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Abstract

Shading devices are frequently used to control solar gain through windows. Solar

optical properties are very important in the energy analysis of windows. Transmit-

tance, absorptance and reflectance are required to quantify solar heat gain through

complex fenestration systems, which consist of combinations of glazing and shading

layers.

In this research the solar transmittance of a sheer blind was measured using a

Broad Area Illuminating Integrating Sphere (BAI-IS). More specifically, the spec-

tral directional-hemispherical transmittance was measured in the wavelength range

of 0.4 µm to 2.0 µm.

A “sheer blind” consists of soft fabric vanes, similar to a venetian blind, sus-

pended between two vertical layers of sheer fabric. This arrangement is popular

because it is attractive and it has potential application for daylighting. The vertical

sheer fabric reduces the solar intensity and diffuses incident radiation; generally re-

ducing solar gain and producing soft, natural illumination. The fabric vanes control

the amount of light entering the room.

Shading devices such as venetian blinds, sheer blinds and drapes have spatially

non-uniform and light scattering surfaces. Hence, measurement error occurs if

the solar optical properties are measured by traditional narrow-beam measurement

techniques typically used in commercial spectrophotometers. To reduce this error,

a BAI-IS is recommended.

The BAI-IS apparatus consists of a 20-inch diameter integrating sphere, sample

mounting system, monochromator, radiant source, lock-in-amplifier, photo sensor,

optical chopper and various auxiliary devices. In order to improve reliability of the

measurement the BAI-IS has recently been upgraded by replacing most of the key

control and measurement equipment.

The refurbishment of the BAI-IS apparatus was successful. The directional-

hemispherical transmittance of a sheer blind from BAI-IS measurement was found

to agree well with an analytical model.
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Chapter 1

Introduction

1.1 Scope

The solar transmittance and reflectance of glazing / shading materials are im-

portant optical properties to evaluate energy performance of a building envelope.

The solar optical properties of thin, non-scattering samples are measured by com-

mercial spectrophotometers. The measurement is taken by passing a beam of light

through the sample and collecting the transmitted or reflected portion by a de-

tector. To measure the optical properties of spatially non-uniform and scattering

samples, however, the above-mentioned apparatus is not suitable, because (1) the

smaller inlet port and the narrow beam are not broad enough to irradiate a repre-

sentative sample area, and (2) outscattering loss will occur for thick and scattering

samples.

The primary objective of this research is to refurbish a custom-designed spec-

trophotometer, which was built in 1994. Since a broad area beam and an integrating

sphere are used, this custom-made spectrophotometer is called a broad area illumi-

nating integrating sphere (BAI-IS) apparatus. The BAI-IS is capable of measuring

solar transmittance and absorptance of thick, scattering samples, such as shading

devices (venetian blind, sheer blind) and advanced glazing materials (honeycomb

insulation, patterned glass). This instrument will then be used to measure the solar

transmittance of a sheer blind in the wavelength range from 0.4 µm to 2.0 µm.
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1.2 Background

According to an International Energy Annual (IEA) report, globally 6.2 billion

human beings consumed about 132 trillion KWH (450 quadrillion BTU) of energy

in 2001 (1 trillion = 1012 and 1 quadrillion = 1015). The energy requirement of

buildings represents approximately 33% of this total energy consumption which

contributes roughly 100 million tons of greenhouse gas (GHG) emissions per year.

In Canada buildings account for about 30% of total energy consumption, about

50% of total electricity consumption and roughly 28% of total GHG emissions.

These energy flows and GHG emissions which are associated with heating, cooling,

ventilation and lighting of buildings have the potential to be substantially reduced.

This large amount of energy consumption lead to over-use of resources, climate

change and depletion of natural resources and impact environment, economy, health

and productivity.

To counterbalance this adverse situation, in recent years, designers, architects,

builders, corporations and home owners are showing keen interest in adopting green

or sustainable buildings. Currently, the rapid membership growth (approximately

10% per month) of the Canada Green Buildings Council (CaGBC) reflects the ex-

pansion of green buildings in the market. Green Building entails an integrated

approach to building design and management, with emphasis on energy efficiency

(Canada Green Building Council 2007 and U.S Green Building Council 2007). Some

buildings currently are being designed as net-zero energy users. The net zero energy

home (NZEH) can produce as much energy as it consumes over a year, by adopt-

ing an energy efficient building envelope integrated with renewable energy sources

(NZEH Coalition 2005)

The primary intent to design, build and own a green building or NZEH is to

maximize economic, environmental and social performance and attain superior in-

door ambiance. With these goals, the Leadership in Energy and Environmental

Design (LEED) has established a Green Building rating system that encourages

and accelerates global adoption of sustainable building construction. LEED is

developed through an open, consensus-based process by the U.S. Green Build-

ing Council and adapted for Canada by CaGBC. LEED is the benchmark for the
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design, construction and operation of high performance green buildings. LEED

promotes sustainability by recognizing performance in five key areas of human and

environmental health: sustainable site planning and development, water savings,

energy efficiency and atmosphere, materials and resource conservation and indoor

environmental quality. According to the LEED rating system, on a total scale of

70 merit points, 17 points are allocated for the “Energy and Atmosphere” category,

giving this category the highest priority (U.S Green Building Council 2008).

1.2.1 Thermal Insulation of the Building Envelope

For energy efficiency, a common strategy is to use more thermal insulation in

the building envelope, which reduces envelope heat gain and loss. However, due

to the presence of insulation, the building acts as furnace with the heat trapped

inside - heat given off by occupants, internal lighting, appliances and solar gain.

This heat increases cooling load and energy consumption. It is known that over

half of the total energy required for building operation is used in space heating and

cooling, which are directly impacted by the building envelope.

For heating dominated buildings, it is easy to fulfill the occupants’ need if the

building has a low level of insulation. The comfortable thermal condition is achieved

by adding more heat to the building or reducing heat as required. As soon as the

insulation level is increased the internal generation of heat becomes important.

When heating is required this internal gain offsets the heat requirement to warm

the space. However, when cooling is required the internal gain adds to the cooling

load. Therefore, for a well insulated building, it is complicated to synchronize the

heating and cooling in different parts of the building and at different times of the

year.

1.2.2 Windows in Building Envelope

Windows are primarily incorporated in building envelopes to connect people

physically and/or visually with the outdoors. A window has a strong effect on
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human behavior, health and productivity. In the USA, as a general rule, the mini-

mum window area is considered to be 20% of floor area for day-lighting considera-

tion (ASHRAE 1989). Windows therefore comprise a large area of opening in the

building structure.

Good window design provides control over daylighting, views to the exterior

and ventilation. A good design minimizes traffic noise and solar heat gain when

cooling is required and at the same time does not allow too much heat loss when

heating is required.

In practical situations, the solar gain through windows represents the largest

peak heat gain. Windows also account for as much as 25-30% of the heat loss in

a building because window glazing is a poor insulator. Therefore, windows have a

strong effect on the heating and cooling requirements, energy costs and the comfort

level experienced by its occupants. Windows are, by far, the weakest link in a

building envelope for heat gain in the summer time and heat loss in the winter

time.

The solar gain through windows varies from one day to another throughout the

year and also depends on building surroundings, location and orientation as shown

in Figure 1.1. Solar gain also varies from day-to-day and even minute-to-minute.

Generally, during summer, the highest solar gain occurs on eastern and western

exposure in the early morning and late afternoon respectively but the lowest solar

gain occurs on northern exposure. On the southern exposure the solar gain is low

at low latitude but maximum at high latitude at solar noon as shown in Figure 1.2.

Therefore, the window design should also vary from one facade to another.

Due to hourly variation of solar radiation, intermittent cloud cover, random

change in weather conditions and seasonal variation in solar elevation, solar gain

represents the most ‘dynamic’ heat gain of the indoor space. Glazing strategies for

cooling-load dominated buildings are different from the strategies that allow solar

gains to offset winter heating requirements. The critical design issue is to control

the variable solar gain to meet personal comfort and achieve energy efficiency. It

is clearly beneficial to have a dynamic and adjustable barrier to block incoming

radiation when cooling is required and allow solar gain when heating is required.
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Figure 1.1: Average Monthly Solar Radiation in Various Directions (LEARN Lon-
don Metropolitan University 2004)

Figure 1.2: Average Solar Heat Gain Factor (SHGF) at 22.3 Deg. N Latitude ( Li
and Lam 2000)
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The following options can be considered to achieve switchable glazing strategy.

Outdoor shading devices such as awnings and overhangs provide the most effec-

tive means of solar control because they prevent sunlight from striking the windows.

The main disadvantage is that their design must account for daily and seasonal vari-

ation of the sun’s path and they cannot be adjusted easily.

High-performance glazing systems can significantly reduce solar heat gain. For

example, low-emissivity coated glazing with visible light transmissivity greater than

0.6 and solar transmissivity less than 0.4 can be used in commercial buildings where

cooling load is critical. For residential buildings in a cold region, the glazing should

admit solar radiation as well as visible light. Tinted or reflective glass can also be

used to reduce solar heat gain.

To offset the variable nature of solar gain, smart switchable glazing can be used

which changes the optical or thermal properties of windows to adjust solar gain

at will. It is the chromogenic phenomenon of these glazing materials that changes

their reflectivity and absorptivity.

Thermo-chromic glazing changes optical properties in response to temperature

change. Electro-chromic glazing changes optical properties when an electric charge

is applied. Low-voltage current drives ions between the layers, causing the window

to change color. Photo-chromic materials change their properties in response to

light (Elmahdy and Cornick 1990).

Currently, these smart switchable window technologies are primarily prototype

products. They are very expensive and require high technological support for main-

tenance and operation. Moreover, their optical and thermal properties are not gen-

erally available. It is very difficult to estimate the dynamic performance of such

devices with variable insolation.

1.2.3 Shading Devices

Solar gain through windows causes heat to enter buildings. In the summertime,

to maintain human comfort, this additional heat is removed by a cooling system

which requires additional investment and accounts for high electricity consumption
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and greenhouse gas (GHG) emission. Installing a shading device is a simple and cost

effective strategy to control solar gain through windows. Indoor shading devices

are primarily used for privacy, solar gain control and retaining view. The most

popular shading devices are venetian blinds, curtains and roller shades. The use of

sheer blinds has also become popular in the design of daylighting systems.

Among all types of shading devices, indoor louvered blind such as venetian

blinds and sheer blinds are effective and popular because of their flexibility in

daylight control, peak cooling load reduction, privacy and easy operation. For

louvered blinds, dynamic solar and day lighting control is achieved by changing the

angle of the slats. Solar gain and light control can also be achieved by varying

the width, thickness, curvature, color and type of slat material. So, the louvered

blind acts as a switchable, mecha-chromic glazing layer. Moreover, these devices

are inexpensive, easy to install and maintain and add architectural appeal.

A venetian blind consists of a set of opaque horizontal slats or vanes, usually

of aluminium, connected with string in such a way that they can be rotated about

the horizontal axis at different angles to allow light to pass between the slats or

rotated to a closed position to block the light. The blind can also be retracted.

It is planned to measure the solar transmittance of sheer blind in this research.

A sheer blind is a modified version of venetian blind. The sheer blind is made of

soft fabric with a more complex geometry. A number of soft fabric vanes or slats are

suspended between two layers of vertical sheer fabric facings as shown in Figure 1.3.

The sheer fabric is usually made from white, knitted, translucent polyester and the

vanes are made of heavier woven fabric. Sheer blinds are popular for daylighting

because the transmitted sunlight is largely diffuse.

The sheer blind can easily control light and privacy with light filtering or room

darkening fabrics. The blind layer filters light in daytime and offers privacy as re-

quired with the vanes closed. The sheer materials offer a muted view to the outdoors

at the open position. At night light filtering vanes, in the closed position, reveal

silhouettes of people and objects. The room darkening vanes, in the closed position,

provide complete privacy at night. They also add a clean and contemporary look

to the room and offer directional solar control by reducing passive solar gain and

cooling load on a hot day.

7



Figure 1.3: Sheer Blind

The vanes of a sheer blind can be rotated to different angles to allow sunlight

inside the room and can also be retracted but can not be used to block the light

completely since the fabric transmits light to some extent.

In the past, a lack of data, limited modeling capability and lack of confidence in

solar gain control strategy for building envelopes, research of shading devices was

largely neglected. With the recent technological advancement in transparent build-

ing envelopes and need for implementing energy efficient features, it is necessary

to predict accurately the dynamic energy performance of building facades. This

is why building energy simulation programs need improved models for shading de-

vices. The building energy simulation will ensure proper control of shading devices

to synchronize lighting, heating, ventilation and air-conditioning (HVAC) compo-

nents. Energy consumption can be reduced by lowering peak and total cooling

loads, while simultaneously maintaining comfort.

To estimate total energy impact in response to solar radiation, the optical char-

acteristics of shading layers are required. The effective solar optical properties of

louvered blinds are the function of geometry of the blind layer, the angular spec-

ification of incident and transmitted / reflected solar radiation and solar optical
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properties of individual component of the blind assembly (e.g., slat and sheer ma-

terial for sheer blind).

The louvered blinds are specified by blind geometry and angular parameters.

The geometry of a louvered blind is comprised of (1) slat angle, φ (2) slat width,

w (3) slat spacing, s and (4) radius of curvature, r, as shown in Figure 1.4. When

φ = 0, the blind is fully open and φ = 90, the blind is fully closed. The support

strings prevent the slats from being closed beyond φ ' ±750. Venetian blind slats
often have curvature for strength. In this case it is also necessary to know the

radius of curvature, r. Usually r ' 2w.

Figure 1.4: Radius of Curvature of a Slat (Kotey et al. 2007)

The angular direction of the incident solar radiation is specified as the projected

solar altitude angle, Ω,as shown in Figure 1.5. This angle is also known as the profile

angle which is defined as the angle between the normal to the blind assembly and

the projection of the solar ray on a vertical plane normal to the same surface. The

geometric parameters are summarized in Table 1.1.
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Figure 1.5: Blind Geometry and Solar Profile Angle, Ω

Table 1.1: Geometric Data

Symbol Item description Unit Limit
w Width of the slat mm w > 0
s Distance between adjacent slats mm s > 0
φ Slat tilt angle Deg −900 ≤ φ ≤ 900
r Radius of slat curvature mm r> w

2r
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1.2.4 Need for Spectrophotometer

Effective optical properties of shading devices are obtained by averaging spec-

tral measurements. The louvered blinds have non-planar, spatially non-uniform and

light scattering surfaces. This is why, when a beam of light strikes the blind sur-

face at a single incidence angle, the reflected and/or transmitted light gets scattered

and diffused in numerous directions. Therefore, an integrating sphere spectropho-

tometer is used to obtain directional integration over the hemisphere of outgoing

radiation. A spectrophotometer is an instrument that can determine the optical

characteristics of the test specimen as a function of the wavelength.

The primary component of a spectrophotometer is an integrating sphere. An

integrating sphere is a hollow sphere coated internally with near-perfectly diffusing

material and has at least two ports; an inlet port and a measurement port. Inte-

grating spheres function as light collectors. The basic principle of operation is that

the transmitted or reflected radiation from the sample enters the integrating sphere,

goes through multiple reflections on the diffusely coated interior surface where it is

scattered uniformly. The spherical shape and the special coating spatially integrate

the collected radiation and transform it into a uniform field of diffused radiant flux.

The radiant flux available at the measurement port is proportional to the rate at

which radiant energy enters the inlet port. Photo-detectors can then convert this

flux to electrical signals for measurement as shown in Figure 1.6. This is a measure

of the rate at which energy arrives at the inlet port - integrated both spatially and

with respect to incident direction.

Selection of inlet port size entails a design trade-off. A larger inlet port lets

more radiation inside the sphere, and ensures a stronger signal. A larger inlet port

is also preferable because it can sample a broader area. However, some of the

reflected light escapes through the inlet port. This reduces the signal strength and

the precision of the measurement. To have optimum integration with sufficiently

strong signal, the ratio of port area to the sphere area is kept as small as possible.

For high accuracy measurements it is recommended to keep this ratio less than 0.05

(Labsphere Inc. 2005). The BAI-IS has less than 1 % port area with respect to the

total reflecting surface area.
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Figure 1.6: Integrating Sphere (Labsphere Inc. 2005)
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With an integrating sphere-based spectrophotometer, the spectral reflectance

/ transmittance is measured from the ratio of the reflected / transmitted flux by

the specimen to that of a reference standard under identical geometric and spectral

conditions. For transmittance measurement, the reference standard is air (i.e., an

open inlet port) and for reflectance measurement, the reference standard is usually

a surface having the same, known optical property as the integrating sphere coating.

For traditional spectrophotometers, the integrating sphere is smaller in size

(d < 100 mm), and uses two narrow beams of light for measurement. Here d is

the diameter of an integrating sphere. The BAI-IS has a larger integrating sphere

(d > 200 mm) and uses only one broad beam of light. The principle of operation

is further discussed in Chapter 3.

In a dual beam configuration, the incident beam is split into two parts with a

moveable mirror. One beam illuminates the sample and the other beam illuminates

the reference standard. In this technique, the sample and reference readings are

taken alternately without moving the sample, as shown in Figure 1.7.

In the single beam technique, the light illuminates the sample and the reference

standard alternately. For measurement accuracy, the light source, detector and

electronics must be quite stable over time. The single beam process requires more

time than dual beam configuration since the sample is moved for each measurement

as shown in Figure 1.8. However, single beam system entails a simpler and compact

construction than the dual beam system.

Traditional spectrophotometers use small integrating spheres and dual beam

illumination. Only thin, non-scattering and spatially uniform materials can be

measured. A narrow beam of light is sufficient because a small sampling area on

the specimen can be representative of the overall material. On the other hand,

the BAI-IS uses a larger integrating sphere and a single beam of light, illuminating

a broad area on the test specimen. In the BAI-IS, the single beam is preferred

over the dual beam configuration due to the fact that it is difficult to design dual

radiant sources with adequate collimation and uniformity over both reference and

measuring ports at the same time.

13



Figure 1.7: Dual Beam Configuration (Milburn 1994)

Figure 1.8: Single Beam Configuration (a) Sample Reading (b) Reference Reading
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The BAI-IS is used to measure optical properties of spatially non-uniform and

scattering specimens. Broad area illumination has two significant advantages:

It samples a representative area to characterize the overall material; and it

collects scattered light in such a way that the inscattered light compensates for the

out-scattered light.

This way, measurement errors are minimized. Out-scattered light is discussed

further below.

For thick, scattering samples, with a narrow beam of incident light, some portion

of the light will be scattered at some point across the thickness of the sample. The

non-scattering part will leave the other side of the sample covering a small area at

the back of the sample. Due to the finite thickness of the sample, the scattered

portion of the incident light will be transmitted through the back of the sample

after being shifted laterally. If the inlet port area is not large enough to pick

up this transmitted ray, this shifted, scattered ray will be lost from the detector

reading and an erroneous transmittance reading will be recorded. This is known as

out-scattering loss or flux loss due to scattering as shown in Figure 1.9.

For broad area illumination, since the sample will collect uniform radiation over

a larger area it will compensate out-scattered flux from one area of the sample by

in-scattered flux coming from another part of the sample as shown in Figure 1.10.

Type, size, geometry, application and optical characteristics of the material are

important factors to consider when selecting the appropriate spectrophotometer.

This is why Milburn (1994) built the BAI-IS to measure optical properties of hon-

eycombs. The BAI-IS can also be used to measure solar transmittance of shading

devices such as venetian blinds, tip-to-tip sheer fabric blinds and drapes or any

other non-homogeneous, thick and light scattering samples and advanced glazing

materials.

1.2.5 BAI-IS Description

The BAI-IS, which was designed and built at the University of Waterloo (Mil-

burn 1994), was being re-furbished to improve accuracy and reliability.
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Figure 1.9: Narrow Beam with Thick Scattering Sample
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Figure 1.10: Broad Beam with Thick Scattering Sample
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The apparatus uses a 50 cm diameter integrating sphere and a single broad

beam of incident radiation as shown in Figure 1.11. While measuring non-planar,

Figure 1.11: Integrating Sphere with Sample Mounting Rig

scattering, thick samples with uniform irradiation, the flux loss due to out-scattering

near the sample is offset by the in-scattering from other parts of the sample, as

described above.

The radiant source irradiates the sample and the transmitted radiation enters

the inlet port of the integrating sphere. The incoming radiation experiences multi-

ple reflections at the wall and then the hemispherically integrated uniform radiation

leaves through the measurement port of the sphere and is conveyed to a monochro-

mator. The radiant flux, Φ∞ is sampled by the monochromator as shown in Figure
1.12, where a prism spreads the radiation by wavelength. This enables the detector

to make spectral readings. The radiation of desired wavelength exits the monochro-
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mator through a slit, which can be adjusted by changing its width. A wider slit

allows more radiant energy to pass through and strike the detector but reduces

spectral resolution. The outgoing radiation is then focussed to strike the active

area of a photo-detector.

Figure 1.12: Typical Quartz Prism Monochromator

1.2.6 Solar Optical Property Measurement

The BAI-IS built by Milburn (1994) is used to obtain solar optical properties

of shading devices. To calculate the solar gain and/or heat loss through window

glazing and shading devices they need accurate and reliable information regard-

ing thermal and solar optical properties. The solar-optical properties are used to

quantify the amount of transmitted, absorbed and reflected solar radiation through

each layer in complex fenestration system (Jiang 2005). Longwave properties (emis-

sivities) and convective heat transfer coefficients are needed to perform the energy

balance at each layer in the system. The properties in the range of long wavelengths

can easily be analyzed separately with independent models because there is no

appreciable interference between these two radiation bands as shown in Figure 1.13.
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Figure 1.13: Spectra for Solar and Black-Body Radiation. (Broeke and Reijmer
2006)

For energy consideration the key performance characteristics of a shading device

can be categorized as its thermal insulating ability or U -value and solar heat gain

coefficient (SHGC) which is related to solar radiation transmitted through the fen-

estration system. Heat transfer through the building envelope varies for different

shading devices at different parametric conditions such as orientation, climate, win-

dow size and type. Net energy flow through the multi-layered fenestration system

can be shown to be the sum of heat flux and directly transmitted solar energy, such

that

qnet = U × (Tout − Tin) + SHGC ×Gs (1.1)

Here, Gs is the solar irradiation and and U is the heat transfer coefficient. The

U -value and SHGC for the fenestration system play an important role to control

heating and cooling load for the building (Hunn et al. 1993, Reilly and Hawthorne

1998). U -value varies as the inverse of the thermal resistance of the fenestration

system, Rt.
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U =
1

ARt
(1.2)

Here, A is the effective heat transfer area occupied by the system. The U -value

is a measure of thermal transmission. It is used to calculate the heat transfer caused

by temperature differential between the indoor (T in) and outdoor (T out) space. So

U -value indicates how much heat is going to be retained inside the room. A smaller

U -value usually results in lower peak cooling loads.

By definition, SHGC is a measure of solar gain. Low SHGC reduces cooling

load and high SHGC reduces the heating load.

SHGC is the sum of transmitted solar radiation, τ , and the inward-flowing

fraction, N i, of the portion of incident solar radiation absorbed in each layer of the

system:

SHGC = τ +
X

Ni ×Ai (1.3)

As mentioned earlier, shading devices can act as switchable layers for optimum

energy performance by controlling SHGC as required and lowering U-value for the

overall fenestration system. They also help to reduce cold draft near the windows

and raises the radiation temperature of the room in a cold winter night (Shurcliff

1980).

For plane specular surfaces, (i.e., glass) it is easy to quantify directional solar

properties. Moreover, it is to be noted here that each optical property changes

with the direction of incident radiation for any material used to fabricate shading

devices. A directional-directional property specifies a quantity for single incident

angle having only a single direction of transmitted or reflected radiation. But in

reality, for non—specular, non-planar items, (i.e., shading devices), for any incident

radiation, some radiation is absorbed by the material but the transmitted and the

reflected components are scattered in numerous directions. As a result their optical

properties and solar heat gain are dependent on both incidence angle and angle

of transmission or reflection. The corresponding directional-directional quantities

must be obtained with numerous measurements.
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Consider the directional-hemispherical transmittance. It can be defined as the

ratio of transmitted radiant energy collected over the entire hemisphere (2π) to the

collimated incident radiant energy coming from the specified incidence angle θ and

azimuthal angle φ as shown in Figure 1.14. Therefore, the expression for solar heat

gain coefficient of a fenestration system having “n” layers is written as:

Figure 1.14: Directional-Hemispherical Transmittance (Papamichael and Selkowitz
1987)

SHGC(θ,φ) = T fH(θ,φ) +
nX
i=1

Ni ×Afi (θ,φ) (1.4)

Here the directional-hemispherical transmittance, T fH(θ,φ), and directional ab-

sorptance, Afi (θ,φ),are optical properties and independent of individual layer tem-

perature and its longwave emissivity. Since the shading layers are not uniform,

“spatially-averaged” or “effective” solar optical properties are assigned (Klems

1994a, 1994b, Van Dijk and Goulding 1996, Rosenfeld et al. 2000, Yahoda et

al. 2005, Jiang 2005). To estimate spatially averaged solar properties of a sheer

blind multi-layer solar calculations were used (Wright and Kotey 2006).
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The inward-flowing fraction (IFF), N i, is the fraction of energy absorbed at

layer i, that reaches the indoor space. N i is a thermal quantity that depends on

heat transfer properties of the assembly and is independent of wavelength. The

value of Ni is usually calculated from heat transfer models.

Therefore, if all the terms in Equation 1.4 are known, then a simplified one-

dimensional energy analysis can be carried out to estimate net heat flow through

any fenestration system with louvered blind. With this end in view, the scope of

this research is limited to the measurement of the directional-hemispherical trans-

mittance of shading devices by using the BAI-IS apparatus, because this property

is required as a first step to estimate solar heat gain as well as to estimate day-

lighting performance of the fenestration system (Kessel and Selkowitz 1984). The

directional-hemispherical transmitted solar radiation over the photopic range is

required to assess the lighting quality and illuminance distribution in the room in-

terior. Similarly, Papamichael and Selkowitz (1987) have also emphasized that it

is appropriate to measure only the directional-hemispherical solar-optical proper-

ties to simulate the luminous and thermal performance of a complex fenestration

system.

1.3 Research Objectives and Motivation

This thesis mainly introduces the concept of a spectrophotometer whose basic

component is an integrating sphere and deals with the measurement of solar trans-

mittance of sheer blind. It also summarizes the refurbishment plan of the apparatus

and discusses contributions of individual components on overall performance.

This research is divided into five parts:

(1) refurbishing an existing spectrophotometer,

(2) measurements to check accuracy,

(3) measurement of solar transmittance of a venetian blind and a sheer blind ,

(4) comparison of experimental results with the results of analytical models and

(5) uncertainty analysis of the experimental results.
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It is evident that the BAI-IS apparatus is one of the most useful and practical

tools for measuring directional-hemispherical solar optical properties for spatially

non-uniform, scattering, thick samples. Milburn (1994) designed and built the

BAI-IS with custom made measuring and control devices at the University of Wa-

terloo. Most of these devices are now outdated and unreliable. Now, components

are available which are more accurate, easy to use and maintain. Refurbishment

was undertaken by replacing the primary measuring and control components of

the BAI-IS, which include photo-detector, optical chopper, lock-in-amplifier, data

acquisition system, stepper motor drive and control interface software. Following

this upgrade, the apparatus was calibrated to verify measurement accuracy

The BAI-IS was used to measure weighted average solar transmittance of a vene-

tian blind and “tip-to-tip sheer fabric blind” at different slat and profile angles. The

optical properties of aluminium slat of venetian blind and fabric slat, sheer fabric

of sheer blind were measured using a commercial UV-VIS-NIR spectrophotome-

ter, Cary-5000, at different incident angles. Measurements were compared to the

solar-optical models for venetian blinds developed by Wright and Kotey (2006) and

Kotey et al. (2007).

Since solar transmittance and reflectance are the key inputs to quantify heat gain

through different elements in a fenestration system these data are useful to engineers

and designers for selection of glazing materials and building energy analysis. As a

result, many building materials require measurement for product specification and

standardization. The solar transmittance data of a shading device is essential to

evaluate the building envelope performance characteristics and to carry out energy

simulation for assessing different design options to achieve energy efficiency.
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Chapter 2

Literature Review

2.1 Introduction

This chapter describes previous research regarding :

1. integrating sphere theory,

2. various standards for transmittance measurement of thick, scattering samples,

3. chronological development of the BAI-IS,

4. measurement error of the BAI-IS and gradual development of different stages

of apparatus design to improve overall performance and accuracy,

5. various window glazing and shading layer models

2.2 Integrating Sphere Theory

Integrating sphere theory was first stated by Sumpner (1892) based on the

multiple reflections of light inside a hollow cavity. The theory states that the ra-

diance from a diffusely reflecting spherical surface is independent of angle of view

and its intensity is proportional to the projected surface area (Rosa and Taylor
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1922). Jacquez and Kuppenheim (1955) formulated an integral equation to quan-

tify integrating sphere efficiency and measurement error as a function of sphere

geometry. The equivalent function is presented by Hisdal (1965a, 1965b) to quan-

tify reflectance for diffuse and specular samples using matrix relations. Goebel

(1967) described the fundamental principle of the integrating sphere by develop-

ing general algebraic equations for sphere efficiency as a function of wall-coating

reflectance. Tardy (1991) used matrix methods to model integrating sphere ir-

radiance for perfectly spherical systems, non-spherical systems and systems with

non-uniform irradiance.

The integrating sphere with its spherical shape and diffuse coating produces a

spatially integrated, uniform field of light following multiple reflections. The flux

measured by the photo-detector is proportional to the incident flux entering the

integrating sphere. An integrating sphere is an ideal tool to average the radiation

flux that comes from a spatially non-uniform source.

2.3 Apparatus

The standard description of a spectrophotometer with a small integrating sphere

is found in ANSI/ASHRAE Standard 74-1988. ASTM E903-96 also represents

a standard method for measuring optical properties of thin, homogeneous sheet

materials by using a small integrating sphere. Both of these standards are unable to

handle spatial non-uniformity or thick scattering samples. ASTM E424-71, Method

A, provides a standard test method for measuring solar transmittance of thin,

scattering samples in sheet form but it does not support spatially non-homogeneous

samples. ASTM E1175-87 provides a standard test method where a large diameter

integrating sphere is used for measuring solar or photometric optical properties

of scattering samples made of spatially non-uniform material. This method uses

broad-area-irradiation, where the size of the beam is larger than the disparities of

the sample being tested. In this way the spatial non—uniformities of the sample are

averaged out, but still it is not suitable for thick scattering samples.

Milburn (1994) mentioned that there is no standard method available to mea-

sure directional-hemispherical optical properties of thick, scattering and spatially
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non-uniform samples. In 1900 Ulbricht first designed a simple hollow sphere with

diffusely reflecting interior walls to integrate light for general purposes. Krochmann

(1979), E. Krochmann and J. Krochmann (1983) first suggested the use of broad

area illumination for measuring transmittance of thick, scattering samples. Symons

(1982) and Symons et al.(1982) first described an apparatus for measuring directional-

hemispherical transmittance of non-planer scattering samples. Kessel and Selkowitz

(1984) described a 2-m diameter integrating sphere used to measure the directional-

hemispherical transmittance of window systems including geometrically complex

shading devices. They used a photopic sensor to measure visible transmittance

to characterize the daylighting properties of the fenestration system. Zerlaut and

Anderson (1984) also mentioned a very large, solar illuminated, 8-ft diameter inte-

grating sphere for measuring solar optical properties of non-planar, light scattering

samples. Later, Platzer (1992) described a larger integrating sphere with broad area

irradiation and a single beam of radiant light to minimize error due to out-scattering

loss. In this method, the out-scattering flux near the sample can be offset by the

in-scattering flux coming from other parts of the sample surface. Milburn (1994)

first attempted to standardize the optical-property measurement process using a

50-cm diameter integrating sphere with broad-area-illuminating technique which is

capable of spectral measurements.

Integrating sphere manufacturers discuss design attributes in terms of very few

basic parameters : sphere diameter, physical characteristics, quantity and size and

location of port openings and baffles, and sphere coatings for different operating

spectral ranges. Signal intensity at the photo-detector is proportional to the radi-

ation entering through the inlet port of the sphere. It can be shown that sphere

throughput is inversely proportional to sphere diameter and directly proportional

to wall reflectance for the same port fraction. Sphere response decreases with the

increase in port size due to loss in flux. See Section 2.4.1 and 2.4.2. A larger ratio

of measurement port area to sphere surface area can also increase throughput to

the detector (Lovell 1984). A larger sphere ensures improved integration ability of

radiant energy. Hence for optimum throughput as well as uniform spatial perfor-

mance a larger sphere is traded off with smaller port fraction and highest possible

wall reflectance (Labsphere Inc. 2005 and Sphere Optics 2005).
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2.4 Measurement Error

The BAI-IS was developed in the 1980s. Since then there have been many

studies to analyze its error in measuring different optical properties for different

kinds of samples. As per ASTME-903-96, random errors arise from signal detection,

electronic data processing, inherent error associated with the geometry and coating

of integrating sphere system and distribution of scattered or reflected radiation.

It is known that a high degree of accuracy is difficult to achieve and depends on

operator skill, experience, care, equipment design and maintenance.

Three stepper motors including sets of gears, lead screws and linkages are

used in the BAI-IS to move sample traversing mechanism, adjust slit width of

the monochromator and control wavelength. According to Milburn and Hollands

(1994) uncertainty in wavelength selection arises due to precision error which is

caused by the fact that, the stepper motor, lead screw, small gears and relevant

mechanical linkages may not return to the same point consistently every time be-

cause of backlash. Gear and lead screw mechanism are shown in Figure 2.1. Error

due to backlash and tolerance are applicable for all stepper motor sub-systems. In

addition, Edwards et al. (1961) and Clarke et al. (1986) have listed a set of sys-

tematic errors for any integrating sphere apparatus that may arise from geometric

imperfections. They have identified the probable causes and summarized corrective

actions to improve accuracy and reliability of measurement. Moreover, imperfect

calibration will cause systematic bias error.

Roos et al. (1988) discussed the error in measurement due to flux loss through

open ports of the sphere, where reflectance is assumed to be zero. Hanseen (1989)

researched detector field-of-view. Milburn (1994) showed that the typical dual

beam small area illuminating method with a smaller integrating sphere is suitable

for measuring transmittance of thin, planar homogeneous specimens but for thick,

scattering, spatially non-uniform samples, lower transmittance values are obtained

due to out-scattering loss. Since the BAI-IS apparatus was designed to minimize

this out-scattering loss it is important to examine this error in detail.

Milburn (1994) also noted that the BAI transmittance measurement involves
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Figure 2.1: Lead screw and gear arrangement for Sample Mount

error due to two specific factors which are caused by sample reflectance. The two

factors are :

1. External Sample Reflectance (ESR)

2. Internal Sample Reflectance (ISR)

Milburn and Hollands (1995) derived expressions to evaluate ESR and ISR

factors and discussed schemes to minimize ESR errors and to eliminate ISR errors.

2.4.1 External Sample Reflectance Error

The sample surface as well as the exterior surface of the sphere have reflective

properties. When the sample is brought in front of the inlet port almost all of the

radiation entering the sphere gets inside directly after passing through the sample.
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There may be a few paths in which radiation passing through the sample reflects off

the exterior surface of the integrating sphere or any surrounding structure and then

reflects back from the rear portion of the sample and then gets inside the sphere

indirectly. This distorted transmitted radiation leads to ESR error which is shown

in Figure 2.2. The best way to minimize ESR error is to paint the exterior surface

of the integrating sphere with black paint having reflectance as low as possible.

Sample

Back reflected ray 
entering sphere

Transmitted

Figure 2.2: External Sample Reflectance Error

2.4.2 Internal Sample Reflectance Error

Internal Sample Reflectance is related to the radiation that has already entered

through inlet port of the sphere. Some rays leave the sphere through the inlet port.

For the reference reading, when there is no sample placed in front of the sphere,
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none of this radiation returns to the sphere. For the sample reading, when the

sample is mounted in front of the inlet port, some of the rays get reflected back

from the sample surface and re-enter the sphere. This reflected portion from the

sample surface is responsible for ISR error which results in a higher, erroneous

sample reading. The ISR error is shown in Figure 2.3.

To eliminate ISR the best result is obtained if the size of the entrance port can

be minimized so that little radiation can leave the sphere. However this reduction

in port size is a trade-off with the fact that the port should let in enough radiation

to have an acceptable signal-to-noise ratio. Fendley (1985) proved that proximity of

the sample to the sphere wall affects the transmittance measurement, especially for

scattering and thick samples. For non-scattering, thin samples there is apparently

no difference in transmittance readings if the samples are mounted at different

distances from the sphere wall. Errors may arise due to smaller sample size, or

Sample

Internally reflected 
ray leaving sphere

Back Reflection 
from Sample

Figure 2.3: Internal Sample Reflectance (ISR) Error

smaller beam size or spatial non-uniformity of sample or irradiation. In order to
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improve irradiation uniformity over the entire sample it is better to keep the radiant

source further from the sample but this is a trade-off with the required intensity of

light. Accordingly, measurement errors are expected to increase with the increase

in incidence angle.

2.4.3 Uncertainty Analysis

Uncertainties are associated with any experimental procedure. Therefore, it is

important to present the outcome of any experiment by mentioning the estimated

uncertainties. Experiments can be classified into two types: single-sample and

multiple-sample experiments.

The single sample experiments are those where uncertainties are not reduced

by repeated sampling. The basic framework for single-sample uncertainty analysis

was first illustrated by Kline and McClintok (1953). Moffat (1982, 1985, 1988)

discussed techniques of single-sample uncertainty analysis as a decision making

tool for planning, executing and reporting experiments.

The uncertainty of experiments using repeated measurements is evaluated by

statistical tools. Techniques for multiple-sample uncertainty analysis are discussed

by Abernethy et al. (1985) and by ANSI/ASME PTC 19.1 (1983).

Milburn and Hollands (1996) compared the broad area illuminating (BAI) and

small-area-illuminating (SAI) methods and estimated errors caused by out-scattering

of radiant flux while measuring transmittance for thick samples for different inci-

dence angle ranging between, 00 0 θ 0700 (Milburn and Hollands 1995, 1996).
It was found that the outscattering loss is significant for SAI measurement, which

is strongly dependent on the nature of the sample and incident angle. For a low-

scattering, thick material (Teflon large-celled honeycomb), spectral transmittance

(at λ =0.5 µm ) from the BAI-IS was found to be 2.6% higher than the SAI mea-

surement, at normal incidence (i.e., at θ = 00). At θ =700, the difference increased

due to outscattering losses in the SAI measurement with the BAI-IS result 50%

higher than the SAI measurement.

The ANSI/ASHRAE standard 74-1988 explains the root causes of errors and

uncertainties of measurement and quantifies the precision and accuracy of a com-
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mercial spectrophotometer. Various uncertainties in spectral measurement arise

due to the fact that detector’s signal-to-noise (S/N) ratio varies with wavelength.

At λ =0.85 µm, the S/N ratio is maximum but decreases in the near infra red

portion of the spectrum. Measurement uncertainty is inversely proportional to the

S/N ratio of the detector. This type of uncertainty can be reduced by slow or

stepwise scanning and averaging over a longer time span for each wavelength.

2.5 Analytical Models for Slat Type

Shading Devices

Louvered blinds are used extensively as shading devices because of their simplic-

ity in design and effective thermal and daylighting performance. Moreover, louvered

blinds are inexpensive, easy to install, operate and maintain, attractive, durable,

and safe with respect to fire and mechanical hazard. There have been many ana-

lytical, numerical and experimental studies on louvered blinds to determine their

optical properties.

Louvered blinds are spatially non-uniform, possess non-planar surfaces and scat-

ter light. Specular optical properties do not characterize such blind layers. Due

to scattered radiation, the specular and diffuse properties exhibit complex angular

dependency. The directional properties of such non-uniform layers are averaged

spatially to represent the overall blind layer as a thin, homogeneous, specular layer.

The spatially averaged property of such a blind layer is known as an “effective”

property (Wright and Kotey 2006).

2.5.1 Aubele and Parmelee Model (1952, 1953)

An analytical model was developed to determine solar absorptance, reflectance

and transmittance of the shading device and window glass combination. The shad-

ing device has a set of uniformly spaced opaque, flat slats. In this model the shading

layer was considered to be infinitely large and slat curvature was neglected but a
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correction factor for slat thickness was incorporated. The model treats both beam

radiation and diffuse radiation (ground diffuse and sky diffuse).

The model is based on a 2-dimensional ray tracing technique with infinite inter-

reflection at the slat surfaces. For a specularly reflecting, opaque, slat surface

having a certain value of absorptance, the incident beam radiation can be divided

into three parts:

(1) Some portion will be reflected back to the outdoors after reflection on the

slat surface.

(2) The transmitted portion may be sub-divided as follows:

(a) Reflected-through portion : This radiation is transmitted through the blind

layer by multiple reflections on the slat surface and enters the indoor space. The

effective transmittance of the blind layer depends on slat geometry, profile angle,

reflectance or absorptance of the slat surface.

(b) Straight-through portion: This part of the radiation is directly transmitted

through the slat array without striking any slat surface. The transmittance value

is purely a geometric factor and can be obtained from slat geometry and profile

angle.

(3) The remaining portion is absorbed by the slat surface.

The reflected radiation at the blind layer can be calculated by considering two

extreme cases:

(i) slat surfaces are purely specular,

(ii) slat surfaces are purely diffuse.

Note that the transmittance is function of three major factors:

(I) Irradiation geometry : (a) profile angle (b) direction of incident solar radia-

tion (i.e., location of the sun).

(II) Slat geometry: (a) Slat width (b) Slat spacing (c) Slat Angle (d) Slat

thickness (e) Slat curvature.

(III) Slat absorptivity.
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For specular slat surfaces the effective optical properties of the blind assembly

can be calculated from geometry while accounting for beam radiation absorbed and

reflected at each specular reflection. For diffuse surfaces the slat which is illumi-

nated directly by beam radiation is divided into illuminated and shaded portions.

Then the view factors are to be computed between the openings, the two elements

(shaded and illuminated) and the adjacent shaded surface from beam radiation.

The effective optical properties of the blind assembly can be calculated from the

beam radiation that is directly transmitted and from the transmitted and reflected

radiation that occurs due to diffuse reflections on slat surfaces.

For diffuse solar radiation, the sky is treated as a quarter of a sphere, which is

divided into 81 patches. The diffuse transmittance is the ratio of the transmitted

radiant energy through the shade to the sum of the radiant energy from the patches

incident on the shade.

In their second paper (Parmelee and Aubele 1953) experiments were carried out

to measure the solar transmittance and absorptance of a shade-glass combination.

The solar optical properties were measured for four different types of slat-type

shading devices combined with window glass by using a solar calorimeter. The

calorimeter was set in a vertical position exposed to direct sunlight (for incident

beam radiation) or facing away from the sun (for incident diffuse radiation). The

experimental results and the results from the analytical model were compared but

due to lack of accurate solar-optical property data for the slat material, unstable

weather conditions, unaccountable diffuse radiation from surroundings and signifi-

cant effect of the heat absorbing glass, the validation was not conclusive.

2.5.2 Pfrommer et al. (1996) Model

The Pfrommer Model was developed on the basis of four paths of transmitted

and reflected solar beam radiation and is applicable to any incidence angle. The

four paths are as follows:

1. Direct transmittance : This portion is calculated from blind geometry and

direction of beam radiation.
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2. Direct-reflected transmittance : This portion is either pure diffuse, or pure

specular or any combination. It has two components:

(a) Diffusely reflected portion.

(b) Specularly-reflected portion.

3. Diffuse transmittance : This is obtained by integrating the transmitted radi-

ation from each slice of the sky or ground across the vault between the cut-off

angles and dividing it by the total radiation.

4. Diffuse-reflected transmittance : This is derived from an analytical solution

with an assumption that the slat surfaces are purely diffuse.

To characterize the diffuse nature of the slat surface, a “Shining Factor” was

introduced. The shining factor is set equal to unity for diffuse reflection or zero for

specular reflection.

Pfrommer found that the influence of slat curvature decreases as the radius of

curvature increases. For most of the cases where, slat width, (w) ' slat spacing,

(s), the influence of curvature is small but for highly curved slats (slat radius of

curvature, r <w) then the influence of slat curvature becomes important.

2.5.3 Rosenfeld et al. (2000, 2001) Simple Model

Rosenfeld et al. (2000) developed a simple model to analyze the thermal and

optical performance of double glazing units combined with a venetian blind. In

the model, each component of the complex glazing system was treated as one of

‘n’ layers. A complex glazing system contains one or more non-specular optical

elements in the glazed area of the window. Slats were assumed to be flat. The

optical properties of the slat surface were held constant, independent of incidence

angle. It was also assumed that the specular and diffuse reflectance components of

the slats are independent of incidence angle. For specular reflections, the fraction

of incident light that undergoes multiple reflections between slats and is ultimately

transmitted through the shading layer can be determined from geometry. At each

reflection, some fraction is lost due to absorption. Some fraction of incident light is
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also transmitted directly without hitting any slat surfaces depending on slat angle

and direction of the incident beam. For diffuse reflection the reflected part of the

transmittance was treated as quasi-specular. This treatment was based on the

assumptions discussed below.

For radiation that emerges from the shading device following two or more re-

flections :

1. At each reflection a fraction, F, of the diffusely reflected light would transmit

through the blind in the same way as the specular component.

2. The remaining fraction (1-F) is reflected backwards and retraces its path as

if it is specularly reflected to emerge on the illuminated side of the blind with

a fraction being absorbed by the slat surface at each reflection.

This model has an input parameter F, which shows how closely the diffuse re-

flections are concentrated at the angles close to the specular direction. For example,

it is set at F=0.5 for a Lambertian distribution and F=0.7 to 0.9 for double glazed

unit with venetian blind. However, the results are not very sensitive to the choice of

F (Breitenbach et al. 2001). The fractions of incident light reflected and absorbed

due to multiple reflection ultimately yield the effective transmittance, absorptance

and reflectance of the blind layer. This model is applicable to normal incidence of

light only. This is a significant limitation.

Rosenfeld et al. (2001) described an experimental procedure to study the ther-

mal and optical performance of complex glazing systems. The experiment used a

double glazed window combined with venetian blind. The spectral bidirectional

transmittance of the specimen was measured with a Cardiff goniospectrometer at

different incident angles. The Rosenfeld et al. (2000, 2001) model is in good agree-

ment with the experimental result at lower slat angles, φ <60o.

2.5.4 WIS Model (2000)

The WIS (Advanced Window Information System) is a software package that is

based on a model for calculating effective solar optical properties of slat type shad-

ing devices. The fenestration system with an attached louvered blind is modeled
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as having multiple layers. The slat-type blind is considered as a layer with effective

optical properties which are functions of slat properties, slat geometry and the inci-

dence angle of beam solar radiation. In this model the representative slat-type blind

unit is represented by two adjacent parallel slats and two virtual closing surfaces

at two ends of slats which have 100% transmittance. WIS assumes that slats are

flat and their reflectance is purely diffuse. In this model the direct-hemispherical

reflectance value of slats is used throughout and these properties are measured at

normal incidence.

The beam radiation that is transmitted by the blind has two parts :

1. The directly transmitted fraction that emerges from the blind assembly with-

out interacting with slat surfaces. This can be easily calculated from the

geometry.

2. The other part is transmitted to the indoor space following multiple diffuse

reflection at slat surfaces.

Diffuse radiation is calculated by dividing each slat into five equal parts. The

blind enclosure is formed by two adjacent slats and two fictitious closing surfaces

that act as blackbodies as shown in Figure 2.4. According to the WIS model,

a view factor matrix must be determined between the twelve segments of the

blind enclosure. The view factor matrix is converted into a configuration matrix by

using slat reflectance. These two steps are carried out for all required wavelengths

(ISO/FDIS 15099: 2003) to estimate diffuse transmittance and reflectance of the

blind layer.

2.5.5 Yahoda Model (2002, 2005)

This model can determine effective solar optical properties of slat type shading

layers at various solar profile angles. The model inputs are slat geometry, slat

surface reflectance and the beam-diffuse split of the incident radiation. The beam-

diffuse split, F is defined as the ratio of diffusely reflected radiation to the total
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Figure 2.4: 12-Surface Enclosure for WIS Model

incident beam radiation at the slat surface. F=1 for purely diffuse reflection and

F=0 for purely specular reflection.

Since the slats can be either specular or diffuse, the model needs two separate

techniques to deal with solar beam radiation and solar-diffuse radiation. The in-

cident beam radiation on a shading layer is modelled as transmitted or reflected

radiation through five paths:

1. Directly transmitted beam radiation (beam-to-beam);

2. Indirectly transmitted beam radiation by specular reflection by slat surfaces

(treated as beam-to-diffuse);

3. Indirectly transmitted diffuse radiation by diffuse reflection by slat surfaces

(beam-to-diffuse);

4. Reflected beam radiation by specular reflection on slat surfaces which reflects

to the outdoor environment (treated as beam-to-diffuse); and
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5. Reflected diffuse reflection on slat surfaces which reflects to the outdoor en-

vironment (beam-to-diffuse).

For incident beam radiation this model provides the effective beam-to-beam

transmittance and beam-to-diffuse transmittance of the shading layer for different

irradiation geometry (Ω), slat geometry (w/s, φ) and solar optical properties of the

slat.

The beam-to-beam model uses an entrance height algorithm and ray tracing

technique with infinite reflections to determine direct transmittance and reflectance.

The shading layer is represented by an enclosure consisting of two adjacent slat

surfaces with two virtual surfaces at the front and back openings having 100%

transmittance. For given values of w, s, Ω and φ the fraction of incident beam

radiation that will undergo transmission through n-reflections can be found if the

corresponding upper and lower entrance heights are known.

This model deals with diffusely reflected beam radiation (Item 3 and 5 listed

above). The beam-diffuse model also assumes that the top and the bottom slat

surfaces are not uniformly irradiated. In this model, the above mentioned enclosure

is divided into 8 surfaces ( three on each slat and two virtual surfaces) as shown in

Figure 2.5. Regarding the slat separation, Van Dijk and Goulding (1996) suggested

division of each slat into five equal parts, Parmelee (1952) and Pfrommer et al.

(1996) considered only diffuse radiation resulting from directly intercepted beam

radiation. Yahoda separated each slat surface according to the location of direct

beam or specularly reflected direct beam solar radiation. It was also assumed that

reflected beam radiation results in diffusely reflected radiation.

In Yahoda’s model, the slat thickness and slat curvature were neglected. BAI-IS

experiments (Jiang 2005) clearly demonstrated that the effective solar transmit-

tance of a venetian blind was over-predicted in the analytical model with respect to

the experimental measurement when the incident beam was aligned with the slats.

The model predicts 100% transmission when the incident radiation is parallel to

the slats but showed good agreement with experimental results otherwise. The

difference was as high as 12 %. The discrepancy between model and experiment is

associated with the assumption of neglecting slat curvature as shown in Figure 2.6.
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Figure 2.5: 8-Surface Enclosure for Beam-Diffuse Model (Yahoda 2005)

2.5.6 Kotey et al. (2007) Simplified Solar Optical Model

This model for louvered blinds estimates effective optical properties as functions

of slat geometry, optical properties of slat surface and profile angle of incident beam

radiation. The main assumption is that the slats are diffuse in nature so that any

incident beam radiation will result in diffusely transmitted and/or reflected radia-

tion. This assumption is supported by observation. Slat surfaces reflect diffusely

more than 90% of total reflected radiation (Parmelee et al. 1953, Breitenbach et

al. 2001). Moreover, if the slats are considered to be translucent (in case of fabric

or vinyl slats) only diffuse transmission through the slats is expected. This simpli-

fies the model by eliminating the ray tracing technique which is computationally

complex as seen in Yahoda’s model. This model also shows that the slat curvature

can have a significant effect on transmittance. With the assumption of flat slats

and zero thickness there is 100% transmission when beam radiation aligns with the

slats (i.e., as Ω+ φ ≈ 0).
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Figure 2.6: Effect of Slat Curvature on Blocking Radiation (Kotey et al. 2007)

This model, with a curvature correction applied, agreed very well (Kotey et al.

2007, Jiang and Collins 2007) with the measurements of Jiang (2005).

2.5.7 Wright and Kotey (2006) Multi-Layer Calculation

This model (Wright and Kotey 2006) is a general form of computational tech-

nique for predicting solar optical properties of any complex fenestration system

having multiple layers. Here, the existing solar-optical model of Edwards (1977)

for specular glazing layers is extended to accommodate the effect of light-scattering

properties of shading layers (i.e., diffuse reflection and transmission). Effective

beam-beam, beam-diffuse and diffuse-diffuse properties are needed for each layer

in the system. Algorithms were formulated to determine all reflected, transmitted

and absorbed fluxes within the shading/glazing array due to incident diffuse and

/or beam solar radiation. The results provide beam and diffuse fluxes from which

the reflected, transmitted and absorbed radiation in each layer can be calculated.

For the sheer blind, the effective transmittance values measured by the BAI-

IS were compared with the result calculated using an analytical model. With

this end in view, the tip-to-tip sheer fabric blind was modelled as a multi-layer

glazing/shading array.
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In summary, regarding venetian blinds, Aubele and Parmelee (1952, 1953) for-

mulated a flat slat model and accounted for the first specular reflection with the

assumption that it is the only significant inter-reflection for most cases. They did

not examine situations at high incidence angle. They considered corrections for slat

thickness. Pfrommer et al. (1996) considered all higher order specular reflections.

They considered slat curvature as well. Yahoda and Wright (2005) also developed a

comprehensive model to obtain effective solar optical properties for venetian blinds.

This model involved ray tracing technique which was rigorous and complex. Kotey

et al. (2007) eliminated the ray tracing technique by assuming that slats diffusely

transmit and reflect solar radiation. This simplified model is useful for fast com-

putation and hence valuable for use in building energy simulation. In the current

study, the effective solar optical properties of a sheer blind were obtained by using

multi layer array calculation established by Wright and Kotey (2006).
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Chapter 3

Experimental Apparatus

3.1 Introduction

In this chapter, integrating sphere theory and the description of a single beam

broad area illuminating-integrating sphere are presented. A brief description of

a dual-beam, small area illuminating spectrophotometer (Cary-5000) is also pre-

sented. The Cary-5000 spectrophotometer was mainly used for calibration in this

research. The sample specification and testing procedure are also briefly described

for both pieces of equipment.

3.2 Integrating Sphere Theory

Integrating sphere theory is based on the following assumptions:

1. The integrating sphere is a perfect sphere;

2. The sphere coating has uniform reflectance over the entire inner surface;

3. The coating is a Lambertian reflecting surface; and

4. Diffusely reflected radiation reaches the detector after at least two reflections

from the sphere wall.
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The integrating sphere is a hollow sphere with a highly reflective diffuse coating

on its interior surface. In the ultraviolet, visible and near-infra-red spectral region

this special coating is Lambertian, which means purely diffuse reflectance.

Integrating sphere theory has been used for many years in spectrophotometry.

In its simplest form, the theory states that, if a lamp is located inside a hollow

sphere whose internal surface is coated with diffusing material, then the radiation

flux, leaving the sphere wall at any location is proportional to the energy emitted

by the lamp. A small measurement port in the sphere wall provides a measure of

useful lamp output (Lovell 1984).

Figure 3.1: Radiation Exchange Within a Spherical Enclosure

The Lambertian surface in combination with a spherical enclosure ensures that

every part of the sphere receives the same radiant flux of light following the first

reflection. It can be stated that, after the first reflection, the incoming light loses

its directional characteristics (Labsphere Inc. 2005 and Sphere Optics 2005).

Consider radiation exchange between two infinitesimal elements dA1 and dA2,

as shown in Figure 3.1. The radius of the sphere is R and distance between these
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two elements is S. The fraction of diffuse radiation that leaves dA1 and arrives at

dA2 , which is known as the exchange factor, dF dA1−dA2 , will be equal to (Hollands
2004):

dFdA1−dA2 =
dA2
4πR2

(3.1)

It is evident that the exchange factor is independent of the locations of the two

elements, the viewing angle and the distance between the elemental areas. The

fraction of radiant energy leaving dA1 and received by dA2 is not influenced by the

location of dA1 and dA2.

If the differential area dA1 exchanges radiation with a finite area A2, then Equa-

tion 3.1 becomes, Z
dFdA1−A2 =

1

4πR2

Z
A2

dA2 (3.2)

Now, noting that total sphere area is As=4πR
2, we can re-write Equation 3.2 as

F1−2 =
A2
As

It is seen that the fraction of the radiant energy received by any area is equal

to the fraction of the surface area it occupies within the sphere. After the first

reflection on element A1 light strikes area A2. Therefore, after the first reflection

the sphere produces a uniform field of radiation irrespective of the fact that the

incoming radiation from source is spatially and directionally asymmetrical. If we

have a perfect sphere, and a lamp is placed at the centre of the sphere, then from

pure symmetry we can reach the same conclusion. By ignoring the radiation prior

to the first reflection symmetry is not necessary, provided the sphere interior has a

Lambertian coating.

3.2.1 Lambertian Wall Flux Measurement

Let us assume that a radiant source, having flux Φ, irradiates the inlet port

of an integrating sphere. With reference to Figure 3.2, radiant energy enters the

sphere through the inlet port area, Ain, at the rate of Gin = ΦAin. If the sphere wall
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Figure 3.2: Integrating Sphere with Inlet Port.

reflectance is ρ, then fraction ρ of this incoming radiant energy will be reflected.

The flux at the first reflection can be treated as a source inside the sphere delivering

energy at the rate of ΦAinρ. The radiation will be spread uniformly over the area

of the sphere as shown in Figure 3.3.

Therefore, ignoring the inlet port, the radiant energy leaving the wall after the

second reflection can be written as:

Φ2 =
ΦAinρ

2

AS
(3.3)

Including an infinite series of subsequent reflections, the flux leaving the wall is:

Φ∞ = Φ
Ain
AS

¡
ρ2 + ρ3 + ρ4 + ......

¢
(3.4)

It is possible to account for the radiation lost through ports, say inlet and measure-

ment ports as shown in Figure 3.4. Let the the port fraction f is defined as:

f =
Ain +Ameasurement

As
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Figure 3.3: Integrating Sphere with No Port

The amount of flux leaving the sphere surface, excluding the ports can be expressed

as

Φ∞ = Φ
£
(1− f)2ρ2 + (1− f)3ρ3 + (1− f)4ρ4 + ......¤ (3.5)

At each reflection, the fraction f of the reflected flux will leave the sphere through

the ports. It can be shown that the flux leaving the wall, given by Equation 3.5, is

Φ∞ = Φ
ρ

[1− ρ(1− f)] (3.6)

It can be concluded that:

(1) the incoming flux is spatially and directionally integrated;

(2) the flux sensed by the photo-detector is proportional to the flux entering

through the inlet port; and

(3) the ratio Φ∞
Φ
is called the “response of the integrating sphere” or the “sphere

multiplier”. The Equation 3.6 shows that at ρ = 1 and f=0, the wall flux becomes

infinity. This highlights the idea that a high value of ρ and a low value of f are

essential to achieve Φ∞> Φ for effective operation of an integrating sphere.
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Figure 3.4: Integrating Sphere Wall Flux

3.2.2 Detector Signal Measurement

A measurement port is used to measure Φ∞. As shown in Figure 3.5, some of the
radiation reaching the measurement port area (Ameasurement) of the sphere goes into

the monochromator, where it is split into different wavelengths. The measuring port

is shielded from the inlet port to ensure that only radiation following the second

reflection enters the monochromator.

Only a small portion of flux from sphere wall leaves the exit slit area (Aslit) of

the monochromator and is focussed on the active area (Ad) of a photodetector.

The amount of radiant energy passing through the exit slit will depend on the

width of the slit opening, the flux from the integrating sphere wall and the amount

of radiation that is gathered within the field of view of the detector.

3.3 Broad Area Illuminating Integrating Sphere

The major part of the research comprises upgrading the existing apparatus

which was designed and built at the Solar Thermal Research Laboratory of the
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Figure 3.5: Integrating Sphere with Monochromator

University of Waterloo (Milburn 1994). This apparatus is a single beam instrument

that illuminates a broad area on the sample surface and is generally used to measure

solar transmittance and absorptance of thick, scattering samples.

3.3.1 Test Procedure

The apparatus was used to measure transmittance of shading devices. For trans-

mittance measurement the sample is mounted in front of the inlet port outside the

sphere wall, which is also known as a wall-mounted arrangement. In the alterna-

tive, known as the Edwards arrangement, the sample is placed inside the sphere for

absorption and reflectance measurement.
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Spectral Dependency

The sample reading, IS(λ), is taken by the detector when the transmitted radiant

flux passes through the sample. The reference signal, IR(λ), corresponds to the total

incident radiant flux which is recorded after removing the test sample. The ratio

of these readings is a measure of the transmittance. It is to be noted here that the

optical properties are spectral quantities so the above pair of readings are taken at

specific wavelengths. More specifically, spectral transmittance τ(λ) indicates “that

the property was evaluated at wavelength λ within a small wavelength interval ∆λ

about λ (NFRC 300 2001), such that

τ(λ) =
IS(λ)

IR(λ)
× 100% (3.7)

From the spectral values, the solar transmittance was computed by using a 50-point

selected ordinate method (ASTM E 903-96).

τSolar =
1

50

50X
i=1

τ(λi) (3.8)

The 50 values of λi are specified such that the solar spectral irradiance is divided

into 50 equal-energy wavelength intervals.

Angular Dependency

The optical properties of louvered blinds are dependent on blind geometry as

well as the incidence angle, θ, or profile angle, Ω, of the incident beam radiation.

To define profile angle we have to define the incidence angle, solar altitude angle

and wall-solar azimuth angle. The incidence angle subtends the incident ray and

the normal to the surface of interest. Now this incident ray can be resolved on

either the horizontal plane or the perpendicular plane to the window plane The

window plane is the plane of interest.

The projection of the incident ray on the horizontal plane subtends angle γ with

the normal to the surface which is also know as the wall-solar azimuth angle. On
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the other hand, the projection of the incident ray on a vertical normal plane (this

normal plane is perpendicular to the plane of interest) subtends angle Ω with the

normal to the surface of interest, which is known as the profile angle as shown in

Figure 3.6. Profile angle can also be defined as a function of solar altitude, β, and

wall-solar azimuth angle, γ, as follows:

Ω = tan−1
µ
tanβ

tan γ

¶

Figure 3.6: Profile Angle Ω, Wall-Solar Azimuth Angle γ and Solar Altitude β for
Solar Radiation (Yahoda 2005)

Profile angle and wall-solar azimuth angle determine the length of shadow cast

by barriers in front of window glazing. For horizontal louvers, profile angle is

important, whilst, for vertical louvers, the wall-solar azimuth angle is important to

calculate the length of the respective shadows. This research focusses on horizontal

louvered blind, so the optical properties were measured as a function of Ω with

the wall-azimuth angle held at zero. In this case the profile angle coincides with

solar altitude and incidence angles. The profile angle was adjusted by swivelling
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the working-table around the vertical axis. The working table contains the sample

blind with the slats placed vertically in front of the integrating sphere. Figure 3.7

describes the sign conventions for Ω and φ.

Figure 3.7: Sign Convention for Profile and Slat Angle (Yahoda 2005)

3.3.2 Equipment Description

The apparatus has four main sub-systems: the radiant source; the sample

mount; the detector system; and the control system. A 50-cm diameter integrating

sphere and a monochromator are the most critical components.

Radiation from lamp travels through a kaleidoscope, fresnel lens, integrating

sphere and monochromator. Radiation leaving the monochromator is detected by a

photo-detector. The photo-detector produces a proportional electrical signal which

is compared and filtered through the optical chopper and lock-in-amplifier and then

a useful signal is recorded by a data acquisition system and Labview and stored in

a computer data file. The optical path and the electrical signal flow are shown in

Figure 3.8

The research involved replacement of many components which are shown in

the highlighted areas in Figure 3.9. The replaced components include: (1) Optical

chopper control unit (2) Lock-in amplifier (3) Photo-detector (4) Noise free power
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Figure 3.9: Schematic Layout of the BAI-IS
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supply for photo-detector (5) Keithley DAQ card 7706 (6) Keithley multimeter

2700 (7) Labview 7.1 interface software and (8) Three stepper motor drives

The locally fabricated components are: (i) Chopper disc (ii) Kaleidoscope (iii)

Power supply cabinet for stepper motor drivers (iv) Power supply cabinet for lamp

feedback mechanism (v) Lamp holder and (vi) Optical switch for chopper disc.

The photographs of individual components are displayed in Appendix H and

their brief descriptions are given in the following sections:

The Radiant Source

The integrating sphere uses artificial light to simulate natural sunlight. With

artificial light one can get repeatable readings due to the stable intensity of the

light source. Moreover, the artificial light can be used in a laboratory facility where

the variable weather conditions cannot affect the experimental results.

The radiant source produces quasi-collimated irradiation of nearly uniform in-

tensity over a broad area at the inlet port of the integrating sphere. The intensity

level of the incoming radiation is strong enough that a useful signal can be retrieved.

To simulate the sun, a 1000Watt Quartz-Tungsten Halogen FEL Lamp (Ushio Inc.

or GE) was used as the radiant source. Its output flux was stabilized by a photo

feedback system which controls lamp voltage based on the output of a silicon pho-

tovoltaic detector. Radiation from the lamp was directed by a rhodium coated

ellipsoidal reflective concentrator (Melles Griot). The concentrated radiation was

then focussed on a kaleidoscope section which is simply a square tube with smooth,

specularly reflecting mirrored-walls. This section is important to ensure spatial

uniformity of the incident radiation. The kaleidoscope output aperture is 3.5 cm x

3.5 cm and the maximum area of illumination at the sample plane is approximately

40cm x 40cm. A Fresnel lens was placed 18 cm away from the kaleidoscope. The

fresnel lens is made of PTFE plastic, having high temperature resistance and very

low absorptance over the entire solar spectral range. To achieve good light collec-

tion efficiency it is desirable to have low f-number of the lens so the diameter of the

lens was chosen as 20 cm. The f-number of an optical system expresses the effec-

tiveness of the aperture in relation to the brightness of an image and is quantified
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as the ratio of the focal length to the aperture. Smaller the f-number the brighter

the image and therefore the shorter the exposure required (Merriam-Webster Inc.

2005). Since such a large lens is not conventional and feasible for a glass lens, a

plastic fresnel lens was used. In between the kaleidoscope and the fresnel lens a

rotating chopper blocks the incident radiation at the rate of 50 Hz. The chopper

is used to switch the light beam on and off repetitively which enables the related

instruments to differentiate between useful signal and ambient light.

The Sample Mount

For transmittance measurement the sample needs to be mounted outside the

sphere, but in front of and close to its inlet port. The sample mount moves the

sample in front of the inlet port of the sphere to measure the sample reading and

then moves the sample away from the inlet port to measure the reference signal.

The sample mount was traversed horizontally by a lead-screw and stepper motor

drive mechanism. This traversing mechanism can position the sample with an

accuracy of 1mm.

Moreover, the integrating sphere, monochromator, sample mount, and photo-

detector are mounted on a work table that can be swivelled about an axis that

passes through the centre line of the inlet port of the integrating sphere. In this

way the angle of incidence can be set to any value ranging from 0 deg to 60 deg

with an accuracy of 1 deg.

Integrating Sphere

The integrating sphere is a 50 cm diameter hollow sphere coated with barium-

sulphate, which provides a surface with very high diffuse reflectance (ρ ' 0.9) in the
UV and visible spectra (0.25 µm < λ < 1.4µm ) but lower reflectance at λ > 1.9

µm (ρ = 0.83) and still lower reflectance as the wavelength increases toward the

NIR range (ρ ' 0.77 at λ =2.5 µm). The spectral reflectivity of the coating is

shown in Figure 3.10. Moreover, aging, dust accumulation and natural surface

contamination or physical damage can also cause reduction in ρ. In section 3.2
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we have seen that ρ strongly influences the response of the integrating sphere. All

these effects combined with a weaker signal from the lamp result in a poor signal-

to-noise ratio for the photo-conductor to detect useful signals, which causes error

in measurements at longer wavelength. Fortunately, most of the energy associated

with solar radiation is found at shorter wavelength.
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Figure 3.10: Typical Reflectivity of Integrating Sphere Coating (Labsphere Inc.
2005)

A baffle is used in the integrating sphere to prevent the direct viewing of the

inlet port by the measurement port. Thus the detector receives only diffuse and

hemispherically-integrated light after the second reflection from the sphere wall.

The disadvantages of the baffle are additional signal loss due to its absorptance and

its non-ideal performance since the sphere can no longer be considered as a perfect

sphere. In order to minimize these effects, baffles should be as small as possible

and diffuse in nature, coated with the same reflective coating as that of the sphere

wall. It is also desirable to minimize the number of baffles in the integrating sphere

(Hanssen et al. 2003 ).
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Monochromator

The monochromator is an optical device that splits light into spectral compo-

nents as shown in Figure 1.12. From the exit slit of the monochromator, light

of a narrow spectral band strikes a photo-detector. In the BAI-IS the monochro-

mator is a mirror-collimated littrow-style, thirty-degree quartz prism, taken from

a Beckman DU spectrophotometer. Similar devices may use a quartz prism or a

diffraction grating as a dispersing medium in the monochromator. A grating is

less expensive and provides higher dispersion. The main disadvantage of a grating

is that it scatters light more than a prism which creates unwanted reflections and

introduces spectral impurity (Cary and Beckman 1941). Moreover, with a single

diffraction grating it is not possible to cover the entire solar spectrum without in-

corporating order-sorting filters (Milburn 1994). The prism can cover the total

solar spectrum and its angle can be changed with the help of mechanical linkages.

The monochromator can disperse light between wavelength 0.2 µm and 2.0 µm.

The stepper motor positions were calibrated to set the wavelength scale. The

wavelength is expressed as the function of prism angle and refractive index. The

relationship between the wavelength and the stepper motor position is described

by the spline curve fit is shown in Chapter 5. Exit slit width is controlled by

another stepper motor to achieve the appropriate resolution and signal strength.

The monochromator output is collected via a pair of plano-convex lens to focus the

radiation on the active area of the detector.

The slit width affects the amount of light as well as the range of wavelengths

or resolution detected by the photo-sensor. A wider slit opening enables more light

to pass and results in a stronger signal. Resolution is an indicator to quantify the

spectral purity of radiation that leaves the monochromator. Resolution is the ability

of the monochromator to distinguish between two closely spaced wavelengths. As

slit width increases, the resolution and the purity of optical measurement decreases

which is shown in Figure 3.11. In Figure 3.11, the slitless condition represents a

very wide slit opening.
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Figure 3.11: Resolution vs Slit Width ( AstroSurf 2001)
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Dispersion: When light strikes a prism it spreads light into its component wave-

lengths due to change in index of refraction at the prism surface. This optical

phenomenon is known as dispersion. The emerging light from the monochromator

does not comprise a single wavelength but represents the component wavelengths

of the incident beam. The linear dispersion, dλ, defines the width of the band

of wavelength per unit of slit width. It describes, spatially “how far apart two

wavelengths are.” The linear dispersion, dλ is also known as the “half-intensity

band-width” and carries units of
¡

µm
mm of slit width

¢
. Figure 3.12 shows dλ can be tab-

ulated for specific wavelengths (Beckman Instruments 1950). The “half-intensity

band width” refers to the span of wavelength leaving the monochromator which

contributes at least half as much energy as does the wavelength with the greatest

energy. A smaller value of this bandwidth corresponds to narrow peaks and good

energy resolution. This factor is constant for a grating but varies with wavelength

for a prism (Jacobs and Kreis 1964). This is why, in general, the slit width needs

to be adjusted at different wavelengths.

Resolution: It is very important to evaluate the limiting bandwidth of the monochro-

mator at different nominal wavelengths. This limiting bandwidth is known as

the spectral resolution, ∆λmin. This can be evaluated from dλ. The Beckman DU

monochromator has a limiting slit width of 0.1 mm below which if the slit is further

narrowed, the spherical aberration and low energy of incident radiation will pre-

clude signal measurement. By definition, at a certain nominal wavelength, if the

half intensity band-width is multiplied by the limiting slit-width, it will provide the

limiting bandwidth or the resolution (∆λmin), specification of the monochromator

(Pini 2003). Therefore,

∆λmin = dλ ×Wslit−minimum

It is obvious that in general τ(λ) will depend on slit width, because the detec-

tor would respond to the group of wavelengths, ∆λ, transmitted through the slit

opening. However, for a material that is not spectrally selective τ(λ) will not be

a function of the slit width. In that case, to have a strong signal output, it is

recommended to use the widest slit possible for all wavelengths.
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Figure 3.12: dλ versus λ for the Beckman DU Spectrophotometer (Beckman Instru-
ments 1950)
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At the fixed slit width of 2 mm, the spectral resolution at λ =400 nm can be

calculated as follows:

dλ=0.010
µm
mm

[From dispersion chart of DU spectrophotometer]

∆λmin = 0.010
£
µm
mm

¤
x 2 [mm] = 0.2 µm

Detector System

The radiation detector system comprises photo-detector, optical chopper and

lock-in amplifier.

Photo-Detector: The desirable attributes of photo detectors are: fast and linear

response; high signal-to-noise ratio; and low noise-equivalent-power. The model

UVS/PBS-025/020-H (from Electro-Optical Systems Inc., USA) is a combination

of photo-detector/receiver which has both a photo-diode and a photo-conductor

sandwiched together. The Silicon (Si) photo-diode responds to the UV and VIS

wavelength range (0.2 µm to 1.0 µm) and the Lead Sulphide (PbS) photo-conductor

to the NIR wavelength range (1.0 µm to 2.6 µm). This module operates at 15 Volt-

DC power supply consuming approximately 50 mA. The output signal from the

detectors is delivered by two BNC terminated shielded signal cables. Each output

is connected to an input location of the lock-in-amplifier.

The Si photo-diode is a P-N junction-semiconductor which is commonly used

in radiometry, photometry and calorimetry. It has two junctions of dissimilar ma-

terials, which generates positive and negative charge carriers if incident radiation

strikes the junctions. This causes photocurrent to flow through the external circuit

that is proportional to the amount of light falling on the photodiode (Budde 1983).

The photoconductors are semiconductors made of nonmetallic solids whose con-

ductivity increases when exposed to electromagnetic radiation. They have certain

amounts of conduction electrons available at room temperature. With incident irra-

diation the energy of the absorbed photons releases additional charge carriers within

the material by moving electrons from tightly bound valence state to conduction

state, which lowers its resistance and increases conduction (Budde 1983).
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Optical Chopper: The rotating-disc optical chopper (Model: Scitec 300CD) is

used to convert the detector output signal into an AC signal. It consists of chopper

control unit, chopping head, reference opto-pick-up unit and chopper disc. The

chopper blade is a 13-inch diameter disc made of a thin metal sheet with 4 slots.

The chopping frequency is set manually. The output from the reference pick-up is

a pulsed voltage at chopping frequency which is used as a reference input by the

lock-in-amplifier.

Lock-in-Amplifier (Scitec: Model 410): This amplifier processes signals which

are buried in a relatively high level of noise and interference. The experiment was

carried out in a room where ambient light is present. The lock-in-amplifier is used

to remove the electronic noise and the interference of ambient light. This instru-

ment along with the optical chopper separates the useful signal in response to the

light emitted by the radiant source only.

The chopper blade has alternate open and blind plates which rotate in front of

the kaleidoscope. Whenever the blind plate closes the opening only the ambient

light enters the sphere as shown in Figure 3.13. Both the ambient light and the

collimated light from the radiant source enter the sphere when the blade clears the

kaleidoscope opening as shown in Figure 3.14. The Lock-in-amplifier measures the

difference between these two signals to provide the useful reading (Figure 3.15).

The lock-in-amplifier is also equipped with low pass filters to filter out electronic

noise.

The key component of a lock-in-amplifier is the phase sensitive detector (PSD),

supported by pre-amplifiers, post-detection amplifiers and a complete reference

processing section. The basic concept is to retrieve a weak signal of known frequency

from many strong noisy signals of different frequencies.

The PSD or demodulator multiplies the pre-amplified input signal and the refer-

ence signal, which either add or subtract the frequencies. If the input signal and the

reference signal are of the same frequency then the difference in frequency becomes

zero and a DC output signal is generated and this output signal is proportional to

the amplitude of the input signal and the cosine of the phase difference between

the signals. The noise signals will still be present at the output of the demodulator
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Chopper blade blocks light

Kaleidoscope

Ambient light 

Integrating Sphere

Radiant Source

Figure 3.13: Chopper in Blocked Position

Chopper blade in open state

Kaleidoscope

Integrating Sphere

Radiant Source

Ambient light is getting into the sphere

light from radiant source is getting into the sphere

Figure 3.14: Chopper in Open Position
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Figure 3.15: Basic Function of Lock-in-Amplifier

and may have amplitudes 1000 times larger than the DC offset but of different

frequencies.

Low Pass Filter: As the various noise components on the input signal are at

different frequencies to the reference signal their resultant frequency will be non-zero

and will not contribute to the DC level of the output signal. This DC level (which

is proportional to the input signal) can now be recovered by passing it from the

demodulator through a low pass filter. The time-constant on the lock-in-amplifier

sets the cut-off frequency for the low-pass filter (Boston Electronics Corporation

2006).

The Control System

The apparatus uses Labview 7.1, a graphical program, and a desktop personal

computer as its primary control units. The two sets of output from the lock-in-

amplifier for both sample and reference readings are recorded and stored using a

data acquisition system. The Labview software is used as an interface to store the

results in data files which are later used to calculate the corresponding spectral

transmittance. Labview programmes are also used to control the stepper motors.

These stepper motors are used to adjust prism angle for wavelength setting, to set

exit slit width and to operate the sample traversing mechanism. Currently, the
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detector amplifier gain is controlled manually. The lock-in-amplifier is also tuned

manually to attain sufficient input signal gain and the appropriate phase shift and

time-constant for retrieving useful signals.

3.3.3 Solar Optical Properties

Spectral readings are preferred for any sample to determine whether optical

properties vary with wavelength. If the surface of interest is not spectrally selective

then it is not necessary to take spectral readings. For design purposes, the weighted

average value of a measured property are calculated. In order to cover the total rel-

evant spectrum, spectral measurements were recorded at suitable wavelengths and

then the spectrally averaged quantity was calculated. For example, for calculating

solar heat gain, transmittance of a material can be averaged over the solar spec-

trum ranging from 0.3 µm to 3 µm. For daylighting calculations, the photometric

range (0.38 µm to 0.76 µm) of the solar spectrum is considered (ASTM E 972-96 —

Re-approved 2002).

The experiments were conducted with artificial light that only approximates

the wavelength distribution of solar radiation. Since τ(λ) or ρ(λ) is not a function

of source spectrum the same optical property of a material can be measured with

different apparatus having different radiant sources. Therefore, the most important

benefit of taking spectral readings is to ensure that the spectrally-averaged optical

properties are independent of the quality of the radiant sources.

Each optical property changes with the direction of incident radiation. A

directional-directional property specifies a quantity for single incidence angle having

only a single direction of transmitted or reflected radiation. But in reality radia-

tion incident on a shading layer at a certain angle transmits or reflects in numerous

directions. However, directional-directional quantities require numerous measure-

ments over the hemispheres of all reflected or transmitted directions. The scope

of this research was limited to the measurement of the directional-hemispherical

quantity.
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3.4 Cary-5000 Spectrophotometer

Figure 3.16: UV-VIS-NIR Spectrophotometer Cary 5000 (Varian Inc. 2004)

The Cary 5000 is a dual-beam spectrophotometer with a small integrating sphere

(sphere diameter =110 mm). The Cary 5000 is a commercially available apparatus

used to measure optical properties of thin, planar, and spatially uniform samples.

In this study the Cary 5000 apparatus was used to measure the component

properties (e.g. the sheer fabric and blind slat of the sheer blind). The compo-

nent properties are required to calculate the “effective” properties of the shading

device assembly by using analytical models. The BAI-IS was used to measure the

“effective” optical properties of the shading device assembly.

The Cary 5000 can measure spectral total and diffuse reflectance (ρt,λ and ρd,λ)

and spectral total and diffuse transmittance (τ t,λ and τd,λ). On the other hand,

the BAI-IS is used to measure total spectral transmittance (τ t,λ) of a thick, non-

uniform, scattering sample assembly (i.e., sheer blind assembly).

The Cary 5000 was used to measure the spectral properties of a holmium oxide

reference sample, blind slat and sheer fabric material. It is capable of covering a
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wavelength range from ultraviolet (0.2 µm) to the near infrared (2.5 µm) at normal

and off-normal incidence. The optical design of the Cary 5000 is shown in Figure

3.17 (Varian Inc., 2002). The Cary 5000 uses two photo detectors, a photomultiplier

Figure 3.17: Dual Beam Design of Cary 5000 Spectrophotometer (Varian Inc.,
2002)

tube (PMT) and photoconductive sensor (PbS). The PMT shows a liner response

over a wavelength range of 0.2 µm to 0.8 µm and the PbS sensor shows a linear

response over wavelength range of 0.8 µm to 3.2 µm. These detectors are alter-

nately illuminated by sample and reference beams and are switched automatically

according to the correct wavelength response.

The ANSI/ASHRAE 74-1988 standard suggests that measuring spectral trans-

mittance or reflectance by using integrating sphere requires taking account for mea-

surement correction for 100% and zero line errors. Cary 5000 uses 0% and 100%

baseline calibration procedures which ensure equipment accuracy of ±0.1 %. It is
noted in the standard that, “the non-ideal 100% line occurs due to variations in

signal from the two normal beams which are wavelength dependent. Similarly, the

beam cross talk, light scattering or leaks and detector noise lead to a non-ideal zero

line”. The spectral optical property can be calculated as:
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ρλ or τλ =
Mλ − Zλ

100λ − Zλ

where,

ρλ or τλ= Measured spectral reflectance or transmittance.

Mλ = signal recorded with the sample over the inlet port.

100λ = 100 % baseline reading.

Zλ = Zero baseline reading.

The detailed operating procedure for both transmittance and reflectance mea-

surement is available in the operation manual from Varian Inc., 2002.

3.5 Calibration of the BAI-IS

Calibration of the BAI-IS involves checking the performance accuracy of the

individual components. The radiation intensity and stability of the radiant source

are important to obtain stable signal and sufficient signal-to-noise ratio. The accu-

racy of the wavelength scale and the adjustment of correct slit width for a specific

wavelength provide the optimum performance of the monochromator.

At first the lamp needs to be placed at the focal point of the ellipsoidal concen-

trator. The lamp holder needs to be aligned properly in the lateral and longitudinal

directions so that the maximum flux is obtained at the inlet port of the integrating

sphere.

The mechanical alignment of optical path between radiant source, kaleidoscope

and sphere inlet port is critical to get proper directional response at different profile

angles. The optical path was aligned by using a laser diode and a specular reflecting

mirror following the detailed procedure described by Jiang (2005).

The lock-in-amplifier is also calibrated with a standard signal generator to con-

firm its proper functionality as described in Appendix A.

Another important alignment is to focus the output radiation from the exit slit

of the monochromator on the photo-detector active area. This is done with the
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help of a pair of plano-convex lens which are placed between monochromator and

the photodetector as shown in Figure 3.18. The first lens focuses the out-going

radiation such that the image will look like a thin vertical line. The second lens

focuses this line onto a small squared area which is incident on the active area of the

photo detector. A small piece of white paper is temporarily placed on the detector

active area and the centre of its sensing element is drawn on the paper with a pencil.

With the light from the lamp the detector is placed in front of the monochromator

in such a way that the beam of light through the sphere, monochromator and two

pair lenses is focussed on the mark drawn on the paper.
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Figure 3.18: Lens Configuration at the Exit Slit of Monochromator

3.5.1 Radiant Source Calibration

The temporal and spatial stability of incoming radiation are critical for precision

and accuracy (Platzer 1992). Temporal drift was measured by recording the photo

detector reading over an hour at a certain wavelength (say, at λ = 0.8 µm).

For verifying spatial uniformity of the radiant source, a calibrated pyranometer

(Eppley Black and White Pyranometer, Model: 8-48) was used to measure the

radiant flux at the sample mount plane. The readings were taken at several points

in the X-Y direction (keeping the origin at the center of the inlet port of the

sphere). Two sets of such readings were taken - with and without the kaleidoscope

to prove the effectiveness of the kaleidoscope. The kaleidoscope improves the spatial
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uniformity of incident flux to within 10% variation over most of the illumination

area (Milburn 1994).

The radiant flux level at the sample-mount was measured by using the same

pyranometer. To achieve spatial and directional uniformity of irradiance the sample

mount was positioned approximately 4 m away from the lamp. At 115V DC input

to the lamp the average irradiance is approximately 95 W/m2 at 50% duty cycle

of the rotating chopper wheel. This level of radiant flux is available at the plane of

inlet port over an area of 50cm x 50cm, which is sufficient to achieve satisfactory

detector signal-to-noise ratio.

The radiant flux distribution of the 1000 Watt FEL lamp is presented in Figure

3.19. Note that the radiant source does not have high energy content for longer

wavelengths, especially at λ > 1.8 µm and only 20% of the total energy from this

radiant source is found at 1.1 < λ < 2.2 µm (LOT-Oriel Group 2007). Ideally, the

radiant source should include all of the solar wavelengths but need not reproduce

any specific solar spectrum because properties are being measured at many wave-

lengths and can be recombined according to any desired solar spectrum or spectral

analysis. The comparison of solar spectrum and 1000 Watt FEL lamp spectrum is

shown in Figure 3.20.

3.5.2 Monochromator Calibration

The next step is to verify whether the correct wavelength is attained as the

stepper motor changes the corresponding angular position of the prism inside the

monochromator. This is verified by taking spectral readings of a holmium-oxide

calibration glass with the Cary-5000 and comparing them with the corresponding

BAI-IS readings. The holmium oxide was used as a reference material for wave-

length calibration because the material has well defined and documented absorp-

tions peaks. The glass sample is smooth, thin and homogeneous: length 51.3 mm

x width 50.7 mm x thickness 2.0 mm.

Spectral transmittance of the holmium oxide glass was measured by the BAI-IS

and by the Cary 5000 spectrophotometer over wavelengths 0.4 < λ < 2.0 µm at
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Figure 3.19: Quartz Tungsten Lamp (LOT-Oriel Group 2007)

Figure 3.20: Comparison of Solar Spectrum at AM 1.5 Vs Spectral Irradiance of
FEL Lamp (ASTM E 891 1982 and Schneider et al. 1998)
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normal incidence. The measured values are plotted in Figure 3.21. The measure-

ment data from the BAI-IS are excellent match with the results recorded by the

Cary 5000. The weighted average solar transmittance of the glass is found to be

τSolar = 0.854 from Cary 5000 and τSolar = 0.868 from the BAI-IS. The slit width

was set at 2 mm. It is noted that the spectral resolution (∆λmin) of Cary 5000 is

1×10−5 µm and that of BAI-IS is 0.2 µm (Varian Inc. 2005)

Figure 3.21: Spectral transmittance at normal incidence for Holmium Oxide glass
filter using Cary 5000 and BAI-IS apparatus.
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Chapter 4

Results and Discussions

4.1 Introduction

The experimental results are divided into two major parts:

(1) Results that compare solar transmittance of a venetian blind measured on

the BAI-IS and based on those calculated from a relevant venetian blind model,

(2) Solar transmittance of a sheer blind using the BAI-IS and comparing to

results obtained from multi-layer glazing/shading array model.

4.2 Sample Description

In this experiment, solar transmittance was measured for two types of louvered

shading devices: (a) a venetian blind and (b) a sheer blind. To formulate the

analytical model for these types of shading devices, the required inputs can be

divided into four major categories:

1. Geometric parameters;

2. Optical properties of slat material;

3. Angular specification of incoming and outgoing radiation; and

4. Calculation parameters and formulation of model.
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Geometric Parameters and Angular Specification of Radiation

The geometric parameters and angular specifications of incoming and outgoing

radiation are summarized in Section 1.3 and shown in Figure 1.4 and Table 1.1.

The quality of the louvered blind test sample is important. The slat spacing,

slat angle, slat width and slat thickness need to be uniform and accurate. The test

specimen was fabricated as carefully as possible.

The specimen holders were made of rigid rectangular frames. For a venetian

blind the frames were constructed from acrylic blocks and for the sheer blind the

frames were built from wood. The frame sizes were selected to ensure that, during

off-normal measurements, the frame did not cast a shadow on the inlet port of the

integrating sphere. The sample holders are shown in the Figures 4.1 and 4.2.

Figure 4.1: Sheer Blind Sample

For venetian blind sample the Aluminium slats were installed without any slat

deformation in accurately machined slots along the interior wall of the frame. The

slots have dimensions of 2.54 mm (depth) x 1.2 mm (width) x 15 mm (length).
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Figure 4.2: Venetian Blind Sample

For the sheer blind sample, the same fit was not possible because fabric slats and

sheer facings are flexible. That is why the slots were not machined but at a certain

slat angle the fabric slats were fixed on the wooden frame by using thumbtacks

at two ends. In this way the fabric slat is kept tight. Since the thumbtacks were

driven manually the slat spacing and slat angles were not as accurate as those in

the venetian blind samples.

Another important simplification needs to be discussed about the test sample

for the sheer blind. The sheer blind which is commercially available, has polyester

fabric slats with slat width and spacing ranging from 50 mm to 100 mm. Also the

fabric slats assume a wavy shape at different slat angles as shown in Figure 4.3.

At the same time the specimen thickness or depth must be limited to ensure

that a sufficient number of slats are illuminated by the radiant source and the

transmitted radiation is representative of the overall product. The BAI-IS was

successfully used to test a 15 mm slat width with the venetian blind and a 16.7

mm slat width was used for the fabric slat test sample. At this slat width it is
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Figure 4.3: Wavy Contour of Fabric Slat on a Sheer Blind

not possible to reproduce the wavy cross section of the fabric slat for the custom-

made sheer blind specimen. This is why, the fabric slats were modelled as flat slats.

Since fabric thickness is considerably higher with respect to slat spacing a thickness

correction was considered for the fabric slat model.

Optical Properties

The effective optical properties of the shading device assembly were measured

by using the BAI-IS.

The optical properties of individual components are the primary inputs to cal-

culate the effective optical properties of the shading / glazing assembly. These

component properties were obtained by using the Cary-5000.
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4.3 Measurement Using the BAI-IS

The measurement procedure for using the BAI-IS is discussed in Appendix J.

The BAI-IS measurement provides an effective optical property for one side of

a louvered blind assembly. The sample blind was mounted parallel to the inlet port

of the integrating sphere as shown in Figure 4.4.

Figure 4.4: Total Transmittance Measurement Using the BAI-IS

With this configuration the total transmittance, τ f,t(Ω), of the sample can be

measured (Youngberg 2000, Kotey 2005). The total transmittance is the sum of

beam and diffuse components passing through the sample.

τ f,t(Ω) = τ f,bb(Ω) + τ f,bd(Ω)
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4.4 Solar Optical Properties of Glazing and

Shading Layers

Solar optical properties of all the components of a window system are measured

to estimate solar gain through the window. To locate and quantify optical properties

for shading devices, analytical equations are formulated with certain simplifying

approximations for ease of modelling, computational ability and data availability.

It can be assumed that the incident radiation is unpolarized and only comprises

beam radiation. The solar optical properties have specular and diffuse components.

Shading layers are treated as two-dimensional layers parallel to the glazing layer(s)

that have close thermo-optical contact with each other.

Incident Beam Radiation

The incident beam radiation on a plane, specular glazing layer leaves the layer

as specularly reflected or transmitted radiation. This is why only three solar optical

properties are required to describe a glazing layer:

(1) beam-to-beam reflectance from the front surface, ρf,bb

(2) beam-to-beam reflectance from the back surface, ρb,bb and

(3) beam-to-beam transmittance. τ bb.

It is known that beam-beam transmittance for front and back side of the glaz-

ing layer must be equal (Wright 1998). These three optical properties vary with

wavelength, incidence angle and polarization.

In contrast, the incident beam that strikes any of the shading layers, has two

parts when it leaves the layer:

(a) specularly transmitted and reflected portion and

(b) diffusely transmitted and reflected portion

As a result four additional beam-to-diffuse optical properties are necessary to

characterize the shading device layer. Another exception for the shading layer is

that, for beam-to-beam transmittance from the front and back side of the layer do
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not necessarily have same value (τ f,bb 6= τ b,bb) (Wright and Kotey 2006). Therefore,

a shading layer is characterized by the following eight properties in response to

incident beam radiation as shown in Figure 4.6:

(1) beam-to-beam reflectance from the front surface, ρf,bb

(2) beam-to-beam reflectance from the back surface, ρb,bb

(3) beam-to-beam transmittance from the front surface, τ f,bb

(4) beam-to-beam transmittance from the back surface, τ b,bb

(5) beam-to-diffuse reflectance from the front surface, ρf,bd

(6) beam-to-diffuse reflectance from the back surface, ρb,bd

(7) beam-to-diffuse transmittance from the front surface, τ f,bd

(8) beam-to-diffuse transmittance from the back surface, τ b,bd

Incident Diffuse Radiation

For diffuse incident radiation on both the glazing and shading layers, the relevant

optical properties are diffuse-diffuse reflected radiation on front and back side of

the layer (ρf,dd and ρb,dd) and diffuse-diffuse transmitted radiation (τdd). Diffuse-

diffuse transmittance for front and back side of the layers must be equal. The

relevant optical properties of glazing and shading layers are shown graphically in

Figure 4.5 and 4.6 respectively.

In summary, a glazing layer is characterized by only six properties but a shading

layer needs eleven solar optical properties.

Venetian Blind Model

In the venetian blind model (Kotey et al. 2007) each slat is divided into two

sections with respect to beam radiation: illuminated and shaded portions. The

fluxes of diffuse radiation are accounted for by using a net radiation technique

to derive the beam-diffuse optical properties. In addition a correction is applied

to account for slat thickness. Knowing the geometric parameters and the slat

properties the effective optical properties of the blind layer can be calculated.
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Figure 4.5: Optical Properties of a Glazing Layer
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Figure 4.6: Optical Properties of a Shading Layer
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4.5 Comparison of Experimental Results

with Analytical Models

Experiments were conducted using the BAI-IS for venetian blinds, a shading

device similar to a venetian blind but with fabric slats and a sheer blind. In all

three cases the experimental results were compared with results calculated from

available analytical models. The BAI-IS measurements are listed in Appendix C,

Appendix D and Appendix E.

4.5.1 Venetian Blind

Previously, the solar transmittance of venetian blinds was measured using the

BAI-IS (Jiang 2005) to compare the results with corresponding model (Wright and

Yohoda 2005). To verify the operability of the refurbished BAI-IS apparatus, a

venetian blind with white aluminium slats was tested. These results were compared

with the results obtained from a model for venetian blind with curvature correction

(Wright and Kotey 2007). The geometric parameters were :

Slat thickness, T=0.33 mm,

Slat width, w =14.85 mm,

Slat separation, s=12.375 mm.

w
r
= 2.2

Slat reflectance, ρ = 0.683

The slats were opaque. It was also assumed that the solar optical properties do

not vary with incidence angle. The slat angle was set at φ =300, 450 and 600. The

data were collected at normal incidence: θ = Ω = 00.

For the model, the input parameters are the slat curvature, slat spacing, slat

width and slat reflectance. The spectral reflectance of slat material is measured

with Cary 5000 spectrophotometer for normal incidence. From the spectral quan-

tities, the weighted average reflectance is calculated using the 50-points ordinate

method over wavelength range between 0.4 µm to 2.0 µm. For a venetian blind,
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the solar transmittance measured by using the BAI-IS agreed well with previous

measurements and with the calculated results which are listed in Table 4.1.

Table 4.1: Comparison of Solar Transmittance of a Venetian Blind

Slat Angle τBAI−IS τPrevious Measurement τModel
30o 0.516 0.533 0.513
45o 0.293 0.295 0.282
60o 0.098 0.114 0.114

4.5.2 Fabric Blind (Without Sheer Layer Facings)

Next the aluminium slats were replaced with fabric slats and the experimen-

tal results were compared with the equivalent shading device model with thickness

correction (FramePlus 2007). In this case it was assumed that the fabric slats were

homogeneous, perfectly flat and transmit and/or reflect incident radiation diffusely

because the slat fabric has a very tight weave. Since the optical properties of fabric

material vary with incidence angle the direct-normal and off-normal solar optical

properties of the slat fabric were measured using the Cary-5000 spectrophotome-

ter. Kotey et al. (2008) had developed the off-normal measurement procedure

by adopting cylindrical collars to hold fabric samples at 00, 150, 300, 450 and 600

incidence angles as shown in Figure 4.7.

Figure 4.7: Cylindrical Aluminium Collar for Directional Measurement of Optical
Properties by Cary 5000
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It was observed that the slat fabric creates no specular reflection and allows no

direct beam transmission at any angle of incidence.

ρSlatf,bb = 0

ρSlatb,bb = 0

τSlatb,bb = 0

Moreover, the fabric was symmetrical so,

ρSlatf,bd = ρSlatb,bd = ρSlatf,t = ρSlatb,t

ρSlatf,dd = ρSlatb,dd

τSlatf,t = τSlatb,t = τSlatt = τSlatf,bd = τSlatb,bd

Optical Properties of Slat Fabric Using the Cary 5000

For fabric slats the incidence angle is dependent on profile angle and slat angle,

assuming wall-azimuth angle is zero as shown in Figure 4.8. The slat properties were

Figure 4.8: Relationship between Slat Angle, Profile Angle and Incidence Angle for
Slat Fabric
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measured using the Cary 5000 as listed in Table 4.2, which also includes curvefits

shown in Figures 4.9 and 4.10.

In addition it was assumed that at θ = 900

ρ(90) = 0.5[1 + ρ(0)]

τ(90) = 0.5τ(0)

Table 4.2: Optical Properties of Slat Fabric.

θ [Deg] ρSlatf,bd (θ) = ρSlatb,bd (θ) τSlatf,bd (θ) = τSlatb,bd (θ)

0 0.644 0.328

15 0.659 0.333

30 0.666 0.323

45 0.674 0.301

60 0.695 0.266

75 0.741 0.220

90 0.822 0.164

Figure 4.9: Beam-Diffuse Reflectance of a Slat Fabric
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Figure 4.10: Beam-Diffuse Transmittance of a Slat Fabric

Effective Transmittance of Fabric Blind

(Without Sheer Facings)

To calculate the effective optical properties of the shading device, the inputs

are total slat reflectance of front side of the slat (ρf,t), total slat reflectance of back

side of the slat (ρb,t), total slat transmittance(τ t), profile angle (Ω ), incidence angle

(φ), slat width (w), w/s ratio and slat thickness (T ).

The slat width was set at w=16.68 mm and the thickness of the fabric was

T=0.45 mm. The thickness of fabric slat was not negligible with respect to the slat

separation, but curvature was neglected.

The output values are the eight effective beam optical properties for the entire

blind layer, which include four beam-to-beam and four beam-to-diffuse properties.

Among these effective beam properties, at any slat angle, the sum of beam-to-beam

transmittance from front side of slat and the beam-to-diffuse transmittance from

front side of slat is the total effective transmittance of the blind layer.

τ f,t(φ) = τ f,bb(φ) + τ f,bd(φ)

This effective transmittance value obtained analytically for the blind layer at a

certain slat angle was compared with the total transmittance value measured using
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the BAI-IS. This experiment is carried out at slat angles and incidence angles listed

in Table 4.3.

Table 4.3: Geometric parameter of fabric blind

Slat angle Profile angle Thickness Slat width
Slat separation

φ[Deg] Ω[Deg] T [mm]
£
w
s

¤
60 0 0.45 1.43

45 +30, 0, -30 0.45 1.28

30 0 0.45 1.3

0 +30, 0 0.45 1.4

Results are shown in Table 4.4. The experimental result and prediction agree

well for the fabric blind. The largest discrepancy in solar transmittance was ob-

served (approximately 0.03) at φ = 300, Ω = 00.

Table 4.4: Solar Transmittance of a Fabric Blind Without Sheer Facings

Slat angle, φ[Deg] Profile angle, Ω[Deg] τBAI−IS τModel

60 0 0.34 0.34

45 0 0.47 0.45

30 0 0.61 0.58

0 0 0.97 0.96

0 30 0.54 0.53

45 30 0.33 0.35

45 -30 0.72 0.72

4.5.3 Sheer Blind:

Finally solar transmittance of the sheer blind was measured using the BAI-IS.

The experimental results from the BAI-IS were compared with the results obtained

from a multi-layer model for shading/glazing array (Wright and Kotey 2006).

The geometric parameters are same as those listed in Table 4.5.
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Table 4.5: Geometric Properties of a Sheer Blind.

Slat angle Slat separation Slat width
Slat separation

φ [Deg] s [mm] w
s

60 11.7 1.4

45 13.1 1.3

30 12.5 1.3

0 11.8 1.4

The slat width remained at w=16.68 mm and again slat fabric thickness was

T = 0.45 mm. For each slat angle the profile angles were set to Ω = 00, ±300,
±450, and ±600. For slat angle φ = 00 and φ = 450 the wavelength range was

set between 0.4 µm and 2.0 µm. It was observed that the sheer blind was not

spectrally selective hence for slat angle φ = 300 and φ = 600 the wavelength range

was reduced to 0.4 < λ < 1.0 µm. This saved time because measurement at λ >

1.0 µm is much more time consuming. At higher wavelengths (λ ≥ 1.0 µm), the
radiant flux of the lamp and the reflectance of integrating sphere coating are low

resulting in reduced S/N ratio of the photo-detector. To get more accurate results

the scan time and number of readings were increased.

To calculate the effective solar transmittance of a sheer blind using the multi-

layer shading/glazing array the effective properties of two sheer layers and the slat

layer were evaluated. For these analytical calculations off-normal optical properties

were measured for both the slat and sheer fabric by using the Cary 5000 (Kotey et

al. 2008).

It was observed that the slat fabric creates no specular reflection and allows no

direct beam transmission at any angle of incidence. Similarly, the sheer fabric does

not create specular reflection.

ρsheerf,bb = ρsheerb,bb = 0

Due to its open weave the sheer fabric allows beam and diffuse transmittance.
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Moreover, the fabric was symmetrical so:

ρsheerf,t = ρsheerb,t = ρsheerf,bd = ρsheerb,bd = ρsheerbd

τSheerf,t = τSheerb,t = τSheert = τSheerf,bd = τSheerb,bd

Effective Optical Properties of the Sheer Blind Layer

To calculate the effective optical properties of the shading device, the inputs

are total slat reflectance of front side of the slat (ρf,t), total slat reflectance of back

side of the slat (ρb,t), total slat transmittance(τ t), profile angle (Ω ), incidence angle

(φ), slat width (w), w/s ratio and slat thickness (T).

The outputs are the eight effective beam optical properties for the entire blind

layer, which include four beam-to-beam and four beam-to-diffuse properties. Simi-

larly, the outputs were three effective diffuse optical properties for the entire blind

layer including diffuse-diffuse transmittance and reflectance (Kotey and Wright

2007). The effective properties of the blind layer are listed in Tables 4.6, 4.7, 4.8

and 4.9.
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Table 4.6: Calculated Effective Solar Optical Properties of a Sheer Blind Layer

At φ = 00

Blind Incidence Angle, θ [Deg] on Slat

Layer 30 45 60 90 120 135 150

Optical Profile Angle, Ω [Deg] = θ on Sheer Blind

Properties 60 45 30 0 -30 -45 -60

ρf,bb 0 0 0 0 0 0 0

ρb,bb 0 0 0 0 0 0 0

τ f,bb 0 0 0.177 0.963 0.177 0 0

τ b,bb 0 0 0.177 0.963 0.177 0 0

ρf,bd 0.618 0.551 0.386 0.030 0.407 0.551 0.588

ρb,bd 0.618 0.551 0.386 0.030 0.407 0.551 0.588

τ f,bd 0.345 0.395 0.360 0 0.383 0.395 0.322

τ b,bd 0.345 0.395 0.360 0 0.383 0.395 0.322

ρf,dd 0.356 0.352 0.341 0.367 0.356 0.352 0.341

ρb,dd 0.356 0.352 0.341 0.367 0.356 0.352 0.341

τdd 0.602 0.597 0.584 0.602 0.602 0.597 0.584

90



Table 4.7: Calculated Effective Solar Opticl Properties of a Sheer Blind Layer

At φ = 300

Blind Incidence Angle, θ [Deg] on Slat

Layer 0 15 30 60 90 105 120

Optical Profile Angle, Ω [Deg] = θ on Sheer Blind

Properties 60 45 30 0 -30 -45 -60

ρf,bb 0 0 0 0 0 0 0

ρb,bb 0 0 0 0 0 0 0

τ f,bb 0 0 0 0.323 0.960 0.487 0

τ b,bb 0 0.487 0.960 0.323 0 0 0

ρf,bd 0.654 0.639 0.591 0.354 0.033 0.237 0.503

ρb,bd 0.490 0.2237 0.026 0.354 0.635 0.639 0.674

τ f,bd 0.288 0.332 0.370 0.261 0 0.247 0.445

τ b,bd 0.429 0.247 0 0.261 0.339 0.332 0.295

ρf,dd 0.372 0.386 0.384 0.373 0.409 0.386 0.384

ρb,dd 0.372 0.386 0.384 0.373 0.409 0.386 0.384

τdd 0.565 0.576 0.573 0.553 0.564 0.576 0.573

91



Table 4.8: Calculated Effective Solar Opticl Properties of a Sheer Blind Layer

At φ = 450

Blind Incidence Angle, θ [Deg] on Slat

Layer -15 0 15 45 75 90 105

Optical Profile Angle, Ω [Deg] = θonSheerBlind

Properties 60 45 30 0 -30 -45 -60

ρf,bb 0 0 0 0 0 0 0

ρb,bb 0 0 0 0 0 0 0

τ f,bb 0 0 0 0.097 0.597 0.954 0.319

τ b,bb 0.319 0.954 0.597 0.097 0 0 0

ρf,bd 0.702 0.654 0.634 0.506 0.231 0.038 0.303

ρb,bd 0.303 0.030 0.230 0.506 0.633 0.733 0.702

τ f,bd 0.278 0.312 0.349 0.359 0.125 0 0.347

τ b,bd 0.347 0 0.155 0.359 0.265 0.246 0.278

ρf,dd 0.431 0.421 0.431 0.428 0.424 0.466 0.431

ρb,dd 0.431 0.421 0.431 0.428 0.424 0.466 0.431

τdd 0.542 0.537 0.542 0.532 0.487 0.509 0.542
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Table 4.9: Calculated Effective Solar Optical Properties of a Sheer Blind Layer

At φ = 600

Blind Incidence Angle, θ [Deg] on Slat

Layer -30 -15 0 30 60 75 90

Optical Profile Angle, Ω [Deg] = θ on Sheer Blind

Properties 60 45 30 0 -30 -45 -60

ρf,bb 0 0 0 0 0 0 0

ρb,bb 0 0 0 0 0 0 0

τ f,bb 0 0 0 0 0.171 0.455 0.929

τ b,bb 0.929 0.455 0.171 0 0 0 0

ρf,bd 0.734 0.708 0.661 0.624 0.475 0.322 0.059

ρb,bd 0.047 0.316 0.461 0.624 0.684 0.726 0.826

τ f,bd 0.228 0.266 0.288 0.343 0.285 0.158 0

τ b,bd 0 0.202 0.313 0.343 0.247 0.175 0.15

ρf,dd 0.5 0.5 0.484 0.5 0.497 0.503 0.556

ρb,dd 0.5 0.5 0.484 0.5 0.497 0.503 0.556

τdd 0.464 0.468 0.458 0.464 0.43 0.397 0.419
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Figure 4.11: Beam-Diffuse Reflectance of a Sheer Fabric

Optical Properties of Sheer Fabric

The optical properties of the sheer fabric were measured the same way as de-

scribed in Section 4.5.2. For the sheer fabric (i.e., the facing material) θ = Ω

assuming wall-azimuth angle zero. The beam optical properties of sheer fabric are

listed in Table 4.10 and shown in Figures 4.11, 4.12 and 4.13.

Table 4.10: Optical Properties of Sheer Fabric

θ ρSheerf,bd (θ) = ρSheerb,bd (θ) τSheerf,bb (θ) = τSheerb,bb (θ) τSheerf,bd (θ) = τSheerb,bd (θ)

0 0.133 0.708 0.161

15 0.152 0.702 0.154

30 0.143 0.697 0.165

45 0.142 0.677 0.178

60 0.187 0.624 0.178

90 0.567 0.354 0.800

To derive the diffuse-to-diffuse reflectance and transmittance of the sheer fabric

it is necessary to integrate the directional property over a hemisphere. Let the total
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Figure 4.12: Beam-Beam Transmittance of a Sheer Fabric

Figure 4.13: Beam-Diffuse Transmittance of a Sheer Fabric
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transmittance or reflectance at certain incidence angle θ and surface azimuth angle

γ be τ t(θ, γ) and ρt(θ, γ).

Let us assume that along γ the optical properties remain constant and it varies

only with incidence angle θ, such that:

τ t(θ, γ) = τ t(θ)

ρt(θ, γ) = ρt(θ)

Integrating the total directional properties over the hemisphere as shown in Figure

Figure 4.14: Hemispherical Properties by Integration

4.14, the diffuse-diffuse properties of the sheer fabric can be obtained as follows:

τdd =

π
2R
0

τ t(θ) cos θdθ

π
2R
0

cos θdθ

(4.1)
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ρdd =

π
2R
0

ρt(θ) cos θdθ

π
2R
0

cos θdθ

(4.2)

Here

τSheert (θ) = τSheerbb (θ) + τSheerbd (θ)

ρSheert (θ) = ρSheerbd (θ)

From the measured optical properties of the sheer fabric the directional property

functions were developed as shown in Figures 4.15 and 4.16.

The transmittance function and reflectance function were integrated according

to Equations 4.1 and 4.2 to derive the diffuse-diffuse properties of the sheer layer.

The diffuse-diffuse properties of the sheer fabric are listed in Table 4.11.

Table 4.11: Diffuse-Diffuse Properties of a Sheer Blind

Wavelength Range, λ [µm] τSheerdd ρSheerf,dd = ρSheerb,dd

0.4 to 1.0 0.837 0.165

0.4 to 2.0 0.838 0.165

τSheert (θ) = −0.37θ3 + 0.53θ2 − 0.21θ + 0.87
ρSheert (θ) = 0.35θ3 − 0.48θ2 + 0.18θ + 0.13

The optical properties of the sheer fabric in the wavelength range λ = 0.4µm to

λ = 1.0µm are listed in Appendix G.

Multi-Layer Shading/Glazing Array

A sheer blind has one layer of sheer facing on the outdoor side (layer 3), a shading

layer with fabric slats (layer 2) in between the two sheer facings and another layer

of sheer facing on the indoor side (layer 1). All the layers are arranged as shown in

Figure 4.17 and 4.18.

97



Figure 4.15: Total Transmittance of a Sheer Fabric (0.4 to 2.0 micron)

Figure 4.16: Total Reflectance of a Sheer Fabric (0.4 to 2.0 micron)
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Ibeam = B−4 = 95

Idiff = D−4 = 0

The effective optical properties of the sheer and slat layers are shown in Table 4.12.

This Table is a representative example valid for φ = 00, Ω = 00.

Table 4.12: Calculation Parameters for Three Component Layers of a Sheer Blind

Properties Sheer Fabric-3 Blind Layer-2 Sheer Fabric-1

ρf,bb 0 0 0

ρb,bb 0 0 0

τ f,bb 0.708 0.963 0.708

τ b,bb 0.708 0.963 0.708

ρf,bd 0.133 0.030 0.133

ρb,bd 0.133 0.030 0.133

τ f,bd 0.161 0 0.161

τ b,bd 0.161 0 0.161

ρf,dd 0.165 0.367 0.165

ρb,dd 0.165 0.367 0.165

τdd 0.837 0.602 0.837

The 14x14 matrix was solved to account for the fluxes at different layers as

shown in Figure 4.18. For each slat angles the radiation fluxes are listed in Tables

4.13, 4.14, 4.15 and 4.16.
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Figure 4.17: Sheer Blind Multi-Layer Model
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Figure 4.18: Beam and Diffuse Flux Components in a Sheer Blind Layer Array
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Table 4.13: Radiation Flux in a Sheer Blind at 0 Deg. Slat Angle

Radiation Flux Profile angle, Ω [Deg]£
Watt
m2

¤
60 45 30 0 -30 -45 -60

B−1 0 0 8 46 8 0 0

B+1 0 0 0 0 0 0 0

D−1 32 35 35 23 37 35 30

D+1 0 0 0 0 0 0 0

B−2 0 0 12 65 12 0 0

B+2 0 0 0 0 0 0 0

D−2 38 42 39 15 42 42 36

D+2 6 7 8 11 8 7 6

B−3 59 64 67 67 67 64 59

B+3 0 0 0 0 0 0 0

D−3 25 24 21 17 22 24 25

D+3 49 48 38 15 40 48 47

B−4 95 95 95 95 95 95 95

B+4 0 0 0 0 0 0 0

D−4 0 0 0 0 0 0 0

D+4 58 55 45 26 47 55 56
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Table 4.14: Radiation Flux in a Sheer Blind at 30 Deg. Slat Angle

Radiation Flux Profile angle, Ω [Deg]£
Watt
m2

¤
60 45 30 0 -30 -45 -60

B−1 0 0 0 15 45 21 0

B+1 0 0 0 0 0 0 0

D−1 28 32 34 30 22 31 36

D+1 0 0 0 0 0 0 0

B−2 0 0 0 22 64 31 0

B+2 0 0 0 0 0 0 0

D−2 34 38 41 32 15 32 43

D+2 5 6 7 8 12 10 7

B−3 59 64 67 67 66 64 59

B+3 0 0 0 0 0 0 0

D−3 26 25 23 21 18 21 25

D+3 51 54 52 36 16 29 43

B−4 95 95 95 95 95 95 95

B+4 0 0 0 0 0 0 0

D−4 0 0 0 0 0 0 0

D+4 60 60 57 43 27 39 53
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Table 4.15: Radiation Flux in a Sheer Blind at 45 Deg. Slat Angle

Radiation Flux Profile angle, Ω [Deg]£
Watt
m2

¤
60 45 30 0 -30 -45 -60

B−1 0 0 0 5 28 41 12

B+1 0 0 0 0 0 0 0

D−1 28 30 33 34 25 23 34

D+1 0 0 0 0 0 0 0

B−2 0 0 0 7 40 61 19

B+2 0 0 0 0 0 0 0

D−2 33 36 39 39 22 15 37

D+2 5 6 6 7 9 12 9

B−3 59 64 67 67 67 64 59

B+3 0 0 0 0 0 0 0

D−3 26 25 24 23 20 19 23

D+3 56 56 56 48 28 17 33

B−4 95 95 95 95 95 95 95

B+4 0 0 0 0 0 0 0

D−4 0 0 0 0 0 0 0

D+4 64 62 61 53 37 29 45
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Table 4.16: Radiation Flux in a Sheer Blind at 60 Deg. Slat Angle

Radiation Flux Profile angle, Ω [Deg]£
Watt
m2

¤
60 45 30 0 -30 -45 -60

B−1 0 0 0 0 8 20 34

B+1 0 0 0 0 0 0 0

D−1 24 27 28 31 29 24 23

D+1 0 0 0 0 0 0 0

B−2 0 0 0 0 11 29 55

B+2 0 0 0 0 0 0 0

D−2 28 32 33 37 32 23 16

D+2 5 5 5 6 7 8 12

B−3 59 64 66 67 66 64 59

B+3 0 0 0 0 0 0 0

D−3 27 26 24 24 22 22 21

D+3 59 61 58 57 46 35 20

B−4 95 95 95 95 95 95 95

B+4 0 0 0 0 0 0 0

D−4 0 0 0 0 0 0 0

D+4 66 66 62 61 52 44 34
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From Figure 4.18 and 4.19 the solar transmittance of a sheer blind can be

evaluated as:

τ =
B−1 +D

−
1

B−4

Figure 4.19: Transmitted Radiation through a Sheer Blind

Effective Solar Transmittance of a Sheer Blind

The effective solar transmittance of a sheer blind is summarized in Table 4.17.

The effective solar transmittance of a sheer blind are graphically displayed in

Table 4.18. The experimental results from BAI-IS and the calculated result from

multi-layer shading/glazing array were compared for four different slat angles at
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different profile angles. The differences are reasonable and both sets of results are

in good agreement with each other. For most cases the differences in solar transmit-

tance were within 0.04. The maximum differences can be observed (approximately

0.1) on the left side of the bottom two figures where the incident ray was parallel

to, or nearly parallel, to the slats. The reason for this discrepancy is explained in

Sections 4.6 and 4.7.

This demonstration concludes that the relevant shading device models are valid,

experimental results are reliable and BAI-IS provides authentic estimation of optical

properties for calculating solar gain of different types of louvered shading devices.
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Table 4.17: Solar Transmittance of a Sheer Blind

Slat angle, φ[Deg] Profile angle, Ω[Deg] τBAI−IS τModel

0 60 0.33 0.34

0 45 0.37 0.37

0 30 0.52 0.45

0 0 0.73 0.72

0 -30 0.49 0.47

0 -45 0.36 0.37

0 -60 0.31 0.31

30 60 0.27 0.30

30 45 0.30 0.33

30 30 0.35 0.36

30 0 0.49 0.48

30 -30 0.69 0.71

30 -45 0.56 0.56

30 -60 0.34 0.38

45 60 0.26 0.29

45 45 0.30 0.32

45 30 0.32 0.35

45 0 0.42 0.41

45 -30 0.63 0.55

45 -45 0.73 0.68

45 -60 0.56 0.49

60 60 0.21 0.25

60 45 0.27 0.28

60 30 0.29 0.29

60 0 0.31 0.33

60 -30 0.47 0.39

60 -45 0.56 0.46

60 -60 0.63 0.60
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Table 4.18: Solar Transmittance of a Sheer Blind
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4.6 Observations and Discussions

4.6.1 Measuring Solar Transmittance of a

Venetian Blind and Sheer Blind

Slat properties are different for a venetian blind and a sheer blind. Venetian

blind has metallic slats which are slightly curved, very thin and opaque. In con-

trast the fabric slats are flat, thicker with respect to slat spacing and translucent

in nature. Both are spectrally non-selective. The slat properties of a venetian

blind were assumed to be independent of incidence angle. Since the solar trans-

mittance measured using the BAI-IS and that from the model calculations were in

good agreement for a venetian blind, the assumption of considering constant slat

properties was deemed to be reasonable. However, for fabric slat and sheer fabric

properties a detailed study was undertaken to measure the optical properties at dif-

ferent incidence angles. With these angle-dependent optical properties of the fabric

the relevant shading device models showed good match between BAI-IS result and

model output for the effective solar transmittance value.

It was also observed that at higher slat angles, deeper profile angles and espe-

cially with maximum transmission cases when φ + Ω ≈ 0, the difference between
experimental results and model are comparatively larger. For sheer blind this is

prominent because of non-uniformity of slat spacing, inaccuracy in sample posi-

tioning and error in setting the true slat tilt angle. Due to the difference in the area

of exposed surface to incoming radiation and view factor, the slat orientation at

deeper profile angle, higher slat angle and specially in case of negative profile angle

the transmittance value is more sensitive to accuracy in geometric parameters as

shown in Figure 4.20.

Another important factor is also relevant here. While measuring directional

properties with additional collars inside the integrating sphere the assumption of

having a perfectly spherical shape and Lambertian reflecting surfaces is violated.

So, for calculating model output the input optical properties from the Cary 5000

may not be free of additional uncertainties.

The effective solar transmittance was compared for a venetian blind, a fabric
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Figure 4.20: Sensitivity of Optical Properties on Slat Orientation

blind and a sheer blind for the same slat and profile angles which are listed in

Table 4.19. This comparison indicates that without the sheer fabric the blind with

fabric slat shows better transmittance than the sheer blind because the two shear

facings reflect and absorb some radiation.

Table 4.19: Solar transmittance of a Venetian Blind, a Fabric Blind Without Sheer
Facings and a Sheer Blind

Slat Angle Profile Angle Venetian Blind Fabric Blind Sheer Blind

φ, [Deg] Ω, [Deg] τ f,t τ f,t τ f,t

0 0 0.93 0.97 0.73

30 0 0.52 0.61 0.50

45 0 0.29 0.47 0.42

60 0 0.10 0.34 0.32

As soon as two sheer facings are added, the sheer blind exhibits lower trans-

mittance than the fabric blind but still shows higher transmittance than venetian

blind at higher slat angles (at φ =45 Deg. and φ =60 Deg). On the other hand,

for lower slat angles a sheer blind has lower transmittance than venetian blind (at
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φ =0 Deg and φ =30 Deg). At low slat angles a venetian blind and a sheer blind

both have almost the same opening for direct beam transmission. Due to the pres-

ence of sheer facings some beam transmissions are blocked and some are converted

into diffuse transmission. So the solar transmittance is lower in a sheer blind with

respect to a venetian blind. At high slat angles both the venetian blind and sheer

blind allow mostly diffuse transmission. A venetian blind has only slat surfaces to

offer diffuse transmission but a sheer blind has slats as well as the sheer facings to

offer diffuse transmission. Due to this higher view factor for a sheer blind the solar

transmittance is higher as compared to a venetian blind at higher slat angles.

However, it is to be noted that these comparisons must be done with louvered

blinds having similar geometry and the same optical properties of the components.

In the experiment the optical properties of venetian blind slat, sheer facing and

fabric slat are not equal and the geometric parameters (w/s, T, w) are also different.

Therefore the comparison of transmittance may not reflect accurate conclusions.

Since the sheer blind offers more solar transmittance than a venetian blind it is

better suited to daylighting than a venetian blind. The presence of sheer fabric and

fabric slat control the light in a diffused manner which makes it possible to provide

softer illumination.

The BAI-IS apparatus has its limitations for measurement. The major issues

are speed, getting higher chopper speed and ensuring an accurate light feedback

mechanism.

The measurements were not instantaneous. First, the BAI-IS uses a single beam

technique, so for each spectral transmittance measurement the sample needs to be

moved in front of the integrating sphere and away again. Due to the limitations

of the hardware the speed of the sample traversing mechanism was very time

consuming: 3 to 5 minutes per measurement. Second, whenever the wavelength

was adjusted, the photo-detector required about 30 seconds to reach a stable steady

state for recording the measured voltage. Third, multiple readings were taken to

minimize the measurement uncertainties.

The temporal stability of lamp radiation is essential for accurate transmittance

measurement. Increased lamp input voltage increases S/N ratio for the photo-
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detector. With the existing custommade circuitry for the lamp feedback mechanism

both stability and lamp voltage were less than ideal. Better stability and S/N

ratio would improve measurement accuracy and reduce total measurement time by

reducing scan time, wait-time and number of scans per measurement.

The optical chopper mechanism uses a locally fabricated 13-inch diameter chop-

per wheel attached to a commercial motor and control unit. This unit was designed

to rotate a 4-inch diameter chopper wheel up to 20 kHz. The current motor and

the control unit can not turn the 13-inch diameter disc faster than 70 Hz (i.e., 1050

rev/min). Higher chopper speed enables better noise filtration capability and signal

stability of the system which can improve measurement speed.

4.7 Dimensional Integrity of Sample

For true optical measurement, it is very important to have accurate dimensional

parameters of sample blind. In this section the effect of change in the geometric

parameters of the sample on the overall transmittance measurement are discussed.

4.7.1 Slat Spacing, s

The slat spacings were measured for each sample. The standard deviation of all

these measurement provides the extent of non-uniformity of slat spacing.

σslat−spacing = ±
vuut n

1

n− 1
X

i=1

(si − s)2

Where,

si= slat spacing of the i-th slat opening.

s= Average slat spacing of all openings

The standard deviation of slat spacings for different sheer blind samples are

listed in Table 4.20
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Table 4.20: Standard deviation of slat spacings

φ [Deg.] Slat spacing, s [mm] % Deviation

0 11.8 8

30 12.5 7

40 13.1 5

60 11.7 9

Table 4.21: Uncertainity due to Error in Slat Spacing

φ [Deg.] Slat spacing, s [mm] Ω [Deg.] Transmittance

60 11.7 60 0.218

60 10.5 60 0.207

60 11.7 -60 0.596

60 10.5 -60 0.591

After investigating the analytical model it was observed that at higher slat

and profile angles the impact of slat spacing variation is comparatively high. For

φ = 600 and Ω = 600 a 10% change in slat spacing changes the transmittance

by 0.01. However, the change in transmittance is not prominent in the case of

maximum transmission position i.e, when φ + Ω = 0 as listed in Table 4.21. The

change in transmittance is more sensitive to situations at higher slat angles and

deeper profile angles at minimum transmission cases (when φ + Ω > 0) but less

important for peak transmission cases when φ+ Ω = 0.

Keeping the slat width constant the increased slat spacing enables more light

energy to transmit directly or with fewer reflections through the louvered blind

surface. If the slat spacing exceeds the slat width it ensures no overlapping of

adjacent slats. In this situation there will be more additional direct transmission of

beam-beam radiation and hence increase transmittance through blind layer. Due to

inaccuracy in slat spacing for a sheer blind sample, at some instances the adjacent

slats do not overlap and this is not accounted for in the calculation. This is why

there may be error in transmittance measurement.
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Table 4.22: Uncertainity due to Error in Slat Angle

Slat angle [Deg.] Profile angle Transmittance

60 60 0.22

63 60 0.21

60 -60 0.60

63 -60 0.55

4.7.2 Slat Angle, φ

The slat angle was not set with precision. For this experiment the error in slat

angle setting was estimated to be approximately ±50. Let us consider a sheer blind
with φ = 600. It was observed that for Ω = 600, a 30 change in slat angle changed

solar transmittance by 0.10 and for Ω = −600, a 30 change in slat angle changed
solar transmittance by 0.05 as listed in Table 4.22.

4.7.3 Slat Thickness, T

Slat thickness also influences transmittance of the sheer blind. For φ = 600 and

Ω = 00 a change in 0.1 mm thickness of fabric slat changes the transmittance by

0.002 . At Ω = −600 when the peak transmission occurs the change in transmittance
is 0.01 for the same 0.1 mm thickness change. The thickness in slat fabric represents

blockage of incident radiation.

It was observed that the sensitivity of τ f,t with respect to T increases as Ω

decreases from 00 to -600. As the profile angle decreases the slat area occupies a

larger portion of the total area perpendicular to incident radiation. This means at

profile angle Ω=00 the sample port area that receives the incoming radiation takes

the shape of a circle. As the profile angle reduces the illuminated projected area

of the entrance port reduces to ellipse as shown in Figure 4.21. However, the area

blocked by the slats remains constant within this projected area exposed to sample

port. Therefore the ratio of unblocked area to the projected area decreases and the

errors in transmittance measurement increases.
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Profile = 0o Profile = -60o

Figure 4.21: Projected area of inlet port for different profile angles (Jiang 2005)

The non-uniform sample design may cause an additional change in transmit-

tance by 0.05 to 0.06 especially at higher slat and deeper profile angles. This is

the likely cause of larger discrepancies in results between model and experiments

at maximum transmission cases when the incident radiation is more closely aligned

with the slats.

4.8 Conclusion

As far as the refurbishment and experimental results were concerned, both were

done successfully. The experimental data had an excellent agreement with modelled

results for the sheer blind. The solar transmittance obtained from the BAI-IS

correlates well in terms of trend and magnitude with the analytical results obtained

from shading device model. Due to inaccuracies with the dimensional attributes of

the sample the following comments are offered:

A 10% change in slat spacing for sheer blind sample changes the transmittance

by ±0.01 for high slat angle (φ = 600) and at high profile angle (Ω = 600).

116



A 10% change in slat angle for sheer blind sample changes the transmittance by

a maximum ±0.05 for high slat angle (φ = 600) and at the maximum transmission
configuration when (φ+Ω ≈ 00).
A small change (δT =0.1mm) in slat thickness changes the transmittance by

±0.01 for high slat angle (φ = 600) and at maximum transmission configuration

when (φ+Ω ≈ 00).
Despite the limitations of the existing lamp feedback mechanism, the chopper

and slow sample traversing speed the transmittance measurement uncertainty was

low (δτSolar < 0.01) due to the strict control of the measurement process by adopt-

ing multiple measurements and allowing more scan time and wait-time for voltage

readings to reach steady state.
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Chapter 5

Uncertainty Analysis

The uncertainty in solar transmittance measurement was in general:

δτSolar
τSolar

< ±1.0%

The uncertainty in wavelength setting was estimated to be:

δλ = ±0.02 µm

Although δλ represents some uncertainty in λi, the wavelength(s) at which τ(λi)

were measured, it was assumed that δλ has little or no influence on δτSolar. This

is especially clear for the measurements of samples that are not spectrally selective

such as the sheer blind considered in this study.

The detailed calculations of uncertainty analysis are shown in Appendix I.
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Chapter 6

Conclusions and

Recommendations

6.1 Conclusions

The custom-made broad area illuminating spectrophotometer was successfully

re-furbished at the solar thermal research laboratory, University of Waterloo, by

replacing old, non-standard equipment and control devices. All components were

calibrated and tested. It is well established that this larger integrating sphere is

capable of measuring directional hemispherical spectral transmittance of different

louvered type shading devices using an artificial source. Spectral quantities can be

recorded for wavelengths from 0.4 µm to 2.0 µm, which covers approximately 95%

of the total solar spectrum energy.

The solar transmittance of a sheer blind was measured. Directional-hemispherical

solar transmittance measurements were compared with analytical results. This

comparison showed that the experiment and prediction agree well in most cases.

The largest discrepancies in transmission (approximately 0.10) were observed when

the incident ray was parallel to, or nearly parallel to the slats. The discrepancies

were analyzed and the apparent causes were examined showing that non-uniform

slat spacing, slat thickness and slat angle are key factors regarding the solar trans-

mittance of a sheer blind.
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6.2 Recommendations

1. Lamp feedback mechanism : It was found that the existing lamp feedback

mechanism does not keep the lamp voltage sufficiently steady. It was also

noted that increased voltage enables more radiative energy to pass through

the integrating sphere and monochromator providing better signal-to-noise

ratio. However, it is not possible to increase the lamp voltage to 120 V DC

with the existing power supply because the control circuitry cannot withstand

this excess input. In order to increase the power input as well as to have stable

incident radiation, it is recommended to replace the existing sub-system with

a commercial lamp feedback mechanism.

2. To increase the chopper frequency, it is recommended that the chopper motor

be upgraded. Increased chopper speed will reduce noise leading to reduced

scan times and more samples per reading. The faster sampling rate can reduce

the single reading scan time by 2 to 3 minutes, which can reduce total sample

processing time by an estimated 1 to 2 hours.

3. The measurement process is laborious and time consuming. It was observed

that for a set of readings in the short wavelength range, with the Si photo-

diode sensor, one reading at a single wavelength takes 5 to 9 minutes to

sufficiently reduce uncertainty. For higher profile angles, the sample needs to

be moved further aside to be clear of the inlet port. For the long wavelength

range the total time for each measurement is 8 to 12 minutes to accommodate

more sample readings. The traversing mechanism is slow so it takes about

60% of total time to move the sample. For a complete set of readings, it takes

14 to15 hours including setup time. By upgrading the traversing mechanism

the total scan time can be reduced to 8 or 9 hours.

4. For future experiments better sheer blind samples need to be fabricated to

ensure that the slat spacing, slat angles and slat thickness are uniform.

5. In this research the fabricated sheer blind sample did not represent the actual

product. Since the BAI-IS cannot measure optical properties of very thick

scattering samples, the sheer blind sample was fabricated with reduced slat
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width and slat separation. The sample slats were flat. However, the actual

product has a more complex geometry (Figure 4.3). Therefore, a proper

analytical model needs to be formulated to represent the actual product.

6. The integrating sphere and the monochromator are the primary components

of the BAI-IS. The sphere coating should be investigated for re-coating to

improve the wall reflectance and hence the signal-to-noise ratio, particularly

at wavelengths above 1.0 µm.

7. Due to time constraints, only one shade of fabric was used to fabricate the

sample sheer blind. A sheer blind with darker shade should also be tested to

check if the analytical model works well for a wide variety of products.

8. The width of the slat fabric can be extended beyond 16.68 mm to detect the

apparatus limitation for sample thickness at which the outscattering loss will

not be compensated. For experiments with sheer blinds having a realistic 2

or 3-inch slat width, a much larger sphere with larger sample port would be

needed. With the existing sphere, a larger port diameter will enable measure-

ment over larger area of the blind sample. Even though a larger inlet port

will increase the incoming radiant flux but this increased port diameter will

also increase the back-reflection of the sample. This increase in port fraction,

f, will increase internal sample reflectance error and reduce sphere response

as discussed in Section 2.4.1 and 2.4.2.

Solar optical property measurement for shading devices and other advanced

glazing materials will become more popular and demanding since the energy sector

is in the midst of tremendous pressure for conservation to save natural resources and

protect the environment. The BAI-IS apparatus has been refurbished to continue

research to standardize the measurement process, analyze errors and study optical

properties of different types of materials.
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Appendix A

Lock-in Amplifier Check Guide

A.1 Introduction

This guide is aimed at users of 410 lock-in amplifiers to aid as a check of the

boards. It is also useful as a basic introduction into how the board works (Smith,

J.W. 2005)

A.2 Basic Test Set-up

A.2.1 Switch and Dial Positions

Switch and dial positions on the front panel of the lock-in-amplifier are shown

in Table A.1.

A.2.2 Signal Inputs

The input signal should be connected to a 1V peak amplitude sinewave at 30Hz

and the reference should be connected to a TTL or CMOS level square wave at the

same frequency. Most signal generators will have suitable outputs for these signals.
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Table A.1: Switch Positions in The Lock-in-Amplifier

Output Time Constant 100µs
Offset Control Off
Reference Coarse Phase Shift 0◦

Reference Fine Phase Shift 0◦

Reference 1F / 2F 1F
Input Sensitivity 1V

A.2.3 Major Signal Waveforms

The input and reference signal inputs should appear as shown in Figure A.1:

With these inputs, the output should look similar to the top graph of the fol-

lowing waveforms. By adjusting the course phase adjustment, it should be possible

to produce the other waveforms as shown in Figure A.2:

A.2.4 Time Constant

By increasing the value of the time constant. It should be possible to slowly

flatten the output waveform so that it gets closer and closer to a DC level as is

shown in Figure A.3.
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Figure A.1: Typical Input and Reference Signal of a Lock-in-Amplifier
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Figure A.2: Output Waveform of Lock-in-Amplifier
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Figure A.3: The Effect of Time Constant in a Lock-in-Amplifier
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Appendix B

Typical Reflectance Data of

Integrating Sphere

Coating(Labsphere Inc. 2007)
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Table B.1: Reflectance Data of Labsphere Reflective Coating for Integrating Sphere

Wavelength [µm] Reflectance Wavelength [µm] Reflectance

0.25 0.94 1.40 0.93

0.30 0.96 1.45 0.91

0.35 0.97 1.50 0.92

0.40 0.98 1.55 0.92

0.45 0.98 1.60 0.92

0.50 0.98 1.65 0.92

0.55 0.98 1.70 0.92

0.60 0.98 1.75 0.91

0.65 0.98 1.80 0.91

0.70 0.97 1.85 0.91

0.75 0.97 1.90 0.86

0.80 0.97 1.95 0.83

0.85 0.97 2.00 0.85

0.90 0.97 2.05 0.86

0.95 0.97 2.10 0.86

1.00 0.97 2.15 0.87

1.05 0.96 2.20 0.87

1.10 0.96 2.25 0.86

1.15 0.96 2.30 0.84

1.20 0.95 2.35 0.83

1.25 0.95 2.40 0.82

1.30 0.95 2.45 0.8

1.35 0.94 2.50 0.77
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Appendix C

Spectral Transmittance

Measurement of a Sheer Blind

Using the BAI-IS
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Table C.1: Transmittance of a Sheer Blind at Slat Angle 0 Deg and Profile Angle
0 Deg
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Table C.2: Transmittance of a Sheer Blind at Slat Angle 0 Deg and Profile Angle
30 Deg
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Table C.3: Transmittance of a Sheer Blind at Slat Angle 0 Deg and Profile Angle
45 Deg
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Table C.4: Transmittance of a Sheer Blind at Slat Angle 0 Deg and Profile Angle
60 Deg
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Table C.5: Transmittance of a Sheer Blind at Slat Angle 0 Deg and Profile Angle
-30 Deg

Table C.6: Transmittance of a Sheer Blind at Slat Angle 0 Deg and Profile Angle
-45 Deg
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Table C.7: Transmittance of a Sheer Blind at Slat Angle 0 Deg and Profile Angle
-60 Deg

Table C.8: Transmittance of a Sheer Blind at Slat Angle 30 Deg and Profile Angle
0 Deg
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Table C.9: Transmittance of a Sheer Blind at Slat Angle 30 Deg and Profile Angle
30 Deg

Table C.10: Transmittance of a Sheer Blind at Slat Angle 30 Deg and Profile Angle
45 Deg
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Table C.11: Transmittance of a Sheer Blind at Slat Angle 30 Deg and Profile Angle
60 Deg

Table C.12: Transmittance of a Sheer Blind at Slat Angle 30 Deg and Profile Angle
-30 Deg
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Table C.13: Transmittance of a Sheer Blind at Slat Angle 30 Deg and Profile Angle
-45 Deg

Table C.14: Transmittance of a Sheer Blind at Slat Angle 30 Deg and Profile Angle
-60 Deg
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Table C.15: Transmittance of a Sheer Blind at Slat Angle 45 Deg and Profile Angle
0 Deg
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Table C.16: Transmittance of a Sheer Blind at Slat Angle 45 Deg and Profile Angle
30 Deg
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Table C.17: Transmittance of a Sheer Blind at Slat Angle 45 Deg and Profile Angle
45 Deg
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Table C.18: Transmittance of a Sheer Blind at Slat Angle 45 Deg and Profile Angle
60 Deg
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Table C.19: Transmittance of a Sheer Blind at Slat Angle 45 Deg and Profile Angle
-30 Deg
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Table C.20: Transmittance of a Sheer Blind at Slat Angle 45 Deg and Profile Angle
-45 Deg

145



Table C.21: Transmittance of a Sheer Blind at Slat Angle 45 Deg and Profile Angle
-60 Deg
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Table C.22: Transmittance of a Sheer Blind at Slat Angle 60 Deg and Profile Angle
0 Deg

Table C.23: Transmittance of a Sheer Blind at Slat Angle 60 Deg and Profile Angle
30 Deg
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Table C.24: Transmittance of a Sheer Blind at Slat Angle 60 Deg and Profile Angle
45 Deg

Table C.25: Transmittance of a Sheer Blind at Slat Angle 60 Deg and Profile Angle
60 Deg
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Table C.26: Transmittance of a Sheer Blind at Slat Angle 60 Deg and Profile Angle
-30 Deg

Table C.27: Transmittance of a Sheer Blind at Slat Angle 60 Deg and Profile Angle
-45 Deg
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Table C.28: Transmittance of a Sheer Blind at Slat Angle 60 Deg and Profile Angle
-60 Deg
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Appendix D

Spectral Transmittance

Measurement of a Fabric Blind

(Without Sheer Facings) Using

the BAI-IS
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Table D.1: Transmittance of a Fabric Blind (Without any Sheer Facings) at Slat
Angle 0 Deg and Profile Angle 0 Deg

Table D.2: Transmittance of a Fabric Blind (Without any Sheer Facings) at Slat
Angle 30 Deg and Profile Angle 0 Deg
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Table D.3: Transmittance of a Fabric Blind (Without any Sheer Facings) at Slat
Angle 45 Deg and Profile Angle 0 Deg

Table D.4: Transmittance of a Fabric Blind (Without any Sheer Facings) at Slat
Angle 60 Deg and Profile Angle 0 Deg
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Table D.5: Transmittance of a Fabric Blind (Without any Sheer Facings) at Slat
Angle 0 Deg and Profile Angle 30 Deg

Table D.6: Transmittance of a Fabric Blind (Without any Sheer Facings) at Slat
Angle 45 Deg and Profile Angle 30 Deg
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Table D.7: Transmittance of a Fabric Blind (Without any Sheer Facings) at Slat
Angle 45 Deg and Profile Angle -30 Deg
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Appendix E

Spectral Transmittance

Measurement of a Venetian Blind

Using the BAI-IS
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Table E.1: Transmittance of a Venetian Blind at Slat Angle 30 Deg and Profile
Angle 0 Deg
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Table E.2: Transmittance of a Venetian Blind at Slat Angle 45 Deg and Profile
Angle 0 Deg
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Table E.3: Transmittance of a Venetian Blind at Slat Angle 60 Deg and Profile
Angle 0 Deg
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Appendix F

Spectral Transmittance

Measurement of a Holmium Oxide

Calibration Glass Using the

BAI-IS
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Table F.1: Transmittance of a Holmium Oxide Calibration Glass
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Appendix G

Sheer Fabric and Slat Fabric

Properties Using the Cary 5000

For wavelength range λ = 0.4µm to 1.0µm.

Table G.1: Optical Properties of a Sheer Fabric for 0.4 to 1.0 micron

Incidence Reflectance Transmittance
Angle, θ ρSheerf,bd (θ) = ρSheerb,bd (θ) τSheerf,bb (θ) = τSheerb,bb (θ) τSheerf,bd (θ) = τSheerb,bd (θ)

0 0.138 0.709 0.157
15 0.143 0.697 0.161
30 0.144 0.700 0.159
45 0.157 0.672 0.171
60 0.178 0.621 0.185
90 0.584 0.354 0.077

Table G.2: Optical Properties of a Slat Fabric for 0.4 to 1.0 micron

Incidence Angle Beam-Diffuse Reflectance Beam-Diffuse Transmittance
θ [Deg] ρSlatf,bd (θ) = ρSlatb,bd (θ) τSlatf,bd (θ) = τSlatb,bd (θ)
0 0.641 0.325
15 0.659 0.327
30 0.663 0.319
45 0.670 0.305
60 0.694 0.260
75 0.744 0.187
90 0.822 0.165
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Appendix H

Equipment Description

The photographs of the individual components of the BAI-IS is displayed in this

section:
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Integrating Sphere

Fresnel Lens Chopper 1000 W LampKaleidoscope

Radiant Source System
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Monochromator

Sample Mounting System 

Integrating Sphere 

Sample Traversing System and Monochromator

Photo detector

Photo-Detector System
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Chopper Control Lock-in-AmplifierDAQ PCLabview 7.1

Control and Measurement System

Low Noise Power Supply for Photo-detector
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Power Supply Cabinet for Lamp Feedback Mechanism

Power Supply Cabinet for Stepper Motor Drives
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Appendix I

Uncertainty Analysis

The uncertainties in the measurement of spectral transmittance and in setting

the wavelength scale are the consequences of errors in the measurement of voltage

and wavelength.

The transmittance measurement is obtained as the ratio of the sample reading

to the reference reading.

τ(λ) =
Sample reading

Reference reading

The primary data comprises voltage measurement for sample and reference read-

ings. Let the voltage reading with the sample be V S and let the reference reading

be V R. Therefore, at any wavelength, λ,

τ(λ) =
VS (λ)

VR (λ)
(I.1)

The sample and reference readings are taken from a series of instruments, i.e., the

photo detector, lock-in-amplifier and data acquisition system (DAQ). These raw

data were processed to obtain the transmittance of the sheer blind. The errors as-

sociated with all the instruments propagate through the data processing phase and

constitute uncertainty in the final result. Let it be assumed that at any wavelength,

Voltages from the detector for sample and reference readings are V Detector,S and
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VDetector,R

Voltages from the lock-in-amplifier for sample and reference readings are V Lock,S

and V Lock,R

Voltages from the DAQ for sample and reference readings are VDAQ,S and

VDAQ,R

VS = VS(VDetector,S,VLock,S,VDAQ,S)

VR = VR(VDetector,R,VLock,R,VDAQ,R)

To estimate the uncertainty in τ(λ) both bias and random errors need to be

incorporated. The bias error is a fixed or systematic error which can occur due

to gross design or operational fault in apparatus or instrument construction. Bias

error causes the repeated readings to deviate from the true reading by the same

amount.

Ideally, a measurement device is expected to be free of bias with measurements

all tightly centred about the true value. Since the BAI-IS apparatus comprises well

designed and calibrated instruments and control devices it was assumed to be free of

bias error. No sign of bias error was observed once the instruments were calibrated.

Moreover, since the transmission is obtained from the ratio of two voltage readings

the effect of bias error will be cancelled. Therefore, for transmittance measurement

of the sheer blind, it was assumed that the overall uncertainty arises from random

errors only.

I.1 Single-Sample Voltage Measurement

The measurement uncertainty can be estimated by using a single sample mea-

surement approach considering the accuracy of each instrument. The instrument

accuracy is generally supplied by the manufacturer and the bias of each instrument

was also taken as zero. Using the standard root sum square technique the single

sample measurement uncertainty can be estimated as follows:
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The uncertainty related to random error for an experimental procedure can be

estimated for a set of primary measurements (Holman 1994 and Moffat 1988). The

uncertainty in the final result is estimated on the basis of individual uncertainties

in the primary measurements and the knowledge of the way in which these errors

propagate.

Let us assume, the measured quantity is R, which is a function of “n” primary

measurements, x1, x2, x3, x4, ....., xn.

R = R(x1, x2, x3, x4, ....., xn) (I.2)

Each measurement, x i, has an uncertainty, δxi. Propagation of the various δxi

to uncertainty in R, δR, can be quantified using to root-mean-square method of

Kline and McClintock (1953).

δR = ±
sµ

∂R

∂x1
δx1

¶2
+

µ
∂R

∂x2
δx2

¶2
+

µ
∂R

∂x3
δx3

¶2
+ ........

µ
∂R

∂xn
δxn

¶2
(I.3)

Say R represents VS or VR. The independent variables, x1, x2...xn, are the

voltage readings from different instruments (e.g., detector, lock-in-amplifier and

DAQ). The uncertainty in voltage measurement, VS or VR, (say Vj) can be expressed

as:

δVj = ±
sµ

∂Vj
∂VDetector

δVDetector

¶2
+

µ
∂Vj

∂VLock
δVLock

¶2
+

µ
∂Vj

∂VDAQ
δVDAQ

¶2
(I.4)

Replacing the values of derivatives and simplifying, Equation I.4 can be re-

written as:

δV

V
= ±

sµ
δVDetector
VFull

× VFull
VDetector

¶2
+

µ
δVLock
VLock

¶2
+

µ
δVDAQ
VDAQ

¶2
(I.5)
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δVDetector
VFull

= Relative error with respect to full
scale reading from photo-detector

δVLock
VLock

= Relative error with respect to output
voltage reading from lock-in-amplifier

δVDAQ
VDAQ

= Relative error with respect to output
voltage reading from DAQ

Table I.1: Instrument Accuracy of Keithley DAQ System

Range δVDAQ
100mV δVDAQ,1= ±(30× V DAQ, j+35×Range)× 10−6
1 V δVDAQ,2= ±(30× V DAQ, j+7×Range)× 10−6
10 V δVDAQ,3= ±(30× V DAQ, j+5×Range)× 10−6

I.1.1 The DAQ System

The DC voltage outputs from the lock-in-amplifier were measured by using a

Keithley 2700 DAQ system. Three sets of voltage ranges were used to measure

these voltages: 100 mV, 1 V and 10 V. The corresponding accuracy of data are

listed in Table I.1 (Specs-2700 Rev G, 2005):

These data correspond to
δVDAQ
VDAQ

ranging from ±0.001 to ±0.0001. For all calcu-
lations in this uncertainty analysis

δVDAQ
VDAQ

= ±0.001 was used.

I.1.2 The Lock-in-Amplifier

The uncertainty of the lock-in-amplifier is ±1% of actual voltage output (Bathe
2007). Therefore,

δVLock
VLock

= ±0.01 (I.6)

I.1.3 The Photo Detector

The uncertainty of photo detector is ±1% of full scale reading (Maddox 2007)

δVDetector
VFull

=±0.01 (I.7)
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Using VFull
VDetector

= 1 in Equation I.5·
δV

V

¸
S

=

·
δV

V

¸
R

= ±0.0142

This result is then used with Equation I.1 and I.3 to obtain

δτ

τ
= 0.02

If the input to the detector is not as strong, say VFull
VDetector

= 2, the uncertainty in

measurement becomes
δτ

τ
= 0.032

It was observed at higher wavelengths (λ ≥ 1.0 µm), due to low radiant flux
from the lamp and low reflectance of integrating sphere coating, the S/N ratio of

the lead-sulphide photo-detector reduces significantly (i.e., VFull
VDetector

increases) and

hence the δτ increases appreciably. In this scenario, the δτ
τ
= 0.02 value is far too

optimistic. To reduce uncertainty in τ , it was necessary to use a multiple-sample

measurements scheme.

I.2 Multiple-Sample Voltage Measurement

If a voltage is sampled many times, the uncertainty can be estimated using

statistical methods. Consider the measurement of VS by taking N samples, VS,i.

The standard deviation will measure the spread of the data with respect to the

mean.

SS = ±
vuut 1

N − 1
NX
i=1

(VS,k − VS)2 (I.8)

VS = sample mean for “N” readings.

VS =
NX
k=1

VS,k (I.9)
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The voltage of interest, and its uncertainty, can then be expressed as

VS = VS ± δVS = VS ± t× SS√
N

Here, the Student t value is a function of N for a chosen confidence level. For

N ≥ 30 and a 95% confidence level t = t95 = 2 is obtained.

In each measurement, VS or VR, a sufficient number of samples were taken such

that S√
N
< 0.007. Having done this

Vj = V j ± δVj = V j ± 0.014

It was found that N ' 200 for measurements at λ < 1.0 µm and N ' 400 at
longer wavelengths.

I.3 Uncertainty in τ (λ) and τSolar

The uncertainty in τ(λ) can be derived from Equation I.3 by using the relation-

ship as shown in Equation I.1.

δτ(λ)

τ(λ)
= ±

sµ
(1)× δVS

VS

¶2
+

µ
(−1)δVR

VR

¶2
(I.10)

Let us consider,
δτ(λ)

τ(λ)
' 0.001

Measuring τ(λ) at many wavelengths, a set of τ(λi) can be obtained (or inter-

polated to obtain τ(λi) ). In each case
δτ(λi)
τ(λi)

' 0.001. The total solar transmittance
is obtained by averaging 50 values of τ(λ) for 50 specific (equal energy) values of λ

(ASTM 891-87).

τSolar =
1

50
[τ(λ1) + τ(λ2) + .....+ τ(λ50)]
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Applying Equation I.3

(δτSolar)
2 =

50X
i=1

µ
1

50

∂τSolar
∂τ(λi)

δτ(λi)

¶2
δτSolar
50P
i=1

τ(λi)

= ±
vuut"µ 1

50

δτ(λ1)

τ(λ1)

¶2
+

µ
1

50

δτ(λ2)

τ(λ2)

¶2
+ ...+

µ
1

50

δτ(λ50)

τ(λ50)

¶2#

δτSolar
τSolar

= ± 1
50

vuut" 50X
i=1

µ
δτ(λi)

τ(λi)

¶2#

If for instance the same relative uncertainty is associated with each τ(λi), say
δτ(λi)
τ(λi)

= 0.001, then the same relative uncertainty is associated with the solar trans-

mittance.
δτSolar
τSolar

≈ ±0.001

The uncertainty in solar transmittance for the sheer blind measurement was

found to be lower than ±1.0%.

I.4 Wavelength Setting

The wavelength sampled by the BAI-IS is adjusted by changing the prism angle

via linkages and a lead screw, which are driven by a stepper motor. When the BAI-

IS is turned on, the stepper motor cannot determine the initial position. Before

starting any measurement it is necessary to ascertain the reference position of the

wavelength scale. To begin the experiment, the wavelength scale needs to be reset

to its reference position at λ = 0.4µm. Due to backlash in the mechanical linkages,

drive motor, gears and lead screws, the certainty of getting the same initial reference

position is not guaranteed.

For spectral measurements the wavelength scale was adjusted from λi = 0.4µm

to λi = 2.0µm. The prism splits the radiation into different wavelength due to

change in index of refraction, N , of the prism material with the change in prism
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angle. The relation between stepper motor position and wavelength is estimated

using a six-degree spline curve-fit as shown in Equation I.11 and Figure I.1 and I.2.

Position =
sin−1(0.5N)− 0.83485461

0.90422× 10−5 + 0.00001 (I.11)

Figure I.1: Index of Refraction Vs Wavelength when λ ≤ 0.85µm

Figure I.2: Index of Refraction Vs Wavelength when λ > 0.85µm

Therefore, the reading from this wavelength scale is influenced by the following

two factors:
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(1) the repeatability of the reference position and (2) the accuracy of the spline

curve-fit used to convert wavelength to stepper motor position.

The spectral transmittance of the holmium oxide glass, obtained from the Cary

5000, was used to set the reference position at λ = 0.4 µm on the wavelength scale

of the BAI-IS. After setting the reference position at λ = 0.4 µm it was observed

that the distance between the bracket attached to the lead screw, B, and a reference

fixed block, A, as shown in Figure I.3 was 20.75 mm. This calibration process was

repeated several times to check if this distance always remained the same. For

convenience the reference was set by adjusting the distance between ‘A’ and ‘B’ to

20.75 mm thus overcoming the uncertainty caused by backlash.

Figure I.3: Bracket position for reference wavelength.

The monochromator manufacturer has set the wavelength scale by tracing step-

per motor rotation according to the spline the curve-fit. It was observed that after

calibration with the holmium oxide glass, the actual wavelength scale with respect

to the curve-fit has some differences. The uncertainty regarding actual wavelength

scale and the wavelength scale obtained from the curve-fit was estimated to be:

δλ = ±0.02 µm
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Appendix J

Measurement Procedure

J.1 Introduction

BAI-IS apparatus is a spectrophotometer to measure spectral optical properties

of light scattering and spatially non-uniform samples. A single beam of light from

the 1000 watt lamp passes through a kaleidoscope and fresnel lens. Kaleidoscope

makes the beam collimated and fresnel lens magnifies it. This incident beam of

light illuminates a broad area on the sample, which is sufficient enough to represent

the entire sample properties. At the back of the sample, the integrating sphere is

installed whose inlet port is aligned in such a way, so that the center of the inlet

port and the sphere, the lamp axis, center of fresnel lens and the axis of square

kaleidoscope all lie on the same straight line at 00 setting of the swiveling table.

J.2 Procedure

The operating procedure involves instrument calibration and running the lab-

view program to adjust wavelength, change sample position and record signal re-

sponses. The signal responses from the photo-detectors are proportional to the

radiant flux transmitted through the sample.
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J.2.1 Cleaning

1. Clean dust from concentrating reflector, kaleidoscope interior surface, fresnel

lens with a clean, lint-free cloth. Make sure, lamp is not operated more than

300 hours. If so, replace lamp with a new one and keep the record.

2. Check the integrating sphere inlet. If dust is seen, then clean the interior

after opening the faceplate at the inlet or sample port. Use a small vacuum

cleaner or compressed air to drive out the dust. Note: care should be taken

not to touch the white coating.

J.2.2 Preparation

1. Make sure all instruments are switched-off to avoid electrical surge as soon

as the electrical connections are established. The electrical surge is harmful

for sensitive devices, such as the lock-in-amplifier, Keithley 2700 multimeter,

Keithley 7706 DAQ card, photo-detector and optical chopper control unit.

2. Check if the swivelling table is set at the correct angular position as desired.

Position the table at the correct profile angle and set the pointer on the scale

located at the right hand corner on the floor.

3. Check that the sample is mounted correctly on the sample traversing rig.

4. Bring the wavelength setting lead screw to its reference position, where the

scale starts from 0.4 µm, which measures 20.75 mm distance between outer

and inner face of fixed reference block and the bracket attached to lead-screw

respectively.

5. On the circular dial of slit-width adjusting sub-assembly, confirm that the

pointer is set at 2 mm graduation. This ensures maximum slit width and

large signal-to noise ratio.
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J.2.3 Establish Electrical And Control Cable Connections.

Connection to Lamp Feedback Control Cabinet

1. Plug-in control cable from the light feedback unit

2. Plug in the power cable of the kaleidoscope cooling fan.

3. Plug-in power cable from the lamp.

Note: This is a high voltage (110 V DC) and high current (10 ampere) device.

Care must be taken during operation that, accidental personal contact is always

prevented. Never operate with its cover open, make sure the cooling fan is operat-

ing. The box has floating ground, so no other instruments should be connected to

this control cabinet.

Connection For Lamp Feedback Control Cabinet

1. Plug in lamp power supply from the lamp-feedback box into the stabilizing

transformer.

2. Plug in main power cable.

Connection For Stepper Motor Control Cabinet

1. Plug in main power supply to a separate extension chord unit. Note: This

power supply should not come from the same power outlet, which is supplying

power to the photo-sensor unit. This is a precaution to avoid additional noise,

electrical interference that may transfer to sensor, from stepper motor drive.

2. Connect three stepper motor power supply plugs into the control cabinet,

which will provide pulse signals from drivers to respective stepper motors.

3. Connect the control cable from this box to the Keithley DAQ card 7706. This

provides digital signal output from the DAQ card to generate electrical pulses

to drive the stepper motors.
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Low Noise Power Supply Unit (Model: PS-1)

For Photo-Detector

1. Plug in the 9-pin D connector (DB-9) to PS-1, which will supply 15 VDC

excitation power to photo-detector.

Lock-in-Amplifier Connection

1. Signal output cables from photo-detector has BNC terminal which is con-

nected as signal input into the lock-in-amplifier. This BNC connector can be

switched manually between Si photodiode and PbS photo-conductor depend-

ing on the wavelength range.

2. Lock-in-amplifier has reference input connection coming from chopper control

unit.

3. The filtered output signal from lock-in-amplifier is connected to the analog

input channel 101 on the Keithley DAQ card 7706.

Chopper Control Unit Connections

1. The signal input is connected at the back of the unit through the 9-pin D-type

connector which connects the 300H chopper head. This chopper head serves

three purposes. (1) The chopper head provides power to the opto-switch. (2)

The opto-switch picks up signal from chopper blade and provides reference

signal to the chopper control unit and (3) The chopper head provides 12

VDC supply power to drive the rotating chopper motor (12 VDC× 0.25 A

×4Watt). The chopper head 300H connection and D-type connection layout
is described in Figure J.1.

Keithley 2700 Multimeter Connections

1. At the back of 2700 multimeter, in slot 1 the 7706 DAQ card is installed. On

the card two sets of channels are used. (1) Digital signal out put channels 121
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Figure J.1: Connection Layout for Chopper Head
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and 122 are connected to the three stepper motor drivers. The digital pulses

are used to drive the stepper motors. (2) The analog input channel (101) is

connected to signal output channel of the lock-in-amplifier. Through channel

101 the data are recorded into labview program files.

Establish Electrical Connections

• Ensure electrical power supply for wall mounted outlets.

• Plug in power stabilizing transformer and extension cable units to the wall
mounted power outlets.

• Connect the power cable of the cooling fan for Fresnel lens, lock-in-amplifier,
chopper control unit and the lamp feedback control cabinet into one extension

chord unit.

• Plug in the computer, monitor and the low noise power supply unit for the
photo-detector into the second extension chord unit.

• The third extension cable unit provides power supply to the stepper motor
driver cabinet and keithley 2700 multimeter.

J.2.4 Energizing Instruments

• Switch on all three extension cable units.

Lamp

• Energize lamp-feedback control cabinet by turning on the control power switch.

• Tun-on the lamp toggle switch on the same cabinet. Keep the lamp turned
on for atleast 15 minutes to warm-up.
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Optical Chopper

• Make sure the chopper wheel and the coupling are free of any visible signs
of damage or deformation and can rotate without any abnormal noise or

rubbing. Confirm that all screws, nut and bolts are tight.

• Turn on the chopper control unit. If the opto-switch is properly connected
at the base of the chopper blade to pick-up reference signal, then the LED

display will start showing change in frequency readings. If the display does not

change then stop the machine and see if the signal pick-up circuit assembly is

properly installed on the chopper base. If the circuit assembly is found loose

or out of place, then fix it tight in place and re-start the chopper wheel.

• Set the chopping frequency by turning the control knob at the front panel
of the control unit which regulate the voltage input to the chopper motor

via 9-pin D-connector. For this experiment, the disc rotating frequency is

kept between 51 and 52 Hz. Ensure that this rotating frequency does not

match with the alternating current (AC) cycle frequency of 60 Hz or any of

its multiples. The frequency is found to be fairly constant with a variation

of ±0.1 Hz. If frequency changes abruptly then stop the machine, investi-
gate for rubbing, vibration, loose foundation,disc deformation, damaged or

loose coupling disc or possible misalignment in any of the elements in this

mechanical sub-system. Once the frequency is set, it is observed that, the

knob does not need to be changed at anytime. In all future attempts, the

rotating frequency reaches almost the same value. NOTE: While shutting

down the machine, only turn-off the switch, do not change frequency control

knob. At the beginning of rotation, at around 35 to 45 Hz, when the chop-

per wheel crosses its critical speed, it experiences some chattering noise and

vibration due to resonance. However, within a few seconds everything gets

stabilized and continues running smoothly and steadily without any noise and

vibration.
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Photo-Detector

• Once the chopper unit reaches it maximum frequency confirm whether the

BNC connector of Si photo-diode is connected to the input port of the lock-

in-amplifier.

• Turn-on the low noise power supply unit (PS-2).

Lock-in-Amplifier

• Switch the offset control to ‘OFF’, Switch 1F/2F selector to the ‘1F’ setting.
Note: On the 1F setting, the amplified input signal (known as the recovered

signal) is at the same frequency as the original input. On the 2F setting, the

recovered signal is at twice the frequency of the original input.

• Switch the input sensitivity to 1 V.

• Switch the time constant to 100 ms.

• Switch both phase controls to 0◦.

• Now turn on the switch for lock-in-amplifier.

• Keep this running for about 10 minutes to warm it up.

J.2.5 Computer Set-up

• Turn the computer and the monitor on.

• Open Labview 7.1.

• Open the “SCAN” virtual instrument program (VI) from desktop for auto-

matic scanning and controlling the wavelength sample position. VI represents

graphical program in Labview 7.1 that models the appearance and function

of a physical instrument.
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• On the SCAN VI, open the graphical input screen, also known as front panel
(FP), where input parameters are set. The FP is the interactive user interface

of a VI. The appearance of the FP imitates physical instruments, such as

oscilloscopes and multimeters. On the FP interface the parameters A1, A2,

B1, B2, C, D, E1 and E2 are typed depending on the wavelength and profile

angle as shown in Figure J.3 and Table J.1. As shown in figure J.2, the

parameters on the FP are never required to change.

Figure J.2: Front Panel
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Table J.1: Front Panel Input

PD λ Ω A1 A2 B1 B2 C D E1/E2
Si 0.4∼0.52 0 5 75000 5 90000 10 100 2500
Si 0.53∼0.57 0 5 75000 5 90000 5 50 2500
Si 0.59∼1.0 0 5 75000 5 90000 35 25 2500
PbS 1.04∼1.99 0 8 90000 8 120000 35 35 2500
Si 0.4∼0.52 ±30 5 75000 5 75000 10 100 2800
Si 0.53∼0.57 ±30 5 75000 5 75000 5 50 2800
Si 0.59∼1.0 ±30 5 75000 5 75000 35 25 2800
PbS 1.04∼1.99 ±30 8 90000 8 120000 35 35 2800
Si 0.4∼0.52 ±45 5 75000 5 90000 10 100 3200
Si 0.53∼0.57 ±45 5 75000 5 90000 50 50 3200
Si 0.59∼1.0 ±45 5 75000 5 90000 35 25 3200
PbS 1.04∼1.99 ±45 8 90000 8 120000 35 35 3200
Si 0.4∼0.52 ±60 5 75000 5 90000 10 100 3500
Si 0.53∼0.57 ±60 5 75000 5 90000 5 50 3500
Si 0.59∼1.0 ±60 5 75000 5 90000 35 25 3500
PbS 1.04∼1.99 ±60 8 90000 8 120000 35 35 3500

Figure J.3: Front Panel Input
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J.2.6 Tuning Lock-in-Amplifier

Keeping the sample away from the integrating sphere, when the wavelength is

set at 0.4 µm start tuning the lock-in-amplifier for accurate measurement as follows:

• 1. Increase the input sensitivity until a signal is seen on the output dial of

the lock-in amplifier.

2. If the output needle does not remain still, increase the time constant

setting until the noise is removed.

3. Adjust the phase control dials until a maximum output is seen.

4. Subtract 90◦ from the phase shift by turning the coarse phase control by
one position counter-clockwise (or three positions clockwise).

5. Take a measurement of the output.

6. Add 180◦ to the phase shift by turning the coarse phase control by two
positions.

7. Take a measurement of the output.

8. Using the fine phase control adjust the outputs seen in steps 5 and 7 so

that they are the same.

9. If the signals seen in steps 5 and 7 are not both 0 V switch on the offset

control and adjust until both signals are 0 V.

10. Note: Fine phase control is used to remove a positive voltage from one

output while removing a negative voltage from the other. Offset control

is used to remove either a positive or negative voltage from both outputs.

11. When the fine phase control and offset controls are correctly set, the

four positions of the coarse phase control knob should give two readings

of 0 V, one negative reading and one positive reading (of the same am-

plitude). The instrument is now correctly set up and readings can be

made.
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J.2.7 Reset Wavelength Scale

• Open the VI to control the wavelength.

• Go to block diagram for this VI and type in “100” to move the wavelength

scale in backward towards shortwave. This way, the distance between the

fixed reference block and the bracket attached to lead screw will decrease.

Hit the toggle switch button into “Green” to ensure Boolean command to

choose reverse direction for stepper motor, so that the leadscrew turns towards

shorter wavelength by 100 steps. See Figure J.4. Hit the run button on the

FP interface to adjust the wavelength scale 100 units in backward direction.

So the wavelength scale is positioned at 0.39 µm. The SCAN program always

starts by changing the wavelength, so this 100 unit shift in wavelength scale

ensures that while the scan program is started the reading begins from 0.4

µm.

J.2.8 Scan Operation

When everything is ready hit the RUN button with the cursor. The RUN button

is shown as white arrow located in the extreme top left hand corner in the front

panel as shown in Figure J.5. Then the program will start executing all necessary

actions as follows:

(a) Rotate wavelength adjusting stepper motor by 100 units

(b) Wait for 75 seconds to stabilize Si photo diode signal output and lock-in-

amplifier reading.

(c) Scan 50 times and record the average of these 50 scan.

(d) At every 15 seconds the program will take 50 readings and record the average

for 4 more times.

(e) Then the sample traversing stepper motor will start rotating and move the

sample towards left and position it in front of the inlet port of the integrating

sphere.
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Figure J.4: Wavelength Adjustment VI

Figure J.5: Run Button in Front Panel Interface
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(f) Wait for another 90 seconds to stabilize the silicon photo diode signal output

and lock-in-amplifier reading.

(g) Repeat step (c) and (d). In this case the five average readings and all 50x5

scans will be recorded in a separate data file as sample reading

(h) The sample traversing stepper motor will start rotating in reverse direction,

thus moving the sample towards right and position it further away from the inlet

port opening to avoid reflection from the frame and rig which may get into the inte-

grating sphere. This may happen only when the rig is close to the port while taking

reference reading. It is found that this may cause about 1 to 2 % drop in measured

transmittance value for different profile angle, since the additional reflected radia-

tion cause increase in the reference reading thus dropping the transmittance ratio.

This step completes one complete set of readings at wavelength, λ = 0.4 µm.

(i) For the next set of readings the stepper motor for adjusting wavelength moves

to another 100 units in forward direction toward the longer wavelength to λ = 0.41

µm.

(j) the cycles repeats until the 10 steps as indicated in the box “input wavelength

steps” are completed as shown in the Figure J.3 on the FP interface. At the end of

10 steps, 10 intervals of wavelength readings will be completed and the wavelength

scale will reach at λ = 0.52 µm.

(k) From experience, it is found that, the sensitivity knob set at 3 mV and

time constant knob set at 3 S, provide good input signal amplification on lock-in-

amplifier for this first 10 sets of readings.

NOTE:

It is very important, to have an additional connection from lock-in-amplifier

output to which a voltmeter is kept connected all through the experiment. This

provides a good display of instantaneous output voltage, for tuning the lock-in-

amplifier or to verify if the readings are OK.

The lock-in-amplifier front panel layout can be divided into 4 parts as shown

in Figures J.6, J.7, J.8 and J.9. These four parts are: (1) Input with a BNC

connector to receive raw sensor input signal(2) Output with a BNC connector to
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provide processed signal output to DAQ board for recording (3) Reference with

another BNC connector to collect reference signal from optical chopper (4) Display

provides signal output on a dial gauge.

Figure J.6: Input Section of Lock-in-Amplifier

It is important to mention here, that this instrument provides accurate mea-

surement within ± 1% variation, provided a stable environment is kept in the

surrounding. The largest source of error is its output offset drift, which is tem-

perature dependant, so keeping the internal circuitry temperature constant is the

most important thing to do. Physically it is observed that with all the cooling fans

around the lamp and instruments, the temperature remains almost constant and

does not affect the integrity of measurement. This is also reflected in the readings

while the standard deviation of repeated readings are found negligible (Personal

communication 2007).

Once the first 10 readings are complete the Labview program will cease to

execute. Then change the sensitivity to 100mV; time constant to 3 S on the lock-

in-amplifier panel. Change “input wavelength steps” to 35 units and “input wave-
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Figure J.7: Output Section of Lock-in-Amplifier

Figure J.8: Reference Section of Lock-in-Amplifier
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Figure J.9: Display Section of Lock-in-Amplifier

length move to LW” to 25 units on the front panel of Scan VI. Keeping the sample

away from the integrating sphere when the wavelength is set to λ = 0.52 µm repeat

the step “Tuning Lock-in-Amplifier”. If everything is found satisfactory then hit

the arrow button with the cursor on the front panel of Labview SCAN program to

execute the scan operation.

After 5 wavelength reading the program will stop and the wavelength will reach

at λ = 0.57 µm.

Change the sensitivity to 300mV; time constant to 3 S on the lock-in-amplifier

panel. Change “input wavelength steps” to 5 units and “input wavelength move to

LW” to 50 units on the front panel of SCAN VI. Keeping the sample away from

the integrating sphere when the wavelength is set to λ = 0.57 µm repeat the step

“Tuning Lock-in-Amplifier”. If everything is found satisfactory then hit the arrow

button with the cursor on the front panel of Labview SCAN program to execute

the scan operation.

After 35 wavelength reading the program will stop and the wavelength will
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reach at 1.0 µm mark. Now it is time to change the photo-detector to PbS photo-

conductor. Due to weaker signal response at longer wavelength, change the sensi-

tivity to 3mV; time constant to 30S on the lock-in-amplifier panel. Change “input

wavelength steps” to 35 units and “input wavelength move to LW” to 35 units on

the front panel of SCAN VI. At this point, the signal variation is more frequent so

the scan time and the scan frequency are increased by increasing number of read-

ings to 8 for each sample and reference readings. Moreover to allow more time to

get steady state after change in wavelength and sample position, the wait times for

sample and reference signals need to change to 90,000 mS and 120,000 mS. Keeping

the sample away from the integrating sphere when the wavelength is set to λ = 0.57

µm repeat the step “Tuning Lock-in-Amplifier”. If everything is found satisfactory

then hit the arrow button with the cursor on the front panel of Labview “SCAN”

program to execute the scan operation.

NOTE: It is very important to make sure, the longwave measurements are con-

tinued without any disruption. If it is stopped in between then it is very hard to

tune the lock-in-amplifier and get reliable reading. It is observed that in the begin-

ning of longwave readings at high slat angle and high profile angle, the signal is too

weak, hence provides negative readings which are not considered for transmittance

calculation. This is caused because, the lamp produces insufficient radiant energy

at longer wavelength and at deeper profile angle the inlet port opening area gets

smaller since the projected area exposed to radiant source assumes an ellipse. So

the total energy which enters the integrating sphere is not sufficient enough to over-

come the detector noise at higher wavelengths, deeper profile angles and greater

slat angles.

Once the complete set of readings are complete for a certain slat and profile

angle, then change the profile angle by swivelling the table, reset the wavelength

scale by bringing the lead screw to the reference position which represents λ = 0.4

µm, change the BNC connector to Si photo-diode for short wavelength reading.

Repeat the same procedure and record data.

The above is repeated for a single sample with one slat angle at 00, ±300, ±450,
and ±600 profile angle. When 7 sets of readings are taken then change the sample
with a different slat angle and repeat the above procedure to take another 7 sets of
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readings.

Repeat the complete 7 sets of reading with 4 different samples having slat angles

00, 300, 450 and 600.

In all cases, the output data are saved in 2 different data files: one for sample

readings and the other one for reference readings. The main files contain 85 sets of

readings to cover total wavelength range, which are averages of 5 sets of readings

for wavelength 0.4 µm to 1.0 µm and 8 sets of readings for wavelength 1.0 µm to

2.0 µm.
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