while the second sub-layer represents the blind layer and the air
gap between the glazing and the blind layers. It is assumed that shortwave radiation (including
solar and shortwave from lights) absorbed by the glazing layer is distributed uniformly along the
thickness of the glazing layer (the first layer) whereas the shortwave radiation absorbed by the
blind layer is all distributed to the back surface of the combined air and blind layer (the second
sub-layer). It is also assumed that the thermal storage effect in both sub-layers is negligible.

Figure E-2 illustrates the conduction modeling of the combined glazing and blind layer.
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a combined air and
blind layer

a glazing layer

Figure E-2 Conduction Modeling of the Combined Glazing and
Blind Layer

Equations (E-5d) and (E-6) used for the glazing layer can also be utilized for the
conduction terms of the first sub-layer of the combined glazing and blind layer. For the second

sub-layer, the conduction terms can be given by:

qgofnd,ab =Caq - (TaI) _Ta%) (E'7)

qgobnd,ab =Cqp - (Ta{a _Tabb )+ qgwr,b (E_8)

where Cgyp the thermal conductance of the second layer (Btu/h-ft2-°F, W/mz2-K),

Uswrp = Shortwave radiation absorbed by the blind layer (Btu/h-ft2, W/m2), and

T2 temperature of a fictitious surface representing the back surface of the

combined glazing and blind layer (°F, K).
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With perfect thermal contact, the back surface temperature of the first layer (Tgb) and the

front surface temperature of the second layer (T, ) are the same. Also, the conduction through

the back surface of the first layer is the same as the conduction through the front surface of the
second layer. Equating Equations (E-6) and (E-7), we can then obtain the common temperature

(i.e. the back surface temperature of the first layer and the front surface temperature of the second

layer) as a function of the front surface temperature of the first layer (Tgf ) and the back surface

temperature of the second layer (T2) as follows:

c 1 G
Tb :Ta{) - 9 Tgf L “ab Tabb n swr,g (E-9)
Cq + Cap Cq + Cap Cqg+Cyp 2

By substituting the common temperature in Equations (E-5d) and (E-8), the conduction terms for

the combined glazing and blind layer can then be given as:

gl = G (eq +cay _1)-|-f _ o Cab b _ (e +Cap +1) dur (E-10)
cond, g Cq + Cap $ ey ey a Cq + Cap 2
Cy-C Cap -(L-Cy —Cap) c ag
b ab f ab ( ab b swr, -
qgond,ab = ! Tg - - Tap + ! &+ qgwr,b (E 11)
Cq +Cap Cy +Cap Cg+Cap 2

As previously mentioned in Chapter 6, using thermo-physical properties of the glass, the thermal
conductance of the first layer can simply be determined as the ratio of the glazing thermal
conductivity to the glazing layer thickness. On the other hand, the (equivalent) thermal
conductance of the second layer (i.e. c,,) must be experimentally determined using the proposed

experimental method presented in Chapter 6.

318



Using the indexing convention presented in Chapter 6 for the combined glazing and blind

layer, Equations (E-10) and (E-11) become:

"
nt _oce(eireig -1 cp iy on (6 + 0 +1) Gaure (E-12)
qcond,L - Ts,L - Ts,L -
CL+CLy CL+CLu CL+CLu 2
b CL-Cla f _ Cra-(@-CcL—Cla)o CL Gswrl | E-13
Oeond,L = Ts,L - Ts,L + + Qowr,L4+1 ( )
CLtCLu CL+CLu CL+CLay 2
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