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Abstract

Shading devices have the potential to reduce peak cooling load and annual energy consumption
because they can be used to control solar gain. Thus, the need to model shading devices in a

glazing system analysis is important.

This thesis deals with various measurement techniques and model development related to solar
optics in windows with shading devices. It also considers longwave radiative properties of
shading devices via model development and experimentation. The different shading devices

examined were roller blinds, insect screens, pleated drapes and venetian blinds.

The energy performance of windows with shading devices was modeled using a two step
procedure. Solar radiation was considered in the first step by developing a multi-layer solar
optical model for glazing/shading systems. This newly developed model is an extension of an
existing model for systems of specular glazing layers and includes the effect of layers that create
scattered, specifically diffuse, radiation in reflection and/or transmission. Spatially-averaged
(effective) optical properties were used to characterise shading layers, including their beam-
diffuse split. The multi-layer solar optical model estimates the system solar transmission and
absorbed solar components. The absorbed solar components appear as energy source terms in the
second step — the heat transfer analysis. The heat transfer analysis involves the formulation of
energy balance equations and requires both effective longwave properties and convective heat
transfer coefficients as input. The simultaneous solution of the energy balance equations yields

the temperature as well as the convective and radiative fluxes.
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The effective solar optical properties of flat materials like drapery fabrics, roller blinds and insect
screens were obtained by developing a new measurement technique. Special sample holders
were designed and fabricated to facilitate measurements using an integrating sphere installed in a
commercially available spectrophotometer. Semi-empirical models were then developed to
quantify the variation of solar optical properties with respect to incidence angle. In turn, effective
layer properties of venetian blinds and pleated drapes were modeled using a more fundamental

net radiation scheme.

The effective longwave properties of flat materials were obtained by taking measurements with
an infrared reflectometer using two backing surfaces. The results enabled simple models to be
developed relating emittance and longwave transmittance to openness, emittance and longwave
transmittance of the structure. In turn, effective longwave properties of venetian blinds and
pleated drapes were modeled using a net radiation scheme. Convective heat transfer correlations

were readily available.

Finally, the newly developed models were validated by measuring the solar gain through various
shading devices attached to a double glazed window using the National Solar Test Facility
(NSTF) solar simulator and solar calorimeter. Solar gain results were also obtained from
simulation software that incorporated the models. There was good agreement between the
measured and the simulated results thus strengthening confidence in the newly developed

models.
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CHAPTER 1

INTRODUCTION

1.1 Background

Building energy consumption constitutes more than 40% of the total energy consumption in
the US and Canada. It has also been estimated that about 25% of this consumption is
attributed to windows. Due to rising cost of conventional energy sources like coal, petroleum
and natural gas, there is an increased interest in conversion from conventional energy to
renewable energy. Furthermore, renewable energy is generally known to be clean and
environmentally friendly. The first approach to the conversion from conventional energy to
renewable energy is conservation. Thus, improving the thermal performance of windows is a

great potential for energy conservation.

Windows are openings in the wall of a building that generally allow the passage of solar
radiation, thermal energy and air. Solar radiation entering the building through a window
provides both daylight and heat gain to the indoor space. Thus, building energy requirements
are directly influenced by the presence of windows. A typical window consists of glazing and
framing components. The glazing may be a single layer or multiple layers. In a multi-layer
glazing unit, the glazing layers are usually separated at the perimeter by a spacer and sealant.
Such a unit is called an insulated glazing unit (IGU) with the cavity between the glazing

layers usually filled with air or argon. The most common glazing material is glass although

1



plastics and other transparent materials are also used. The glazing unit is held in a sash
which forms part of the framing system. The framing components are usually made of wood,
metal, and/or polymers. Current technologies in energy efficient window design use low-
emissivity (low-e) coating on the glazing, additional glazing layers, spectrally selective glass
and substitute fill gas, usually argon, in the glazing cavity. To further control solar gain in
addition to providing privacy, reducing glare and improving aesthetics, shading devices like
venetian blinds, roller blinds and drapes are often attached to windows. If properly designed
and controlled a shading device can be used to admit solar energy when and where heating is
required, and reject it otherwise. Insect screens are frequently attached to windows as well.
In the current context, an insect screen will be classified as a shading device because it can

have a significant influence on solar gain (Brunger et al. 1999).

The performance of a window can be determined by energy analysis of the glazing and
framing components. However, glazing system analysis continues to be the most important
aspect of window research since it is the glazing through which the majority of the solar gain
arises. In glazing system analysis, the glazing area is usually divided into one-dimensional
centre glass region and two-dimensional edge glass section at the glass-frame interface.
Window frame energy analysis is two-dimensional. Both edge glass and frame energy
analyses have been given considerable attention (e.g., Wright et al. 1994, Wright and
McGowan 1999). Nevertheless, it is the centre glass region that is associated with the

majority of the energy transfer (Wright 1998).



Energy analysis of a glazing system takes advantage of the fact that there is no appreciable
overlap in wavelengths between the shortwave (solar) and the longwave radiation. This leads
to a two-step analysis. First, solar radiation models are used to determine the fraction of
incident solar radiation directly transmitted through the glazing system and the fraction that
is absorbed in each layer. The absorbed solar radiation in each layer then serves as a source
term in the second step — the heat transfer analysis. The temperatures and the heat fluxes at
each layer can be determined by this two-step analysis (e.g., Hollands et al. 2001, Finlayson

et al. 1993).

When solar radiation is incident on glazing layers, a portion of it is directly transmitted to the
indoor space while another portion is absorbed by the glazing layers, some of which is
redirected to the indoor space by heat transfer. For any glazing system, the solar gain is
characterised by the Solar Heat Gain Coefficient (SHGC) which is defined as the ratio of the
total solar gain to the solar irradiance (e.g., ASHRAE 2005). Moreover, the temperature
difference between the indoor space and the outdoor surrounding results in heat transfer
through the glazing system via conduction, convection and longwave radiation. The heat
transfer through the glazing system is characterised by the overall coefficient of heat transfer
(U-factor). Considerable effort has been made in the past to rate windows in terms of SHGC
and U-factor (e.g., CSA 1998). The SHGC and the U-factor used in energy rating methods
are obtained by either measurement or computer simulation. Measurement of SHGC and U-
factor can be obtained using a solar simulator and a solar calorimeter test facility (e.g.,
Harrison and Dubrous 1990). Measurements are usually taken with the irradiance from the

solar simulator at normal incidence to the window. Various performance rating tools are also
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available to calculate the SHGC and the U-factor of windows (e.g., VISION4 (UW 1996),
FRAMEplus (EEL 1995), WIS (van Dijk et al. 2002), WINDOW 4.0 (Finlayson et al.
1993)). In all of these performance rating tools, the performance indices are calculated using

the optical properties of the glazing layers at normal incidence.

The SHGC and the U-factor are the two performance rating indices that characterise the
thermal performance of a glazing system. However, due to the hourly variation of solar
radiation and intermittent cloud cover, solar gain represents the most variable heat gain
imposed on the indoor space through a window. It is also likely to represent the largest heat
gain of the indoor space. These two observations highlight the importance of determining

the SHGC.

Solar gain through a window constitutes a significant portion of the cooling load and annual
energy consumption of many buildings. The solar gain through a window becomes a cooling
load only when the energy is transferred to the air by convection. The directly transmitted
solar radiation is absorbed by the surfaces within the indoor space. When these surfaces
become warmer than the surrounding air, heat is transferred to the air. Furthermore, the
convective portion of the absorbed solar radiation in the glazing system gets transferred to
the air in the indoor space almost instantly while the radiant portion (longwave radiation)
gets absorbed by the surfaces in the indoor space and subsequently transferred to the air.
There is therefore a time lag between the heat gain and its associated cooling load due to the
delayed conversion of the radiant portion of the heat gain. The thermal storage capacity of

the surfaces within the indoor space is critically important in differentiating between the



instantaneous heat gain and the cooling load. The reduction of the peak cooling load because

of this time lag can be quite important in sizing the cooling equipment.

Recently, two cooling load calculation methods have been developed to account for the time
delay effect. These methods (Heat Balance (HB) and Radiant Time Series (RTS)) are
currently being used in building load and annual energy calculation tools (e.g., Pedersen et al.
1998, EnergyPlus 2005). Building load and annual energy calculations generally involve
hour-by-hour computer calculations. The calculations are iterative in nature because of the
nonlinear equations in the heat transfer models. They also require solar optical properties of
glazing layers at various angles of incidence. Furthermore, the analysis involves the
determination of the radiative/convective split to resolve the time lag between the
instantaneous heat gain of a given space and its cooling load. The analysis is therefore
computationally intensive and thus, simplicity and speed are assets. Spectral calculations in
the solar optical models are therefore unrealistic and total optical properties are expected to

give the desired accuracy.

1.2 Motivation

Over the past several decades, window energy analysis has been focused on glazing systems
without examining the effects of shading devices (e.g., Pettit 1979, Pfrommer et al. 1995,
Roos 1997, Rubin et al. 1998). However, shading devices are common. Shading devices
like venetian blinds, roller blinds and drapes are frequently used to control solar gain through
windows and their potential for reduction of building load and annual energy consumption is

recognized to be large (e.g., Grasso and Buchanan 1982). As many windows have some
5



form of shading device attached, there is a clear need to include the effect of shading devices
in the energy analysis (e.g., Wright et al. 2004). The effect of shading devices on window
energy performance has therefore become an important topic in recent years (e.g., Rosenfeld
et al. 2000, Breitenbach et al. 2001, Collins et al. 2004a and b, Yahoda and Wright 2004a and

b, Yahoda and Wright 2005).

Several studies have shown that roller blinds, for example, can significantly reduce energy
costs associated with windows. Using experimental techniques, Grasso and Buchanan (1979,
1982) reported a 60% reduction in energy costs when a light coloured opaque roller blind
was used during the cooling season. A light coloured translucent roller blind yielded an
annual cost reduction of 50%. During the heating season, they found that roller blinds had the
potential of reducing energy cost since they reduce heat transfer through the window. For
climates with net seasonal energy loss, an average of 34% reduction in energy cost was
realised when conventional roller blinds were attached to a window. They also noted that the
percentage reduction in the energy cost during the heating season was insensitive to the type
and colour of the roller blind used, but was sensitive to the proximity of the roller blind to the
window. The roller blinds tended to be more effective in reducing heat transfer when
installed closer to the window. The energy saving potential of roller blinds has also been
examined by means of calorimetric measurements (e.g., Ozisik and Schutrum 1959, Grasso
and Buchanan 1982, Harrison and van Wonderen 1998). Such measurements are time

consuming and expensive.



To provide validation data for numerical modeling of complex fenestration systems
(windows with shading devices), Collins and Harrison (2004) used an outdoor solar
calorimeter facility to measure the SHGC and the U-factor of a window with an indoor-side
louvered blind. They obtained a limited amount of data in their investigation which took
over 33 test days in late spring, summer and early fall. They further pointed out that
approximately 700 test days or 20 years of testing would be required to provide sufficient
experimental data for use in building energy analysis software. They therefore recommended
indoor solar calorimetry which would reduce testing time although it would still require an

appreciable time commitment.

In order to obtain the SHGC and the U-factor of a window with an insect screen attachment,
Brunger et al. (1999) carried out measurements using an indoor solar simulator and solar
calorimeter facility. Their test results showed that when the insect screen was placed on the
outdoor side of a double-glazed window, SHGC was reduced by 46% while U-factor was
reduced by 7%. On the other hand, SHGC was reduced by 15% while U-factor was reduced
by 14% when the insect screen was placed on the indoor side of the window. In light of the
aforementioned observations, there is clearly a need to model the effect of insect screens on
window energy performance as Brunger et al. (1999) stated their intention to do so in future

research.

VISION4 (UW 1996) and FRAMEplus (EEL 1995), recently used in Canada as standard
computer programs for window performance rating and design, have proved to be successful.

These computer programs can handle up to six glazing layers, coatings on any glazing,



different kinds of substitute fill gases and even diathermanous layers (layers that can transmit
longwave radiation). The only drawback of these computer programs is that they cannot

handle windows with shading devices.

WIS (van Dijk et al. 2002), a window analysis software package, does incorporate shading
devices. In the data base (Rosenfeld 2004), WIS requires solar optical properties of shading
devices from manufacturers without documenting any standard measurement or calculation
procedure that could be used to obtain these optical properties. Furthermore, WIS requires
flow resistance data that is not readily available. It is therefore difficult to fully assess the

capability of WIS in analyzing complex fenestration systems.

Klems (1994a and 1994b) developed a new method to predict the solar gain of complex
fenestration systems. The method involves measuring the bi-directional optical properties of
a shading layer using a scanning radiometer to compile a detailed optical property map for
the layer. The properties of the overall complex fenestration system are then built up using
matrix layer calculation and the measured layer properties. Although accurate, this method is
very complex and computationally intensive. In addition, there is currently no practical
method by which the bi-directional property matrices can be produced en-masse for input to
the matrix routine. It is therefore impractical to be used in any building load and annual
energy simulation tool. Klems (1994b) further points out that the use of a bi-directional grid
to characterise a non-specular layer with azimuthal dependence requires handling huge

matrices with special-purpose computer programs.



Hunn et al. (1991) designed an apparatus to measure the bi-directional transmittance and
reflectance distribution of fabrics. The measurements revealed the effect of textile properties
(openness of weave, fibre cross section and fabric structure) on the distribution of sunlight.
Such information is particularly useful in the context of daylighting simulation. Bi-
directional solar optical properties can be incorporated into matrix layer calculation methods
(e.g., Klems 1994a and 1994b) to predict the solar gain of glazing/shading systems.
However, this experimental method and the associated glazing/shading system layer system
analysis are not well suited to building energy simulation because of their complexity and

because of the significant amount of CPU time required.

ASHRAE (2005) contains extensive models that could be used to estimate the SHGC of
complex fenestration systems while accounting for angular and spectral variations in the
incident solar radiation as well as any coating, fill gas and environmental conditions. The
models in ASHRAE (2005) were developed for building load and annual energy analysis.
More specifically, the SHGC is separated into the directly transmitted solar radiation and the
inward-flowing fraction of the absorbed solar radiation. However, the inward-flowing
fraction which includes both convective and radiative portions is treated as one quantity in
the cooling load without providing the radiative/convective split necessary for the estimation
of time lag to the radiant portion of the cooling load. The models also require both normal
and off-normal solar optical properties of glazing/shading layers. Even though off-normal
solar optical properties can easily be obtained for glazing layers, the off-normal solar optical
properties are not readily available for shading layers. Furthermore, the models require

calorimetric measurement of the inward-flowing fraction for the complex fenestration
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system. These models are therefore unsuitable for use in building load and annual energy

analysis software.

Other simplified models in ASHRAE (2005) applicable to windows with outdoor-side,
indoor-side and between-the-pane shading layers use an angle-dependent SHGC of a glazing
system in combination with a constant attenuation coefficient of a shading layer to estimate
the solar gain of a complex fenestration system. Having obtained the solar gain, ASHRAE
(2005) then assigns a hypothetical radiative/convective split to the solar gain in order to
calculate the cooling load using Radiant Time Series. Obviously, the attenuation coefficient
will be a weak function of the incidence angle for shading devices like insect screens and a
strong function of the profile angle for shading devices like venetian blinds. In other words,
angular variations in the attenuation coefficient must be accounted for when using this
method in an hour-by-hour cooling load calculation. Furthermore, the radiative/convective
split will be a function of the type of shading layer and its location in the complex
fenestration system. Therefore, cooling loads calculated using these simplified methods can

be expected to be inaccurate.

EnergyPlus (2005), a building annual energy analysis software, uses models that calculate the
cooling loads of windows with indoor-side and outdoor-side shading devices. The models

are not applicable to windows with more than one shading device.

As described above, the results from performance rating tools do not embody the complete
set of information required for building load and annual energy analysis. More specifically,

the methods used in performance rating tools are not applicable to building load and annual
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energy analysis since they do not provide the radiative/convective split. Although normal
incidence solar optical properties of glazing/shading layers are sufficient for performance
rating calculations, off-normal solar optical properties of glazing/shading layers are required

for building load and annual energy analysis.

In summary, solar optics and heat transfer analyses continue to be important topics in
window research. However, more attention has been given to heat transfer analysis in recent
years (e.g., Rheault and Bilgen 1989, Wright 1990, Wright et al. 1994, Wright 1996, Garnet
1999, Collins and Harrison 1999, Collins et al. 2002, Collins et al. 2004a and 2004b). Solar
optics in windows with shading devices on the other hand lags behind current research.
Current emphasis will therefore be placed on solar optics in windows with shading devices
by extending the glazing system analysis to include shading devices.  Moreover,
computational procedures for solar optics in windows with shading devices are especially
useful in the design stages when one wishes to compare the performance of various

glazing/shading system configurations.

1.3 Purpose and Objectives

The main purpose of this research is to provide simple but accurate models and measurement
techniques for estimating the solar gain through windows with shading devices. It is worth
emphasizing that the methods sought in this research are intended for use in the context of
building energy simulation. This type of computationally intensive, iterative simulation
places a strong requirement for speed on any of its sub-models. Simplicity is also an

important asset because of its inherent connection with speed and because of the desire to
11



offer models that can be widely and reliably implemented. The methods will also be

invaluable in window performance rating.

The objectives of the proposed research are:

e To develop a generalized multi-layer solar optical model for windows with shading
devices

e To develop quick and accurate methods for measuring solar optical and longwave
radiative properties of flat shading materials

e To develop simplified solar optical and longwave properties models for flat shading
materials using measurement data

e To develop simplified models to calculate the effective solar optical and longwave

radiative properties of shading devices like venetian blinds and pleated drapes

1.4 Scope of Work

The scope of the present research is limited to the determination of normal and off-normal
solar optical properties as well as longwave radiative properties of the following shading
devices:

e Roller Blinds

e Insect Screens

e Pleated Drapes

e Venetian Blinds

12



There are significant differences between these categories and any one of these categories

represents a very large variety of products. In order to retain generality and practicality while

striking a balance between complexity and computational speed a simplified approach was

taken regarding the way in which radiation interacts with a shading layer. Two points are

worth mentioning:

Shading layers are characterised by making the assumption that each layer, whether
homogeneous or not, can be represented by an equivalent homogenous layer that is
assigned spatially-averaged “effective” optical properties. This approach has been
used in a number of studies (e.g., Parmelee and Aubele 1952, Parmelee et al. 1953,
Farber et al. 1963, Rheault and Bilgen 1989, Pfrommer et al. 1996, Rosenfeld et al.
2000, Yahoda and Wright 2004, 2005) and has been shown to provide accurate
characterization of venetian blinds (e.g., Huang et al. 2006, Wright et al. 2008, Kotey

et al. 2008).

Some portion of the incident solar radiation passes undisturbed through openings in a
shading layer and the remaining portion is intercepted by the structure of the layer.
The structure may consist of yarn, slats, or some other material. The portion of the
intercepted radiation that is not absorbed will be scattered and will leave the layer as
an apparent reflection or transmission. These scattered components are assumed to
be uniformly diffuse. In addition, a shading layer will generally transmit longwave
radiation, by virtue of its openness, and effective longwave properties are assigned

accordingly.
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Using effective optical properties and a beam/diffuse split of solar radiation at each layer, the
framework used to represent multi-layer systems provides virtually unlimited freedom to
consider different types of shading layers. This framework also delivers the computational

speed needed in the context of building energy simulation.

A list of properties needed to completely carry out solar optical and heat transfer analyses of
windows with shading devices is given in Table 1.1. It includes solar optical, longwave
radiative, geometric and thermophysical properties of glazing/shading layers as well as
thermophysical and geometric properties of the fill gas in between the layers. Geometric
properties of glazing/shading layers can readily be measured. In addition, thermophysical
properties of the fill gas are well documented. Normal incidence beam-beam solar optical
properties and longwave properties of coated, uncoated and tinted glazing layers are well
documented (e.g., LBNL 2008, Pettit 1979, Roos 1997, Pfrommer et al. 1995, Furler 1991).
Off-normal solar optical properties of glazings can be estimated by assuming that the ratio
between direct-normal and off-normal property (e.g. transmittance) is the same for the
glazing in question and a reference piece of uncoated glazing with moderate tint. Details are
provided in (Wright et al. 2009). In addition, several models have been devised to
characterise the off-normal solar optical properties coated glass (e.g., Pfrommer et al. 1995,

Roos 1997, Rubin et al. 1998, Rubin et. al. 1999).

For flat shading materials such as roller blinds, insect screens, drapery fabrics and venetian
blind slats, normal incidence solar properties were measured using an integrating sphere

installed in a commercially available spectrophotometer. In addition, special sample holders
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were designed and fabricated to facilitate off-normal solar optical measurements of roller
blinds, insect screens and drapery fabrics. For each category of flat material (roller blinds,
insect screens and drapery fabrics), semi-empirical models were developed to quantify the
variation of solar optical properties with respect to incidence angle. Given solar optical
properties obtained at normal incidence, these models can be used to characterise the off-
normal beam-beam, beam-diffuse and diffuse-diffuse properties of the material. On the other
hand, the longwave properties of flat materials were measured using an infrared
reflectometer. For venetian blind slats, only the emittance of the slat surface was measured.
Since roller blinds, insect screens and drapery fabrics generally have some form of openness,
two backing surfaces were used in order to obtain both emittance and longwave
transmittance. In turn, effective layer properties of pleated drapes and venetian blinds were
modeled using a more fundamental net radiation scheme with fabric models and slat

properties as respective input.

Different attributes of each shading device were investigated; colour, openness factor (ratio
of the open area between the fibres to the total area of the fabric) and texture of materials
used for drapes and roller blinds (e.g., Grasso et al. 1997), openness factor and various types
of wire material used for insect screens, the effects of pleating on drapes, and the effects of

varying slat angles on the optical properties of venetian blinds.

Finally, solar transmittance and solar gain results obtained from measurements using the
National Solar Test Facility (NSTF) solar simulator and solar calorimeter were compared

with results obtained from simulation software that incorporated the newly developed

15



models. Each category of shading device attached to a conventional double glazed (CDG)

window was considered in this comparison study.

1.5 Outline of Thesis

The thesis consists of eleven chapters and two appendices. The Multi-layer framework and
system analysis is presented in Chapter 2 with emphasis placed on the development of the
multi-layer solar optical model. The development of a novel measurement technique using
special sample holders in an integrating sphere is outlined in Chapter 3. The measurement
technique is subsequently used to obtain off-normal solar properties of drapery fabrics, roller
blinds and insect screens and the results are presented in Chapters 4, 5 and 6, respectively.
Also presented in Chapters 4, 5 and 6 is the development of semi-empirical models using the
measurement results. The methods used to establish the longwave properties of drapery
fabrics, roller blinds and insect screens are given in Chapter 7. The development of effective
property models for pleated drapes and venetian blinds are discussed in Chapters 8 and 9,
respectively. A comparison study between measured and simulated solar gain through a
window with various shading devices is presented in Chapter 10. Finally, summary,
conclusions and recommendations for future work are presented in Chapter 11. Appendix A
gives a brief review of integration sphere theory while Appendix B outlines an uncertainty

analysis pertaining to all measurements taken in this research.

Note that Chapters 1 through 10 are written as stand-alone items although the topics in these

chapters are somewhat inter-related.
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Table 1.1: Summary of Properties Required for Solar-Thermal Analysis of Windows with

Shading Devices
Glazing/Shading Layer Properties
Normal and Off-Normal Solar Optical Properties |Beam-beam reflectance, front side Dfbb
Beam-beam reflectance, back side Pb,bb
Beam-beam transmittance, front side Ttbb
Beam-beam transmittance, back side Th.bb
Beam-diffuse reflectance, front side Ptbd
Beam-diffuse reflectance, back side Pb.bd
Beam-diffuse transmittance, front side | Tgpg
Beam-diffuse transmittance, back side | Ty pq
Diffuse Solar Optical Properties Diffuse-diffuse reflectance, front side Prdd
Diffuse-diffuse reflectance, back side Pb,dd
Diffuse-diffuse transmittance Tdd
Longwave Radiative Properties Emissivity, front side Er
Emissivity, back side &
. Iw
Transmittance
Geometric Property Thickness t
Thermophysical Property Thermal conductivity k
Fill Gas Properties
Thermophysical Properties Thermal Conductivity Koas
Specific Heat Capacity Copoas
Density Paas
Viscosity Hoas
Molecular mass M,
Geometric Property Spacing between shading/glazing layer L
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CHAPTER 2

MULTI-LAYER FRAMEWORK AND SYSTEM ANALYSIS

2.1 Introduction

This chapter gives an overview of the energy analysis of multi-layer systems consisting of
specular glazing and nonspecular shading layers. The analysis can be divided into two major
steps, namely, the solar optical and the heat transfer analyses. Particular emphasis is placed
on the solar optical analysis by extending existing solar optical models for systems of
specular glazing layers to include the effect of nonspecular layers that create scattered,
specifically diffuse, radiation in reflection and/or transmission. Solution techniques can be
formulated on the basis of matrix reduction. However, an alternate technique has been
developed with the goal of computational simplicity and speed. The development of the
theory related to the heat transfer analysis (Wright 2008) is beyond the scope of the current
research. As such, only a brief review of the heat transfer analysis is presented in this

chapter.

2.2 Structure of the Multi-Layer System Analysis

In the multi-layer analysis each glazing/shading layer system is treated as a series of parallel

layers separated by gaps as shown in Figure 2.1. The index 1 is used to indicate location
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within the system consisting of layers ranging from i = 1 at the indoor space to i = n at the

outdoor space. Within the glazing/shading system itself i ranges from i = 2 to i = n-1. The

th
gaps are also numbered. The i gap is located between layer i1 and layer i+1. This multi-layer

structure has been used in several computer programs (e.g., Finlayson et al 1993, Wright
1995, van Dijk and Goulding 1996) and the underlying theory has been documented (e.g.,

Wright 1980, Hollands and Wright 1983, Rubin 1982, Hollands et al 2001).

Solar-thermal separation is used to set up a two-step analysis. First, the flux of absorbed

solar radiation at each layer, Si , caused by the incident flux, I 1s determined. Second, an

sol ?

energy balance is applied at each layer accounting for both convective and radiative heat

transfer, and the known set of Si values, in order to obtain the set of layer temperatures, Ti ,

and the corresponding set of heat flux values, (; . This one-dimensional (1-D) centre glass

analysis is customarily used and applied to the view area of the window since solar gain of

the window frame can safely be ignored in almost all cases (Wright and McGowan 1999).
2.3 Solar Optical Analysis

Methods exist for modeling the interaction of incident solar radiation with a glazing system
composed of any number of parallel, planar, specular glazing layers. Techniques include ray
tracing, net radiation analysis, matrix reduction and iterative numerical processing. The most
noteworthy method is a recursion algorithm devised by Edwards (1977). Edwards' method

stands out for many reasons; it is simple, compact and easily programmed (It can even be
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applied as a hand calculation.), it is computationally fast and efficient, it can be applied to
any number of layers, diffuse and/or off-normal beam insolation can be handled and it does

not require the use of matrices or matrix manipulations.

The presence of a shading layer entails added complexity. A portion of the solar radiation
that encounters the shading layer will be scattered in some fashion. A full set of bi-directional
solar optical properties is required for each layer in the system (Klems and Warner 1995),
along with computationally intensive matrix manipulations (Klems 1994a, 1994b), if a high
level of detail is required regarding the directional nature of the solar radiation within or

leaving the system. This may be the case if daylighting is a high priority.

In the present analysis a more practical approach is taken. It is assumed that only specular
and/or isotropically diffuse components of solar radiation result from the interaction of
insolation with any item in a glazing/shading layer array. An expanded set of solar optical

properties is assigned to each layer accordingly.

2.3.1 Solar Optical Properties

2.3.1.1 Properties of Individual Layers

Consider the interaction of solar radiation with a single layer. The quantities of interest are

shown in Figure 2.2.

A portion of the beam radiation incident at a given layer will leave the layer without being

scattered. The solar optical properties associated with this unscattered beam radiation are
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called beam-beam properties and are given the subscript “bb”. More specifically, these
properties pertain to beam radiation that is transmitted without change in direction or

reflected in a direction consistent with specular reflection from the plane of the layer. The

properties needed are front and back reflectances, Pgppand Py by, and front and back
transmittances, T, and Ty, - In the analysis of specular glazing layers it is recognized
that Tgyy, = Ty, - However, this may not be true for shading layers. Figure 2.3 shows an

example, a venetian blind and glazing combination, where it is clear that Ty, # Ty, py, for

the venetian blind.

The solar optical properties associated with diffuse radiation incident on the front or backside

of the layer are P¢ 44, Pp g and Tyq- Diffuse insolation is assumed to produce only diffuse

radiation in reflection or transmission at each layer and the diffuse-diffuse properties are
given the subscript "dd". It can be shown that the diffuse-diffuse transmittance must be the

same regardless of whether the incident radiation arrives at the front side or the back side of

the layer. Therefore, no f or b subscript is attached to T 4.

Beam-beam properties and diffuse-diffuse properties can readily be assigned to specular
glazing layers and used to track beam and diffuse insolation, respectively. This is routinely
done using Edwards (1977) method for example. Added complexity results from the

presence of a nonspecular layer because beam radiation can be converted to diffuse radiation.

Four additional optical properties are needed: P¢pg, Pppa » Trpd and Ty pg- The "bd"
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subscript denotes the beam-diffuse conversion. Again the front and back transmittance values
are not necessarily equal. The solar properties of shading layers can be estimated using

procedures outlined in Chapters 3, 4, 5, 6, 8 and 9.
2.3.1.2 Properties of the Environment

In order to fully specify the problem and establish the problem domain it is useful to assign

solar optical properties to the layers that represent the indoor and outdoor environment.

Regarding the outdoor side, it is assumed that none of the radiation leaving the outdoor
surface returns. Thus, all reflectance values of the outdoor environment are set to zero. This
is quite realistic. No such limitation applies to the reflectance of the indoor side. It is
necessary to set transmittance values to zero for the layers that represent the indoor

environment and the outdoor environment.

2.3.2 Model and Solution Technique

2.3.2.1 Solar Flux Components

Figure 2.4 shows two sets of solar flux quantities, B and D . The variables Bi+ and B, are

assigned to the indoor-to-outdoor and outdoor-to-indoor fluxes of beam radiation,

th
respectively, in the 1 gap. The superscript notation, and the numbering scheme is consistent

with Edwards (1977), allowing for convenient cross-reference.
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The beam fluxes are interrelated. Equations 2.1 and 2.2 can be obtained by inspection of

Figure 2.4.
+ - +
Bi =Ptub.iBi + Thbb.iBi-1 (2.1)
—_ + i
B =Pubir1Bi + Tebbiv1Bis (2.2)

The i (or i+1 or i-1) subscript has been added to the optical properties to indicate the

appropriate glazing/shading layer. It is also worth noting that B, ; must simply be set equal

to the incident flux of beam solar radiation, I B, is not influenced by B, or B;-l ,

beam *

and this is consistent with the optical properties assigned to the surface that represents the

outdoor environment: Py, pp , =0 and Teyy, , =0.

Similarly, D;

; and Dj are fluxes of diffuse radiation. Note that the incident diffuse flux,

Lyg and Dy are equal. Expressions similar to Equations 2.1 and 2.2 can be written for

Di+ and D; by noting that each diffuse flux arises from both beam and diffuse incident

fluxes. These are:

+_ - + - +

Dy =P4q.iDi + T4qiDis1 + PepaiBi + To.bda,iBi-1 (2.3)

Di =Pu.adi+1Di + Tadi+1Dit1 + PobdiriBi + TebdiriBis (24

Once all of the Bi+, B, Di+ and D; values have been determined, it is easy to calculate

S, , the flux of solar radiation absorbed at the i layer:
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S, =Bi +B{; -B{ -B{; +D; +D{_; -D{ -Di, (2.5)
The flux directly transmitted to the indoor space and absorbed is S, .

S, =By —=B{ +D; =Dy (2.6)
2.3.2.2 Matrix Solution

Matrix manipulation can be used to solve for the complete set of solar flux quantities
simultaneously. Equations 2.1 to 2.4 are applied at each gap from i = 1 to i = n-1. Various
methods are available to solve the resulting system given by [L][x] = [R], where [L] is the

square matrix shown in Figure 2.5, [x] is a column vector whose transpose is

[x]'=(B/.B],D;.D},B;,B;.D5,D7... B, ,By1.D D) @)

n-1>-n-1>~n-1»

and [R] is a column vector whose transpose is

[R]' =(0,0,0,0,0,0,0,.......0,0,0,0, I, ... ,0, ¢ ,0) 28)

beam*

Each dimension of [L], [x] and [R] is n = 4(n-1).

2.3.2.3 Sequential Solution

As an alternative, it is also possible to use a sequential process to obtain the solution for all

solar flux quantities. This procedure is based on the ideas that (a) the beam flux values result

only from the presence of | and are not influenced by diffuse radiation and (b) the

beam

24



diffuse quantities result from the combined influence of 1 qife and sources of diffuse radiation

arising from the interaction of beam radiation with nonspecular layers. This method offers

simplicity even to the extent that it can be applied as a hand calculation.

Allowing for the possibility that beam radiation can be converted to diffuse radiation at any
given layer, a third set of solar flux variables is defined. The variables C;” and C| describe

sources of diffuse radiant flux entering gap 1, caused by beam radiation incident at layers i

and i+1, respectively. See Figure 2.6. These beam-diffuse source fluxes are given by:

+

+ p—

Ci =Ptpa.iBi + Thpa.iBia (2.9)
— + —

Ci =Pb.bai+1Bi + Tepair1Bivi (2.10)

The sequential solution is undertaken in three steps. First, | and the bb properties are

beam
used to solve for the Bi+ and B; set. Second, the known values of Bi+ and B, , and the bd

properties, are used to calculate the C; and C; set. Third, the C" and C; set along with

I 4 and the dd properties are used to solve for all Di+ and D, wvalues. This step is

facilitated by recognizing that Equations 2.9 and 2.10 can be used to simplify Equations 2.3

and 2.4, giving:

+ - + +
Dy =Pt4a.iDi + Tq4q,iDia + G (2.11)

—_ + —_ —
Di =Pp.adir1Di + Taqi+1Piv1 + G (2.12)
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Detailed description of the three steps involved in the sequential solution is given in Wright

and Kotey (2006).
2.4 Heat Transfer Analysis

The heat transfer in a multi-layer glazing/shading system involves coupled convective and
radiative heat transfer (e.g., Wright 2008). Consider the i layer in the multi-layer system
shown in Figure 2.7. The longwave radiative properties of interest are the front emissivity,
€¢i, the back emissivity, € ;, and the longwave transmittance, I%W. It is evident, using
Kirchoff’s law, that the reflectance at the front and back surfaces of the i glazing layer are,
and p.;=1-1" —g,,, respectively. The longwave radiative

w __ Iw
P =1—17 —¢&g

N1
properties are assigned the superscript “Iw” to distinguish them from solar optical properties.

Longwave properties of coated, uncoated and tinted glazing layers are well documented (e.g.,
LBNL 2008). The glazing layers are opaque to longwave radiation and hence ™ =0

applies to glazing layers whether coated, uncoated or tinted. It is also safe to assume that
g, =€, =0.84 for uncoated glazing layers. The longwave properties of shading layers can
be estimated using procedures outlined in Chapters 7, 8 and 9.

The indoor and outdoor air temperatures are Ta,in and Ta’ out » Tespectively while the mean

radiant temperatures for the participating indoor and outdoor surfaces are T . and T .,

respectively. Both indoor and outdoor surfaces are opaque to longwave radiation. Since the
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window is small relative to the indoor and outdoor environment, it is safe to assume that the

emissivity of the indoor and the outdoor surface is equal to unity.

Having obtained the set of Si values from the solar-optical analysis, an energy balance is

applied at each layer. The energy balance involves the formulation of radiative and

convective exchange between the layers with the set of Si values appearing as source terms.

The resulting set of equations is solved for the set of layer temperatures, Ti and radiative

and convective heat transfer rates.

Two techniques for modeling the longwave radiant components of heat transfer is described

in (Wright 2008). The first technique, a net radiation formulation, is based on the radiant
fluxes leaving the front and back surfaces of the each layer, J. and J, ;, respectively. The

net radiant heat flux across a gap can be expressed as the difference between the radiosities
of the bounding surfaces. The second technique is a new application of an old approach, the
resistance network, which makes it possible to calculate U-factor and SHGC for a system

that includes one or more diathermanous layers.

The quantification of convective components of heat transfer relies largely on empirical
information. Methods to obtain convective heat transfer coefficients for glazing cavities are
well established (e.g., Elsherbiny et al 1982, Wright 1996, Shewen et al 1996). Also available
is a method to estimate the convective heat transfer coefficients for a glazing cavity with an

enclosed venetian blind (Haung et al. 2006, Wright et al. 2008).
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On the other hand, the convective heat transfer coefficients in the vicinity of indoor and
outdoor shading layer can be specified by the calling routine (i.e., the building simulation or
performance rating program). Values may be specified to differentiate between natural and
forced convection. Figure 2.8 shows the resistor network used to model convective heat

transfer in the vicinity of the shading layer (Wright et al. 2009). The nodes representing air,

shading layer and glass temperatures are T, ,

T .40 and Tg respectively. The resistors

lass>

representing convective heat transfer coefficients between shading layer and air, glass and

and h respectively. The evaluation of

shading layer, and glass and air are h s g-a

s-a° h g
these resistors is beyond the scope of this thesis although details can be found in (Wright
2008). It is worth noting that the resistors representing convective heat transfer coefficients
on the outdoor and indoor side exist in parallel with the corresponding resistors that apply to
radiant heat transfer. Generally natural convection is likely to occur at the indoor side of the
window while forced convection is likely to occur at the outdoor side. For the case of natural

convection the radiant mode of heat transfer will be dominant, largely because of the

probability that the emissivity of each component will be high.

Established values of convective heat transfer coefficients are available in the limiting cases
where the shading layer is spaced well away from the window or where the spacing
approaches zero. At the indoor side, a model has been formulated by using an exponential
function to make a smooth transition between the established limits so the user can place the
shading layer at any distance from the surface of the window. At the outdoor side, much

simplified version of the convective heat transfer model is proposed. This is because very
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little is known about the influence of spacing between an outdoor shading layer and the
window. However, it is clear that the presence of convective heat transfer must be accounted
for at both surfaces of the shading layer and the exposed surface of the glass. These

simplified convective heat transfer models are documented in (Wright et al. 2009).

2.5 Conclusions

The framework used for the energy analysis of multi-layer glazing/shading systems
consisting of specular and/or specular/diffuse glazing and shading layers is presented. This
framework involves a two-step analysis, i.e., solar optical and heat transfer analysis. For the
solar optical analysis, a method has been devised by which beam and diffuse components of
solar radiation can be tracked as they interact with the layers in the system. The solar optical
analysis results include all beam and diffuse fluxes, providing full detail concerning the
quantities of reflected, transmitted and absorbed radiation — including locations of the
absorbed amounts. Solution techniques can be formulated on the basis of either a matrix
reduction or a sequential procedure. It is however recognized that the sequential solution
technique is rather simple and may be used in the context of hour-by-hour building energy
analysis. The heat transfer analysis, on the other hand, involves coupled convective and
radiative heat transfer between layers and gaps in the multi-layer system with absorbed solar
radiation appearing as source terms. Radiative components of heat transfer are formulated
through net radiation equations while convective components of heat transfer relies largely
on empirical information. The multi-layer energy analysis can be used to obtain the directly
transmitted solar flux as well as the convective and radiative fluxes entering the indoor space
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via heat transfer. System performance parameters such as U-factor and SHGC can also be

calculated.
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CHAPTER 3

MEASURING SOLAR PROPERTIES OF FLAT SHADING

MATERIALS

3.1 Introduction

This chapter discusses a unique measurement technique that was used to obtain off-normal
solar optical properties of flat shading materials. Special sample holders were designed and
fabricated to facilitate measurements using an integrating sphere installed in a commercially
available spectrophotometer. The shading materials considered were drapery fabrics, roller
blinds and insect screens. For drapery fabrics, measurements were taken for eight of the nine
fabric designations documented in the ASHRAE Handbook — Fundamentals. Measurements
were also obtained for a sheer fabric which does not fall into any of the customary fabric
designations. For roller blinds, six commercially available samples that represent a broad
spectrum of roller blinds were selected. For insect screens, measurements were taken on six
samples with various mesh sizes and wire reflectances. The off-normal properties obtained
from measurements were subsequently used to develop semi-empirical models. The
development of these semi-empirical models for fabrics, roller blinds and insect screens are

discussed in Chapters 4, 5 and 6, respectively.
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3.2 Description of Samples

3.2.1 Fabrics

Fabrics consist of strands of yarn that are woven or knitted. The yarn itself is made up of
fibres that are twisted and plied. Strands of yarn can be woven loosely, leaving open areas, or
woven tightly with little or no open area. Furthermore, strands of yarn that are loosely
twisted and plied could have open areas between the fibres. Keyes (1967), for example,
characterised fabrics by yarn color (yarn reflectance) as dark (D), medium (M), and light (L),
and by weave as open (I), semi-open (II), and closed (III). See Figure 3.1. A variety of
fabrics were obtained with the primary aim of locating samples that fit into each of the nine
designations described by Keyes (1967). With the exception of designation IIID which could
not be located, all designations were obtained. Also included in the sample set was a sheer

fabric which did not fall into any of the customary designations. The thicknesses of the fabric

samples ranges from 0.1 mm to 1.0 mm and openness factor, AO, ranges from 0.01 to 0.44.

Figure 3.2 shows the samples considered; and the type, colour and openness of each fabric

sample are summarized in Table 3.1.
3.2.2 Roller Blinds

The roller blind samples considered in this study have a general structure similar to the
fabrics. A typical roller blind is made up of strands of yarn that can be woven loosely,
leaving open areas, or woven tightly with no open areas. There are subtle differences,

however, in the material composition of roller blinds and fabrics. The roller blind material,
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for example, is usually made from two or more layers of vinyl, fibreglass, PVC and/or
polyester. As such, it appears to be more rigid in comparison with a fabric which is typically
made from softer materials such as cotton, wool, silk, etc. The differences in material
composition generally translate into differences in optical characteristics. The roller blinds

tested are grouped into two categories - open weave and closed weave. Six different samples

with values of A0 ranging from 0 to 0.13 were selected for testing. This set represents the

majority of roller blinds currently in use. Figure 3.3 shows the samples considered; and the

description of each sample is summarized in Table 3.2.
3.2.3 Insect Screens

Six different samples of insect screens were considered as summarised in Table 3.3. Each
screen is made from stainless steel (SS) wires that are woven to form an orthogonal mesh.
The wire diameter and wire spacing are the same in both directions. The wires can be woven
loosely, leaving significant open areas, or woven tightly with little openings. The thickness of
each sample is equivalent to the wire diameter. See Table 3.3. The screen samples considered
represent a wide range of geometry and wire reflectances. For the samples considered, the

openness factor ranges from 0.36 to 0.70. Figure 3.4 is a photograph of the samples.
3.3 Preliminary Considerations

A portion of incident beam radiation will pass undisturbed through the openings of the
shading material (i.e., fabric, roller blind or insect screen). The remaining portion encounters

the structure of the layer and undergoes multiple reflections between the structural material
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(e.g., yarn, wires or roller material) as well as possible transmission through the material. The
portion of the intercepted radiation that is not absorbed by the material emerges in the

forward or backward direction. The undisturbed radiation transmitted through the openings
constitutes the beam-beam transmittance (specular transmittance), T, . At normal incidence
the beam-beam transmittance is equivalent to the openness factor (Keyes 1967),

A =T, (9 = 0), which is defined as the ratio of the open area to the total area of the layer.

The portion of intercepted/scattered radiation that emerges in the forward direction

constitutes beam-diffuse transmittance, T,,, while the portion that emerges in the backward

direction is the beam-diffuse reflectance, p, , . These scattered components are assumed to be

uniformly diffuse. The beam-total transmittance (directional-hemispherical transmittance),

Toi» 1 the sum of T, and T,,. It was assumed that the shading layers considered do not

exhibit specular reflection, p, = 0, and this was confirmed experimentally. The beam-total
reflectance (directional hemispherical reflectance), p, , is therefore equal to the beam-

diffuse reflectance, p, =p, - Accordingly, incident diffuse radiation is also assumed to be

transmitted and reflected diffusely by the layer. The corresponding diffuse-diffuse properties

are Ty and P .
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3.4 Measurements

3.4.1 Overview of Measurement Technique

The techniques that might be used to measure the off-normal solar optical properties of
glazings cannot be applied to flat shading materials. This is due to the fact that shading
material surfaces are rough and scatter incident radiation. Nevertheless, the existing
techniques can be adapted. To achieve this, special sample holders were designed and
fabricated to facilitate the measurement of off-normal solar optical properties of flat shading
materials using an integrating sphere installed in a commercially available spectrophotometer
(Cary 5000). The integrating sphere is particularly useful because it can resolve the
undisturbed and scattered components of transmitted or reflected beam radiation. The sample
holders were made from polished aluminium tubes with one end truncated at a known angle,
0. The interior surface of each tube was painted black in order to absorb radiation scattered in
reflection during a transmittance measurement or scattered in transmission during a
reflectance measurement. A similar technique was used by Pettit (1979) to measure the off-
normal transmittance of glazings. Pettit’s measurements compared favourably with results

obtained from first principles.

Spectral measurements of beam-beam transmittance, beam-diffuse transmittance and beam-
diffuse reflectance were obtained at incidence angles, 0, ranging from 0 to 60°. The spectral
data showed that flat shading materials are generally not spectrally selective except for

variation in the visible region corresponding to the colour of the material. Since the aim of
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the current study was to generate solar (spectral-averaged) optical properties for building
energy simulation, spectral data are not presented. The solar optical properties were
calculated using the 50-point selected ordinate method as described in ASTM E903-96
(1996). A second procedure was devised to repeat the beam-beam transmittance
measurements, this time without the integrating sphere and at incidence angle as high as 80°.
Having two sets of beam-beam transmittance data offered an opportunity to compare and

gain confidence in the new procedures.

3.4.2 Spectrophotometer

The spectrophotometer used in this study is a double beam, direct ratio recording, rapid
scanning instrument. It has a resolution of less than 0.05 nm for the ultraviolet and visible
spectra (UV-VIS) and less than 0.2 nm for the near infrared spectrum (NIR); a repeatability
characteristic of less than 0.025 nm for UV-VIS and less than 0.1 nm for NIR. In operation,
two detectors, a Photomultiplier Tube (PMT) and a lead-sulphide (PbS) photoconductive
sensor, are illuminated alternately by the sample and the reference beam. The PMT is used in
the wavelength, A, range of 0.17 < A < 0.8 um and the PbS detector responds in the
0.8 <A < 3.3 um wavelength range. There are a several accessories that can be attached to the
spectrophotometer. For the purpose of the current investigation the spectrophotometer was

operated, in most cases, with the integrating sphere attachment.
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3.4.3 Integrating Sphere

Integrating spheres are designed to measure, and distinguish between, beam and scattered
components of transmitted and reflected radiation. Light enters the sphere through a port and
reflection from the interior surface must be purely diffuse. Light inside the sphere becomes
uniformly distributed over the entire inner surface, eliminating directional or spatial non-
uniformity of the incoming radiation, and detectors measure this integrated signal. The
detector signal is proportional to the rate at which radiant energy enters at the inlet port and
the ratio between the two is called the "response of the sphere". The surface of the sphere
must be very highly reflective to maximize the response of the sphere and produce a signal
that can be accurately detected. Theory and operating principles can be found in many
references (e.g., Edwards et al. 1961, Lovell 1984). A brief review of the integrating sphere

theory in given in Appendix A.

A 110 mm diameter sphere with a polytetrafluoroethylene (PTFE) coating was used in this
study. The detectors are mounted at the top and are shielded by baffles so that they view only
the bottom wall of the sphere. The operational range of the detectors is 0.17 <A <3.3 um but
the spectral reflectance characteristic of the PTFE restricts useful measurements to the range
of 0.25 <A < 2.5 um. Nonetheless, this more limited wavelength range includes almost 98%
of the solar spectrum. This particular apparatus was designed for making measurements with

incident radiation normal to the surface of the test sample.

Transmittance can be measured by mounting a sample at the transmission port. See Figure

3.5. Reference measurements of the zero and full transmission extremes are made for
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calibration. The latter, called the 100% baseline, is obtained with the sample removed while
the reflection port is covered with a reference disc that completes the sphere. The 0%
baseline is measured by blocking the transmission port with an opaque material while
maintaining the reference disc in place. The beam-diffuse transmittance is measured with the
sample in place and the reflection port open, allowing the transmitted beam component to
escape while trapping the scattered radiation, as shown in Figure 3.5a. The beam-total (beam-
beam plus beam-diffuse) transmittance is measured with the reflection port covered. See

Figure 3.5b. The beam-beam transmittance is the difference between the two readings.

To measure reflectance radiation is allowed to enter the sphere through the open transmission
port and samples are placed at the reflection port. See Figure 3.6. The full-scale baseline is
obtained by covering the reflection port with a sample of known reflectance. This reference
sample reflects incident radiation diffusely into the sphere. The 0% baseline is measured with
the reflection port open, allowing the beam to escape. The test sample is then mounted at the
reflection port and radiation reflected from the sample is collected by the sphere. The
reflection port has a movable sample positioning cap. To measure the beam-diffuse
component the cap is mounted as shown in Figure 3.6a, allowing the incident beam to strike
the sample at 6 = 0 and causing the beam-beam reflection component to exit through the
transmission port. When the cap is mounted as shown in Figure 3.6b, 6 = 3° , both
components remain in the sphere and the detectors measure beam-total reflectance. Again,

the beam-beam reflectance is simply the difference between the two readings.
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3.4.4 Fixed Sample Holders

Sample holders were designed and fabricated to adapt the integrating sphere for measurement
of transmittance and reflectance at off-normal incidence. The sample holders were made
from aluminium tubes with one end machined at an angle, 0, with 6 ranging from 0 to 60° in
15° steps. Adapters were also built to mount sample holders at the reflection or transmission
port. Figure 3.7 shows a set of sample holders and the two adapters. Each sample holder is
40 mm long with internal and external diameters of 13.75 and 15.75 mm. At the transmission
port, the incident beam is rectangular in cross-section with dimensions of
13.44 mm x 11.04 mm. Thus, the diagonal of the beam cross-section is 17.39 mm which is
greater than the internal diameter of the holder. To ensure that the incident beam would pass
through the holder without interference a beam reducer was glued to the outer face of the

transmission port adapter. The beam reducer is simply a thin plate with a 12.80 mm diameter

hole.

When installed, a fixed sample holder projects into the integrating sphere. Its exterior surface
was highly polished to reflect radiation and avoid degrading the response of the sphere. The
interior surface was painted black to absorb radiation scattered in reflection during a

transmittance measurement or scattered in transmission during a reflectance measurement.

A set of reflectance references were also fabricated. They were made by filling the angled
end of sample holders with barium sulphate paste. The paste was pressed against a smooth
surface and left to dry. This formed a surface of known reflectance mounted with the same

geometry used for flat shading material measurements. Therefore, it was assumed that the
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response of the sphere was held constant between calibration and measurement. The
corresponding transmission reference is simply an open tube. Again, by calibrating with an
open sample holder in place, it was assumed that the response of the sphere was held

constant between calibration and measurement.
3.4.5 Rotatable Sample Holder

Transmission measurements were also made without the integrating sphere. A rotatable
sample holder made from a piece of aluminium plate and a graduated dial enabled beam-
beam transmittance measurements over a wide range of incidence angle. The aluminium
plate had an aperture where a sample could be mounted. The incident beam was simply
aligned with the detector such that scattered radiation was excluded. Figure 3.8 shows a

fabric sample attached to the rotatable sample holder and mounted in the spectrophotometer.
3.4.6 Transmittance Measurement

With the reflection port closed a transmittance reference, a fixed sample holder without any
sample attached, was mounted at the transmission port. The 100% baseline readings were
taken. The transmission port was blocked and the 0% baseline readings were taken. A sample
was attached to the angled end of the sample holder and mounted at the transmission port as

shown in Figure 3.9a. With the reflection port closed, spectral readings were taken to obtain
Tot (9) The reflection port was opened and T4 (6) readings were taken. The 0% and 100%

baseline calibration data were applied to the spectral transmittance readings using

Equation 3.1 (ASTM, E903-96 1996) producing spectral transmission measurements.
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S, —Z
A=k 3.1
() Rz, (3.1

S, is the unadjusted spectrophotometer reading. Z, and F, are the 0% and 100% baseline

readings taken at the same wavelength.

Equation 3.1 was also applied to transmission readings made without the integrating sphere.
In this configuration T, was measured at O equal to 15°, 30°, 45° 60°, 70° and 80°.

Baseline readings were taken for 0% and 100% transmission by blocking the beam and by

leaving the beam unobstructed, respectively.
3.4.7 Reflectance Measurements with the Integrating Sphere

A reflectance reference with an end angle 0 was installed at the reflection port. The
transmission adapter was installed at the transmission port to reduce the size of the incident
beam. The 100% baseline was recorded. The reflectance reference was replaced with an open

sample holder (same 0) and the 0% baseline was recorded.

A sample was attached to the angled end of the sample holder and mounted at the reflection

port as shown in Figure 3.9b. Spectral beam-diffuse reflectance readings were taken.
3.4.8 Calculation of Solar Properties

Having obtained the measurements of interest, the solar optical properties were calculated

using the 50-point selected ordinate method described in ASTM E903-96 (1996). The solar
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spectrum (ASTM E891-87 1987) was divided into 50 equal-energy wavelength intervals. For

example, T,, was calculated as:

150

Tob = %;Tbb (}\‘i) (3.2)

where A; is the wavelength at the centre of the it spectral interval.

3.4.9 Measurement Uncertainty

The uncertainty in the beam-total transmittance and beam-total reflectance measurements
using the integrating sphere was estimated to be £0.03 while the uncertainty in the beam-
beam transmittance measurements made the integrating sphere was £0.04. On the other hand,
the uncertainty in the beam-beam transmittance measurements made without the integrating

sphere was £0.02. Detailed uncertainty estimation is given in Appendix B.
3.5 Results

The measurement results for fabrics, roller blinds and insect screens are presented in
Chapters 4, 5 and 6 respectively, in addition to semi-empirical models that were formulated

from the results.
3.6 Conclusions

A novel technique has been developed to measure the off-normal solar optical properties of
flat shading materials by adapting an integrating sphere originally designed to measure solar

optical properties at normal incidence. The technique involved the design and fabrication of
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special sample holders that were attached to the integrating sphere that is used in conjunction
with a spectrophotometer. Measurements were then taken at varying incidence angles for a
wide variety of flat shading materials (i.e., fabrics, roller blinds and insect screens). The
measurements include beam and diffuse components. It was found that flat shading materials
are generally not spectrally selective except for variation in the visible region corresponding
to the colour of the material. Furthermore, these materials have negligible specular
reflectance. The solar properties obtained at off-normal incidence can be used to develop

semi-empirical models on the basis of similar properties measured at normal incidence.
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Table 3.1: Description of Fabric Samples

Type Colour| Openness
Sheer Cream 0.44
Open weave, light coloured (IL) White 0.24
Semi-open weave, light coloured (IIL) White 0.01
Closed weave, light coloured (II1L) White 0.01
Open weave, medium coloured (IM) Brown 0.34
Semi-open weave, medium coloured (IIM) |Green 0.02
Closed weave, medium coloured (I1IM) Blue 0.01
Open weave, dark coloured (ID) Black 0.20
Semi-open weave, dark coloured (IID) Black 0.05

Table 3.2: Description of Roller Blind Samples

Type Colour Openness
Open weave, vinyl coated fibreglass, 0.55 mm thick  |White 0.13
Open weave vinyl coated fibreglass, 0.55 mm thick Black 0.12
Open weave 25% polyester, 75% PVC on polyester,
0.80 mm thick Chalk 0.08
Open weave 25% polyester, 75% PVC on polyester,
0.80 mm thick Ebony 0.06
Black on one
Closed weave, 12 oz fibreglass, duplex, room side, white on
darkening, opaque, 0.33 mm thick the other side 0.00
Closed weave, 84% polyester, 16% linen, translucent,
0.35 mm thick Natural glacier|  0.00
Table 3.3: Description of Insect Screen Samples
Type Colour Openness

150 mesh 0.0026 in. dia shiny Grey 0.36

120 mesh 0.0026 in. dia shiny Grey 0.46

20 mesh 0.016 in. dia shiny Grey 0.49

60 mesh 0.0045 in. dia shiny Grey 0.52

20 mesh 0.010 in. dia bluegray Blue-grey 0.63

26 mesh 0.006 in. dia charcoal Charcoal-black 0.70

18 mesh 0.009 in. dia charcoal Charcoal-black 0.62

18 mesh 0.012 in. dia charcoal fiberglass |Charcoal-black 0.58
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Figure 3.1: Keyes Universal Chart (Adopted from ASHRAE 2005)
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Figure 3.2: Photograph of Fabric Samples (a) Sheer (b) IL (c¢) IIL (d) IIIL (e) IM (f) [IM
(g) IIIM (h) ID (i) IID
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Figure 3.3: Photograph of Roller Blind Samples (a) White 14% (b) Black 14%
(c) Chalk 5% (d) Ebony 5% (e) Duplex_black side (f) Glacier
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Figure 3.4: Photograph of Insect Screen Samples (a)150 mesh, grey (b) 120 mesh, grey
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Figure 3.8: Picture of Fabric Sample attached to the Rotatable Sample Holder mounted in
the Spectrophotometer
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CHAPTER 4

SOLAR PROPERTIES OF DRAPERY FABRICS

4.1 Introduction

The determination of off-normal solar optical properties of drapery fabrics is particularly
useful in modeling the effective solar optical properties of pleated drapes. Chapter 3 outlines
the measurement technique that was used to obtain the off-normal properties of flat shading
materials including drapery fabrics. This chapter documents the development of semi-
empirical models from the measurement data. The semi-empirical models can be used to
quantify the variation of solar optical properties with respect to incidence angle ranging from
0 to 90°. Given solar optical properties obtained at normal incidence, these models can be
used to characterise the off-normal beam-beam, beam-total and beam-diffuse properties of a
drapery fabric. In addition, diffuse-diffuse properties can be obtained from hemispherical
integration of beam-total properties. The fabric models comprise useful components of the

effective solar optical model of pleated drapes presented in Chapter 8.

4.2 Approach

The direct measurement of off-normal solar optical properties of all drapery fabrics on the
market is not a practical option. A realistic approach is to develop models that require a small

number of readily obtained measurements as input. Such an approach was used in
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determining the off-normal solar optical properties of coated and tinted glazings (e.g., Furler
1991, Roos 1997, Karlsson and Roos 2000). The models developed can be applied as long as

the user knows where the fabric is located on Keyes' chart (Keyes 1967), Figure 3.1.

A simple but pragmatic way to characterise fabrics is to assume that transmittance and
reflectance data share a common functional dependence with respect to incidence angle. A
cosine power function was chosen to represent this dependence. This was done for several
reasons, including simplicity. The cosine function is symmetrical, having zero gradient at
0 = 0 (normal incidence). It has maximum and minimum values at 6 = 0 and at 6 = 90° .
Also, the shape of the curve can be modified by changing the value of the exponent. Each
model component was tuned using a set of integrating sphere measurements and, although
the formulation appears to be primarily empirical, it should be noted that an effort was made
to incorporate known or expected trends and limiting cases in order to make the resulting

models as general and reliable as possible.

4.3 Model Components

4.3.1 Defining Apparent Yarn Reflectance

Consider the reflection of solar radiation at normal incidence. Equation 4.1 can be used to

establish the relationship between the beam-total reflectance, pgi, the beam-beam

reflectance, pg;, and the beam-diffuse reflectance, pg:j.

P (0=0)=p,, 0=0)+p_ (6=0) (4.1)
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The superscript “m” is used to denote a property of a fabric (i.e., a material). However,

pEL(OZO):O,so

m m
Pt 0=0)= Pra 6=0) (4.2)
In order to make an approximate distinction between yarns of different colours (i.e., different

solar reflectivity) an apparent yarn reflectance, pyis defined. This is done by noting that

reflection arises only from the portion of the material that intercepts radiation, (1 -A, ) Note

that A is equivalent to the beam-beam transmittance of the fabric at normal incidence,
Top (0 =0) . Thus, the following expression was used to establish a definition of py :

Py 0=0)=p " (1-15(6=0)=p"(1-A,) (4.3)

Combining equations,

y_ Pu(0=0)
-1, (0=0)

(4.4)

The apparent yarn reflectance was found to be useful in the development of the off-normal

reflectance model.
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4.3.2 Beam-Beam Transmittance Model

Values of Tgi) measured without the integrating sphere were plotted with respect to 0. See

Figure 4.1. The maximum value of Ty} is found at © =0 and Ty}, decreases as 0 increases,

approaching zero for most fabrics near 6 = 80°.

Comparing the 'crbrll_,, measurements made with and without the integrating sphere no

appreciable difference was found. The two sets of TEL (60 =0) can be found in Table 4.1 and

a comparison, at off-normal incidence, for samples with discernable transmission values
(category I, open-weave fabrics) is shown in Table 4.2. Generally, discrepancies between the
two sets of measurements (diff) are within the stated uncertainty with the exception of the
results obtained at 0 =15°for sample ID. As shown in Appendix B.6.5, beam-beam
transmittance results from the integrating sphere were expected to be less reliable because
they are obtained by taking the difference between two other measurements but no difficulty

was encountered. The observed agreement strengthens the credibility of the measurements
made using the fixed sample holders installed in the integrating sphere. At this stage the ’[g{)

values made without the integrating sphere were set aside and models were developed using
only the data measured using fixed sample holders installed in the integrating sphere.

Beam-beam transmittance measurements were normalized according to Equation 4.5.

norm_m __ Tglb(e)

b =— (4.5)
’Cbb(O = 0)
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Measured values of "™ Tgt are shown as data points in Figure 4.2. It was assumed that the

normalised data points could be represented by the function shown in Equation 4.6. Curves

produced with various values of the exponent, b, are also shown in Figure 4.2.

norm_m __ Tob(0) b
Tpp =~ =COS (0) (4.6)
Tob (9 = 0)
Using Figure 4.2 a value of the exponent b was assigned to each fabric while recognising the
importance of greater accuracy at intermediate values of 0. The off-normal adjustment should
and will have little influence at small values of 6. This is true by default because the cosine
function is used. Considerable leeway is available at large values of 0 because the incident
flux falls to zero as 0 approaches 90° . Also take note of the two data points plotted near the
upper left corner of Figure 4.2, the open circle and square. These points can safely be omitted

because they correspond to fabrics with very little beam-beam transmission. In other words,

if Tpp, (0 =0) is small the value of b will have almost no influence on the value of Ty, (9)

produced by the model. Because priorities of this type cannot easily be expressed in a
mathematical sense, many of the parameters evaluated in the development of these models

were assessed by eye.

Examining Figure 4.2, the relationship between the exponent b and fabric properties is not

immediately apparent. Recognizing that values of Tg;) (9) must be the same for the front and
back surfaces of the fabric a correlation was sought based on the only input parameter that is

free of front/back influence; the openness, A, =Ty, (0 = 0). Figure 4.3 shows a plot of data

63



points for b, estimated using Figure 4.2, versus openness. Equation 4.7, also shown in

Figure 4.3, can be used to estimate values of the exponent, b.

1
b= Max{— Eln(Max fen 0=0),0.01} 0.35} 4.7)
Rearranging Equation 4.6,
T (0)= 41,0 = 0)- cos” () (48)
where b is given by Equation 4.7 and p, (8 = 0) is measured or can be equated to A .

Ideally, Equation 4.7 would have been formulated in such a way that b approaches zero as
A, =14, (0 =0) approaches unity. In this limit the fabric disappears and Equation 4.7

applies no off-normal adjustment. However, some compromise was needed in order to
maintain the simplicity of the model while ensuring that the calculated absorptance of the

fabric does not fall below zero for all possible input values.

The data points shown in Figure 4.4 represent the measured values of Tg}) (O)and the lines

represent Equation 4.8.

4.3.3 Beam-Total Transmittance Model

Measured values of beam-total transmittance of the fabric, '[g% , were plotted against 0. See

Figure 4.5. These plots show a gradual decrease in ’cﬂl from its maximum value at 0 =0 as
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0 increases. Recognising that Tbmb may decrease more sharply than Trbr; with respect to 0 it
was anticipated that the diffuse transmission component, T‘trii , might increase with 0 .

Values of ’ngi are plotted. See Figure 4.6. In fact, the measured values of ngi show little

variation with 6 over the range of measurement.

Having obtained no measurements beyond 0 = 60° the value of (0 =90°) is not known.

This presents difficulty in the development of a correlation. However, by examining the
trends of T{E , and also by recognizing that there is some leeway for approximation at high

values of 0, it was assumed that

ot (0 =90°) = 7p5(06=90°) =0 (4.9)
Equation 4.10 was used to normalise T{R .

norm_m __ Tgi(e)

Tt =, (4.10)
(0=0)
The normalised data points were represented by a function of the form:
I A :cosb(e) 4.11)

Again, values of b were assessed while recognising the importance of greater accuracy at
intermediate values of 0 and the following expression, almost identical to Equation 4.7, was

developed

b= Max{— %ln(Max {er©=0),0.01}) 0.35} (4.12)
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Rearranging Equations 4.10 and 4.11,
(0)=1"(0=0)-cos’(0) (4.13)

The curves shown in Figure 4.5 represent Equation 4.13.

4.3.4 Beam-Diffuse Transmittance Model

At any given value of 0, Ig:i is the difference between rg% and rg{) .

Thq (8) =51 (6)— 75, (6) (4.14)

The curves shown in Figure 4.6 represent Equation 4.14.

4.3.5 Beam-Total Reflectance Model

Measured values of p:i are shown in Figure 4.7. As expected, pgi increases with 6 but the
increase is gradual and p]r; (06 =90°) could not be measured. Recall that pg; = p;nd.

Observing that pr; (0) does not change appreciably over the range of 0 used for
measurements it was assumed that:

P, (0=90°) =1 (4.15)
Noting that all of the incident radiation will strike the yarn, regardless of the degree of

openness, as 0 approaches 90° an expression was sought to evaluate p:t (06=90%as a

function of yarn reflectance, py. Equation 4.16 was developed by approximately

extrapolating the measurements of fabric reflectance at values of 6 up to 60°.
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pg(e =90°) = PE(O =0)+ (1 - p$(9 = O)) (0.7(py)0'7)

The normalised beam-total reflectance is

om m PR(0)-p(6=0)
bt — m
pr(0=90°)-p. (6=0)

The measured values of "™ pt were found to fit a function of the form:

T = 1—cos”(0)
In this case the value of the exponent b can be taken as a constant.
b=0.6

Finally, rearranging Equations 4.17 and 4.18,

pI(0)=p" (0 =0) + p (0 =90 — p" (6 =0))- (1 - cos"(6))

The curves plotted in Figure 4.7 represent Equation 4.20.

4.3.6 Diffuse-Diffuse Transmittance and Reflectance Models

(4.16)

4.17)

(4.18)

(4.19)

(4.20)

The solar optical properties for incident diffuse radiation can be obtained by integrating the

beam-total properties over the hemisphere (e.g., Incropera and DeWitt 2001). The diffuse-

diffuse transmittance is
T

2
T = 2[ 10 (0)sin(0)cos(0)do
0

Similarly, the diffuse-diffuse reflectance is:
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pz; =2 pz (6) sin(0)cos(0)do (4.22)

S a

Equations 4.21 and 4.22 can readily be evaluated numerically.
4.4 Discussion

The white fabrics fall in the light (L) colour designation while the black fabrics fall in the

dark (D) colour designation. The brown, the green and the blue fabrics all fall in the medium
(M) colour designation. The cream sheer fabric with a very high T{)I: falls outside the range
of Keyes’ chart. For each colour designation, the closed weave (III) fabrics have the highest
pgwhile open weave (I) fabrics have the lowest pgi. This is expected because for a given
type of yarn, closed weave fabrics have greater surface area exposed to the radiation. On the

other hand, the open weave fabrics have the highest T‘g: followed by the semi-open weave

fabrics while the close weave fabrics exhibit the lowest Trbri in each colour designation.

Comparisons between integrating sphere measurements and the semi-empirical models based
on these measurements are shown in Figure 4.4 to Figure 4.7. Generally, the models agree
very well with the experimental data. Error bars representing the measurement uncertainty of

the beam-total transmittance data are shown on IL and ID in Figure 4.5. Only the open weave
fabrics (IL, IM, ID) show appreciable discrepancy. In this case Ty, in particular would

benefit from the use of a cutoff angle but this option was disregarded for the sake of retaining
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simplicity — knowing that more leeway regarding the accuracy is available as 0 approaches

90°.

Viewing Figure 4.4 through Figure 4.7, the overriding observation is that the proposed
models agree very closely with almost all of the measurements. It is also worth noting that in
practice the evaluation of off-normal solar properties using these models will be influenced
most strongly by the corresponding solar properties measured at normal incidence. The
models presented here represent adjustments that will have little influence at small values of
0 because the cosine function was used for each formulation. Also the correlations will have
little importance at large values of 0, the situation for which few measurements were
available and more uncertainty is present, because the incident flux approaches zero.
Measured data were available for the intermediate values of 0, the situation where accuracy is

most important, and the correlations are expected to work well in this range.

Finally, it is worth noting that the fabric test samples used in this study did not have different
front- and back-surface properties. However, the correlations have been formulated in such a
way that they can be applied to fabrics that do differ front-to-back and are expected to also
work well in this situation. This claim is made because the data required as input will include
the front and back solar properties measured at normal incidence and these properties will

most directly convey the influence of front/back differences whether these differences are

appreciable or not. Remember that A and Tg]la (O)are functions of fabric/yarn geometry

only, albeit on a very fine scale, and their front/back values must be equal.
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4.5 Conclusions

A novel approach has been developed to model the off-normal solar optical properties of
drapery fabrics. By taking measurements with special sample holders attached to an
integrating sphere of a spectrophotometer, it was found that solar properties at off-normal
incidence, including beam and diffuse components, can be predicted on the basis of similar
properties measured at normal incidence. Correlations were formulated by fitting a cosine
power function to the measured data. The proposed models offer significant value for

computing the effective solar properties of pleated drapes.

In general, the agreement between integrating sphere measurements and the resulting
correlations was remarkably good. However, some discrepancy was noted with respect to the
beam-beam transmittance of open weave fabrics at high incidence angle. If greater accuracy
is desired it is recommended that the models developed in the current study be re-evaluated
using a larger set of fabric samples in a set of measurements that extend to a higher range of

incidence angle.
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Table 4.1: Summary of Measured Solar Optical Properties at Normal Incidence

Measurement
without the
Integrating
Measurement with Integrating Sphere Sphere
Fabric Fabric ~ Beam-Total Beam-Total Beam-Diffuse = Beam-Beam Beam-Beam
colour Designation Reflectance Transmittance Transmittance Transmittance Transmittance

Cream Sheer 0.19 0.80 0.36 0.44 0.45
White (1) IL 0.42 0.56 0.32 0.24 0.26
White (2) IIL 0.56 0.43 0.42 0.01 0.01
White (3) 1L 0.68 0.30 0.29 0.01 0.01
Brown M 0.23 0.64 0.30 0.34 0.33
Green M 0.32 0.28 0.26 0.02 0.02
Blue M 0.38 0.20 0.19 0.01 0.01
Black (1) ID 0.15 0.32 0.12 0.20 0.23
Black (2) 1ID 0.21 0.23 0.18 0.05 0.05

Table 4.2: Comparison Between Beam-Beam Transmittance Measurements with and
without Integrating Sphere

ID IM IL
Incidence Measu'rement I\/Ieas.urement I\/Ieasu.rement Meas.urement Measu.rement Meas.urement
Angle with _ W|thou_t with _ Wlthoqt with _ Wlthoqt
Integrating Integrating Integrating Integrating Integrating Integrating
Sphere Sphere Diff Sphere Sphere Diff Sphere Sphere Diff
0 0.23 0.20 0.03 0.32 0.33 -0.01 0.26 0.24 0.02
15 0.23 0.19 0.04 0.32 0.33 -0.01 0.25 0.24 0.01
30 0.21 0.18 0.03 0.31 0.32 -0.01 0.23 0.23 0.00
45 0.14 0.11 0.03 0.27 0.27 0.00 0.18 0.18 0.00
60 0.02 0.01 0.01 0.18 0.19 -0.01 0.09 0.11 -0.02
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CHAPTER 5

SOLAR PROPERTIES OF ROLLER BLINDS

5.1 Introduction

The formulation of solar optical property models for commercially available roller blinds is
presented in this chapter. Off-normal solar property data for six typical roller blind samples
were obtained with special sample holders attached to an integrating sphere (IS) of a
spectrophotometer. The test samples and the measurement procedure are described in
Chapter 3. The measurement data, in turn, were used to develop semi-empirical models for
the off-normal beam-beam, beam-total and beam-diffuse properties of the roller blinds. The
models provide a means to calculate off-normal properties by adjusting known values of
beam-beam transmittance, beam-total transmittance and beam-total reflectance measured at
normal incidence. The properties that apply to normal incidence can be readily obtained. In
addition, diffuse-diffuse properties are obtained from hemispherical integration of beam-total

properties.

5.2 Approach

A similar approach to fabric model development as outlined in Chapter 4 was adopted in
generating off-normal properties of roller blinds. Again, a cosine power function was chosen

to represent the functional dependence of only the normalised transmittance data with respect
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to incidence angle, as roller blind reflectance appears to be independent of incidence angle.
The cosine power function was chosen for the same reasons as presented in Chapter 4, i.e.,
having zero gradient at 6 = 0 (normal incidence), having maximum and minimum values at
0 = 0 and at 6 = 90°, respectively, and being able to modify the shape of the curve by
changing the value of the exponent. Again, each transmittance model component was tuned
using a set of measurement data while an effort was made to incorporate known or expected

trends and limiting cases.

5.3 Model Components

5.3.1 Beam-Total Reflectance Model

From the measurement data obtained using techiques outlined in Chapter 3, a plot of Py,
versus O revealed an insignificant variation of Py, with respect to O for each sample

considered. See Figure 5.1. In the absence of measurements at 0 > 60°, and noting that the
reflectance of a rough surface might realistically be independent of incidence angle, the

beam-total reflectance is considered to be constant.

pbt(e):pbt(e :0) (5.1)
5.3.2 Beam-Beam Transmittance Model

The measured values of Ty, were normalized according to the definition shown in the left

hand section of Equation 5.2. The resulting values of "™ T, appear in Figure 5.2.
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It was observed that Ty, diminished to zero at O ~ 65° in each case. Measurements
carried out by Look (1986) on three different awning fabrics with A, = 6% also revealed that
Ty, fell to zero at 0~ 65°. Two parameters, ecutoff and b, as shown in Equation 5.2,

were used to characterise off-normal beam-beam transmission through all roller blind

materials. As seen in Figure 5.2, by choosingb=0.6 and O . ~ 65°, Equation 5.2 closely

cutoff
represents the measurements. However, it should also be recognized that as A, approaches

unity, the structure of the roller blind disappears, the requirements that b — 0 and

0

cutoff —> 90" must be satisfied to obtain 100% transmission and to remove any influence of

incidence angle in this limit. Noting also that b and 0 ,,¢ do not vary appreciably in the
range over which measurements were performed, 0 < A <0.14, Equations 5.3 and 5.4 are

proposed.

T
b= 0.6 cos’? (Ao 5) (5.3)

0 curorr = 65°+(90°-65°)- [I—COS(AO TZED (5.4)

Several points can be made regarding Equations 5.3 and 5.4.
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¢ In choosing a value for the exponent, b, little emphasis was placed on the data for the

ebony sample because b will have virtually no influence on the calculation of T, (0)

for roller blind materials with such low solar transmission ( Ty, (9 = O) =0.006).

e The exponent used in Equation 5.3 was chosen to ensure that Ty remains greater
than zero for all values of A, and 0 (i.e., Ty, (9) > Ty (9) must always be true).
This condition would be violated for materials where Ty, (9 = O) approaches

Tt (9 = 0) if a larger exponent were used.

e The exponent used in Equation 5.4 (i.e., unity) is based on insect screen

measurements where values of T, (9) were available at much higher values of A,.

5.3.3 Beam-Total Transmittance Model

Figure 5.3 shows the beam-total transmittance measurements, normalized according to the

left-hand portion of Equation 5.5.

oML :Tbt—(e)zcosb(e) (5.5)

Tt (9 = 0)
Examining Figure 5.3 it appears that a cutoff angle is needed near 6 = 65°, but only for the
dark coloured samples. However, a cutoff angle was not used. This decision was made for
two reasons. First, some diffuse transmission might be expected, however small, as
0 — 90° for most roller blind material. Second, dark samples create very little scattered
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reflection or transmission. Therefore, there is some freedom to place more emphasis on the

data for light coloured samples.

The beam-total transmittance will be influenced not only by A, (This influence is clearly
seen in the model for Ty, (9)) but also by the way in which the structure of the material
transmits solar radiation. Thus, noting that the portion of incident radiation intercepted by

the structure is 1 = A =1-"Ty, (9 = 0) and also noting that the structure only produces

. . . . str
diffuse transmission, the apparent transmittance of the roller blind structure, T, is defined.

o Tpa(0=0) _ Ty (6=0)-Ty,(8=0)
A 1-1,,(0=0)

0

(5.6)

. . t .
An expression for b was developed by choosing b = 2 for values of ™ corresponding to

t
the dark roller blind samples and b~ 0.28 for values of ™ corresponding to the light

roller blind samples. Recalling also that as A, approaches unity we expect b — 0,

Equations 5.7a and 5.7b were developed.

)—0.467

b=0.133 (T +0.003 (0<t"<033) 572)

b=033 (1-7) (033<t7<1) )

In formulating Equation 5.7a little emphasis was placed on the data for the two dark coloured

samples measured at O = 60°. This can be seen in Figure 5.3. This was done because b will
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have virtually no influence on the calculation of T (9) for roller blind materials with such

low solar transmission, particularly at higher values of 0.

5.3.4 Beam-Diffuse Transmittance Model

At any given value of 0, the beam-diffuse transmittance is the difference between the beam-

total and beam-beam transmittance values.

Tpa(0) =Ty (0)— Ty, (6) (5.8)
5.3.5 Diffuse-Diffuse Transmittance and Reflectance Models

The solar optical properties for incident diffuse radiation can be obtained by integrating the
beam-total properties over the hemisphere. The diffuse-diffuse transmittance and reflectance

are respectively given by

%

Tyg =2 [Ty, (0)-cos(0)-sin(0)do (5.9)
0

%

Paa =2 [Py:(6)-cos(6)-sin(6) do (5.10)
0

Noting that Py is taken to be constant for any given roller blind material, Equation 5.10

reduces to

Pag =P (B =0) (5.11)

Equation 5.9 can be evaluated numerically.
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5.4 Results and Discussion

The solar optical properties measured at normal incidence are summarized in Table 5.1. The

data include measurements made with and without the IS. Several observations can be made:

e The two sets of Ty, (9 = O) measurements, with and without the IS agree to within
+0.01 even though Ty, was indirectly measured as the difference between Ty, and

Tpq When the IS was used. This observation strengthens confidence in the validity of

the measurements.

e The openness factor, A, reported by the manufacturer closely matches the

experimentally determined Ty, (0 =0).

e Generally, the light coloured roller blinds have high values of Py, (0 =0) while the

dark coloured roller blinds exhibit very low values of Py, (0 =0). Since reflection
and diffuse transmission are attributed primarily to multiple reflections within the

structure of the material a connection can be observed between Ty, (0 =0) and

P, (0 = 0) for roller blind materials with non-zero transmission.

A comparison between T}, measurements, obtained with and without the IS, at various

angles of incidence is shown in Table 5.2. The differences between the two sets of

measurements are also listed (diff). With a maximum difference of 0.02, the two sets of
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measurements agree within experimental uncertainty. Again, this agreement adds confidence

in the instrument and calibration procedure.

Turning to the effect of 0, plots of Ty, Ty, and Tyy are shown in Figure 5.4, Figure 5.5

and Figure 5.6, respectively. Each plot includes measured data points plus curves
representing the semi-empirical models developed in this chapter. Each figure is subdivided

according to openness in order to display overlapping results more clearly.

Tob (9) consistently decreases as O increases as shown in Figure 5.4. Clearly, there is a
good agreement between the model and the measurements, to some extent because Ty, is

always small. Note the cutoff angle, 0 =~ 65°. The data for closed weave roller blinds

cutoff

(Typ (9) = () are not shown in the Figure 5.4.

Figure 5.5 shows beam-total transmission data. Again close agreement between
measurement and the semi-empirical model is demonstrated. Also shown in Figure 5.5 are

the error bars representing the uncertainty for measurements made with the Black-14%

sample. For all roller blinds Ty, decreases as 0 increases.

The variation of Ty, with 0 shows an interesting trend among the various roller blinds as
seen in Figure 5.6. For the closed weave roller blind with Ty, =0, Ty 4 is simply equal to

T, and decreases with an increase in 0. The light coloured, open weave roller blinds

(White-14% and Chalk-5%) have similar beam-diffuse characteristics. They both show a

gradual increase in Ty to a maximum value before decreasing as 0 increases. Little can be
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said about dark coloured, open weave roller blinds (Black-14% and Ebony-5%) with very

small values of Ty 4 over the entire range of 0.

The test samples used in this study represent the range of products used in common practice.
However, these samples all have relatively little openness, A <14% and some restrictions
may apply to the models presented here. For example, it is clear that Equation 5.2 can safely

be used for small values of A, , say A, <20%, and for the unlikely situation of large values
of A,, say A, >80% (because of the limits accomodated by Equation 5.3 and Equation 5.4),

but some uncertainty can be expected at intermediate values of A,.

Finally, it should be noted that all of the non-opaque test samples were optically symmetric.
The models presented here are trivial when used to characterise opaque roller blinds (zero
transmission and constant reflectance) and therefore can be safely applied to asymmetric
opaque materials such as the black/white material included in this study. In contrast, it is not
clear how well the models apply to asymmetric materials that allow some diffuse

transmission. This is not a serious limitation. Certainly the current models will work well

for asymmetric materials that have little diffuse transmission (T, (0 =0) = Ty, (0 = 0)).

Regardless, the vast majority of roller blinds are optically symmetric. The extension of the

current models, if necessary at all, will be the subject of future research.
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5.5 Conclusions

A set of models for generating off-normal solar optical properties of roller blinds are
presented. The models provide a means to calculate off-normal properties by adjusting
known values of beam-beam and beam-total transmittance values measured at normal
incidence. No such adjustment is required for reflectance since measurements revealed an
insignificant variation of reflectance with respect to incidence angle for each sample
considered. The models are based on experiments made with special sample holders attached
to an integrating sphere of a spectrophotometer. Models for roller blind transmittance were
obtained by fitting curves that closely matched the experimental data. Given solar optical
properties obtained at normal incidence, the proposed models can be used to characterise the
off-normal transmittance of any roller blind including blinds with a moderate amount of
openness. The off-normal models can be integrated to obtain the diffuse properties. The
models have also been formulated so that they can be applied to both optically symmetric

and assymetric roller blind materials.
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Table 5.1: Summary of Measured Solar Optical Properties at Normal Incidence

Measurements
Measurements with IS without IS

Beam-Total Beam-Total Beam-Diffuse Beam-Beam Beam-Beam

Identification Classification Reflectance Transmittance Transmittance Transmittance Transmittance
White 14% Open weave 0.64 0.30 0.17 0.13 0.14
Black 14% Open weave 0.03 0.13 0.01 0.12 0.12
Chalk 5% Open weave 0.75 0.16 0.08 0.08 0.09
Ebony 5% Open weave 0.03 0.07 0.01 0.06 0.07
Duplex_opaque (black side) Closed weave 0.05 0.00 0.00 0.00 0.00
Duplex_opaque (white side) Closed weave 0.84 0.00 0.00 0.00 0.00
Glacier translucent Closed weave 0.65 0.24 0.24 0.00 0.00

Table 5.2: Comparison Between Beam-Beam Transmittance Measurements with and
without the Integrating Sphere

White 14% Black 14% Chalk 5% Ebony 5%

Incidence With Without With Without With Without With Without
Angle IS IS Diff IS IS Diff IS IS Diff IS IS Diff
0 0.14 0.13 0.01 0.12 0.12 0.00 0.09 0.08 0.01 0.07 0.06 0.01
15 0.14 0.13 0.01 0.12 0.11 0.01 0.08 0.08 0.00 0.06 0.06 0.00
30 0.12 0.11 0.01 0.11 0.10 0.01 0.07 0.07 0.00 0.05 0.05 0.00
45 0.11 0.09 0.02 0.08 0.07 0.01 0.05 0.05 0.00 0.03 0.03  0.00
60 0.05 0.03 0.02 0.04 0.02 0.02 0.02 0.02 0.00 0.00 0.00 0.00
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CHAPTER 6

SOLAR PROPERTIES OF INSECT SCREENS

6.1 Introduction

The development of solar optical property models for insect screens is presented. The models
are formulated using off-normal measurement data obtained with special sample holders
attached to an integrating sphere of a spectrophotometer. Measurements were taken on six
samples with various mesh sizes and wire reflectances as described in Chapter 3. The models
are formulated such that solar optical properties obtained at normal incidence can be used to
calculate off-normal beam-beam, beam-total and beam-diffuse properties. Diffuse-diffuse
properties are subsequently obtained from hemispherical integration of beam-total properties.
To further demonstrate the reliability of the measurement procedure, the results are compared
with analytical models recently developed from geometry and a ray tracing technique

(EnergyPlus 2005).
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6.2 Model Components

6.2.1 Beam-Beam Transmittance Model

The geometric configuration of a screen is relatively simple and can be represented by
orthogonal crossed wires with known wire diameter, D, and centre-to-centre spacing, S as

shown in Figure 6.1. Assuming D and S are the same in both directions, the openness, A,, is

A, :(S‘SP) 6.1)

The value of A, can either be determined from geometry or by simply measuring T, 0=0)
Another parameter of practical importance is the incidence angle beyond which direct beam

transmission is cut off, 0 From geometry, 0 can be estimated as:

cutoff * cutoff

cos(0,,.4) = b (6.2)

S

This analysis establishes the endpoints of a curve that represents the beam-beam
transmittance model. To obtain the shape of the curve a cosine power function with an
exponent is selected to match the experimental data. A similar approach has been used in
Chapters 4 and 5 to formulate off-normal property models for fabrics and roller blinds,
respectively, and this well established method is documented in (Kotey et al. 2009a, 2009b

and 2009c¢).

A convenient way to normalise T,, is given by Equation 6.3:
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norm,c — Tbb <e> — b( ,900J (63)

cutoff

For a given sample, a unique value of b allows the empirical function to match the
experimental data as shown in Figure 6.2. Assuming that b is a function of T (0=0),a
graph of b versus T (6 =0) can be represented by a curve as shown in Figure 6.3. The

equation that represents the curve in Figure 6.3 is:
b=—-0.45In (MAX (t,, (6 =0),0.01)) + 0.1 (6.4)

Ideally, Equation 6.4 would be formulated such that b approaches zero as openness
approaches 100%. In this limit, the insect screen disappears and Equation 6.3 applies no off-
normal adjustment. However, some compromise was needed in order to retain the simplicity
of the model and to retain the realism that absorptivity of the screen remains between zero

and unity for all possible input values.

More formally, Equations 6.1 through 6.4, can be used to calculate T, (0) as a function of

T,, (0 =0) using:

(6.5a)

Tob (9) =1,,(0 =0)cos b[ ~90°j 6 < ecutoff

cutoff

1,,(0)=0 0>0 (6.5b)

cutoff
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6.2.2 Beam-Total Transmittance Model

The beam-total transmittance, T, is the sum of T, and T, . A recent analytical model of

bt

screens (EnergyPlus 2007) reveals that T, increases monotonically to a maximum value at

0 and then decreases sharply to zero at 6 = 90°. Since T, =0 at 0 < 90° and

cutoff cutoff

T,o =0 at 0 =90°, it implies that T, =0 at O =90°. Using the cosine power function,

the normalised form of T, can be represented with a function given by Equation 6.6:

norm Ty = Tht (G) _ COSb(e)

= = (6.6)
Ty (0 =0)

By inspection, the desired values of b can be obtained by working with Equation 6.6.

Assuming b is a function of t_ (0 =0), a relation between b and t, (0 =0) can also be

represented by the curve:
b=-0.65In(MAX(t,,(0 =0),0.01))+0.1 ©6.7)

Similar to the way in which Equation 6.4 was formulated, some compromise was accepted in
order that the model would provide realistic results in the extreme cases of insect screens

with very high openness and very low reflectance.

Rearranging Equation 6.6,

1,.(0)=1, (0 =0)cos"(0) (6.8)
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6.2.3 Beam-Diffuse Transmittance Model

At any given 0, T, is the difference between T, and T, ,1i.€.,

Tha (9) =Ty (e)_ Top (6) (6.9)
6.2.4 Beam-Total Reflectance Model

Measurements showed that the beam-total reflectance of the screen, P, , includes no

specular component; thus, P, =P,

In order to make an approximate distinction between wires of different reflectance values, an

apparent wire reflectance, pw , was defined such that:

P (0=0)=p"(1-A,) (6.10)

The reflectance model described by Equation 6.10 considers reflection at the surface of the

wire as well as multiple reflections between the wires. Rearranging Equation 6.10,

w _ Pu(0=0)
=— (6.11)
P 1-A,
Equation 6.12 was used to define normalised beam-total reflectance:
0)-p,(0=0
normpbt(e): pbt( ) pbt( ) (612)

Py (0=90°) —p, (0=0)
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A model was then developed by comparing measurements with the function shown in
Equation 6.13. Knowing only the openness of the screen and Py, (06 =0), the off-normal

reflectance of the screen can be calculated as follows:

romy (8) =1—cos”(0) (6.13)
where

P (0=90°)=p, (0=0)+(1-p, (0=0))-0.35p" (6.14)
The exponent b was estimated for each set of experimental data by inspection, similar to the

way in which values of b were found for T, (0), and was found to correlate well with
respect to pw :

b=-0.45In(p™) (6.15)

Finally, p,, (0) was obtained by rearranging Equation 6.12 and 6.13:

P (6) = p(B=0)+(p(6 =90°) —p(8 = 0)) (1-cos"(6)) (6.16)
6.2.5 Diffuse-Diffuse Transmittance and Reflectance Models

The solar optical properties for incident diffuse radiation can be obtained by integrating the

beam-total properties over the hemisphere. The diffuse-diffuse transmittance is

T,.=2

dd

1,,(0)sin(0)cos(0)do (6.17)

S —a
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Similarly, the diffuse-diffuse reflectance is:

Py (6) sin(@)cos(@)dG (6.18)

Se— |3

Poa =2

Numerical integration can be used to evaluate the integrals in Equations 6.17 and 6.18.
6.3 Discussion

Table 6.1 gives a summary of the measured normal incidence solar optical properties of

screens considered. The results in Table 6.1 include measurements with and without the IS as

well as A, calculated from geometry. As expected, T, (0 = 0) obtained from measurements

compared favourably with A,. This observation clearly demonstrates the reliability of

measuring A, using a spectrophotometer.

Figure 6.4 through Figure 6.7 show the variation of the solar optical properties with respect
to 0. The symbols represent measurements while the solid lines represent the semi-empirical
models. Clearly, there is a good agreement between measured and calculated results. Also

shown in Figure 6.5 are the error bars representing the uncertainty for measurements made

with the 60 mesh screen. As seen in Figure 6.4, T,, decreases as 0 increases and falls to

zero at 0 which is directly dependent on D and S as given by Equation 6.2. Figure 6.5

cutoff

also shows a decrease in T, as O increases and in this case the semi-empirical model

predicts a complete attenuation of T, at O = 90°. On the other hand, T, changes very little
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with respect to O until 0 ~60° as seen in Figure 6.6. Beyond 0 = 60°, T,, increases to a

maximum value which occurs at 0 = ecumff .At9>0 T, decreases sharply to zero at

cutoff ?

0 =90°. Turning to the variation of p,, with 0, it is evident from Figure 6.7 that p,,

remains almost constant with respect to 0 until 0 = 60°. Beyond 0 = 60°, p,, increases

slightly to a maximum value at 6 = 90°.
6.3.1 Comparison with EnergyPlus Model

The most recent characterisation of screens is reported in the EnergyPlus (2007) Reference
Manual. Off-normal solar property models were developed for building energy simulation
using analytical and ray tracing techniques. The models are based on the orthogonal crossed
cylinder geometry with known wire diameter, wire centre-to-centre spacing and wire
reflectance. It is assumed that the wire diameter and wire spacing are the same in both
directions. For a unit of incoming beam radiation with known direction, the models account
for both undisturbed flux going through the openings of the screen and intercepted flux. The
beam-diffuse transmittance model was “empirically” formulated by curve-fitting results from
an optical ray tracing algorithm. The ray tracing algorithm is based on the assumption that
the wire reflectance is diffuse. The beam-diffuse reflectance is a function of the beam-beam
transmittance, the wire reflectance and the beam-diffuse transmittance. The diffuse-diffuse
transmittance and reflectance models are simply hemispherical integrations of the beam-total

transmittance and beam-diffuse reflectance, respectively.
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To compare the experimental results with the EnergyPlus model, the experimental results for
the 20-mesh, 0.006 in. blue-gray screen were plotted on the same graph with model curves as

shown in Figure 6.8. The models are in good agreement with the experimental results except

for an obvious underprediction of T, in the range of 0 <0 < 45°. This underprediction is

very small with a maximum value of 2% in absolute terms at O = 0 . Nonetheless, it can be
explained by considering the accuracy of the model. As stated in EnergyPlus (2007), T,
was derived from pure geometry and as such is only influenced by the geometrical properties

of the screen and 0. However, T, was formulated by curve-fitting results from an optical
ray tracing algorithm that modeled pW as diffuse. More specifically generalised curves were

fitted to accommodate ray tracing results for 0.2 <D/S<0.8 and 0.2<p"™ <0.8. Since

the curve-fitted model generally underpredicts the optical ray tracing results for most screens
with modest values of D/S and pw (McCluney 2006), a similar trend between the curve-

fitted model and results obtained from the measurements is expected. It is imperative to note
that the agreement between EnergyPlus models and the measurement results for all other

screens considered in this study was good.
6.4 Conclusions

The formulation of semi-empirical models that approximate the off-normal solar optical
properties of insect screens is reported. The models were developed from the experimental
results obtained with special sample holders attached to an integrating sphere of a
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spectrophotometer. Given solar optical properties obtained at normal incidence, the proposed
semi-empirical models can be used to obtain the off-normal properties of practically any
screen that can be attached to a window. To further demonstrate the reliability of the
measurement technique, the experimental results were compared to analytical and ray tracing
model recently developed for building energy simulation. In general, there was very good

agreement between the two sets of results.

105



Table 6.1: Summary of Solar Optical Properties at Normal Incidence

Measurements Calculated

Measurements with IS without IS Openness,
Item Pot(0=0) (6=0) 7,4(6=0) 1,,(6=0) Tpy(0=0) Ao
150 mesh 0.0026 in. dia shiny 0.23 0.44 0.08 0.36 0.38 0.37
120 mesh 0.0026 in. dia shiny 0.19 0.54 0.08 0.46 0.47 0.48
20 mesh 0.016 in. dia shiny 0.18 0.54 0.05 0.49 0.48 0.48
60 mesh 0.0045 in. dia shiny 0.18 0.60 0.08 0.52 0.54 0.54
20 mesh 0.010 in. dia bluegray 0.07 0.65 0.02 0.63 0.64 0.65
26 mesh 0.006 in. dia charcoal 0.01 0.71 0.01 0.70 0.73 0.73
®
S

Incident
beam
radiation

Figure 6.1: Geometry used for Insect Screens
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— Equation 6.4
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Tpp(0=0)

Figure 6.3: Graph of b Versus T, (0 = 0)
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Figure 6.4: Beam-Beam Transmittance Versus Incidence Angle
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Figure 6.5: Beam-Total Transmittance Versus Incidence Angle

110



_| |/ Model
|| P 120 mesh 0.0026in dia SS
X 150 mesh 0.0026in dia SS
|| < 20 mesh 0.01in dia bluegray
|| @ 20 mesh0.016in dia SS
(0.5 —| © 20 mesh 0.006in dia charcoal
-| O 60 mesh 0.0045in dia SS
% = —p————H—
0
- i
= 0.5
o -
e |
O E] 4%7 %j <} <
0.5 —
(¢, X - x
0 T T T | |
0 15 30 45 60 75 90

Figure 6.6: Beam-Diffuse Transmittance Versus Incidence Angle
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Figure 6.7: Beam-Total Reflectance Versus Incidence Angle
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CHAPTER 7

LONGWAVE PROPERTIES OF FLAT SHADING MATERIALS

7.1 Introduction

The chapter discusses the determination of longwave properties of flat shading materials. The
shading materials considered were drapery fabrics, insect screens and roller blinds. Each of
these materials consists of a structure (i.e., yarn, wire, sheet) that is opaque with respect to
longwave radiation and each material is likely to have some openness. Material emittance
and longwave transmittance measurements were taken with an infrared reflectometer using
two backing surfaces. The results show emittance and longwave transmittance of the shading
material to be simple functions of openness, emittance and longwave transmittance of the
structure. This is especially useful because openness can be determined from solar
transmittance measurements (see Chapter 3) while emittance and longwave transmittance of
the structure was found to be constant for each category of shading material. The models that
describe the longwave properties of roller blinds and insect screens can be used directly in
the multi-layer analysis. On the other hand, the model that describes the longwave properties
of fabrics comprises a useful component of the effective longwave properties model for

pleated drapes and, in turn, an input to the multi-layer analysis.
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7.2 Approach

Spectral measurements of longwave reflectance and transmittance were obtained for each
category of flat shading material using an infrared reflectometer. The spectral data showed
that the shading materials are generally not spectrally selective. Since the aim was to
generate total (spectral-averaged) properties for building energy simulation, no spectral data
are presented. The total properties, including emittance, were calculated with respect to the
blackbody spectrum at a room temperature (ASTM E408-71 1971). The procedure entailed
the solution of two simultaneous equations resulting from the reflectance measurements with
the sample backed by two surfaces with different reflectance values. A similar procedure was
used by Christie and Hunter (1984) to determine the longwave properties of thin

diathermanous films using a DB-100 Infrared Reflectometer.

7.3 Test Samples

A wide variety of commercially available shading materials was selected for testing. This
includes samples of drapery fabrics, roller blinds and insect screens. The dimensions of each
sample were 5 cm by 5 cm. For each category of shading material, values of

A, =1, (0 =0) were obtained from spectrophotometer measurements (Kotey et al.

2009a, 2009b and 2009c). The description of the shading materials tested is given in

Chapter 3.
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7.4 Instrumentation

A commercially available FTIR (Fourier Transform Infrared Spectroscopy) reflectometer,
SOC 400T, was used to obtained the measurements. It is a portable, self calibrating
instrument with a reflectance repeatability of £0.01 and a spectral resolution selectable from
4 to 32cm™. The reflectometer is designed to measure normal-hemispherical reflectance of an
opaque surface in the wavelength range of 2.0 < A < 25.0 um (infrared region). The
instrument collects many infrared spectra over a short period of time. The infrared spectra are
automatically averaged and integrated with respect to the back body spectrum at selectable
temperature range. Emittance values are evaluated from the integrated values of the spectral
reflectance. Detailed description and the operating principles of the SOC 400T is

documented by Surface Optics Corporation (2002) and Jaworske and Skowronski (2000).

The SOC 400T is the current state-of-the-art instrument that may be offered as a substitute
for the well known Gier Dunkle DB-100 infrared reflectometer. This is because the SOC
400T has the capability to measure reflectance over a large spectral range and subsequently
evaluates emittance over a large temperature range. The Gier Dunkle DB-100, on the other
hand, measures total reflectance in the vicinity of 9.7 um while emittance can only be
evaluated at room temperature. Another remarkable difference between the two instruments
is that the DB-100 measures hemispherical-normal reflectance whereas the SOC 400T

measures normal-hemispherical reflectance.
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7.5 Measurement Procedure

The SOC 400T is designed to measure infrared reflectance of samples that are opaque to
infrared radiation. However, by following the general theory and measurement procedure
documented by Christie and Hunter (1984), the reflectometer can be adapted to measure both
infrared reflectance and transmittance of diathermanous samples. Emittance is easily

estimated from the reflectance and the transmittance measurements.

The SOC 400T was calibrated by first leaving the measurement port uncovered while the
room was scanned and the zero spectrum recorded. Care was taken not to obstruct the field of
view of the measurement port. A specular gold disk was then placed over the measurement
port and the reference spectrum recorded. The gold disk has a constant reflectance value of
0.98 in the wavelength range of 2.0 < A < 25.0 um. To confirm this reflectance value, a
reflectance measurement was obtained after calibration while the gold disk was still in place.
This confirmation was necessary since the gold disk also served as a backing surface. As
such, its reflectance value needed to be known accurately. The reflectance of a second

backing surface (black surface) was also measured and found to be 0.07.

Having obtained the calibration spectra and the reflectance values of the two backing
surfaces, two sets of spectral reflectance measurements were taken for each sample. The first
set of measurements was obtained by placing the sample over the measurement port with the
gold surface backing it. The second set of measurements was obtained by replacing the gold

surface with the black surface. In both cases, the total emittance of the opaque surface
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formed by the sample and the backing surface were computed from the spectral reflectance

measurements at temperatures ranging from 290 to 300 K.
7.6 Estimation of Emittance and Longwave Transmittance

Consider longwave radiation incident on the surface of a given sample. Assuming the sample
is grey, the longwave reflectance, p1W , the longwave transmittance, ™ and the emittance,

€, are related by principle of energy conservation and Kirchoff’s law,
w Iw
pr=1-1t" —¢ (7.1)
For an opaque sample, ™ =0 and
pY =1-¢ (7.2)

The SOC 400T measures the spectral reflectance of an opaque surface, integrates the spectral

data with respect to black body spectrum at a given temperature and computes €. The value

of plw can subsequently be calculated from Equation 7.2.

To estimate € and T of a diathermanous sample, we resort to the procedure outlined by
Christie and Hunter (1984). Christie and Hunter used theory to derive reflectance equations
by considering radiation incident on a thin diathermanous film backed by two different
surfaces. The system (i.e., the diathermanous film together with the backing surface)

reflectance in each case is dependent on the film and the backing surface reflectance values
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as well as the film transmittance. Given the reflectance values of the backing surfaces, the

film reflectance, p™ and the film transmittance, T were obtained as

Wo_ (pBl/pB2 )pMz — Pwmi (1.3)
(pB1/sz) + pBl(pMz ~Pwmi ) -1
and
Iw Iw
Hw:Jle_P N—P pm) (7.4)
PB1

where p); and py,, are the system reflectance values with backing surfaces 1 and 2 in
place while pg; and pp, are the reflectance values of backing surfaces 1 and 2. Having

obtained p™ and T, € can be calculation from Equation 7.5:

Iw

e=1-1™"—-p (1.5)

Typical uncertainties associated with the values plw, ™ and €& were estimated to be

+0.016, £0.024, and +0.028, respectively. Details of the uncertainty analysis are discussed in

the Appendix B.

Equations 7.4 and 7.5 are subsequently used to calculate the values of ™ and € for the

shading materials. The following subsections describe the functional dependence of ™ and

€ on A | for each category of shading material.
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7.6.1 Drapery Fabrics

To establish a relationship between € and A, measured values of € were plotted against

1 — A as shown in Figure 7.1a. Note that values of A were obtained from solar optical

measurements (Kotey et al. 2009a). Equation 7.6 is the result of a regression fit (goodness of

fit, R-squared = 0.94) obtained from the measured data.
£e=087(1-A,) (7.6)

The straight line shown in Figure 7.1a represents Equation 7.6. Clearly, there is a strong

correlation between € and 1 — A . The regression fit was set to pass through the origin
since in the limit where A —1 (i.e., the fabric disappears) € — 0 and Equation 7.6

correctly satisfies this limiting case.

A similar relationship was established between ™ and A o by plotting values of 1— ™

against 1 — A . See Figure 7.1b. Equation 7.7 is the result of a regression fit (goodness of

fit, R-squared = 0.95) obtained from the plot.
1-t™ =095(1-A,) (7.7)

Again, there exists a strong correlation between ™ and A, as seen in Figure 7.1b. The

straight line shown in Figure 7.1b, representing Equation 7.7, passes through the origin since

120



in the limit where A, —>1, T —1. Substituting 1— A, from Equation 7.7 into

0

Equation 7.6 gives the desired relationship between € and ™ ie,
£=092(1-1") (7.8)

To confirm this relationship, measured values of € were plotted against 1 — ™ as shown in
Figure 7.1c. A regression fit (goodness of fit, R-squared = 0.99) given by Equation 7.8 was
indeed realised. Such a strong correlation further validates the relationships established

between longwave properties and openness.

7.6.2 Roller Blinds

The measured values of € were plotted against 1 — A . See Figure 7.2a. Values of A

were again obtained from solar optical measurements reported by Kotey et al. (2009b). The

best possible regression fit that passes through the origin is given by

e=091(1-A,) (7.9)

To establish a relationship between ™ and A, values of 1—1"™ were plotted against

0>
1 — A as shown in Figure 7.2b. Again, a linear regression fit was obtained as given by
Equation 7.10.

-t =095(1-A,) (7.10)

Again, substituting 1— A from Equation 7.10 into Equation 7.9 gives the desired

. . | .
relationship between € and T, i.e.,
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£=0.96(1—-1") (7.11)
A plot of the values of € against 1—1™ fall on the straight line represented by Equation 7.11

and confirms the relationship between € and ™. See Figure Figure 7.2c.

7.6.3 Insect Screens

Once again, values of € were plotted against 1 — A | in order to establish a relationship

o

between € and A . See Figure 7.3a. Values of A, were again obtained from solar optical

measurements reported by Kotey et al. (2009¢). For a given range of A, it is seen from

Figure 7.3a that dark screens showed consistently higher values of € compared to grey
screens. It was therefore logical to distinguish between dark and grey screens in the

subsequent analysis.

Two different regression fits deduced from the plots in Figure 7.3a are Equation 7.12 for dark

screens and Equation 7.13 for grey screens, i.e.,

€=0.93 (1 - AO) (dark screens) (7.12)

€=0.32 (1 - Ao) (grey screens) (7.13)

Although the regression fits were not ideal, they represented the measured data with

reasonable accuracy.
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Turning consideration to the relationship between ™ and A, measured values of 1— ™

were plotted against 1 — A as shown in Figure 7.3b. Again, there was a discernible

o

difference between the data set obtained for dark and grey screens. The correlation between

Iw

1-7" and 1 - A for dark and grey screens as established by regression fits are given by

Equations 7.14 and 7.15, respectively.

1-1" =0.98 (l — AO) (dark screens) (7.14)

1-t™ =0.81 (l — AO) (grey screens) (7.15)
The straight lines representing these correlations are also shown in Figure 7.3b.

Finally, it can readily be shown that for dark and grey screens, € is directly related to ™

via Equations 7.16 and 7.17, respectively, i.e.,

€=0.95 (1 — le) (dark screens) (7.16)

€=0.40 (1 — le) (grey screens) (7.17)

To reaffirm this relationship, values of € were plotted against 1 — ™ as shown in Figure

7.3c. Again, regression fits established by Equations 7.16 and 7.17 show a strong correlation

between € andT™ .

123



7.7 Discussion

The coefficients in Equations 7.6, 7.9, 7.12 and 7.13 may be considered to be the total

hemispherical emittance of the structure making up the fabric, the roller blind, the dark
screens and the grey screens, respectively. This is because when A j =0, the emittance of

the shading material is simply equal to the emittance of the structure. The measurements
show that irrespective of the colour of the fabric, the emittance of the fabric structure may be
considered to be constant. The same observation is apparent for the emittance of the roller
blind structure. Insect screens, on the other hand, show two distinct structure emittance
values depending on the surface finish. The structure emittance of a dark screen is much

higher than that of a grey screen.

Table 7.1 summarises the estimated total hemispherical emittance, transmittance and
reflectance of the structure of each shading material. Also shown in Table 7.1 are the total
normal emittance values of typical opaque surfaces at specified temperatures (Modest 1993,
Siegel and Howell 1993, Incropera and DeWitt 2001). For smooth surfaces, the
hemispherical emittance can be estimated from the normal emittance values. Materials with
high emittance tend to behave like dielectrics and therefore have a hemispherical emittance
that is 3 to 5% greater than the normal emittance. On the other hand, metals generally have a
hemispherical emittance that is 3 to 10% greater than the normal emittance (Modest 1993,
Hollands 2004). Note that the aforementioned conversion factors were not applied since the
shading materials generally have rough surfaces and the normal to hemispherical emittance

conversion is not applicable.
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From the literature survey, it can be seen that a typical fabric made from dyed cloth has a
high emittance which is independent of the colour of the dye (paint). Furthermore, roller
blinds which are generally made from plastics and paint also have high emittance
independent of the colour of the paint. The same observation can be made for the high
emittance of dark screens. However, the emittance of grey screens is attributed to the
emittance of the stainless steel. Since metals generally have low emittance, the grey stainless

steel screens also exhibit low emittance.

Consideration will now turn to the behaviour of longwave transmittance of the shading
materials when A | = 0. From Equations 7.7, 7.10, 7.14 and 7.15, it is evident that the ™

value of a shading material does not necessarily drop to zero under such circumstances.

Substituting A | = 0, the aforementioned equations give the ™ values of the structure.

The results are summarised in Table 7.1. The finite value of T" when A =0 may be

attributed to multiple reflections between structural members of each shading material (i.e.,

yarn, wire, sheet) and subsequent transmission through the interstices of the structure. To

further substantiate this argument, the plw value of the structure was estimated from

Equation 7.1 given the values of T and €. The results are also included in Table 7.1. It is

clearly seen from Table 7.1 that fabrics, roller materials and dark screens with low values of

plW have low values of T" . On the other hand, grey screens with relatively high value of

p™ have a high value of T .
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7.8 Conclusions

A method of estimating the longwave radiative properties of flat shading materials like
drapery fabrics, roller blinds and insect screens is outlined in this chapter. The method
involves the use of a portable infrared reflectometer originally designed to measure the
emittance of opaque surfaces. The shading materials considered consists of a structure (i.e.,
yarn, wire, sheet) that is opaque with respect to longwave radiation and each material is
likely to have some openness. It was found that the emittance and longwave transmittance of
the materials are simple functions of openness as well as the emittance and longwave
transmittance of the structure. The results are particularly useful since openness can be
determined from solar transmittance measurements while emittance and longwave

transmittance of the structure was found to be constant for each category of shading material.
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Table 7.1: Summary of Longwave Properties

Experimental Results

Results from Literature Survey

Estimated
hemispherical

Estimated

Estimated

emittance of |hemispherical [hemispherical Typical total
structure at [transmittance |reflectance of |Opaque Surface |normal
Shading Material 300 K of structure [structure surfaces temp (K) |emittance
Paint (all
Fabrics 0.87 0.05 0.08 colours) 300 0.92-0.98
Roller blinds 0.92 0.05 0.03 Cloth 293 0.77-0.78
Dark (painted stainless
steel) screens 0.93 0.02 0.05 Plastics 291 0.84-0.95
Grey (unpainted stainless Stainless steel
steel) screens 0.32 0.19 0.49 (various types)| 368 0.27-0.42
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CHAPTER 8

EFFECTIVE PROPERTIES OF PLEATED DRAPERIES

8.1 Introduction

A detailed model to determine the effective properties of pleated draperies is presented in this
chapter. The model approximates a drapery layer as a series of uniformly arranged
rectangular pleats. The effective properties of the drapery are then determined by considering
a representative enclosure. The effective beam-beam and beam-diffuse solar properties of the
pleated drapery are determined by tracking both radiation components, for a given direction
of incident solar radiation, through various interactions with the fabric pleats. Angle
dependent solar properties of the fabric and the effect of beam and diffuse components, in
both reflection and transmission are included in the analysis. The effective diffuse-diffuse
solar properties of the pleated drapery are evaluated using a much simpler net-radiation
analysis with conventional shape factors to track radiant exchange between surfaces. The
effective solar optical model can be applied to fabrics with differing front and back
properties. The analysis presented in this chapter is mainly focused on the determination of
effective solar properties since effective longwave properties can readily be obtained from
the diffuse-diffuse solar model with fabric longwave properties replacing corresponding
fabric diffuse-diffuse solar properties. The pleated drapery model therefore offers new

possibilities in calculating the effective properties of draperies made with practically any
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fabric. The effective properties of pleated draperies are required in the multi-layer analysis to

quantify the reduction of solar gain when pleated draperies are attached to windows.

8.2 Previous Studies

Researchers have used several ways to quantify the reduction of solar gain when draperies
are present. Keyes (1967), for example, characterised fabrics by yarn colour (yarn
reflectance) as dark (D), medium (M), and light (L), and by weave as open (I), semi-open
(IT), and closed (III). Keyes then developed a chart that expressed measured shading
coefficient (SC), defined as the ratio of solar gain through a window to the solar gain through
a standard layer of clear glass, as a function of yarn reflectance and weave openness when a
drapery was combined with both regular plate and heat-absorbing glass. If the solar optical
properties of the fabric are not well known, the Keyes method can still be used to obtain an

approximate SC of the glass-drapery combination.

Having acknowledged that fabric colour and weave openness alone were not sufficient to
accurately determine the SC of the glass-drapery combination, Moore and Pennington (1967)
developed a chart that expressed the SC as a function of fabric solar optical properties. They
measured the solar optical properties of fabrics, draperies, and glass-drapery combinations
using various techniques. They also measured the SC using a solar calorimeter. Furthermore,
they developed equations to calculate the SC using solar optical properties as inputs. The
effective solar properties of the drapery were estimated by applying a multiplicative factor to

the solar properties of the fabric at normal incidence. This factor accounted for the effect of
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folding and the variation of incidence angle. Their calculations agreed well with

experimentally determined SC values.

By careful analysis of fabric transmittance and reflectance, yarn reflectance, and openness
factor, Keyes (1967) was able to reconcile the yarn reflectance-openness chart with the fabric
reflectance-transmittance chart. The Keyes (1967) universal chart is the basis of the interior
attenuation coefficient (IAC) data for glass-drapery combinations found in the 2005 ASHRAE
Handbook—Fundamentals (ASHRAE 2005). This chart correlates measured optical
properties with eye-observed values to determine the IAC, thus making it a convenient tool
for designers. However, optical properties measurements carried out by Moore and
Pennington (1967) revealed that the solar properties could differ from the visible properties.
In such situations, using visual judgment to predict shading effects could give inaccurate

results.

The first attempt to quantify the cumulative effect of folding (or pleating) and the directional
nature of incident radiation on the solar gain through draperies was carried out by Ozisik and
Schutrum (1960). To determine the effectiveness of 100% fullness draperies (width of
drapery is twice the width of fabric) in reducing solar gain, Ozisik and Schutrum tested
draperies of different fabrics in combination with regular and heat-absorbing glass using a
solar calorimeter. Their results were presented in terms of the solar heat transfer factor, K,
defined as the ratio of the solar gain to insolation. Note that K is identical to the solar heat
gain coefficient (SHGC) currently used. They showed that K was independent of incidence

angle for incidence angles ranging from 0° to 50°. For incidence angles greater than 50°, they
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suggested a decrease in K by 10% for each 10° increase in incidence angle. They also
proposed a reduction of 10% in K for incident diffuse radiation. Furthermore, they presented
the variation of K with solar optical properties of fabrics at normal incidence and observed
that the reflectance was the dominant property influencing solar gain. In addition to the solar
gain tests, they performed a series of tests to investigate the effect of pleating on the solar
optical properties of draperies. They measured the angular transmittance and reflectance of
both fabrics and draperies with a pyrheliometer. Their results showed that the transmittance
of the drapery at normal incidence was almost the same as that of the fabric. However, at 45°
incidence, the transmittance of the drapery was 20% lower. For incident diffuse radiation,

both transmittance and reflectance of the drapery were 20% lower than the fabric values.

Yellot (1965) determined experimentally the solar heat gain factor (SHGF), defined as solar
gain through a standard clear glass, and the SC of draperies using an outdoor solar
calorimeter. He also measured the solar optical properties of fabrics as well as glass-fabric
combinations using a custom-made instrument. The measurements were taken at incidence
angles ranging from 26° to 90°. His experiments showed that the SHGF for a typical glass-
fabric combination decreased as the incidence angle increased, although the SC remained
nearly constant. To explore the effects of varying surface solar azimuth on reflectance, Yellot
used a reflectometer to measure the reflectance of a typical light coloured fabric and drapery.
His results showed that although the reflectance of both fabric and drapery varied with
surface solar azimuth, there was very little difference between the two reflectances for a

given surface solar azimuth.
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The results of the preceding studies (Keyes 1967; Moore and Pennington 1967; Ozisik and
Schutrum 1960; Yellot 1965) are useful in predicting the solar gain through windows with

draperies. However, they were limited to single-glazed windows.

Few data can be found in the literature for comparison against results of the current research.
The work of Farber et al. (1963) is of particular interest because it includes a model to
determine the effective solar optical properties of draperies using a simplified rectangular
configuration. Farber et al. (1963) assumed that the fabric is diffusely reflecting and diffusely
transmitting, and that the reflectance and transmittance for beam radiation vary with
incidence angle. Their calculation involved a separate treatment of the front and the cavity
portions of the pleated drapery with the front portion having the same optical properties as
the fabric. The solutions of the cavity portion and the front portion were averaged to give the
effective optical property of the drapery. Farber et al. used results published by Sparrow and
Johnson (1962) to estimate the apparent (i.e., effective) reflectivity of the cavity portion of
the drapery, noting that these results were obtained by means of “long and tedious numerical

computer techniques.”

It was also asserted, without explanation, that the abnormal transmittance of the pleated
drapery follows the same pattern as the abnormal reflectance. In addition, examining the
work of Sparrow and Johnson (1962), it can be seen that the reflectance of the cavity portion
of the drapery (with respect to beam insolation) was estimated on the assumption that each

groove is infinitely deep. However, by examining Figure 7 of Sparrow and Johnson (1962), it
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is apparent that this assumption is not valid. Pennington et al. (1964), while using the model

of Farber et al. to compare against measurements, mention that:

“If a zero deg horizontal projection angle had been assumed for the rectangular configuration
of the theoretical analysis, then the curves of absorptance, reflectance and transmittance

versus incidence angle would have been identical to that of a flat drapery.”

This statement offers additional insight regarding the limitations of the Farber et al. model.
The Farber et al. model is unable to account for the effect of pleating when solar radiation is
incident normal, or near normal, to the window. To validate the theoretical analysis carried
out by Farber et al. (1963), Pennington et al. (1964) performed a series of experiments with
an outdoor solar calorimeter. They used a pyrheliometer installed in the calorimeter to
measure the solar optical properties of fabrics, draperies, and glass-drapery combinations at
various incidence (or profile) angles. Regarding the results for pleated draperies, Pennington

et al. note that:

“In general, the two methods show good agreement on transmittance. Their agreement,

however, on reflectance and absorptance leaves much to be desired.”

These discrepancies are not surprising given the range of assumptions used by Farber et al.
and the method used to account for the interaction of solar radiation with the groove portion
of the drapery. These researchers were clearly hampered by limitations in theory and
computational power available at the time. Nonetheless, calculated results from Farber et al.

(1963) are subsequently presented and compared with the model developed in this chapter.
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A recent study by Kotey et al. (2007) modeled a drapery layer as a series of rectangular
pleats with diffusely transmitting and diffusely reflecting fabric. The model presented in
Kotey et al. (2007) assumed that the fabric solar optical properties were independent of the
angle of incidence and did not allow for direct beam transmission of solar radiation through
openings in the fabric. The effective solar optical properties of the drapery were then
determined as a function of drapery geometry and solar profile angle. This simplified
approach has been extended in this chapter to include several additional effects. In particular,
the pleated drapery model presented here makes use of fabric properties that are determined
as a function of incidence angle, these properties include detail regarding beam and diffuse
components of reflection and transmission. It is assumed that these properties are available
with respect to both beam and diffuse insolation. The methods for determining all of these

fabric solar properties have been developed in Chapters 3 and 4.

8.3 Modeling

The effective solar optical properties of a drapery are dependent on many things, including
the colour of the yarn, the openness of the fabric, the pleat geometry, and the direction of the
incident solar radiation. The model presented in this chapter was developed in an attempt to
account for all of these influences. Pleat geometry is approximated as rectangular and self
shading and, along with the directional characteristics of the fabric, has an important
influence on the effective properties of the pleated drape. The solar properties of a fabric are
dependent on the openness of the weave as well as the colour of the yarn and the directional
nature of the incoming radiation. For a given fabric, experiments show that the solar optical
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properties pertaining to beam radiation at off-normal incidence can be determined using
properties measured at normal incidence. Solar optical properties pertaining to incident
diffuse radiation can also be determined. Details of the experimental procedure and the

resulting fabric property models are given in Chapters 3 and 4, respectively.
8.3.1 Drape Geometry and Solar Angles

A drapery consists of a series of fabric pleats that are non-uniform. Similar to the approach
used by Farber et al. (1963), rectangular pleats have been used as an approximation. See
Figure 8.1. Consider beam radiation incident on the drapery. The interception of the beam
radiation by fabric surfaces is dependent on the angle of incidence, 0. In addition, the

perpendicular surfaces of the drapery can produce considerable blockage. The blockage is
influenced by pleat geometry and horizontal profile angle, QH (equivalent to the surface

solar azimuth). The fabric properties are also influenced by (local) incidence angle so the
vertical profile angle, QV, also comes into play. The relationship between 9, QH , and

QV is well documented (e.g., ASHRAE 2005). For fabric surfaces parallel and

perpendicular to the window, it can be shown that

cos(0,,p, )= cos(tan_1 (tanQ, cosQ,, )) cosQ (8.1)

and

cos(Opprp ) = cos(‘[an_1 (tanQysinQy )) sinQy (8.2)
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where OPARL and Opppp are the incidence angles on the parallel and perpendicular

surfaces, respectively.

Since the pleats are repetitive, an enclosure formed by two consecutive pleats will represent
the entire drapery. A cross-section of such an enclosure is shown in Figure 8.2a. The
representative enclosure is made up of two sub-enclosures with pleat width, w, and pleat

spacing, S . Fictitious surfaces at the front and back openings complete the enclosure.

The solar optical properties of the drapery are influenced by pleat geometry, which can be
described in terms of folding ratio, Fr, or percent fullness. The folding ratio is defined as the
total length of the fabric divided by the length of the drapery, L. When the length of the
fabric is twice that of the drapery, Fr = 2, the drapery is described as having 100% fullness.
Figure 8.2 shows draperies with different values of Fr and fullness. The geometry of

Figure 8.2 gives Fr=1+w /s.
8.3.2 Solar Optical Properties of Fabric

Solar optical properties of a fabric are determined by considering what happens when beam
or diffuse radiation is incident on the fabric. For radiation incident on the front surface of the

fabric, the properties pertaining to transmittance are the front beam-beam transmittance,

’L'Ifnbb, the front beam-diffuse transmittance, T?ﬂbd’ and the front diffuse-diffuse
transmittance, Tgldd' The sum of Trf?bb and ’[jglb 4 gives the front beam-total transmittance,

Ti‘nbt' The superscript m is used to designate a fabric (i.e., material) property as opposed to
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the corresponding effective solar optical property of the pleated drapery. Similarly, the

properties pertaining to reflectance are the front beam-beam reflectance, prfnbb, the front
beam-diffuse reflectance, p;nbd and the front diffuse-diffuse reflectance, prfnd 4 However,
plfnbb is assumed to be zero and hence the front beam-total reflectance, p;nbt is equal to

p?lbd. The corresponding properties for radiation incident on the back surface of the fabric

are designated by replacing subscript f in the aforementioned nomenclature with subscript

b . Refer to Chapters 3 and 4 for more detail.

8.3.3 Incident Beam Radiation

Beam radiation incident on a drapery is transmitted undisturbed through fabric openings or,
after multiple reflections, emerges in the forward direction as beam-diffuse transmission and
in the backward direction as beam-diffuse reflection. To simplify the calculation, beam-beam
transmission is considered only when beam radiation is incident on the fabric for the first
time. Subsequent transmission of incident beam radiation is considered to be diffuse. This
simplification is reasonable since multiple transmissions of beam radiation will entail
incidence on alternating parallel or perpendicular surfaces, and one of the two (or both)
incidence angles is likely to be high. At such high incidence angles, fabric beam-beam

transmittance is small and the overall beam transmission will be very small.
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Note that the following sections include diagrams that show only positive values of profile

angle, QH . Recognizing the symmetry of the pleated drapery it is apparent that the same
effective properties should be obtained for positive or negative values of QH . In fact, the
models presented include only the absolute value of QH and because of this apply to all

values of QH ranging from -90° to +90°.

8.3.4 Effective Beam-Beam Solar Optical Properties of Drapery
Consider beam radiation incident on the front (i.e., outdoor facing surface) of the drapery.
The front beam-beam reflectance of the drapery, pfbb, is zero, and the front beam-beam

transmittance, Tgpp, can be determined by considering the three cases shown in Figure 8.3.

The different cases are realized by considering the length of the illuminated portion of the

bottom sub-enclosure, bc, relative to the width of drapery, W .

Case I (bc <w: bc <ab)

The value of QH is such that surface bc is illuminated directly by incident beam radiation.

Surface de is illuminated indirectly by beam radiation passing through fabric surface cd.
The length of surface de is equal to the length of surface bc. Note that because of the
repetitive nature of the pleats, illuminated surface bc at the bottom sub-enclosure is the
same as the illuminated surface bc at the top sub-enclosure. Furthermore, incident beam

radiation passing through surface bc illuminates surface ef . Since surfaces de and ef are
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illuminated by beam radiation that has passed through the fabric at least once, subsequent

transmission of beam radiation through de and ef is considered to be diffuse. No beam
radiation passes through the drapery for this case so T¢pp, = 0. The condition of T¢y,, =0

continues to hold as the length of bc increases until bc becomes equal to ab .

Case II (bc < w: bc > ab)

As QH decreases and surface bcC lengthens, a portion of the beam radiation passing

through surface bc emerges from fictitious surface ag (see top sub-enclosure, Figure 8.3,
Case II). The value of Tgyy, is proportional to the ratio of the distance, $;, and the width

2-s-c0s€2yy, which represents the area of incident radiation. Since the outgoing beam
radiation passes through surface bc before leaving the enclosure, its strength is reduced by

Tibp Of surface be . Thus,

S m
Teop = 2 1 *Tewo (ePERP) (8.3)

*S-CcosQQy

It can be shown that

(bc—eg)-sin‘QH‘

Tep = T, (0 (8.4)
f,bb 2 .- COSQH f,bb( PERP)
where
cosQ)
bc =s|——+ (8.5)
Sin Q)
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and

eg=w—bc (8.6)

The condition for one-pass beam-beam transmission continues to hold as QH decreases and

as bc increases until bc becomes equal to W .

Case III (bc > w)

When surface bc is greater than W, more beam radiation emerges from the enclosure, as
shown in Figure 8.3, Case III. For the top sub-enclosure, beam radiation emerges from

fictitious surface ag, some having passed through fabric surfaces ac and some through cd .

For the bottom sub-enclosure, beam radiation is directly transmitted through fabric surface

am . Note that the strength of the beam radiation on areas S,, S; and S, are reduced by
Tipp- Fabric surfaces cd and ag are both parallel to the window with
Trbo 0)= Tioo (0,55, ), Whereas fabric surface ac is perpendicular to the window with

Tebo 0)=1 £bb (0,5xp )- The value of Tepb in this case is given by

m
52'TI§bb(ePERP) +(s3 +S4)'Tf’bb (OparL)

Ttbb = (8.7)
£bb 2-s-cosQy

which can be expressed as

2'(bc—w)'sin\§2H \ -r?bb (ePARL) + (s -COSQy — (bc - W) . sin\QH \) Tt bb (OpERP)
2-5-cosQy
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8.3.5 Beam-Diffuse Solar Optical Properties of Drapery

Beam radiation that is intercepted by yarn and then emerges as transmitted or reflected

diffuse radiation can be traced as shown in Figure 8.4. As seen in the previous section, the

calculation can be subdivided into three cases, depending on the value of QH . In all, a total

of ten different surfaces can be realized between the three cases, although a minimum of

seven and a maximum of nine surfaces are actually needed to analyze an individual case.
The radiant analysis can be performed with the following definitions in mind:

J; =radiosity of surface 1

G; = irradiance at surface 1

Zi.vb = flux of beam radiation from surface 1 caused by beam insolation

Zi ba= flux of diffuse radiation from surface 1 caused by beam insolation

The following equations are applied:

m m
Jib = Pp,adG1vtT, ddG1f (8.9)
m m
J2b= Z2b,bd HPp aaG2o T, Gor (8.10)
_ m
J3b = Z3b,bdHPp,aaG3b (8.11)
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m

m

Jab= Zav,patPp,aaGavt T, Gar (8.12)
m m

J5b = Zsb,bd P aaGs6 T T, G5t (8.13)

m m
Job = Pp,aaGebt T, Gor (8.14)
=p™ G+t .G 8.15

Jlf_pﬂddGlf Tb,dd 1b (8.15)
m m

Jof = ZogbdtPraaG2rt T 4 G2v (8.16)
m m

Jat = ZatpdtPraaGar+T, 1, Gab (8.17)
m m

Jst = ZstbatPraa Gse+T, 4, Gsb (8.18)

m m
Jot = PraaGer+T, 4, Geb (8.19)
_ m
J7t = P aa G 7t (8.20)
_ m
J8t = Zstbd TP ggGsf (8.21)

Surfaces not illuminated by beam radiation do not generate a diffuse source term and, hence,

Z. 1 is zero for those surfaces. Also, the radiosities of the two fictitious surfaces ag and cd
bd
(i.e., Jop, and J;(r ) are zero. It can be shown that for a given incident beam flux, I}, , the

beam source terms after first transmission through fabric surfaces bc and cd are as follows:
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m S
Zab,bb = Tt b (OPERP ) - e I'beam (8.22)
c

Z3b,bb = T bb (OPARL ) * Tbeam (8.23)

Similarly, the diffuse source terms from fabric surfaces due to I, are as follows:

S

Z2b,bd = Tibd (OpERP ) - b—lbeam (8.24)
C
Z3b,6d = T1pd (OPARL) * Tpeam (8.25)
m S
Zab,bd = Z3b,bb"Py, 1, (OPERP) - e (8.26)
c
Z5b,5d = Z2b,bb Pg?bt (6pERP) (8.27)
m S
Z>£6d = P i (OPERP) - b—Ibeam (8.28)
C
m S
Zafpd = Z3b,bb'Ty, 1 (OpERP) - be (8.29)
C
Z565d = Z2b,bb " Th, bt (OPERP) (8.30)
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The diffuse irradiance on each surface of the top or bottom sub-enclosure is given by
Gi= 2 FyJj 8.31)
J

The view factor, Fj;, is the fraction of diffuse radiation leaving surface 1 that is intercepted
by surface j. The values of Fj; can be determined by Hottel’s crossed string rule (e.g.,

Hollands (2004)). Since all of the surfaces are flat, F;; = 0. Likewise, Fij from one surface

to another surface on the same fabric segment is zero. Note that subscripts iand j are applied

to the given number of surfaces in each sub-enclosure for each particular case considered.
For example, the irradiance on back of surface ac of the top sub-enclosure for Case III will

be

G2b = Fab2vd 2+ Fan3nd 3+ Foband 4 T F2p96J9b (8.32)

Equations 8.9 to 8.31 apply to all the cases shown in Figure 8.4. Consideration will now turn

to each specific case.

Case I (bc <w: bc <ab)

As shown in Figure 8.4, Case I, beam radiation incident on surface bc is transmitted and
reflected diffusely into the enclosure. In addition, beam radiation is transmitted diffusely
through fabric surface ¢d . A portion of the beam radiation incident on surfaces bc and cd
is transmitted directly and subsequently falls on surfaces ef and de, respectively, where it

gets transmitted and reflected diffusely. Since surfaces ab, ag, and fg are shaded, no
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beam-to-diffuse conversion exists at these locations. Diffuse radiation in the enclosure is

transmitted and reflected diffusely by all fabric surfaces. From the definitions of J, G, and

Z4, a complete radiant analysis can be performed for beam-diffuse radiation using

Equations 8.9 to 8.20 with the appropriate diffuse source terms specified in Equations 8.24 to

8.30. The radiosity-irradiance equation set so obtained is linear and can be solved by matrix

reduction for any given I, . However, with Iy set to unity, the values of T;p4 and

Prpg can be calculated as

m
sGob T 51549 G7r

2s Ibeam

Tf,bd =

which simplifies to:

Gob * 1144 G7e
Tfbd =
2
and
m m
$Ps pt (OPARL) Ibeam * 8Th ga G3b T 8Grof
Prbd =

2s Ibeam

which simplifies to

m m
_ Prpt(OparL) + T5.4aG3b + Gror
2

Pt bd
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Case II (bc <w; bc > ab)

As QH decreases, the length of the directly illuminated surface bc increases, and the

length of the indirectly illuminated surface de also increases. A portion of the beam

radiation passing through surface bc escapes the enclosure through fictitious surface ag,
thus leaving a smaller portion of beam radiation to fall on surface €g, as shown in Figure
8.4, Case II. Surface dg therefore becomes completely illuminated, while surfaces ab and
ag remain shaded. A radiant analysis can be performed with the relevant equations extracted

from Equations 8.9 to 8.20 with the corresponding diffuse source terms as specified in

Equations 8.24 to 8.30. The set of linear equations generated can be solved by matrix

reduction again with Iy, set to unity. Again, the values of T;,q and p;pq are calculated

using Equations 8.34 and 8.36, respectively.

Case III (bc > w)

When surface bc becomes greater than W, surfaces aC and dg become completely
illuminated by beam radiation. A portion of fabric surface ag, (i.e., surface 8f) is also
illuminated directly by beam radiation. The only surface that is shaded is mg. A significant

portion of the beam radiation passing through fabric surfaces ac and cd and fictitious
surface cd escapes the enclosure as beam radiation. With the relevant relations extracted

from Equations 8.9 to 8.21 and the appropriate diffuse source terms as specified in Equations
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8.24 to 8.30, the set of linear equations so generated can be solved. Again, with Iy, setto

unity, the value of Ty is calculated as

S ng + Trfr,ldd (gm-G,; +am- Ggr) +am- r?}bd (OpArRL)

Tf,bd = (8.37)
2
where
sinQ2
gm =w H (8.38)
cosQy
and
am=s-—gm (8.39)

Likewise, the value of py 4 can be calculated from Equation 8.36.

8.3.6 Diffuse-Diffuse Solar Optical Properties of Drapery

Consider diffuse radiation, I, incident on the front of the drapery layer. See Figure 8.5.
Diffuse radiation within the enclosure remains diffuse as it interacts with the surfaces before
finally emerging in the forward (transmission) and backward (reflection) direction. The

values of T¢ 44 and pgyq can be determined by considering the representative geometry (W

and S). In this particular situation, the calculations are independent of 0 and QH- The

following equations are applied:

m

8.40
f’ddsz (8.40)

. m
J2b =Py, ggGobtT
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_ _m m
J3b = Tf gqldiff +Pp, 94 G3b

= + G
T
= + G
T
Jof pf’ddGZf b,dd 2b
m m
J4f - pf’ddG4f Tb dd G4b

. Im
Jst =P agGsr

m
Gob *+ 1699 Gsr
2

Tdd =

reduction with I set to unity. The values of T,y and py4q are as follows:

m m
_ Praa T thada G3b T Gior

Ptad = )
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(8.41)

(8.42)

(8.43)

(8.44)

(8.45)

The radiosity of fictitious surface cd is J;o; = L, while the radiosity of fictitious surface
ag is Jg, =0. The irradiance on each surface of either sub-enclosure can be calculated
using Equation 8.31, with the subscripts 1 and j applied to the given number of surfaces in

that sub-enclosure. Once again, Equations 8.40 to 8.45 are linear and can be solved by matrix

(8.46)

(8.47)



8.3.7 Back Solar Optical Properties of Drapery

In the preceding sections, models were described for the calculation of front effective solar
optical properties of a pleated drape. The corresponding back-surface properties can be

calculated using the same models by interchanging the front and back fabric properties.
8.3.8 Longwave Radiative Properties of Drapery

Longwave radiative properties of a drapery are calculated using the diffuse-diffuse solar
optical properties model. First, fabric diffuse-diffuse solar properties in Equations 8.40 to
8.45 are replaced with the corresponding fabric longwave properties and the set of equation
solved by matrix reduction. The effective longwave properties of the pleated drapery are
subsequently obtained from Equations 8.46 and 8.47 by replacing diffuse-diffuse solar
properties with the corresponding longwave properties. The method for determining fabric

longwave properties is outlined in Chapter 7 and also documented in Kotey et al. (2008).

8.4 Results and Discussion

8.4.1 The Present Model

Nominal property data for the nine fabric designations presented in Keyes’s chart (Keyes
1967; ASHRAE 2005) were obtained from Keyes (1967). These data are listed in Table 8.1.

It is assumed that front and back properties are equal, so the subscripts f and b have been

dropped for simplicity. At normal incidence, ’[gi) (9 = O) is equivalent to the openness
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factor, A, (Keyes 1967). The value of ‘cgh (9 = 0) corresponds to radiation redirected by
the yarn in the forward direction. The sum of the two, the total transmittance of the fabric,

Tg} (9 = O), corresponds to the vertical axis in Keyes’s chart. As expected, the closed-weave

fabrics have negligible '[gi), while the open and semi-open weave fabrics allow some beam-
beam transmission. Furthermore, in each openness category, the light-coloured fabrics have

the highest p$ followed by the medium-coloured fabrics while the dark-coloured fabrics

have the lowest pg .

The effective solar properties of the drapery were calculated for both incident beam and
incident diffuse radiation. The results are shown in Figure 8.6, grouped into open-weave (1),
semi-open-weave (II), and closed-weave (III) categories. Subgroupings show transmittance

and reflectance for light (L), medium (M), and dark (D) coloured draperies. Figure 8.6a

shows the variation of the T 4 and P44 with Fr for all nine fabric designations. Note that

for w = 0 (Fr = 1), the drape is flat and the effective properties of the drape correspond to the

properties of the fabric.

It can be seen that T, for draperies with open and semi-open fabrics decreases with

increasing Fr while the value of T,y for draperies with closed weave fabrics remains nearly

constant. This trend is found in all three colour designations. It is to be expected that

pleating will consistently decrease solar transmission because there is more opportunity for
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radiation to be absorbed in the fabric because of the inter-reflection that arises if the fabric

can view itself.

The calculated P44 data reveal another interesting phenomenon. For open weave, light

coloured drapery (Ip), pleating causes P44 to increase at Fr < 3. Again, this is due to self-

viewing. Some of the radiation that passes through the front surface of the drape (fabric
surface cd) will encounter one of the perpendicular surfaces (dg or ac) where a portion will
transmit to the adjacent cavity and a portion of this radiation will exit through the opening

(fictitious surface cd), either directly or by intermediate reflection. This effect is most

prevalent in fabrics with higher values of A | and yarn reflectance. Open weave, medium
coloured drapery (In) shows a slight decrease in P 44 while for open weave, dark coloured
drapery (Ip) Pg4q remains almost constant at a small value. For semi-open and closed

weaved draperies, P 4q decreases with increasing Fr irrespective of the colour of the drapery.

Now consider the effect of 2y on the solar properties of draperies. To investigate this effect
Qy, was fixed at zero and Fr = 2 (100% fullness) was chosen. The results are shown in
Figure 8.6b. Clearly, Ty, for open and semi-open weave draperies always decreases with
increasing Q. At Q =63.4°, the cutoff angle that marks the transition from Case II to

Case III for the 100% fullness drapery, Ty, is completely eliminated. An increase in Qy

beyond this cutoff angle results in only beam-diffuse transmission through the drapery. It

should be noted that a small amount of beam-beam transmission through a drapery would be
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realised with {2y greater than the cutoff angle if multiple beam-beam transmissions through
the fabric pass were considered. For closed weave drapes (type I1I) T, (0 =0)~=0 and
Ty, is very close to zero for all values of 4;. Generally T4 for open weave drapery (type
I) shows a weak increase to a local maximum at the cutoff angle and then decreases as {2
increases further. On the other hand, T, for semi-open and closed weave drapery (type II

and III) decreases gradually with an increase in 2y over the full range of Q.

Turning to the variation of P4 with €4y, note that draperies in all nine fabric designations

exhibit an increase in P4 as Lpy increases. This increase in Py happens for two reasons.

First, the solar reflectance of the exposed front surface of the drapery, surface 3f, increases as

Q)4 increases. Second, as €y increases the illuminated portion of the lower cavity, surface

2f, moves closer to the front face of the pleated drapery and more of the solar radiation
reflected from this section of fabric will exit through the front opening as reflection from the

pleated drapery.
8.4.2 Comparison with Farber et al. Model

Farber et al. (1963) produced curves of effective reflectance versus Fr for incident diffuse

radiation. Figure 8.7a shows curves reproduced from Farber et al. (1963) for values of pga

ranging from 0.1 to 0.5. Since no information was given to the contrary, it is assumed that

these fabrics were opaque. The curves clearly show a decrease in P 44 as Fr increases. This
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is the expected trend for fabrics with low solar transmittance. The curves also show that the

higher the value of pg& , the stronger the influence of Fr. Results generated with the present

model, Figure 8.7b, compare favourably with Figure 8.7a. Both models predict P44 = pg:i
at Fr = 1 which corresponds to a pleatless (flat) drape. At high values of Fr, the present
model predicts slightly lower values of P44 especially for fabrics with high values of pga

In general, and particularly for the most practical cases at Fr <2, the agreement is very

good.

Now compare the two models for incident beam radiation. Farber et al. generated curves of
effective transmittance and absorptance for 100% fullness drapery versus 0. They
considered three different shades of drapery; dark coloured (tan), medium coloured (grey)
and light coloured (white). The solar optical properties of the three shades of fabric at

normal incidence are summarised in Table 8.2. The transmittance and reflectance values
shown in Table 8.2 should be interpreted as Ty, (9 :O) and pg;(@ ZO)ZPEE(@ =O). The
Farber et al. model uses the assumption that the fabrics transmit and reflect diffusely;

T g% =0, Tg% = ’Cgh and pbmb =0. In contrast, the current model allows for the possibility

of direct beam transmission through openings in the fabric but a value for T, (9 = O) =A

must also be supplied. Noting that the light, medium and dark fabrics in question have

approximately the same solar reflectance it must be concluded that they have different

amounts of openness. The values of A | used in the current model are also listed in Table
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8.2. These A, values were read from Keyes (1967) chart using the given values of

T (0=0) and pi(6 =0).

The Farber et al. model required input data describing the variation of fabric reflectance and
transmittance with respect to 0. See Figure 8.8a, reproduced from Farber et al. (1963). To
compare the Farber et al. drapery model with the present model, the corresponding
reflectance curves for the three fabrics were generated using the fabric model documented in
(Kotey et al. 2009) and in Chapter 4. The results are shown in Figure 8.8b. With the
exception of the grey fabric, there is good agreement between the two sets of fabric
reflectance curves. No information was given as to how Farber et al. obtained the curves

shown in Figure 8.8a.

Figure 8.9a, Figure 8.10a and Figure 8.11a show calculated values of effective absorptance
and transmittance versus O for tan, grey and white draperies, reproduced from Farber et al.
(1963). Results from the present model are shown for comparison in Figure 8.9b,

Figure 8.10b and Figure 8.11b. In producing Figure 8.9, Figure 8.10, and Figure 8.11, the

horizontal projection angle was fixed at Q =0 so 8 = Q.

In general, the agreement is quite good given the limitations of the Farber et al. model.
Results for the dark coloured drapery agree very well. The results for the medium coloured
drapery agree well at 6 =0 but a significant discrepancy in absorptivity is seen at off-
normal incidence. This is clearly due to the unusual off-normal property curve shown in

Figure 8.8a for the grey fabric and possibly the inability of the Farber et al. model to account
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for openness (A, = 0.12). Figure 8.11 shows noticeable discrepancies between the two
models for light coloured drapes. Various reasons can be offered to explain these
differences, including the openness of the white fabric (A, = 0.16) but the comparison is
probably not legitimate in this case. Examining Figure 8.11a, the Farber et al. model predicts
a transmittance of 42% for a pleated drape made from fabric with 35% transmittance. These
data indicate a problem because pleating will always reduce solar transmittance, as shown in

Figure 8.6a. It is not clear whether the Farber et al. model was applied incorrectly for the

white drape or if perhaps the labels (0t and T) should be interchanged in Figure 8.11a.

To further explore the effect of pleat geometry, the current model was used to generate
results for the three fabrics examined by Farber et al. Solar properties were calculated for

pleated drapes with 100% fullness and properties for both drape (solid lines) and fabric

(dashed lines) are shown with respect to horizontal projection angle (QV =0 and QH =0)

in Figure 8.12. Compared to a flat fabric, a pleating causes the incident radiation to interact
with the fabric surfaces via multiple reflections and transmissions. This interaction generally
gives rise to higher absorptance, lower reflectance and lower transmittance (as asserted above
regarding Figure 8.11a of a pleated drape compared to the flat fabric). Figure 8.12 shows
these relations to be true, for the three fabrics examined, over virtually the full range of

incidence angle.

On a more general note, Moore and Pennington (1967) acknowledged difficulty in measuring
the effective solar properties of draperies. Given the solar properties of a fabric at normal

incidence, they proposed constants that could be used to scale down the solar properties of
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the fabric in order to obtain the effective solar optical properties of the drapery. Their scaling
constants were based on experiments performed with several fabrics. The present results
however show that the solar properties of a pleated drape do not necessarily decrease by a
constant factor with respect to Fr and/or 0. Depending on the combination of fabric
properties, Fr and 0, the effective solar properties of the drape could be greater than the

corresponding properties of the fabric.

8.5 Conclusions

A detailed model has been developed to calculate the effective properties of pleated drapes.
The model approximates a drape as a series of uniform rectangular pleats. To calculate the
effective solar optical properties, the pleated drape model uses angle-dependent properties of
the flat fabric (Kotey et al. 2009) in conjunction with drapery geometry and solar angles to
calculate the effective solar properties for both incident beam and diffuse radiation. The
model is general enough to handle open-weave fabrics, allowing for beam-beam
transmission. The present model compares favorably with models documented in the
literature. The results obtained from the present model also show that the solar optical
properties of a drapery do not always decrease by a factor with respect to folding ratio and/or
incidence angle as suggested by previous researchers. To calculate the effective longwave
properties, the effective diffuse-diffuse solar model is used with fabric longwave properties
replacing corresponding fabric diffuse-diffuse solar properties. The method for determining
fabric longwave properties is outlined in Chapter 7 and also documented in (Kotey et al.
2008).
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Table 8.1: Nominal Solar Properties of Drapery Fabrics

Fabric Beam-Beam Beam-Diffuse Beam-Total Beam-Total

Designation Fabric Description Transmittance Transmittance Transmittance Reflectance
Ip Open weave, dark-coloured 0.35 0.04 0.39 0.07
I, Semi-open weave, dark-coloured 0.15 0.03 0.18 0.10
I, Closed weave, dark-coloured 0.01 0.04 0.05 0.14
Iy Open weave, medium-coloured 0.35 0.14 0.49 0.25
My Semi-open weave, medium-coloured 0.15 0.14 0.29 0.32
11, Closed weave, medium-coloured 0.01 0.10 0.11 0.38
I Open weave, light-coloured 0.35 0.23 0.58 0.36
I Semi-open weave, light-coloured 0.15 0.26 0.41 0.48
I Closed weave, light-coloured 0.01 0.16 0.17 0.63

Table 8.2: Solar Optical Properties for Dark-, Medium-, and Light-Coloured Fabrics,
Normal Incidence (Farber et al. 1963)

Fabric Description Transmittance Reflectance Absorptance Openness
Dark coloured (tan) 0.14 0.35 0.51 0.03
Medium coloured (grey) 0.23 0.30 0.47 0.12
Light coloured (white) 0.35 0.39 0.26 0.16

* Note: Openness estimated using Keyes (1967) chart (ASHRAE 2005).
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CHAPTER 9

EFFECTIVE PROPERTIES OF VENETIAN BLINDS

9.1 Introduction

A simplified method for calculating the effective properties of venetian blinds is presented in
this chapter. The effective properties of an entire blind layer are dependent on slat geometry
and slat material properties. For beam solar radiation, the effective beam-beam and beam-
diffuse solar properties of the blind are determined by tracking both radiation components,
for a given direction of incident solar radiation, through various interactions with the slats.
The slat material solar optical properties are assumed to be independent of the angle of
incidence, and the slats are assumed to transmit and reflect beam radiation diffusely. As a
first approximation, the slats are assumed to be flat with negligible thickness. A correction is
then developed and applied to account for the curvature of the slat. For diffuse solar
radiation, the effective diffuse-diffuse solar properties of the blind are evaluated using net-
radiation analysis with conventional shape factors to track radiant exchange between slat
surfaces. The analysis presented in this chapter is mainly focused on the determination of
effective solar properties since effective longwave properties can readily be obtained from
the diffuse-diffuse solar model with slat longwave properties replacing corresponding slat
diffuse-diffuse solar properties. The results of the flat and curved slat models are compared

with experimental data for commercially available venetian blinds.
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9.2 Previous Studies

Several solar optical models in the literature consider the effective properties of slat-type
shading layers (e.g., Parmelee and Aubele 1952, Pfrommer et al. 1996, Rosenfeld et al. 2000,
Breitenbach et al. 2001). Parmelee and Aubele (1952), for example, presented a
mathematical method for the determination of layer specific absorptance, reflectance, and
transmission for the shading layer. Properties were determined as a function of solar position
with respect to the glazing system, the optical properties of the shading material, and slat
geometry (slat width, angle, and pitch ratio) and results were presented for both direct and
diffuse solar radiation. It was assumed in that analysis that the slats were flat and diffusely

reflecting.

Yahoda and Wright (2005a) developed a set of optical property models for venetian blinds.
Their method requires the slat geometry and knowledge of slat surface reflectance as well as
its beam-diffuse split. Furthermore, the method requires separate treatment of incident beam
and diffuse radiation. For incident beam radiation, the method generates both beam-beam and
beam-diffuse optical properties. The beam-beam calculations involve tracing the specularly
reflected portion of incidence beam radiation until it emerges from the blind layer. Only two
specular reflections were permitted by this model, after which, the ray becomes a diffuse
source. This particular ray tracing technique is computationally intensive as algorithms are
required to determine the fraction of incident radiation undergoing a certain number of
reflections coupled with a series of geometric conditions imposed on each ray. The beam-
diffuse calculations, on the other hand, involve net radiation analysis which accounts for
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diffuse reflections at the slat surfaces. The models can be used to calculate solar optical
properties pertaining to incident beam and incident diffuse radiation, and can also be used to
obtain both direct-normal and off-normal optical properties of venetian blinds at various slat

angles.

9.3 Objectives

In this chapter, the solar optical property models developed by Yahoda and Wright (2005a)
are reevaluated. The primary intention is to eliminate the computationally intensive ray
tracing techniques inherent in those models. It is anticipated that the simplified models
developed in this chapter will be valuable to building energy simulation which places a
strong requirement for speed on any of its sub-models. In this regard, the slats are assumed to
be perfect diffusers and hence transmit and reflect diffusely any beam solar radiation that is
incident on a slat. As a first approximation, the slats are assumed to be flat with negligible
thickness. A secondary goal, therefore, is to increase the accuracy of the results by adding a
curvature correction. Such a correction should prevent the model from over-predicting
directly transmitted radiation when the profile and slat angles are aligned. A more recent
comparison between flat and curved slat models to experimental data by Platzer (2005)

further suggests an increase in accuracy of curved slat models.

9.4 Methodology

Solar optical properties of a venetian blind layer are determined by considering an enclosure
which is representative of an entire blind layer. Figure 9.1a shows a typical enclosure of a
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venetian blind where S is the slat spacing, W is the slat width and ¢ is the slat angle. The
optical properties of the venetian blind are functions of the slat geometry and the slat material

optical properties. Optical properties pertaining to beam radiation are also dependent on the
vertical solar profile angle, €2,. Some simplifications are incorporated in the models by

making the following assumptions:
e The slats are flat with negligible thickness
e Incident diffuse radiation is isotropic

The following observations and inherent features of the slats lead to further simplifications of

the models:
e The slats reflect beam radiation diffusely.
e The slats transmit beam radiation diffusely if at all.

The optical property models for the venetian blind pertaining to incident beam radiation
require the beam-diffuse reflectance of the upward-facing and downward-facing slat surfaces
( pfl,bd and pfi,bd) as well as the beam-diffuse transmittance of the slats ('[f) q)- For incident

diffuse radiation, the diffuse-diffuse reflectance values of the upward-facing and downward-

facing slat surfaces are required ( plsl,dd and p?l,dd) as well as the diffuse-diffuse
transmittance of the slats (‘cfid). From the assumption that slats are perfect diffusers, it

follows that pfl,bd’ pfl,bd and T%d are independent of the angle of incidence and hence
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pfl bd = pfl ad> pa bd = pfl dd and Tpy = Tgq- Moreover, since there is no beam-beam
transmission or reflection, T%b =0, pi,bb =0 and pfi,bb = 0. Consequently, the only slat

material optical properties required as inputs to the blind model are pfl bd > pfi bd and T%d'

9.4.1 Beam-Beam Solar Optical Properties

The beam-beam transmittance is the ratio between the beam radiation that passes through the
slat openings and the incident beam radiation. This is purely a geometric property. From

Figure 9.1a, the front beam-beam transmittance is

s—h
Tf,bb = O.1)
S
It can be shown that the front beam-beam transmittance is also given by the expression,
de—w
Tfbb =, 9.2)
de
where
cos((2
de =s (V) (9.3)
sin(Q, +¢)

Equations 9.1 to 9.3 are based on the assumption that the slat thickness is zero. A similar
calculation can be used to obtain the back beam-beam transmittance, Th,bb » by considering

beam radiation incident on the back surface of the venetian blind layer. However, by
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symmetry, Ty pp, 18 readily obtained by using the same formulae for calculating Ty, with a

negative slat angle.
9.4.2 Beam-Diffuse Solar Optical Properties

The beam-diffuse calculation is subdivided into two categories depending on whether the
slats are fully or partially illuminated. For fully illuminated slats, the representative enclosure
comprises four surfaces as shown in Figure 9.1a. Partially illuminated slat surfaces on the

other hand give rise to a six-surface enclosure as shown in Figure 9.1b.

9.4.2.1 Four-Surface Model

As shown in Figure 9.1a, beam radiation incident on surface W, is reflected diffusely.

Furthermore, a portion of the beam radiation incident on surface W, is diffusely transmitted.

Diffuse radiation present within the enclosure will also be transmitted and reflected diffusely

by the slats. The following definitions apply:

J; =radiosity of surface 1
G; = irradiance at surface 1

Z; = the diffuse source term due to incident beam radiation on surface 1

The following balances apply:

J3=273+ Pz,bd G3+ 1pq G4 (9.4)
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Ja=Z4+14Gs+ Plsl’bd G4 (9.5)

4
Gi= 2 F;ijJj fori=lto4 (9.6)
=l

The view factor, Fij is the fraction of diffuse radiation leaving surface 1 that is intercepted

by surface ] and can be determined by Hottel’s crossed string rule.

Since there is no incident diffuse radiation at the front and back surfaces of the enclosure,

J; =J, =0. The diffuse source terms, Z; and Z, can be computed for two different

cascs:

If incident beam radiation, Iy, , hits the upward-facing slat surfaces, then

S
Z3= T]s)d Ibeam 9.7)
de
S S
4= Pubd T Ibeam 9-8)
de

If incident beam radiation hits downward-facing slat surfaces, then

S
Z3=Pgpa— Ibeam (9.9)
de
g S
de
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Equations 9.4 to 9.6 are solved to obtain all the radiosities J j-In these equations, I, is

set to unity and the front beam-diffuse transmittance and reflectance of the blind layer are

Trpd = G2 (9.11)

pf,bd =@ (9.12)

9.4.2.2 Six-Surface Model

Each slat surface is divided into two segments in order to distinguish between the illuminated
and shaded portions of the slat with respect to beam radiation. Following a similar
methodology described for the four-surface model, the following equations are written for

the six-surface model:

J3= 73+ Py pa G3 + Thq Ga (9.13)

J4=Z4+ 154G3+ Py pq G4 (9.14)

J5=Z5+PgpaGs+ 154G (9.15)

J6 = Zo+ 154 Gs Py pa Ge (9.16)
6

Gi= ZFIJJJ fori=1to 6 (9.17)
=1

Because there is no incident diffuse radiation on the front and back surfaces of the enclosure,
J; =J, =0. Also, for the configuration shown in Figure 9.1b, surfaces w5 and w4 are
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shaded from beam radiation and therefore the source terms, Zs =7, = 0. The diffuse
source terms, Z5 and Z, are computed using Equations 9.7 to 9.10. After solving Equations
9.13 to 9.17 for all the J j terms, the front beam-diffuse transmittance and reflectance are

calculated from Equations 9.11 and 9.12.

A similar analysis is used to determine the back beam-diffuse transmittance and reflectance

of the blind by considering beam radiation incident on surface W, in Figure 9.1b. However,

by symmetry, Tppg and py 4 are readily obtained by using the same formulae for

calculating Tr1,q and pg 4 With a negative slat angle.

9.4.3 Diffuse-Diffuse Solar Optical Properties

The diffuse-diffuse transmittance and reflectance of the blind are calculated using the four-
surface model shown in Figure 9.1c. For diffuse radiation incident on the front surface of the

enclosure, I ¢ , the following equations can be written:

Ji = Laier (9.18)
Jo=0 (9.19)
J3=PgaaGs + 139 Ga (9.20)
J3=py4qG3 + 134 G4 (9.21)
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4
Gi= 2 FjjJj fori=lto4 (9.22)
=1

Equations 9.18 to 9.22 are solved to obtain all the radiosities. In solving these equations,

L is set to unity and the front diffuse-diffuse transmittance and reflectance are:

tdd = G2 (9.23)

Pf,dd =0 (9.24)

S _ S S _ S S — 48
Recall that P, g = Py.ad> Pd.bd = Pd.ad and Tpg = Tyq-

The back diffuse-diffuse reflectance is calculated in a similar manner by setting

J, =14y =1and J,=0. However, by symmetry, p, ., is readily obtained by using the

same formulae for calculating P, , with a negative slat angle.

9.4.4 Curvature Correction

One deficiency inherent in solar optical models for venetian blinds is the flat-slat, zero-
thickness assumption. Under this assumption, there is 100% transmission as Qv and ¢ come
into line (i.e., as Qy + ¢ approaches zero). In reality, most aluminum, steel and polymer-
based venetian blinds have slats that are curved to provide longitudinal rigidity and this

curvature blocks some solar radiation.

Figure 9.2 shows the effect of slat curvature for cases where Qv+ ¢ > 0. In the upper

diagram, the blockage of both the flat and curved slats would be identical. While slat
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curvature will effect reflected-thru radiation, the projected cross section of the slat is identical
in both cases. In the lower diagram, there will be a significant difference in the projected
cross section. Between the two angles shown in the upper and lower diagrams, the curvature

should provide some additional blockage of incident radiation.

The effect of the flat-slat zero-thickness combination on the blind's properties is clearly
demonstrated by comparing model results to experiments (Jiang and Collins 2008). The
model predicts 100% transmission when QQy + ¢ = 0, and comes into better agreement with
experimental results as Qy + ¢ moves away from zero. When Qy + ¢ is sufficiently large,
the flat-slat, zero-thickness assumption no longer has a significant impact on the predicted
results. In comparing the experiments of Jiang and Collins (2008) and the model results of
Kotey and Wright (2006), model predictions can be as much as 10% greater than
measurements when Qv + ¢ = 0. This translates into higher solar gain predictions by models
having flat slat assumption built into them. Practically, this over prediction applies over a

range of about Qv+ ¢ ==+13°.

In developing a curvature correction, the slat is first assumed to be a perfect arc of radius, T,
and included angle, 65, as shown in Figure 9.3. The radius and included angle can be
determined in a number of ways. It is suggested, however, that the slat crown, c, and the

actual width, w, be measured. The values of 6, and r can then be solved using

rsin(0, /2)=w/2 and rcos(f,/2)=r—c (9.25)
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The first step in developing a curvature correction is to determine when the slat curvature has
an effect on the slat's blockage. The assumption of the slat as a perfect arc makes this
calculation relatively easy. As can be seen in Figure 9.3, the curvature of the slat will have an

impact when Qv+ ¢ is between + 6y/2. Mathematically
Q, +¢[<0,/2 (9.26)

Once the need for a curvature correction is confirmed, the second step is to locate the x and y
coordinates for a number of intermediate calculation points A to F as shown in Figure 9.4.
The need for these points will be demonstrated. The coordinate system is defined such that
the x-direction is always along the slat (AB) while the y-direction is perpendicular to it. The
origin is located at the centre of the circle that would be created if the slat arc continued for
360°. In keeping with this coordinate system, intermediate points A to F can be obtained as

follows:

Point A is the leading edge of the slat (side towards the irradiation). It is located at
x, =1sin(-0,/2) and y, =rcos(—0,/2) (9.27)
Point B is the trailing edge of the slat (side away from the irradiation). It is located at
xp =r15in(0,/2)=—x, and yg=rcos(0,/2)=y, (9.28)
Point C is the point where the ray is tangent to the slat surface. It is located at

Yo = rcos(¢ - QV)
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Xe =1 —ye  for Q,+¢>0 (9.29)

Xe=—1° —y& for Q, +¢<0

Point D is the intersection of a ray that passes point A (top litt y=mx+b,) or

B (bottom lit: y =mX + bpy) and the radial line from point C (y =—X/m). In the case of a

top-lit slat, therefore,

1
m

where m =—X/y is the slope of the incident ray with respect to the coordinate axis. For a

bottom-lit slat,

1
m

and m = X/y . To avoid a division by zero error, when m =0 (at QV + ¢ =0), Xp =0

and yp =ya-

Point E is found in the same way as point D, except that a ray passing Point B is used in the
top-lit case, and a ray passing point A is used in the bottom-lit case. For the top-lit slat,

therefore,
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(9.33)

and m = x/y . To avoid a division by zero error, when m =0, Xy =0 and yg =y, .

Point F is the intersection of a ray passing point E, and the slat itself. For a top-lit slat
XF
XF=XB—‘XB—XE‘-2 and yp=— (9.34)
m

where m = —Xx/y . For a bottom-lit slat,

XF=XA+‘XA—XE"2 and yF:—X—F (9.35)
m
It is desirable to continue to use the existing solution engine (flat slat model) in an adapted
form. To do so, however, some further understanding of the existing solution engine is
required. In the original calculation, the length of the region that is directly irradiated along
the slat, de, is determined. In applying the curved assumption, it is first necessary to 'flatten’
the irradiated portion of the curved slat. The coordinate definition presented in Figure 9.5
makes this a relatively simple process. The length de is approximately the Ax of the lit
surface. In doing this, it is assumed that the effect of curvature on the first diffuse reflection

is not significant. A more significant concern is the physical meaning of de in the original
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model. When de is less than w, the beam-beam transmission is set to zero. Likewise, when de
is greater than w, beam-beam transmission is (de-w)/de. Due to the curved slat, however, de
can be less than w, while beam-beam transmission still exists. Two measures are required to
account for this. A beam-beam transmission can still be calculated based on the projected
thickness of the slat in a plane perpendicular to the direction of irradiation. More
significantly, however, is that for de < w, the original calculation assumes 100% of the
irradiation is on the slat. Therefore, when sending a value of de that is less than w, knowing
that beam-beam transmission still exists, it is a simple matter of multiplying the results of the

solution routine by the percentage of irradiation that actually falls on the slat.

As shown in Figure 9.4 and Figure 9.5 for a top-lit slat, the aforementioned modifications are

fairly simple to implement. When QV + ¢ >0

de =X — X, (9.36)
scos(Qvy )~ Lep
= 9.37
Fibb scos(QV) ©-37)
L
A—=__CD 9.38
scos(QV) 39

All results from the solution routine, fed with de, are subsequently multiplied by weighting,

A. Lcp is the distance between Points C and D, and is given by

Lep :\/(Xc - XD)2 + (YC —Yp )2 (9-39)
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A bottom-lit slat is slightly more complex due to the fact that it will be irradiated both on the
top and bottom of the slat surface. In this case, Equations (9.37) and (9.39) can still be used
to determine beam-beam transmission. For the irradiation on the slat top, de; is still given by

Equation (9.36), and the weighting factor becomes
L
A, = CE (9.40)
scos(Qy )
For the irradiation falling on the underside of the slat,

L
A, = —DE 9.42
2 scos(QV) 042

Here, Lpg and Lcg are the distance between points D and E, and C and E respectively, and
are calculated in a similar manner to which Lcp was determined. Further, the results that
come from the solution engine are multiplied by the associated weighting factor, and then

summed. The beam-diffuse transmission, for example, is given by

Tepd =N Tepa1 T AoTepdo (9.43)

where Trpq,1 and Trpgo are the values output from the original solution engine.

At high slat angles (venetian blind in an almost closed position), double blockage could
occur when curvature correction is applied to the flat slat model as QV + ¢ approaches

zero. Under such conditions, curvature correction gives negative values for beam-beam
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transmission as well as meaningless values for beam-diffuse transmission and reflection. The
problem is easily remedied by setting the beam-beam transmission to zero and using the flat

slat model to calculate the beam-diffuse transmission and reflection.
9.4.5 Longwave Radiative Properties

Longwave radiative properties of venetian blinds are calculated using the diffuse-diffuse
solar optical properties model. First, slat diffuse-diffuse solar properties in Equations 9.20
and 9.21 are replaced with the corresponding slat longwave properties and the set of
equations solved by matrix reduction. The effective longwave properties of the venetian
blind are subsequently obtained from Equations 9.23 and 9.24. Longwave properties of slats

can easily be obtained.
9.5 Results and Discussion

The simplified solar optical models were used to calculate the effective solar optical
properties of a light-colored venetian blind. The slat width, the slat spacing, the slat crown

and the slat angle are w = 15.0 mm, s = 12.5 mm, ¢ = 2.0 mm and ¢ = 45°, respectively. The
slat surface reflectance ( pfl,bd and pfi,bd) is 0.673 while the slat transmittance, T%d 1S zero

(Jiang and Collins 2008).

Figure 9.6 shows plots of front effective solar optical properties versus Qy. With the
exception of the beam-beam reflectance which is assumed to be equal to zero, all the optical
properties are dependent on Qy. As seen in Figure 9.6, the peak value of the beam-beam
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transmittance occurs at QQy = -45° when the edges of the slats are aligned with the incident
beam radiation and Qy + ¢ = 0. For a model which assumes that the slats are flat with
negligible thickness, this peak value of transmittance would be equal to 1.0. However, by
correcting for slat curvature, the peak value was estimated to be 0.92. The beam-diffuse
transmittance and the beam-diffuse reflectance, on the other hand, approach zero at
Qy = -45° as expected. This is because when the edges of the slats are aligned with the
incident beam radiation, only small portions of the projected surface area of the curved slats
are illuminated. Hence the net radiation that leaves the blind enclosure both in the forward
direction (transmitted) and the backward direction (reflected) are expected to be very small.
The beam-diffuse transmittance peaks at two values of Qy corresponding to a beam-beam

transmittance of zero as seen in Figure 9.6.

Figure 9.7 shows the variation of the front effective optical properties with slat angle, ¢, for
incident diffuse radiation. As expected, the effective diffuse-diffuse reflectance of the blind
increases with increasing ¢ while the diffuse-diffuse transmittance decreases with increasing
¢. The maximum reflectance is obtained when ¢ = £90°. Since the slats are opaque, it is
expected that the effective diffuse-diffuse transmittance of the blind goes to zero at ¢ = £90°.
However, the four-surface model considered gives a false effective diffuse-diffuse
transmittance because the slats overlap when ¢ = +90°. This false diffuse-diffuse
transmittance can easily be remedied by using a six-surface model as observed by Yahoda
and Wright (2005b). Nonetheless, a four-surface model with inherent simplifications will
produce the desired accuracy for building energy simulation since commercially available
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blinds cannot be closed beyond ¢ > £75°. The minimum value of the effective diffuse-diffuse
reflectance is obtained when the blind is fully opened (¢ = 0) with a correspondingly high

diffuse-diffuse transmittance.

Consideration will now turn to the comparison between experimental results and the
simplified models. The experiments were performed using the Broad Area Illumination —
Integrating Sphere (BAI-IS) shown in Figure 9.8 (Jiang and Collins 2008). The BAI-IS
operates in a similar manner to other integrating spheres with a few key differences. The test
sample is typically far larger than the sphere aperture and is fully illuminated by the light
source. The sphere itself is 50 cm in diameter and has a 5 cm diameter aperture. With these
modifications, it is possible to test materials that have relatively large scale non-
homogeneity. Full details of the BAI-IS and test methodology can be found in Jiang (2005),

Jiang and Collins (2008) and Milburn and Hollands (1994).

Slats from a commercially available mini-blind were employed for this experiment. Again,
the slat width, the slat spacing, the slat crown and the slat angle are w = 15.0 mm,
s = 12.5 mm, ¢ = 2.0 mm, respectively. To cover a broader range of cases, a black and a
white venetian blind were chosen. The black slats represent an extreme condition, and it was
used solely to test the capabilities of the model. The reflectance values of the black and white
slats are 0.13 and 0.67, respectively. Details of the test samples can be found in Jiang (2005),

Jiang and Collins (2008).

Figure 9.9 shows the results of the curvature correction applied to the total transmittance

through the blinds. It is imperative to note that the total transmittance used in this context is
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the sum of the beam-beam and the beam-diffuse transmittance. In all cases, the predicted
total transmittance using the curved slat model falls more closely in line with experimentally

determined results than the flat slat model.

9.6 Conclusions

In this chapter, simplified models are used to calculate the effective solar optical properties
of venetian blinds by considering an enclosure which is representative of the entire blind
layer. The slats are assumed to transmit and reflect beam radiation diffusely. In addition, the
optical properties of the slats are assumed to be independent of the angle of incidence. As a
first approximation, the slats are assumed to be flat with negligible thickness. A curvature
correction is then applied to the flat slat model. The results of the flat slat and the curved slat
models are compared with experimental results on commercially available venetian blinds.
The curved slat model matches the experimental results more closely than the flat slat model

over the entire range of profile angle.
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CHAPTER 10

VALIDATION OF SOLAR-THERMAL MODELS

10.1 Introduction

This chapter presents a system validation of solar-thermal models developed in the preceding
chapters. Solar gain through various shading devices attached to a conventional double
glazed (CDG) window was measured using the NSTF solar simulator and solar calorimeter.
The shading devices include dark and light coloured venetian blinds, a medium coloured
roller blind, a medium coloured pleated drape, and a dark coloured fiberglass insect screen.

More specifically, performance parameters including SHGC, TAC and system solar

transmittance, T were obtained for the CDG window as well as various CDG/shading

Sys*
layer combinations. The performance parameters were also obtained for the same
measurement conditions using the ASHRAE Toolkit simulations that incorporate the
currently developed solar-thermal models. Finally, the measurement and simulation results

were compared.

10.2 Performance Parameters

As discussed in Chapter 1, a portion of the solar radiation incident on a fenestration system

will be directly transmitted to the indoor space while other portions are absorbed by the
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individual layers, some of which is redirected to the indoor space by heat transfer. For a
given fenestration system, the solar gain is characterised by the SHGC which is the ratio of
the solar gain to the solar irradiance. In a multi-layer fenestration system consisting of n

layers, the SHGC can be expressed as

i=1

where is the system solar transmittance; A; and N; are respectively the absorbed

Tsys
portion of incident solar radiation and the inward flowing fraction of that absorbed solar

radiation in the i" layer.

A shading attachment will generally reduce solar gain and this effect may be conveniently

represented by the IAC.
IAC = % (10.2)
g

where SHGC .

S

and SHGC, are SHGC values for the shaded and unshaded glazing

system, respectively. Historically, IAC has been presented as a constant depending only on
glazing and shading layer properties (e.g., ASHRAE 2005). However, IAC also depends on
solar incidence angle, especially for shading layers having non-uniform geometry (e.g.,
venetian blinds and pleated drapes). The IAC is an important parameter since it is required to
determine solar gain using cooling load calculation procedures such as ASHRAE’s Radiant

Time Series (RTS) method.
200



10.3 Measurements

10.3.1 Facility

The measurements were taken using the NSTF solar simulator and solar calorimeter. This
measurement facility is capable of measuring the SHGC and the U-factor of a full scale
window with or without shading layers. Figure 10.1 is a schematic of the measurement
apparatus. Measurements can be carried out under a variety of imposed weather conditions
using a solar simulator arc-lamp source and a solar calorimeter positioned in a large
environmentally-controlled chamber. The lamp, in combination with an optical reflector
system, provides a uniform irradiance over the test area with a spectral irradiance distribution
that approximates the ASTM AM1.5 solar spectrum (ASTM E891-87 1987). The intensity of
the incident flux at the test section can be adjusted from 100 to 1100 W/m®. The angle of

incidence can be varied from 0 to 30° above the horizontal.

The calorimeter comprises an outer and an inner cell with an absorber plate within the inner
cell. The outer cell is designed to provide a stable temperature environment for the inner cell
while the absorber plate adds or removes heat from the inner cell. The rate of energy
entering or leaving the inner cell can be accurately measured using the heat exchanger loop

connected to the absorber plate.

The environmental chamber can be maintained at temperatures ranging from -20 to +50°C.
The temperature set point in the chamber can be maintained within £1°C. A variable speed

fan incorporated in the chamber’s air-circulating system provides wind with speeds ranging
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from 0.5 to 4.0 m/s. The wind direction is normal to the plane of the test sample. A detailed
description of the theory and the operating principles of the NSTF solar simulator and solar
calorimeter can be found in several references (e.g., Harrison and Dubrous 1990, CANMET

1993, van Wonderen 1995)

10.3.2 Procedure

Measurements were taken using the window in combination with various shading devices.

The test method is similar to the method prescribed by CSA A440.2-98 (1998).

First, the window was mounted in the mask wall of the calorimeter test cell. The test cell was

then placed inside the environmental chamber with the mask wall facing the solar simulator.

Test conditions including solar irradiance, G ., indoor air temperature, T, and outdoor air

mc m?

temperature, T, were maintained at steady state while the net energy transfer through the

window, Qnet, was measured. During each test a still air condition was maintained on the

indoor side of the window with a small fan mounted near the top of the inner cell to eliminate
stratification. A turbulent flow condition, with steady wind speed of 2.9 m/s perpendicular to
the window was maintained at the outdoor side of the window. The experiment was carried
out with solar irradiance at normal incidence. In subsequent experiments, shading devices
were attached to the window and the test was repeated. Table 10.1 summarises the

glazing/shading system test combinations and associated test conditions.
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10.3.3 Estimation of Surface Convective Heat Transfer Coefficients

Previous experiments under similar convective conditions using a Calibration Test Standard

(CTS) without a shading attachment gave a total (i.e., including convective and radiative)

indoor surface coefficient of h =9.6+1.9W/m?°C and a total outdoor surface

tot,in

coefficient of h =16.5+53W/m?°C (van Wonderen 1995). Given the indoor

tot,in

surface temperature of the CTS glass, T

g,in > and the indoor mean radiant temperature, T,

(assumed equal to the air temperature), the indoor radiative heat transfer coefficient, h .,

was estimated by treating the window as a small object in a large enclosure . See Equation

10.3.

By =€,0(Tgi + Tii)(Tg,in +Tip) (10.3)

T, g,in

where G is the Stefan-Boltzmann constant and &, = 0.84 is the emissivity of glass. The

outdoor radiative heat transfer coefficient, h. ,, was estimated in a similar manner.

Bout = €46(Tgou + Tou (T

g,out t + Tou‘[ ) (10‘4)

r,out g,ou

In this case Tg’out and T, are respectively the outdoor surface temperature of the CTS

glass and the outdoor mean radiant temperature (again assumed equal to the air temperature).

The temperatures obtained during calibration, i.e., T;,, Tg,in , Tg’ out and T, are listed in

Table 10.2. Since the total surface coefficient, htot’ is the sum of the radiative and the
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and h_ , were estimated from Equations 10.5

convective components, the values of hc,in ¢,0u

and 10.6:

h. =h h.. (10.5)

c,in tot,in ~ ‘'r,in

h h h (10.6)

c,out — Hiot,out — r,out

giving h_;, =4.6 W/m?°C and h =10.1W/m? °C. These convective heat

c,out

transfer coefficients are needed as input to the simulation models.
10.3.4 Test Samples

The window used was a pre-fabricated insulated glazing unit (IGU) mounted in a fixed
wooden frame. The shading devices that were attached to the window include commercially
available insect screen, pleated drape, venetian blinds and roller blind. Note that the indoor
shading devices were attached such that convective air could flow vertically through the
space between shading device and the window. The distance between glazing/shading layers
is given in Table 10.3. The window and shading devices are described below and detail is

also provided in Table 10.4.

Insulated Glazing Unit and Frame

The air-filled IGU consists of two 3 mm layers of clear glass separated by a commercially
produced edge seal comprising foam spacer and butyl sealant to give an air gap of 12.7 mm.

The IGU was mounted in a wooden frame (unpainted pine). The frame design enabled easy

204



attachment of shading devices. Figure 10.2 shows a cross-section of the window and the

mounting details in the mask wall of the solar calorimeter.

The projected area of the window was divided into three sub-areas: the centre glass area,

A, , the edge glass area, A

cg> and the frame area, A, . The centre glass area is defined as

€g
that part of the view area more than 6.35 cm from the sight line (e.g., CSA A440.2-98 1998,
ASHRAE 2005) and the edge glass area consists of the remaining part of the view area. The

frame area consists of the portion lying outside the sight line. Figure 10.2 also shows the sub-

areas of the window. The total projected window area, A, , is the sum of A Aeg and

cg°
A, while the total glass area (view area), Ag , is sum of ACg and Aeg . The dimensions of

AW were 1665 mm x 1665 mm and the dimensions of Ag were 1590 mm x 1590 mm.

Insect Screen

The insect screen selected was a fiberglass cloth, black screen. It had 18 x 16 mesh per
square inch and a strand diameter of approximately 0.38 mm giving it an openness factor of
0.58. During testing, the insect screen was attached to the frame at the outdoor side of the
window with the aid of staples. This arrangement sealed the screen at its perimeter. The

distance between the outdoor glazing and the screen was approximately 20 mm.

Pleated Drape

A Dbeige colour, closed weave, pleated drape was selected for testing. To obtain 100%

fullness the width of the flat fabric was twice the width of the pleated drape. During testing

205



the drape was mounted at the indoor side of the window with the aid of a curtain rod affixed
to the frame. The drape covered the entire width of the window when installed in its pleated
configuration. The distance between convex pleat surfaces and the window was about
100 mm. The pleats were regularly arranged with an approximately sinusoidal cross-section.
There were approximately ten pleats with an average pleat width and spacing of 127 and

178 mm, respectively.

Venetian Blinds

Two venetian blinds were selected for testing. The first blind had black painted slats while
the second had white painted slats. The slats were metallic having curved surfaces with
24.5 mm slat width, 19.1 mm slat spacing and 2.3 mm slat crown. These blinds were
mounted at the indoor side of the window. In the fully opened position, the distance between
the indoor glazing and the tip of the slats was approximately 42 mm. Both blinds were tested
at a slat angle of 60°. The white blind was tested with slats at three additional positions, fully
opened (slat angle = 0°), closed (slat angle = 75°) and partially opened (slat angle = 30°). At
each slat angle other than zero, the convex slat surfaces faced the outdoor side and the slat

tips nearer the outdoor side were oriented downward.

Roller Blind

An open weave, grey, vinyl roller blind was selected for testing. The thickness of the blind

was 0.80 mm and its openness factor was 0.10. The roller blind was mounted on the indoor
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side of the window at a distance of 72 mm from the indoor glazing and the edges were left

unsealed so that room air could circulate between the blind and glazing.
10.3.5 Solar and Longwave Properties of Glazing and Shading Materials

Table 10.5 lists the normal incidence solar and longwave properties of the glazing and

shading materials. The solar properties include beam-total transmittance, Ty, beam-total

reflectance, py;, beam-diffuse transmittance, Ty, and beam-beam transmittance, Ty, . The

longwave properties are the emissivity, €, and the longwave transmittance, ™. Each
material is symmetrical with respect to solar and longwave properties so there is no need to
distinguish between front and back properties. To obtain the solar properties, spectral
measurements were taken at normal incidence using a commercially available
spectrophotometer as discussed in Chapter 3 (Kotey et al. 2009a, b and c). The spectral data
showed that the shading materials are generally not spectrally selective except for variation
in the visible wavelength band corresponding to the colour of the material. The solar
properties were calculated using the 50-point selected ordinate method as described in ASTM
E903-96 (1996). The longwave properties were measured with a commercially available
infrared reflectometer as discussed in Chapter 7 (Kotey et al. 2008). The measured longwave
properties of shading materials are included in Table 10.5. However, the measured longwave
properties of drapery fabric, roller blind material and the insect screen were not needed
because empirical relations included in the simulation models (Kotey et al. 2008) were used

to estimate the longwave properties of these materials.
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10.3.6 Determination of Solar Heat Gain Coefficient

An energy balance on the window gives the net heat gain, Q as the difference between

net >

the solar gain, Q,,, and the heat loss, Qy,, due to the temperature difference across the

window, i.e.,

Qnet = Qsolar - th (10.7)

By definition, Q can be expressed as

solar

Qgoar =SHGC, -Gy, - A, (10.8a)
giving
SHGC,, = ~Quolar (10.8b)
Aw 'Ginc

where SHGC,, is the solar heat gain coefficient of the window, A, is the total projected

W

window area and Gin is the solar irradiance.

C

During testing, G;.. was measured with a pyranometer mounted on the mask wall while

inc
Q¢ Was measured based on an energy balance over the control volume of the inner cell.
The net energy flow through the window comprised energy absorbed by the absorber plate,

Qs » heat loss through the calorimeter mask wall, Q__, heat loss due to air leakage, Q,

and electrical power inputs to the calorimeter, Q

inp -
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Qnet = Qabs + Qmw + Qal - Qinp (109)

All terms on the right hand side of Equation 10.9 are well defined in (CANMET 1993,

Brunger et al. 1999) and were determined accordingly. Note that the more significant terms

in Equation 10.9 are Q¢ and Q Generally, the magnitudes of Q_  and Q,; are such

inp

that they can be neglected.

The value of Q,;,, was determined from the product of the mass flow rate of the circulating

fluid, m, its specific heat, Cp , and the temperature rise across the absorber plate, ATabs .
Qups = r'nCpATabS (10.10)

The value of Q. . includes the electrical power supply to the absorber plate recirculation

inp

pump, qump, and the power supply to the air-circulation fan, Qg .

Qinp = qump + Qfan (10.11)
By definition, Qy,; can be expressed as
Qu =U, ‘A, -AT,, (10.12)

where U, is the overall window heat transfer coefficient and AT, is the temperature

difference across the window.
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To obtain SHGC, from Equation 10.8, AT, was maintained close to zero during the

experiments (e.g., Harrison and van Wonderen 1994). This was achieved by holding the
temperature within the calorimeter (indoor) and the environmental chamber (outdoor) at

20 + 1°C. Since zero temperature difference was not realised, the small temperature

difference across the window was accounted for by estimating Qy, and subsequently using

the value of Qy, to calculate Q See Equation 10.7. However, this adjustment was very

solar -

small and influences the value of SHGC,, typically in the third decimal place. A similar

procedure has been used to obtain SHGC of windows with shading devices (Harrison and

van Wonderen 1998 and Brunger et al. 1999).

In addition, the solar heat gain coefficient of the total glass area, SHGCg was obtained from

SHGC,, using an area-based calculation, i.e.,

SHGC, _ 2w shaGe, (10.13)
Ag

Equation 10.13 is based on the assumption that the solar heat gain coefficient of the frame,

SHGCy, is negligible (Wright and McGowan 1999). The SHGC values reported in

Table 10.6 are the values for SHGCg.

The IAC, as defined by Equation 10.2, was subsequently obtained. The measured IAC values

are also listed in Table 10.6. The uncertainty associated with the SHGC values of each test
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condition ranges from +£0.02 to £0.04. Details of the uncertainty analysis are discussed in the

Appendix B (CANMET 1993).

10.3.7 Determination of System Solar Transmittance

The value of 1, was determined by Equation 10.14.

sys

G

trans, 1
Tsys = G (10.14)
inc
where Gtrans,1= is the indoor-side pyranometer reading adjusted for distance. The distance

adjustment is necessary because the rays of incident radiation are not perfectly parallel.
Therefore, the indoor-side pyranometer should have been mounted very close to the test
sample at location 1. See Figure 10.1. However, it was mounted at location 2, a distance of
0.43 m from the indoor surface of the shading layer. At location 2, the pyranometer was able
to view a representative area of the shading layer. Such an arrangement reduces the
uncertainty in the transmittance measurements associated with non-homogeneous shading
layers by eliminating the need to take several readings at different locations in the vertical
plane. Nevertheless, the readings from the indoor-side pyranometer required adjustment to

compensate for the decreased irradiance with distance.

Prior measurements of irradiance, G, with distance, D, from the solar simulator revealed an

inverse power relation of the form:
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1 1.83
G= constant(ﬁj (10.15)

Given the irradiance at location 2, G the irradiance at location 1, G, 1 Was

trans,2 »

calculated as

1.83

D

Gtrans,l = Gtrans,Z (D_zJ (10.16)
1

where D; and D, are the distances from the solar simulator to locations 1 and 2,

respectively. See Figure 10.1. The G 1 value, as calculated from Equation 10.16 was

trans,

subsequently substituted into Equation 10.14 to estimate Tsys - The values of Tgys are

included in Table 10.6. The uncertainty associated with the measured T, values ranges

sys

from 0 to £0.05. Details of the uncertainty analysis are discussed in Appendix B.
10.4 Simulation

The simulation entails a multi-layer analysis where each glazing/shading multi-layer system
is treated as a series of parallel layers separated by gaps (Wright and Kotey 2006, Wright

2008). Chapter 2 discusses the multi-layer analysis that was employed in the simulation.

The same test conditions summarised in Table 10.1 were input to the current version of the
ASHRAE Loads Toolkit (Barnaby et al. 2004, Pedersen et al. 2001) that incorporates the

solar-thermal models. The mean radiant temperatures were assumed to be equal to the air

212



temperatures. Solar, longwave and geometric properties of the individual layers including the

distance between glazing/shading layers were also supplied to the simulation program.

A wide variety of output parameters such as layer temperature, heat flux values, absorbed

solar radiation, Ty, SHGC cg » IAC and U-factor could be extracted from the simulation.

However, for the current investigation, only Ty, SHGCCg, IAC and U-factor were

examined. See Table 10.7. Note that the value of SHGC cg 18 routinely equated to SHGC g
Thus the SHGC values listed in Table 10.7 are those of SHGCg. The U-factors listed in
Table 10.6 are the centre glass U-factors, i.e., ch. The window U-factor, U, was

required to make a small adjustment in determining the measured SHGC, . See Equations

10.7, 10.8a and 10.12. However, for a large window having a smaller edge glass and frame

area fractions, U, is approximately equal to U, , and this approximation was used.

cg
10.5 Discussion

10.5.1 Effect of Shading Devices on Solar Gain

The measurement and simulation results are summarised in Table 10.6 and Table 10.7,
respectively. Generally, the shading devices reduce solar gain; SHGC values for the shaded
window are lower than the corresponding value for the unshaded window. The reduction in
solar gain by shading devices is also evident from IAC values with lower IAC values

corresponding to greater reduction in solar gain.
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The white venetian blind in the closed position gives the largest reduction in solar gain. This
can be attributed to high solar reflectance of the white slats. Higher solar reflectance will
result in greater rejection of insolation. Furthermore, there is complete blockage of beam
insolation by the closed slats. Thus, amongst the indoor shading devices considered, the
white venetian blind has the greatest potential to reduce cooling loads. On the other hand, the
lowest reduction in solar gain was achieved when the white venetian blind was fully opened.
This is because in the fully opened position the slats are aligned with the beam and intercept
only a small portion of the insolation. The partially opened white blind (slat angle = 30°, 60°)
gives IAC values in between the fully opened and closed positions with the 30° slat position
recording a higher TAC than the 60° slat position. This is due to the fact that the 60° slat
position blocks more beam insolation as compared to the 30° slat position. The variation in
IAC demonstrated by these results attests to the suitability of venetian blinds as operable

solar control devices.

Considering the black venetian blind with slat angle = 60°, it is interesting to note a fairly
low reduction in solar gain compared to the white venetian blind with the same slat angle.
This observation is primarily due to a much lower reflectance of black slats compared to
white slats. In addition, the black blind absorbs more solar energy than the white blind. Given
that both blinds are located at the indoor side of the window, a much higher flux of absorbed

energy is redirected to the indoor side by heat transfer from the black blind.

Another interesting observation is that the indoor mounted pleated drape has about the same

effect as the outdoor mounted insect screen. Table 10.5 reveals that the insect screen has a
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much higher solar transmittance compared to the drape fabric. On the other hand, the drape
fabric has a higher solar reflectance. Note that the drape in its pleated form will have slightly
lower effective solar reflectance and transmittance values in comparison with the fabric from
which it is made. This observation is clearly demonstrated in Chapter 8 and Kotey et al.
2009d. The insect screen might be expected to deliver more solar gain since it has a higher
solar transmittance and a much lower solar reflectance. However, because the screen was
located on the outdoor side, the absorbed solar energy was mostly dissipated to the outdoor

air.

On a more general note, it is worth mentioning that the potential for any given shading
device to control solar gain (i.e., its IAC) is influenced by the glazing system to which it is

attached. Consider two categories of glazing systems.

1. High-SHGC: A simple glazing system consisting of one or two layers of clear glass
will produce high solar gain. The solar gain will consist almost entirely of
transmitted solar radiation and this is evident because the system solar transmittance
of the glazing system will be only slightly less than its SHGC value (i.e., the ratio

Tgys/SHGC will be high, close to unity).

2. Low-SHGC: A more sophisticated glazing system that includes tinted glass and/or
one or more coatings will generally produce low solar gain. In this case less of the
solar gain will consist of transmitted solar radiation. A large portion of the solar gain

will result from absorbed solar radiation that makes its way to the indoor space by
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means of heat transfer. The system solar transmittance of the glazing system will be

much less than its SHGC value (i.e., the ratio 1, /SHGC will be low, close to zero).

sys

If a glazing system is in the high-SHGC category the solar gain can be controlled effectively
using an indoor attachment with high solar reflectance. It is widely acknowledged that solar
reflectance is the most important performance characteristic of a shading device. The
challenge of controlling solar gain is largely a matter of solar optics in this case and this is

demonstrated in the comparison between white and black venetian blinds.

In contrast, if the glazing system is in the low-SHGC category the solar reflectance of an
indoor attachment will have little influence because most of the solar gain arrives by means
of heat transfer. In addition, examining the U-factors listed in Table 10.7, it can be seen that
the shading attachments have very little influence on thermal resistance. Therefore, indoor
shading attachments offer little potential for controlling the solar gain produced by low-
SHGC glazing systems. However, the solar gain of any glazing system can be controlled by
locating the shading device on the outdoor side of the building. This arrangement allows the
solar radiation to be intercepted, either absorbed or reflected, before it can be absorbed or
transmitted by the glazing system. This point is demonstrated by the comparison between

the pleated drape and the outdoor insect screen.

10.5.2 Comparison between Measurement and Simulation Results

The comparison of NSTF measurements and simulation results is shown graphically in
Figure 10.3 through Figure 10.6.
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Figure 10.3 shows very good agreement between NSTF measurements of Tsys and the

simulation models. With an average difference of 0.02 and a maximum difference of 0.04

there is remarkably good agreement between the two sets of results. The discrepancy,

expressed as a percentage, is appreciable only for systems with very low values of Tays -

With the exception of the fully opened white venetian blind and black venetian blind (slat
angle = 60°), the difference between the measurement and simulation results is well within

measurement uncertainty.

The comparison of measured and simulated SHGC is shown in Figure 10.4. The average
difference between the two sets is 0.04. In most cases, the difference 1s within measurement
uncertainty. The white venetian blind (slat angle = 30°) and black venetian blind
(slat angle = 60°) give the best agreement while the roller blind shows a difference of 0.07.
Again, there is good agreement but the simulated SHGC is consistently greater than the
measured SHGC. As a result of this observation some additional investigation was

undertaken.

Noting that there is very little bias in the T vs data as seen in Figure 10.3, it was concluded

S

that the bias seen in Figure 10.4 must be caused by some aspect of the heat transfer process.
The most likely cause is the assignment of convective heat transfer coefficients for surfaces

exposed to the environment. The indoor and outdoor convective heat transfer coefficients

used to produce Figure 10.4 were h_;, =4.6 W/m?°C and h =10.1W/m?°C. In

c,out

order to test the sensitivity of SHGC with respect to these coefficients the simulations were
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re-run with heat transfer coefficients more typical of the ASHRAE summer design

conditions, h;, =4.0 W/m?°C and h =15.0 W/m?°C, and again the simulation

c c,out
results were compared against NSTF measurements. See Figure 10.5. In the new comparison
the agreement between simulation and NSTF results has improved with an average difference
of only 0.02 and the bias is virtually gone. The white venetian blind gives a perfect
correlation both in the closed and slat angle = 60° position while the pleated drape records a
maximum difference of 0.04. The point of this exercise is not necessarily to assert that the

heat transfer coefficients supplied for the NSTF facility are wrong. It is more informative to

note that the uncertainties attached to the total surface heat transfer coefficients are high

(recall h,_ . =9.6+1.9W/m°°C and h =16.5i5.3W/m20C). This is

tot,in tot,out
primarily because the CTS was not calibrated (van Wonderen 1995). The modified heat
transfer coefficients used to produce Figure 10.5 actually fall within the range of those
uncertainties. The modified comparison simply highlights the idea that the SHGC is mildly

sensitive to the surface convective heat transfer coefficients and that this might be a suitable

topic for future research if higher accuracy is desired.

Finally, measured and simulated IAC values were compared as shown in Figure 10.6. Again
the agreement is very good. The average difference between the two sets of results is 0.03
and a maximum difference of 0.06 is observed for the pleated drape and the roller blind. Note
that regardless of whether the SHGC data shown in Figure 10.4 or Figure 10.5 are used, the
resulting values of simulated IAC and Figure 10.6 are virtually unchanged. In other words,

although some sensitivity in SHGC has been demonstrated, the sensitivity of IAC with
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respect to the surface convective coefficients is weak. There are several reasons for this

insensitivity including the ideas that (a) the T is unaffected by convection and (b) changes

sys
in the convective heat transfer will influence the shaded and unshaded window in a similar

fashion — causing a similar increase or decrease in the SHGC of both.

On a more general note, the uncertainty associated with the measured values of SHGC was
estimated to range from +0.02 to £0.04. Small differences between the measured and
simulated SHGC values may also be attributed to uncertainty in the measured input values
used in the simulation. For example, the solar properties obtained from the
spectrophotometer (Kotey et al. 2009a, b and c) have an uncertainty of +0.03. Furthermore,
minor differences in the SHGC values may also be attributed to the approximations in the
simulation models in particular the convection models associated with open-channel
attachment (Wright et al. 2009). However, it is difficult to pinpoint all sources of discrepancy

because the agreement is very good.

In summary, very good agreement between the measured and the simulated solar gain is
clearly demonstrated in Figure 10.3 through Figure 10.6 since the absolute difference in most

cases 1s within 0.05.

10.6 Conclusions

A comparison between measured and simulated solar gain in windows with shading devices
is presented. The measurements were taken using the NSTF solar simulator and solar

calorimeter. The shading devices investigated include two venetian blinds, a roller blind, a
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pleated drape and an insect screen. The calculations were obtained from a comprehensive
fenestration/shading model which was developed for building energy simulation and
performance rating. In general, there is very good agreement between the measured and
simulated values of SHGC, TAC and Tgys- In most cases the discrepancy between
measurement and simulation is well below 0.05. The differences between the two sets offer
little insight regarding shortcomings of either technique because the agreement is very good.

However, this study provides more insight into the effect of different types of shading

devices, their colour and their location on the solar gain in windows.
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Table 10.1: Summary of Glazing/Shading Systems Test Combinations and Associated Test

Conditions
Sample Description Location Gine W) T (°C)  Tou (°C)
CDG window NA 306 20.3 19.7
CDG window + black insect screen Outdoor 512 20.4 19.9
CDG window + beige pleated drape (100% fullness)  Indoor 374 20.6 19.8
CDG window + white venetian blind (closed) Indoor 299 19.9 19.9
CDG window + white venetian blind (fully opened)  Indoor 254 20.3 20.2
CDG window + white venetian blind (slat angle = 300) Indoor 305 21.4 20.8
CDG window + white venetian blind (slat angle = 600) Indoor 281 20.6 20.8
CDG window + grey roller blind Indoor 295 21.1 20.8
CDG window + black venetian blind (slat angle = 600) Indoor 223 20.8 20.7

Table 10.2: Temperatures obtained from CTS Measurements (from van Wonderen 1995)

Tin (OC) Tg,in (OC) Tout (OC) Tg,out (OC)

21.2 26.7 47.5

50.7

Table 10.3: Distance between Glazing/Shading Layers

Glazing/Shading Layers

L (mm)

Two glazings

Glazing and insect screen
Glazing and venetian blind
Glazing and roller blind
Glazing and pleated drape

12.7
20.0
42.0
72.0
100.0
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Table 10.4: Description of Window and Shading Devices

Sample Description

Window IGU, two 3 mm clear glass, 12.7 mm air gap, butyl rubber
spacer, wood frame, 1665 mm x 1665 mm (total window
area), 1590 mm x 1590 mm (total glass area)

Insect Screen Black, fiberglass, 60% openness, 18 x 16 mesh per square
inch, 0.015 in strand diameter
Pleated drape Beige fabric, closed weave, 100% fullness
Venetian blind (1) White, curved, metallic slats, 24.5 mm slat width, 19.1 mm
slat spacing, 2.3 mm slat crown
Venetian blind (2) Black, curved, metallic slats, 24.5 mm slat width, 19.1 mm
slat spacing, 2.3 mm slat crown
Roller blind Grey, vinyl mesh, 10% openness, 0.80 mm thick

Table 10.5: Solar and Longwave Properties of Glazing and Shading Materials

Normal incidence solar properties Longwave properties

Glazing/shading material ~ Tht Pht Thd Thb € TLw
3 mm clear glass 0.83 0.08 0.00 0.83 0.84 0.00
Beige drapery fabric 0.24 0.55 0.22 0.02 0.89 0.06
Grey roller blind 0.13 0.29 0.02 0.11 0.80 0.17
Dark fiberglass insect screen  0.60 0.03 0.01 0.59 0.35 0.62
Venetian blind slat (black) 0.00 0.06 0.00 0.00 0.86 0.00
Venetian blind slat (white) 0.00 0.68 0.00 0.00 0.87 0.00

Table 10.6: Summary of Measurement Results

Sample Description SHGC IAC Tsys
CDG window 0.73 1.00 0.67
CDG window + black insect screen 0.43 0.59 0.40
CDG window + beige pleated drape (100% fullness) 043 0.59 0.18
CDG window + white venetian blind (closed) 0.40 0.55 0.03

CDG window + white venetian blind (fully opened) 0.69 0.95 0.59
CDG window + white venetian blind (slat angle = 300) 0.63 0.86 0.38

CDG window + white venetian blind (slat angle = 600) 0.46 0.64 0.08
CDG window + grey roller blind 0.51 0.70 0.09

CDG window + black venetian blind (slat angle = 600) 0.67 0.92 0.02
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Table 10.7: Summary of Simulation Results

Sample Description SHGC IAC Ty, U-factor
CDG window 0.76 1.00 0.69 2.76
CDG window + black insect screen 047 0.61 042 2.77
CDG window + beige pleated drape (100% fullness) 049 0.65 0.17 2.49
CDG window + white venetian blind (closed) 0.43 0.56 0.05 2.49
CDG window + white venetian blind (fully opened) 0.74 097 0.63 2.63
CDG window + white venetian blind (slat angle = 300) 0.64 0.83 0.35 2.62
CDG window + white venetian blind (slat angle = 600) 0.49 0.64 0.10 2.54
CDG window + grey roller blind 0.58 0.76 0.10 2.56
CDG window + black venetian blind (slat angle = 600) 0.68 0.90 0.00 2.54
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Figure 10.1: Schematic of Measurement Apparatus
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CHAPTER 11

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

11.1 Summary and Conclusions

Solar gain through a window represents the most variable heat gain imposed on the indoor
space. It is also likely to represent the largest heat gain. Therefore, window solar gain can
strongly influence building energy consumption and peak cooling load. Shading devices such
as venetian blinds, roller blinds and drapes are routinely used to control solar gain since they
offer the potential for significant energy savings. In addition, insect screens are frequently
attached to windows, particularly in residential building and recent studies have revealed that
insect screens have a significant influence on solar gain. Thus, there is a strong need for

models that allow shading layers to be included in glazing system analysis.

In the current research, the energy performance of windows with shading devices was
modeled using a two step procedure. In the first step, solar radiation was considered. A multi-
layer solar optical model was developed by extending existing model for systems of specular
glazing layers to include the effect of layers that create scattered, specifically diffuse,
radiation in reflection and/or transmission. Spatially-averaged (effective) optical properties
were used to characterise shading layers, including their beam-diffuse split. Using effective

optical properties and a beam/diffuse split of solar radiation at each layer, the framework
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used to represent multi-layer systems provides virtually unlimited freedom to consider
different types of shading layers. The multi-layer solar optical model estimates the system
solar transmission and absorbed solar components. The absorbed solar components appear as
energy source terms in the second step — the heat transfer analysis. The heat transfer analysis
involves the formulation of energy balance equations and requires both effective longwave
properties and convective heat transfer coefficients as input. The simultaneous solution of the
energy balance equations yields the temperature as well as the convective and radiative

fluxes.

To obtain the effective solar optical properties of flat materials like drapery fabrics, roller
blinds and insect screens a new measurement technique was developed. Special sample
holders were designed and fabricated to facilitate measurements using an integrating sphere
installed in a commercially available spectrophotometer. Semi-empirical models were then
developed to quantify the variation of solar optical properties with respect to incidence angle.
In turn, effective layer properties of venetian blinds and pleated drapes were modeled using a

more fundamental net radiation scheme.

To obtain the effective longwave properties of flat materials, measurements were taken with
an infrared reflectometer using two backing surfaces. The results showed emittance and
longwave transmittance to be simple functions of openness, emittance and longwave
transmittance of the structure. In turn, effective longwave properties of venetian blinds and
pleated drapes were modeled using a net radiation scheme. Convective heat transfer

correlations were obtained from the literature.
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To validate the newly developed models, solar gain through various shading devices attached
to a double glazed window was measured using the NSTF solar simulator and solar
calorimeter. Solar gain results were also obtained from simulation software that incorporated
the models. There was very good agreement between the measured and the simulated results

thus strengthening confidence in the models.

The wealth of new information is most evident in the rate of technical publication. Ten
refereed technical papers including seven journal and three conference papers have been

published on topics related to this research.

11.2 Innovative Contribution to Window Research

Several findings that represent significant contribution to this window research include:

e a multi-layer solar optical analysis that can accommodate beam and diffuse radiation

components

e amethod to measure off-normal, beam and diffuse components of solar reflection and

transmission for drapery fabric, roller blind material and insect screens

e correlations with which the off-normal solar optical properties of drapery fabric,

roller blind material and insect screens can be calculated

e models with which the off-normal solar optical properties of venetian blinds and

pleated drapes can be calculated
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e asimple method to estimate longwave properties of flat shading layer materials

The multi-layer framework also offers the possibility for the development of additional
shading layer models with relatively little effort. The set of shading layers considered
represents a comprehensive shading capability that is suitable for time-step building energy

analysis and has been incorporated in the ASHRAE Toolkit.

11.3 Recommendations for Future Research

Several suggestions for future research include:

e cxtending off-normal solar optical measurements to a higher range of incidence

angle.

e developing a more general theory regarding off-normal solar properties of drapery

fabrics, roller blinds and perhaps insect screens

e expanding the set of shading layer models as demand arises - many innovative

devices are being brought to market (e.g., sheer blinds)

e implementing recently developed window/shading models within the framework
of building energy simulation tools like the Environmental Systems Performance-

research (ESP-r) software

e ecxamining the impact of different types of shading devices, their location and

their optical characteristics on peak cooling load and annual energy consumption
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e exploring different control strategies for shading devices to admit or reject solar

energy
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APPENDIX A
INTEGRATING SPHERE THEORY

A.1 Introduction

This appendix outlines the integrating sphere theory. As stated in Chapter 3, an integrating
sphere is an optical device that is primarily used to spatially integrate radiant flux. It is
simply a hollow sphere with its inner surface coated with a material with high and uniformly
diffuse reflectance. It has an inlet port to admit light and an exit port where the light may
leave the sphere. Radiation detectors attached to small openings on the sphere wall receive an
integrated signal. In principle, integrating sphere theory is based on the following

assumptions (ANSI/ASHRAE 74-1988):

The sphere coating is uniform in reflectance over the entire inner surface of the

sphere

e The sphere coating is a perfectly lambertian reflector

e For incoming beam radiation, none of the reflected flux reaches the detector without

being reflected at least twice by the sphere wall.

e For incoming diffuse radiation, none of the reflected flux reaches the detector without

being reflected at least once by the sphere wall.
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Although none of the above assumptions can be achieved in practice, measurement error can

significantly be minimized through proper design.

A.2 Radiation Exchange between Elemental Areas within a Diffusing

Sphere

Integrating sphere theory can be explained by considering radiation exchange between

elemental areas within a diffusing sphere (e.g., Labsphere 1998). For a sphere with radius,

R, and elemental areas dA| and dA, at a distance S apart as seen in Figure A.1, it can be

shown that the fraction of radiation leaving dA that arrives at dA, is given by

dA
dFy _pp =—2— (AD)
Al-A2 = o

dF,, ., is also known as the exchange factor. It is evident from Equation Al that the

exchange factor does not depend on the view angle as well as the location and distance
between the two elemental areas. Thus, the fraction of radiation leaving a point on the sphere
that is received by another point is the same regardless of the location of the two points.
Diffuse radiation leaving any part of the sphere is uniformly distributed over the entire sphere

surface.

If elemental areas dA | and dA, are replaced by finite areas A and A, it can be shown

that
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— A2
Al-A2 —
AS

(A2)

where Ag =4m- R?, is the surface area of the sphere. Equation A2 states that the fraction
of radiation received by A, is equal to the fraction of the surface area it occupies in the

sphere.

A.3 Response of the Integrating Sphere

Consider an integrating sphere with an inlet port with area, A, and a sphere surface area,

Ag, as shown in Appendix Figure A.2. Let I;, be the incoming flux while J crf)f is radiosity

at any point on the inner surface of the sphere. For this analysis, consider J Crxff to be within
the field of view of the detector as shown in the figure. By definition, the response of the

sphere is the ratio of J ﬁjf and I, . Thus for a unit value of I,

in » the response of the sphere is

simply equal to J fgf .

To determine the value of J fgf we consider multiple reflections within the sphere. If p is the

reflectance of the sphere wall then neglecting losses through the ports, the flux leaving the

sphere wall after the first reflection, J; is given by:

A
Iy =1, =iy (A3)
n AS
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By the same token, the flux leaving the sphere wall after the second reflection, J,, is:

A 5
J :J :I m A4
2 1P n S p ( )

It follows that after infinite reflections, the total flux leaving any point on the sphere wall is

simply the sum of all the fluxes, i.e.,

A, A, A,
gt =, g Dinpg2 g Zingd g (A5a)
m AS m AS m AS
A.
yref —p, Zin p(l +p+pl AP Hn ) (AS5b)
S

Since ‘p‘ <1, the sum of this geometric series is

oy Ain p[ 1 j (A6)
Ag \1-p

Again, for ., equal to unity, the response of the sphere is given by

I =ﬂp[—1 J (A7)
Ag \1-p

Equation A7 shows that the response of the sphere is a function of the sphere geometry and

the reflectance of the sphere wall. Since (1 —p) < p, the response of the sphere is magnified

as a result of multiple reflections.
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Appendix Figure A.1: Radiation Exchange in a Spherical Enclosure
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Appendix Figure A.2: Integrating Sphere showing Incident Flux and Radiosity on the Wall
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APPENDIX B
UNCERTAINTY ANALYSIS

B.1 Introduction

A measurement or an experimental error is simply the difference between the measured value
and the true value of a variable. By definition, uncertainty is an estimate of the experimental
error. In this appendix, an uncertainty analysis pertaining to all measurements taken in this

research is provided. The measurements include solar and longwave properties of flat

shading materials as well as SHGC and T, of various shading devices attached to a CDG

ys
window. First, systematic (bias) and random (precision) components of uncertainty were
considered separately for each measured variable. Then by using the method of Coleman and
Steele (1999), the separate propagation of the systematic and random uncertainties into the
final results were estimated. Finally, the overall uncertainty was computed from the root-
sum-square (RSS) combination of the systematic and random uncertainties in the

intermediate results.

Since the technique used to obtain off-normal solar properties is new, particular attention is
devoted to the investigation of bias errors that might be at play. Both theoretical analysis and
experimentation were considered in the quantification of these possible sources of bias
errors. In all cases, however, it was found that these sources of bias errors were small and

were generally eliminated by calibration.
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B.2 Overview of the Detailed Uncertainty Analysis

To begin, all elemental sources of bias and precision errors in each measured variable are
considered separately. By definition, a bias is a fixed error that can be reduced by calibration.
However, the bias that is inherent in the reference or standard used in the calibration will
always be present in the output of a calibrated instrument. On the other hand, a precision

error is a variable error that can be reduced by taking multiple readings.

Suppose that the final result sought in an experiment, R, depends on the measured variables,

D, ST, C N ,X,, - The data reduction equation can be expressed as
R=R(X,Xrem. ,X,) (B1)

The goal here is to estimate the overall uncertainty in R due to the separate propagation of

systematic and random uncertainties in the measured variables, Xi. The overall uncertainty

inR, Uy, is given by:
2 2 2
where By and Py are the respective systematic and random uncertainties in R.

Given the data reduction equation, it can be shown that (Coleman and Steele 1999):

2

n( OoR -l n AR OR

B2 =Y| —B +2 — —— By (B3)
R E(axi XJ Ej:%axi 0X X
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and

2

n( AR n-1 n OR OR

P2=%| Zp | 42 B Rp (B4)
K Ei(axi XiJ iéjz%daxi 0X; i

where By and Py are the respective systematic and random uncertainties in the measured
1 1

variables X ; BXi- is the covariance estimator for the systematic uncertainties in X; and
j

X PXij is the covariance estimator for the random uncertainties in X; and X;. The

covariance estimators are typically calculated for correlated uncertainties, i.e., uncertainties

that are dependent on each other as a result of measured variables sharing some identical

sources of error. The values of By and Py are respectively estimated using Equations
Xij Xij

B5 and B6.
L
BXij = E(ij )a (BXJ- )a (BS)
L
PXij = %(ij )u (PXj )a (B6)

where L is the number of identical sources of error for variables Xi and X i

In most instances, measurements of different variables do not share common sources of
errors and each covariance estimator can be taken as zero. Under such conditions, Equations

B3 and B4 reduce to Equations B7 and BS.
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2
Bj = z( R Bxij (B7)

and

2

n

P2 = Z(g; ij (B8)
i=1 i !

Also note that the ASME/ANSI Standards (Abernethy et al. 1985) recommend the use of
Equations B7 and B8 as a standard approach to uncertainty calculation and disregard the

expressions that include covariance estimators.

In certain instances, the uncertainty estimates are required as fractions (or percentages) of
readings rather than in scientific units. Such estimates, termed relative uncertainties can

readily be obtained by recasting Equations B7 and BS in the form:

2 n B 2
(B_Rj =3 Xi R Bx; (B9)

and

2 2
(P_Rj :Z(ﬁﬁ_RﬁJ (B10)
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B P
where —% and —R are the respective relative systematic and random uncertainties in the

By Px. : : :
results while — > and —>i_ are the respective relative systematic and random uncertainties

X.

i i

in the measured variable.

In general, elemental systematic uncertainties in X; can be obtained from instrument

manufactures’ specifications, previous experience of the experimenter and of others,
analytical estimates and comparison of measurements with known values. These elemental

uncertainties are then combined using RSS method to obtain the systematic uncertainty,

By. . Sometimes, overall uncertainty in the measured variable, Uy, may be reported in
1 1
tables, charts, curve-fit equations and the like. The value of UX- has both random and
1
systematic components already built into it. In such instances, the value of U X; is considered

as a “fossilized” systematic uncertainty and is assigned to the value of B .
1

The random uncertainty, Py, can be estimated from multiple readings of the variable, X;
1

using statistical analysis. At 95% confidence level, Coleman and Steele (1999) estimate PXi

as:

| F—— (B11)
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where SXi is standard deviation of N;different readings. The value of t is obtained from

t-distribution tables at 95% confidence level with N; —1 degrees of freedom. For N. > 10,
t is generally assigned a value of 2. For instances where multiple readings are not available,

PXi is often taken as one-half of the least scale division for analog instruments and one-half

of the least digit for digital instruments.

Alternately, the value of Py can be determined directly from statistical analysis of N values

of the results, R , giving

_Br

JN

P (B12)

where Sy is the standard deviation.
B.3 Determining the Uncertainty in Solar Heat Gain Coefficient

Applying uncertainty analysis, the estimation of the uncertainty in SHGC, is illustrated

below.

Recall the expression for SHGC , :

A
SHGC, = ~*SHGC,, (10.13)
Ag

The systematic uncertainty, BSHGCg , was calculated as:
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2 2
) (G(SHGCg) B, j N [8(SHGCg) BAJ N [G(SHGCg)

2
_ . — BI3
SHOCy oA oA OSHGC,, SHGCWJ (B13)

w g

which simplifies to:

2 2 2
SHGC,, SHGC A,
BgHGCg = (—'BAWJ J{—g'BAgJ +(A_'BSHGCWJ (B14)

Ag Ag g

The values of B Ay and B A, Were calculated using expressions for A, and Ag ,1.e.,

A, =w, -h (B15)

w W W

Ag =W, .hg (B16)

where w,, h, Wy and hg are the width of window, height of window, width of total

glass area and height of total glass area, respectively.

Thus,

oo

A, (. 'Bhg)z+(hg 'ng)z (B17)

BX =(w, By P+, B, f (B18)

The value of BSHGCW was estimated from an expression for SHGC, . Using Equations
10.7,10.8 and 10.9, SHGC,, was expressed as:

Qabs + Qmw + Qal - Qinp + th
Aw 'Ginc

SHGC,, = (B19)

Generally, the magnitudes of Q_ and Q,; are such that they can be neglected. Hence

Equation B19 simplifies to

245



Qabs - Qinp + th

SHGC,, =
AwGinc

(B20)

Thus,

2 2 2
8(SHGC,)) 8(SHGC,,) 8(SHGC,,)
Biugew = (— By, j + (— B o | T By,

aQabs inp tht
o(SHGC > (5(SHGC 2
+ oBHGC ) W)BG. + oBHGC ) W)BA (B21)
aGinC inc aAW w

which simplifies to:

2 2 2
B 2 — B Qabs + B Qinp + B th
sHacw Aw Ginc Aw Ginc AWGinc

[SHGCW ‘B Jz [SHGCW 5
+ inc + w

G; A

mc w

2
J (B22)

Following a similar methodology and using the expressions for Q. ,Qy, and Qinp

(Equations 10.10, 10.11 and 10.12), the values of BQabs , Bg, and BQinp were obtained

ht

as:

B3, =0Ty By, F +(mC, -Byr, f (B23)

By =(U, AT, By P+(U,-A, Bu P+(A, AT, By f B29)

B3, =B, F+(Bo, ) (B25)
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Since six readings were taken during the experiments and the value of SHGC,, obtained as
an average of these six readings, the random uncertainty, PSHGCg , at 95% confidence level

was calculated as:

tSsnee,
Psnae . T (B26)

Finally, the overall uncertainty, USHGCg , was estimated using Equation B27.
2
Usnac, = (BSHGCg )2 + (PSHGcg)2 (B27)
B.3.1 Sample Calculation

Measurements taken for a roller blind attached to CDG window are used as an illustrative

example in calculating the value of USHGCg- Table B.1 summarises both measured and

derived quantities, their nominal values and the corresponding systematic uncertainties. With

w» all other quantities were averages of six

the exception of W, hW,Wg, hg and U
readings taken during the experiment. The value of U, was obtained from the current

version of the ASHRAE Loads Toolkit (Barnaby et al. 2004, Pedersen et al. 2001) that
incorporates the solar-thermal models (Wright et al. 2009). The systematic uncertainties

listed in Table B.1. Given the systematic uncertainties of measured and derived quantities,

the value of BSHGCg was calculated using Equations B13 to B25.
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To calculate PSHGCga the standard deviation, SSHGCg , was obtained from the set of six

SHGCg values estimated from the measured quantities. Given N =6, a t-value of 2.57

was obtained from t-distribution tables at 95% confidence level with 5 degrees of freedom.

Using Equation B26, the value of PSHGCg was estimated to be 0.002. Finally, the value of
USHGCg was calculated from Equation B27 and was found to be =0.03.

Table B.2 gives a summary of the nominal values of SHGCg and the corresponding values
of USHGCg for the CDG window as well as various shading layers attached to CDG

window.

B.4 Determining the Uncertainty in System Solar Transmittance

Applying uncertainty analysis, the estimation of the uncertainty in Tsys is illustrated below.

From Equation 10.14, Tsys is given by
G
Type =l (10.14)
G

inc

The systematic uncertainty, B Ty » WS calculated as:

ot ? ot 2
B =|—% B + Y B ‘ (B28)
Tsys aG G trans, 1 aG inc Gine

trans, 1

which simplifies to:
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Bl =|—_tml { 2By, J (B29)
i Ginc Ginc e

Also from Equation 10.16,

1.83

D

Gtrans,l = Gtrans,2 (Dzj (10.16)
1

and the systematic uncertainty in Gtrans,l was calculated as:

2 2 2
G G oG
B | D p o Bt | [ Sumsag | (g3
trans, 1 oG GtranS,2 8D1 D, aDZ D2

trans,2

which simplifies to:

b 1.83 2 G 2 G 2
B2 =22 B +1.83 —L|-B +(1.83 —L |'B (B31)
Girans,1 (Dl j Grans.2 ( (DZ J D j ( {Dl P

With six readings available, the random uncertainty, PTsys , at 95% confidence level was

calculated as:

— s (B32)
Finally, the overall uncertainty in UTsys was estimated from

U%Sys = (Btsys)2 + (PTSYS)Z (B33)

249



B.4.1 Sample Calculation

As an illustrative example, the value of UTsys was obtained using measurement taken for

roller blind attached to CDG window. Nominal values of measured and derived quantities

and their associated systematic uncertainties are given in Table B.3. Again, nominal values of

G

, and Gy, were averages of six readings taken during the experiment while the

trans, mnc

values of Dy and D, were taken only once. The systematic uncertainty, Btsys =0.01, was
estimated using Equations B29 and B31. However, the standard deviation, Srs  was found
y

to be zero and hence from Equation B32, the random uncertainty, PTsys =0. Thus

U, =B, =x0.01.

Tsys Tsys

A summary of UTsys as well as nominal values of Tsys for the CDG window as well as

various shading layers attached to the CDG window is given in Table B.4.
B.5 Determining the Uncertainty in Longwave Properties

Detailed uncertainty analysis was applied in the estimation of the uncertainty in longwave

properties as follows:
From Equation 7.5, the emissivity, €, is related to the longwave transmittance, ™ , and

1
longwave reflectance, p - , as

Iw

e=1-1™"—-p (7.5)
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I I .
where p ™ and T are given by :

w (pBl/pBZ)pM2 —Pwmi
p = (7.3)
(pBl/sz) + pBl(pMz ~Pwmi ) -1
\ 1
v :\/(le _pw)(l_prBl) (7.4)
PBI1
Refer to Chapter 7 for the definition of the various quantities in Equations 7.3 and 7.4.
Using Equation B8, the random uncertainties in €, plW and T" were obtained from:
e V(e Y
P2=| P, | +] P, (B34)
a Iw 2 a Iw 2 a lw 2 a Iw 2
lew{pppJ{pPPJ{p PPJ{" ij(BZ»S)
P opg P! Oppy "® Oy M IV
arlw 2 aTIW 2 8T1W 2
Plo=| P, | + P + P (B36)
T ap W op ale Pmi1 6PB1 PB1

A similar set of Equations can be written for the systematic uncertainties in €, plw and T

by replacing the random uncertainty symbol, P, with the systematic uncertainty symbol, B.

For each longwave property, the overall uncertainty, U, is the RSS value of P and B.
B.5.1 Sample Calculation

As an example, consider the measurement of longwave properties of the cream sheer fabric
sample. Nominal values of the measured and derived quantities are listed in Table B.5. The

manufacturer of the SOC 400T FTIR reflectometer has specified a reflectance repeatability
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of £0.01. This value was taken to be the random uncertainty in reflectance measurement.

Thus, P, =P, =P, =P = 0.01 . Substituting this value of random uncertainty
Bl PB2 Pwmi1 PMm2

into Equation B35 and using MathCAD to evaluate the partial derivatives, the value of Pplw

was obtained. Subsequently, the value of P‘Elw was obtained from Equation B36 again using

MathCAD to evaluate the partial derivatives. Finally, the value of P, was calculated from

Equations B34.

With the absence of any information on the bias of the SOC 400T FTIR reflectometer, a

conservative systematic uncertainty estimate of 0.01 is suggested and a similar analysis

carried out to estimate the values of Bplw , B‘rlw and B, using an equations set similar to

Equations B34 to B36. Finally, for each longwave property, the overall uncertainty, U, was
calculated from the corresponding RSS value of P and B. Values of P , B and U so

obtained from the calculations are also listed in Table B.5.
B.6 Determining the Uncertainty in Solar Properties

Uncertainty in integrating sphere measurements may be attributed to several factors and these
are documented in ASTM E903-96 (1996). The uncertainty associated with the raw
measurements, with or without the integrating sphere, is small. The spectrophotometer was
configured as described in Chapter 3 and measurements were taken at 2 nm intervals. At each
wavelength, thirty samples were taken thus the random uncertainty attached to spectral
readings was well below +£0.001 at 95% confidence level. Note that the 0% and 100%
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reference for transmission as well as the 0% reference for reflection are exact quantities. See
Chapter 3. More significant systematic uncertainty is associated with the conversion of
spectral data to solar properties. Systematic uncertainty caused by choice of solar spectrum
was ignored. Since transmittance and reflectance were obtained from the ratio of sample and
reference signals, correlated uncertainties in sample and reference signals tend to cancel,
reducing the systematic uncertainty in transmittance and reflectance (Chakroun et al. 1993).
According to ASTM E903-96 (1996), the overall uncertainty (mostly due to systematic
uncertainty) associated with transmittance and reflectance measurements taken at normal

incidence with an integrating sphere is typically +0.03 at 95% confidence level.

Note that beam-total and beam-diffuse transmittance were directly measured while beam-
beam transmittance is the difference between the two sets of measurements. By applying the
principle of propagation of uncertainties, it can be shown that the overall uncertainty
associated with beam-beam transmittance obtained with the integrating sphere is +0.04.
Details are provided in Section B.6.5. On the other hand, the overall uncertainty associated
with beam-beam transmittance obtained without the integrating sphere is estimated to be
+0.02 at 95% confidence level. This estimate is considered to be conservative given the fact
that majority of the systematic uncertainties in integrating sphere measurements may be
attributed to the sphere design. Hence a higher uncertainty is expected for beam-beam

transmittance obtained with the integrating sphere.

The technique used to achieve off-normal incidence using the integrating sphere raised

questions about systematic uncertainties that might arise. However, these systematic
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uncertainties were generally eliminated by calibration. Comments regarding possible sources

of systematic uncertainty are included in the following subsections.

B.6.1 Using Barium Sulphate as the Reflectance Standard

The solar reflectance of barium sulphate, used as a reflectance standard in this study, was
measured and found to be 2% lower than the reflectance of the PTFE reflectance standard
that is customarily used with the integrating sphere. The software supplied with the
spectrophotometer applies Equation 3.1 as if the PTFE is present. Therefore, a 2% correction
was applied to adjust (downward) the solar reflectance measurements made when a barium

sulphate reflectance was used for calibration.

B.6.2 Reduction of the Incident Beam

Preliminary investigation showed that measurements were in error by about 2% because the
fixed sample holder tubes were intercepting a small portion of the incident beam. Reduction

of the incident beam eliminated this error.

B.6.3 Projection of Sample Holder into the Integrating Sphere

Typical configurations for transmittance and reflectance measurements using a fixed sample
holder are shown in Figure 3.8. In each case the sample holder projected into the sphere at a
distance of 30 mm. Ideally, the exterior surface of the sample holder should be coated with a
highly reflective coating such as PTFE or barium sulphate. Such a surface would have a very

low absorptance thereby ensuring that the signal strength is not reduced. However, it was too
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expensive to use PTFE coating. On the other hand, an inexpensive barium sulphate coating
did not adhere well to the sample holder. A more pragmatic way of achieving a highly
reflective sample holder that would not degrade the response of the sphere was to polish the
exterior surface of the sample holder. However, it was not clear what an impact a polished
sample holder might have on the response of the sphere.

To investigate the changes in the response of the sphere caused by the projected sample
holder, a set of measurements were taken with sample holders projecting at different lengths
into the sphere. Three surface finishes were considered representing the best and worst case
scenarios. These were a highly polished surface with 80% reflectance, an unpolished surface
with 50% reflectance and a black painted surface with 5% reflectance. Note that the
reflectance of PTFE and barium sulphate are 98% and 96%, respectively. For each surface
finish, a set of sample holders with projected lengths ranging from 5 to 30 mm, in 5 mm
steps, were machined. Each sample holder had a 0° end angle. The following arguments are
based on transmittance measurements although the same arguments pertain to reflectance
measurements.

The integrating sphere was first calibrated in transmission mode. The transmittance of the
sphere without any projected sample holder in place was then measured and was found to be
100% as expected. Without recalibration, a sample holder was mounted at the transmittance
port with the aid of adapters and a transmittance measurement taken. This procedure was
repeated for the other sample holders. Figure B.1 shows a graph of the change in response of
the sphere plotted against the length of sample holder projection for the three different
surface finishes considered. Note that the change in the response of the sphere in this case is
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the ratio of the transmittance of the sphere with projected sample holder in place to the
transmittance of the sphere without any projected sample holder. It can be seen from
Figure B.1 that regardless of the surface finish, the response of the sphere decreased as the
projection increased. Amongst the different surface finishes considered, the polished sample
holder degraded the response of the sphere the least while the black painted sample holder
degraded the sphere the most. The degradation caused by the unpolished sample holder lies
between that of the polished and the black painted sample holders. At the maximum
projection of 30 mm, the reduction in the response of the sphere was 3% for the polished
sample holder and 4% for the black painted sample holder. Thus regardless of the surface
finish, it is clear that the reduction in the response of the sphere was small.

This small reduction can further be explained by considering the amount of blockage caused
by the projected sample holder in the sphere. In the worst case, the percentage of volume
occupied by a 30 mm sample holder in the sphere is only 0.84% and the ratio of the surface
area of the sample holder to that of the sphere is only 3.9%. Thus introducing a sample
holder into the sphere creates minimal disturbance; the same kind of disturbance created by
baffles that shield the detectors from direct radiation and radiation due to first reflection.
Nonetheless, this systematic uncertainty that might have been caused by the presence of

sample holders was eliminated by incorporating sample holders in the calibration procedure.

B.6.4 Orientation of the Sample Holder

Calibration and measurements were completed with the angled end of the sample holder
facing downward, away from the detectors, as shown in Figure 3.8. This was done to be sure
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that the detectors could not directly view the test sample. However, a bias error arises in the
case of diffuse transmission and reflection measurements because the scattered radiation
originating at the sample is not distributed uniformly over the surface of the integrating
sphere and the radiation sensed by the detectors includes the first reflection of this non-
uniform distribution. Using the assumption that the radiation scattered by the sample is
diffuse, the following analysis is employed to ascertain the change in the response of the

sphere due to this non-uniform distribution of radiation from the first reflection.

Consider a 60° sample holder having a diffusing fabric sample attached to its angled end. The
sample holder is allowed to project into the sphere such that its angled end faces downward

as shown in Figure B.2. Given the surface area of the sphere, Ag, the area of the inlet port,

A

the diffuse flux leaving the angled end of the sample holder, I, will only illuminate a

in °

portion of the sphere with surface area, A. Following a similar analysis outlined in

Appendix A, the flux leaving the sphere wall after the first reflection, J;, is given by:

Ain (B37)

J1 :Iin A
C

where p is the reflectance of the sphere wall. Similarly, the flux leaving the sphere wall after

second reflection, J,, is given by:

A A
J, :(1. n pj.(_cpj (B38)
mn AC AS
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It follows that after infinite reflections, the total flux leaving at any point on the sphere,

Jodoown , is:
A . .
ylown _ 1. Ain St Ain p? +1 Ain PP+ (B39a)
As Ac As As
A. A
yown . ZZin ol 28 14 l4p4pt (B3%b)
AS AC
With, p‘ <1, the sum of the geometric series is:

JS.OOWH — Iin AiIl p(ﬁ -1+ L] (B4O)
AS

Recall the expression for J isf , 1.e., Equation A6:

e -, 2 p(—l j (A6)
Ag (1-p

Thus the change in the response of the sphere when the 60° sample holder faces downwards

can be obtained by dividing Equation B40 by Equation A6, i.e.,

A, (A 1
down Iin " p( > —1+ j
2 As \Ac 1-p (B41a)
b . Ainp( 1 j
m AS l—p

which simplifies to:
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down
J;oref _ (1_%}% (B41b)
o C C

A Jdown
Substituting the value of p=0.98 and A—S =1.885 into Equation B41b, == —1017.
C Iy

From Equation B41b, it can be seen that the correction factor due to the change in the
response of the sphere will tend to unity as the fabric sample is moved closer to the sphere

wall (A — Ag) as or as the reflectance of the sphere approaches unity (p —>1).

If the sample holder is oriented to face upwards as shown in Figure B.3, the diffuse flux

leaving the fabric sample will illuminate a portion of the sphere surface outside the detector

field of view. Thus the radiosity after the first reflection, J =L, Ain P will be absent from

C
the infinite series of reflections. The radiosity, J2¥, in this case is given by:

A; A,

Juw . in g2 g in g3 (B42a)

m AS m AS

A.

=g, B2l pp? ) (B42b)
AS

I =1 Ain p’ L (B42c)
Agq I-p

Comparing Equations B39a and B42a, it can be seen that J odoown > ip, since the first

reflection does not contribute to the radiosity when the sample holder faces upwards. It can
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be speculated that if the sample holder is positioned to face the left or the right side of the

sphere, only half of the first reflection will contribute to the radiosity.

If the response of the sphere at different orientations of the sample holder is compared to the

response when the sample holder faces downwards, an interesting trend is observed.

Typically, the ratio between J2¥ and J Odoown is given by

A of 1
Jup A Pz
doo — S p (B43a)
JOOOWH A

L, inp(As -1+ ! j
Ag \Ac l-p

which simplifies to:

12 _ p (B43b)
Jdown AS
o0 IS 1-p)+

AC( p)+p

Again, substituting the values of p=098 and ﬁ:1.89 into Equation B43b,

AC
Jup left Jright
®©__ —(.963. From the above theory, it is expected that —=— and ——— have values
J down J down J down
o0 (e 0] o0

between 0.963 and 1.0 where J}zft and J gght are the responses of the sphere when the

sample holder faces the left and the right side of the sphere, respectively.
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To further investigate the change in the response of the sphere caused by a sample holder at
various orientations, a set of measurements were obtained. The following arguments are
based on reflectance measurements although the same arguments pertain to transmittance
measurements. First, the integrating sphere was calibrated in the reflection mode with a pre-
fabricated barium sulphate reflectance reference sample positioned normal to the incident
beam. The reflectance of the barium sulphate reference was subsequently measured. Without
recalibration, a set of reflectance measurements were taken on each of the reflectance
references described in Section 3.4.4 facing up, down, left and right. The results are
summarised in Table B.6. Note that the results in Table B.6 represent the change in the
response of the sphere at different orientation relative to the case where the sample holder
faces downwards. By presenting the results relative to the downward facing orientation, the
sphere response due to the projected length is completely eliminated in this orientation
comparison. For each reflectance reference considered, the response of the sphere is highest
in the downward facing position as compared to the upward facing position. In addition, the
response of the sphere for the right-facing or the left-facing sample holder lies somewhere
between the up-facing and the down-facing reflectance reference. This is the expected trend

based on the theory outlined above.

Note that the bias error introduced by the orientation of the sample holder in the sphere is so

small (typically about 1%) and was eliminated by calibration.
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B.6.5 Uncertainty in Beam-Beam Transmittance

The integrating sphere was used to measure beam-total transmittance, Ty, and beam-diffuse
transmittance, Ty,q. Beam-beam transmittance, Typ, was subsequently obtained as the

difference between Ty and Tyq, 1.€.,

Tob = Tt — Tpd (B44)

Thus for Ty, measurements with the integrating sphere, the principle of propagation of

uncertainties was applied to Equation B44 to obtain the systematic uncertainty, BTbb , as:

2 2
B: = Tt o T g (B45)
o\ Oty ™ Otpg ™

which simplifies to:

B2 =B +B? (B46)

Tbb Tht Thd

Substituting B, =B, =(0.03 into Equation B46 gives B, =0.04. Once again, the

random uncertainty, PTbb’ is negligibly small and the overall uncertainty,

U

B, =%0.04.

Thb Tp
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However, if relative uncertainties are considered, an intriguing result is obtained. Applying

Equation B9 to Equation B44, the expression for the relative systematic uncertainty, Tob ,
Thb
is given by
2 2 2
B.,, _ | Tot B., 4| Thd By (B47)
Thb Tob Tt Tob  Thd
which simplifies to
2 2 2
B T B T B T
bb — bt + bd (B48)
Thb Thb Thb
B

Thb

Equation B48 reveals that as 7, — 0, —> 00; an intolerable uncertainty for practical

Tpb

purposes. At first glance, the forgoing result raises some concern regarding the integrating
sphere method of obtaining reliable values of Ty, from measurements of Ty, and Typq
especially for cases where 1, — 0. To address this issue, an alternate method was devised
to directly measure Ty, without using the integrating sphere. See Section 3.4.6. This method

is much more reliable as the associated overall uncertainty was estimated to be +0.02.

Regardless, the comparison between Ty, measurements made with and without the

integrating sphere shows no appreciable difference. Generally, the discrepancies between the

two sets of measurements did not exceed +0.04; the stated uncertainty associated with
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measurements made with the integrating sphere. The observed agreement further strengthens
the credibility of the measurements made using the fixed sample holders in the integrating

sphere although relative uncertainty estimate tends to show otherwise.

264



Appendix Table B.1: Summary of Uncertainty Estimates used in Calculating for Roller
Blind attached to CDG Window

Systematic
Measured quantity Symbol Units Value Uncertainty
1Pump power + fan power Qi . W 34.1 1.00
1Temperature difference across window AT,, K 1.5 0.5
Width of window Wy m 1.665 0.003
Height of window h,, m  1.665 0.003
Width of centre glass Weg m 1.590 0.003
Height of centre glass h,, m 1.590 0.003
*Window U-factor u, W m’K  2.56 0.13
"Mass flow rate-specific heat capacity product me W/K 9530 0.95
1Temperature difference across absorber AT 6 K 42 0.2
"ncident solar radiation Gipe W/m? 202.0 58
Derived quantity
Area of window A, m’ 2772 0.007
Area of centre glass Agg m’ 2528 0.007
Heat transfer across window Qmne W 10.65 3.59
Heat transfer across absorber Qubs W 405.0 19.48
Solar Heat Gain Coefficient of window SHGC,, - 0.460 0.03
Solar Heat Gain Coefficient of centre glass SHGC, - 0.504 0.03

1Uncertainty in these quantities include the uncertainty in the sensor and associated

instumentation and the values were supplied by the NSTF staff

2Uncertainty was supplied by the NSTF staff
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Appendix Table B.2: Summary of Uncertainty Estimates in SHGC for Various Shading
Layers attached to CDG Window

Uncertainty

Sample Description SHGC inSHGC
CDG window 0.73 +0.03
CDG window + black insect screen 0.43 +0.02
CDG window + beige pleated drape (100% fullness) 0.43 +0.02
CDG window + white venetian blind (closed) 0.40 +0.03
CDG window + white venetian blind (fully opened) 0.69 +0.03
CDG window + white venetian blind (slat angle =30°)  0.63 +0.03
CDG window + white venetian blind (slat angle = 60°)  0.46 +0.03
CDG window + grey roller blind 0.51 +0.03
CDG window + black venetian blind (slat angle = 60°)  0.67 +0.04

Appendix Table B.3: Summary of Uncertainty Estimates used in Calculating for Roller Blind

attached to CDG Window
Systematic
Measured quantity Symbol Units Value Uncertainty
"Transmitted solar radiation at location 2 Gmms’2 W/m?* 238 1.2
'Incident solar radiation G, Wm 2920 5.8
Distance between solar simulator and location 1 D, m 5.160 0.200
Distance between solar simulator and location 2 D, m 5.590 0.200
Derived quantity
Transmitted solar radiation at location 1 Girans.1 wm® 275 3.0
System transmittance Tsys - 0.09 0.01

1Uncelrtainty in these quantities include the uncertainty in the sensor and associated
instumentation and the values were supplied by the NSTF staff
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Appendix Table B.4: Summary of Uncertainty Estimates for Various Shading Layers

attached to CDG Window
Uncertainty
Sample Description Tsys in Tgys
CDG window 0.67 +0.05
CDG window + black insect screen 0.40 +0.03
CDG window + beige pleated drape (100% fullness) 0.18 +0.01
CDG window + white venetian blind (closed) 0.03 +0.00
CDG window + white venetian blind (fully opened) 0.59 +0.04
CDG window + white venetian blind (slat angle =30°)  0.38 +0.03
CDG window + white venetian blind (slat angle = 60°)  0.08 +0.01
CDG window + grey roller blind 0.09 +0.01
CDG window + black venetian blind (slat angle =60°)  0.02 +0.00

Appendix Table B.5: Summary of Uncertainty Estimates in Longwave Properties

Measured quantity

Symbol Nominal value

Reflectance of backing surface 1

Reflectance of backing surface 2

System reflectance with backing surface 1

System reflectance with backing surface 2

Derived quantity

PB1
PB2
Pm1

P2

0.976
0.065
0.320
0.060

Symbol Nominal value

P B U

Longwave reflectance

Longwave transmittance

Emittance

Iw

p

Iw
T

€

0.040

0.520
0.440

0.011 0.011 %0.016

0.017 0.017 £0.024
0.020 0.020 +0.028

Appendix Table B.6: Orientation of Sample Holder and the Change in Response of the

Sphere

Change in response of the sphere relative to down facing orientation

Reflectance reference Up facing Right facing Left facing Down facing
60 deg reference 0.991 0.995 0.993 1.000
45 deg reference 0.983 0.995 0.988 1.000
30 deg reference 0.985 0.997 0.991 1.000
15 deg reference 0.994 0.998 0.997 1.000
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