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ABSTRACT

An Experimental Setup to Evaluate the Daylighting Performance of an Advanced
Optical Light Pipe for Deep-Plan Office Buildings. (August 2005)
Betina Gisela Martins Mogo de Nadal, Dip. in Arch., Universidad Nacional de Rosario
Chair of Advisory Committee: Dr. Liliana O. Beltran

This research focuses on an advanced optical light pipe daylighting system as a
means to deliver natural light at the back of deep-plan office buildings (15ft to 30ft),
using optimized geometry and high reflective materials. The light pipe configurations
follow a previous study at the Lawrence Berkeley National Laboratory (Beltran et al.,
1997). The current system is designed for College Station, TX (lat: 30° 36°N), with
predominantly mostly sunny sky conditions.

This work consists of the monitoring of two scale models simulating a portion of
a multi-story office building with open-plan configuration, with interior dimensions 30ft
x 20ft x 10ft, built at 1:4 of its real scale, one of the models being the reference case and
the other the test case where the light pipe system is placed.

The main objectives of this thesis are (a) to examine this daylighting system
comparative to the reference case, taking measurements for longer periods than the study
at LBNL, as well as to collect detailed data of its performance under different weather
conditions and with different materials; (b) to evaluate the visual comfort and possible
glare problems of the light pipe system through photographic evaluation and the
conduction of a survey that provides people’s opinions and suggestions about the
daylighting system.

The light pipe system demonstrated a higher performance than the reference case
in terms of appropriate levels of light and people’s preferences. The illuminance at the
workplane level showed to be adequate with any of the two different diffusing materials

used to spread the light into the room. The light pipe without a diffuser was the other



condition observed to further understand the bounces of the sunbeam inside the
reflective chamber and its consequences on the lighting output.

Recommended standards for office spaces with VDT screens together with the
analysis of the daylight system, led to preliminary suggestions on how to integrate the
light pipe system in an open-plan office configuration. Further study is indicated to reach
the complete potential of this advanced optical light pipe that ties illuminance quality

with energy savings through the integration of daylight and electric light systems.
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CHAPTER |

INTRODUCTION

1.1. BACKGROUND

Over the last decade there has been an increased interest in saving energy. This,
together with a growing concern for the environment, has promoted the growth of
daylight technology in the field of sustainable architecture. Furthermore, several studies
have proved that natural light increases human performance and comfort in indoor
spaces (Heschong-Mahone Group, 2003). The use of daylight appears then as a good
strategy to offset artificial illumination and to make a space more amenable, but it also
has its design challenges. Because of the variability of sunlight, daylighting science
attempts to provide daylight and at the same time to control direct sunlight, glare
problems, and heat-gain (Stein and Reynolds, 2000). Such requisites will vary depending
on the location of the building, its function and occupancy periods, and its configuration
and dimensions.

In commercial buildings, for economic reasons, one of the most common design
configurations is the multi-story, deep-plan building, with maximum ratio of usable floor
area to exterior envelope. The natural light in these types of buildings is mainly day-lit
through windows on the perimeter, but the daylight zone will rarely reach the first 15 ft
from the window plane. The result is an uneven illumination, with high concentration of
illuminance levels near the glazing and very low levels at the back of the spaces.
Therefore, the core of these buildings is dark and depends exclusively on electrical
lighting for obtaining adequate illumination, leading to the subsequent increase in energy
consumption.

Moreover, in an office building the use of electricity due to lighting could be as

This thesis follows the style and format of the Solar Energy Journal.



much as 50% of the total energy usage. In the hot season, the need of mechanical
cooling to control the excess heat generated by artificial lighting results in the use of
even more energy (McNicholl and Lewis, Eds., 1994). The use of daylighting can lead to
substantial energy savings of around 20-40% for lighting use (Crisp et al., 1988).

Sophisticated daylighting systems and techniques have been studied to control
daylight intensity and to efficiently distribute it in the interior space. Particularly, for
side-lit multi-story buildings with deep plans, one approach to capture daylight and
efficiently channel it towards the core (from 15ft to 30ft) is the light pipe. For the visual
satisfaction of its occupants, it aims to provide light to the deepest part of the room to
combine with sidelighting and seeks a more uniform illumination across the space,
without glare problems. Due to the variations of daylight according to location, season,
and cloudiness, it is necessary to integrate daylight with electric light in order to
accommodate lighting requirements. Furthermore, in order to obtain energy savings
from daylighting, it is mandatory to use lighting zones and photoelectric controls (IEA
SHC Task 21, 2000).

1.2. STATEMENT OF THE PROBLEM AND RESEARCH PURPOSE

Literature about light pipes is limited mainly because there are no prototypes that
have been developed or manufactured. Vertical configurations are abundant, but their
use is limited to single-story buildings and the need for expensive technology to
concentrate the sun beam. Horizontal configurations have been studied for east-west
facades or overcast conditions, and in some cases, the technology used is complicated
because it involves moveable parts.

The purpose of this research is the further study of a horizontal light pipe for
sunny and partly sunny conditions that was developed at LBNL (Beltran et al., 1997). It
takes the same design as the original, but the scale has been incremented for a better
understanding of the light pipe performance. In addition, visual comfort is evaluated and

people’s opinions are gathered in a survey.



This light pipe passively redirects the beam sunlight from the fagade plane
towards the back of the room, increasing daylight levels at the rear of deep-plan office
buildings. For such a purpose, this daylight system utilizes optimized geometry and high
reflective films (Beltran et al., 1997).

1.3. OBJECTIVES
The objectives of this research are the following:

a. To monitor this daylighting system for longer periods than the previous study as well
as to collect detailed data of its performance under different weather conditions and
with different materials.

b. To evaluate the visual comfort of the light pipe system.

c. To obtain people’s feedback and opinions about the light pipe system as a starting

point in its building integration and future commercialization.

1.4. RESEARCH DESIGN

For the assessment of the present research, an experimental setup placed at
College Station, TX (lat: 30°36°N, long: 96°22°W) was built. It consisted of two scale
models reproducing conventional office rooms: the reference case and the test case. The
test case was for testing the light pipe. The study was comparative and involved taking
data simultaneously in both models. It comprised the collection of interior and exterior
illuminance levels, interior luminance ratios, a series of interior and exterior
photographs, and people’s opinions towards the system in terms of visual comfort and

acceptance.

1.5. SIGNIFICANCE OF THE PROPOSED STUDY
The current research is unique as:
e The experiment introduces a benchmark for an office space. This reference provides
data for a fair comparison with the system under study.



e The size of the models (3 in = 1 ft) allows for more detail in the design of the light
pipes as well as creates an immersive environment to obtain people’s feedback about
the system.

e The evaluation of the visual comfort is assessed with a singular method that

combines high dynamic range images with luminance maps.

1.6. SCOPE OF RESEARCH

Advanced daylighting systems have proved to be an effective means to redirect
sunlight further into interior spaces. This study covers the natural illumination in core
areas (from 15 ft to 30 ft), a subject that has been investigated scarcely at all.
Commercial buildings are a fertile field for future implementation of these systems, as
most of these buildings have deep-plan configurations. Also, schools are another good
candidate for the implementation of horizontal light pipes. This study assumed a typical
office as an open space of 30 ft x 20 ft x 10 ft, with a window covered with white
Venetian blinds and an array of six desks paired at the center of the room. Such a space
was considered the reference case or benchmark.

The research was limited with respect to the following aspects. The horizontal
light pipes were designed for predominantly sunny or mostly sunny sky conditions of the
city of College Station, Texas, latitude 30° 36’N, and they were oriented towards the
south. The study demonstrates the efficiency of the system for this latitude. However, to
achieve the same efficiency for other latitudes, the design will need to be adjusted
accordingly, depending on the latitude of the building's location. Different materials
were tested in the light pipe emitter section in order to find the transmittance that gave
an adequate task illuminance without glare problems. The annual energy performance
was not evaluated because of the limited time for the research. Although the final
purpose of advanced daylighting systems is its integration with electric lighting systems,
due to the difficulties for scaling electric light, this aspect is recommended to be

investigated in future full-scale models.



1.7. ORGANIZATION OF THE THESIS

The body of the thesis consists of five chapters:

Chapter I gives a first glance at the reason to use daylighting as a strategy for
offsetting energy consumption in office buildings. It introduces the use of the light pipe
technology as a means to illuminate dark core areas in deep-plan buildings. Then, it
establishes the purpose of the present research and mentions its objectives and
significance.

Chapter Il refers to the use and advantages of daylighting in office buildings. It
explores the previous studies about light pipes with their findings and drawbacks and the
tools used for daylight evaluation.

Chapter I11 presents the methodology used for pursuing the research. It covers the
design and construction of the scale models and the light pipe system, and the
quantitative and qualitative methods utilized for its evaluation.

Chapter 1V includes the analysis of the numerical data comparing the reference
case with the light pipe case. It later analyzes the contribution of three different light
pipes conditions by themselves. This chapter also includes the photographic
documentation and the evaluation of the survey conducted to obtain people’s opinion
about the daylighting system.

Chapter V contains the conclusions about the light pipe system and gives

recommendations for future studies on this matter.



CHAPTER Il

LITERATURE REVIEW

This chapter contains a discussion of selected literature that forms the
background of this research. The review of the literature starts with the use of
daylighting in office buildings and its influence on office workers. Then, an introduction
and detailed review of advanced daylighting systems refer to previous studies about light
transport systems. Finally, methods of daylighting assessment, which constitute the basis

of the methodology used in this study, are examined.

2.1. DAYLIGHT IN OFFICES
2.1.1. Use of Daylight in Office Buildings

Since the arrival of electricity, the design of modern buildings has relied on
artificial lighting and air conditioning. Thus, daylight availability has depended much
more on facade composition and corporate image than on common sense.

However, an actual concern about energy savings and visual comfort has brought
particular attention to the studied design of daylight introduction into building interiors.
The rediscovering of the sun as a design tool helps to produce more interesting buildings
which are aware of their environment (Grimme et al, 2002).

The advantages of using daylighting in office buildings are several: increased
productivity and decreased absenteeism; reduction in electric lighting and cooling loads
that together represent 30% to 40% of the total energy use in a typical commercial
building. Besides, energy-efficient buildings are good real estate investments —better
lease rates, faster investment return, and higher cash flows— and have a lower impact on
the environment (O’Connor et al., 1997).

The most common office type is the side-lit office. A good fenestration design
should aim to provide enough illumination for the development of tasks, a view to the

outside, and visual comfort for the occupants. However, it is not easy to meet all these



requirements. Some daylighting design guidelines try to make this design process easier.
According to the IESNA Lighting Handbook (IESNA, 2000) the evolution of a
particular design involves the following steps: 1) revise the balance between luminance
and illuminance levels for better visual comfort and light quality; 2) design daylighting
openings and shading devices according to the necessity of direct or diffuse daylight in
the space; 3) control any glare problems; 4) review daylight and electric light
integration. The Chartered Institution of Building Services Engineers in its Daylighting
and Window Design (CIBSE, 1999) gives a more detailed checklist. It adds to the
IESNA list and mentions other considerations that include a correct relationship between
window size and room depth, between window size and adequate task illuminance, and
the correlation between window size and thermal repercussion. It also considers daylight
redirecting systems to improve light uniformity and openings for ventilation as well as
window frame and glazing.

Illuminance of an office space consists of ambient and task lighting. The purpose
of ambient lighting is to give a uniform light level that allows casual work. In general,
ambient light is approximately one-third of task lighting, which is about 500-600 lux
(Benya et al., 2003). For offices with partitions, ambient lighting should be higher
because the partitions reduce the average ambient illumination level by 30%-35% due to
their reflectance and height (Benya et al., 2003). In particular, illuminance levels will
depend on the characteristics of the visual task being illuminated, as seen in Table 1.
Ambient lighting can be achieved by daylighting, but task lighting is generally

dependent on electric lighting.



Table 1

Determination of illuminance categories

Orientation and simple visual tasks. Visual performance is largely
unimportant. These tasks are found in public spaces where reading
and visual inspection are enly occasionally performed. Higher levels
are recommended for tasks where visual performance is
occasionally important.

A Public spaces 20 Ix {3 fc)
B Simple orientation for short visits 50 Ix {5 fc)
G Waorking spaces where simple visual
tasks are performed 100 Ix (10 f¢)

Common visual tasks. Visual performance is important. These tasks
are found in commercial, industrial and residential applications.
Recommended illuminance levels differ becauss of the
characteristics of the visual task being illuminated. Higher levels are
racommended for visual tasks with critical elements of low contrast
ar small size.

b Performance of visual tasks of high 300 Ix (30 fc)
contrast and large size
E Psriormance of visual tasks of high

contrast and small size, or visual
tasks of low contrast and large

size 500 Ix {50 fc)
F Performance of visual tasks of low
contrast and small size 1000 Ix (100 fc}

Special visual tasks. Visual performance is of critical importance.
These tasks are vaery specialized, including those with very small or
very low contrast critical elements. Recommended illuminance
levels sheuld be achieved with supplementary 1ask kghting. Higher
recommended levals are often achieved by maoving the light scurce
closer to the fask.

G Performance of visual tasks near
threshold 3000 to 10,000 Ix
(300 to 1000 1c)

* Expected accuracy in illuminance calculations are given in Chapter 9,
Lighting Calculations. To account for both uncertainty in photometric measure-
ments and uncertainty in space reflections, measured illuminances should be
with = 10% of the recommended value. It should be noted, however, that the fi-
nal illuminance may deviate from these recommended values dug to other
lighting design criteria.

Source: IESNA Lighting Handbook, 2000.



Daylighting illuminance in a space is commonly expressed as a percentage of the
ratio between interior illuminance at a point over the working plane, and exterior
illuminance measured horizontally under overcast conditions, and is called Daylight
Factor (DF). Average Daylight Factor considers the average of interior illuminances.

Adequate brightness variations are important in an office environment to provide
good visibility without unwanted reflections. For that reason, knowledge of interior
finishes as well as location of video display terminals (VDT) is important. Reflectances
recommended by IESNA (IESNA, 2000) can be seen in Figure 1.

Partitions:
= il 40-70%
Furniture: A Walls:
25-45% 50-70%
E ) Floors: 20—40%
. __|/

Fig. 1. Reflectances recommended for room and furniture surfaces in offices. Source: IESNA Lighting
Handbook, 2000.

The luminance ratios establish the relationships among these reflectances within
the field of view. To avoid contrasts and possible glare problems, luminance ratios need
to be equal or below recommended values, as Figure 2 illustrates (IESNA, 2000).
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D Remote light surfaces
|:| Adjacent light surrounds
D VDT and paper-base task

Adjacent dark surrounds
[l Remote dark Surfaces

Fig. 2. Maximum luminance ratios recommended for a VDT workstation. The values joined by lines
illustrate the maximum recommended luminance ratios among various surfaces. Source: IESNA Lighting
Handbook, 2000.

The literature reviewed about the use of daylight in offices will be useful to
check whether the results of the advanced daylighting system tested reach the
illumination requirements for an office space with respect to uniform ambient lighting,

task lighting, and visual comfort.

2.1.2. Effects of Daylight in Building Occupants

Daylight affects humans physiologically and psychologically. Physiologically, it
influences the visual system and the circadian system that is the sleep/wake cycle and
establishes variations in daily hormonal rhythms. Psychologically, it influences the
perceptual system, producing changes in mood and social behavior (Boyce et al, 2003).
Figure 3 shows graphically how lighting conditions influence human performance.
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Fig. 3. A conceptual framework setting out the three routes whereby lighting conditions can influence
human performance. Source: Human Factors in Lighting by Peter Boyce, 2003.

People like to work in a daylit environment that is connected to the changes of
the outside world within the limits of visual and thermal comfort and privacy conditions.
A statistical study performed by the Heschong-Mahone Group showed that in six out of
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eight cases, workers who had a window with a view performed better than those who
had no view. It also found that office workers responded 10% to 25% better in memory
and mental tests when they had a view outside in comparison to those who had no view
at all. In addition, the employees with better health conditions were coincidentally those
with better views in their offices. In the same study, some other conditions that affected
the performance of office workers negatively were high cubicle partitions and glare from
windows (Heschong-Mahone Group, 2003a; Heschong-Mahone Group, 2003b).

Several surveys recognized two distinctive factors contributing to office workers’
satisfaction with the environment and high productivity. One was the individual control
over windows. The other was shallow buildings, which permitted cross ventilation and
natural light, over deep-plan buildings, which depended on mechanical systems for
ventilation and electric light in core areas (Boyce et al, 2003).

This research will attempt to correct this problem of deep-plan buildings by
bringing natural light to the back of the space. This will help the people who work far
from the windows to have a more comfortable work environment without high

illuminance contrasts.

2.2. ADVANCED DAYLIGHT SYSTEMS
2.2.1. Introduction and Classification

Daylighting systems are supplementary optical devices that work either in
addition to or incorporated into windows or other openings (Compagnon, 2002). They
are designed to intentionally adapt the intensity and distribution of daylight in a space to
meet the task requirements without glare. Daylighting systems work together with
electric lighting strategies, including switching or dimming artificial light in response to
daylight levels with the purpose of minimizing building energy impact and energy usage
(Benya et al, 2003).

These systems are called advanced or innovative because most of them refer to

new technology in the market, or materials and products still under research.
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There are several classifications of daylight systems (Littlefair, 1996;
Kischkoweit-Lopin, 2002). One that is based on their geometric characteristics divides
them into three categories (Compagnon, R., 2002):

a) Reflectors and light-shelves: These refer to reflectors located in the interior or
exterior of an opening with its same dimensions.

b) Integrated window elements: These refer to small optical elements assembled
in a repetitive and planar arrangement parallel to the interior side of a window or
integrated in a multiple glazing unit, between two glass panes. Examples within this
category are prismatic elements, transparent insulating materials; miniature mirrored
louvers, laser-cut panels, and holographic optical materials.

c) Light-guides: These are systems that convey natural light into core zones of a
building (see point 2.2.2 for further information on this topic).

Currently, most of the systems used in buildings provide directional control over
incident light but are limited in managing the correct balance and contrast, nor do they
allow sufficient illumination in core areas (Selkowitz and Lee, 1998). There are new
technologies under development that could accomplish these issues, but they need

further exploration in order to have a final integration with the building marketplace.

2.2.2. Light Guides

Light transport systems guide the light flux from the collector to the emitter by
using a transmission medium. In this way, beamed sunlight can be channeled and
distributed into interior spaces. Different technologies have been developed for that

purpose. A description of some of them follows.

2.2.2.1. Remote lighting

Some technologies use fiber optics (Wilson et al., 2002) and prismatic pipes
(Whitehead et al., 1986; Aizenberg, 1997) to transmit the light beam (Figure 4). The

main limitation of these methods is that they need a heliostat as collector to concentrate
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the sunlight. Heliostats are expensive and require careful maintenance. For maximum
daylight availability, they are placed on rooftops from where the light is directed into a
vertical shaft and then spread as a network at different levels. For that reason, these
systems need adequate upright spaces exclusively designed for their emplacement.
Otherwise, it could be difficult to fit these long vertical elements into an existing
structure and to integrate them into the architectural design, as in the case of retrofitted
buildings.
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Fig. 4. Remote lighting. (a) UFO system with fiber-optics, (b) prismatic pipe with a heliostat collector.
Sources: a) Wilson et al., 2002; b) Whitehead et al., 1986.

2.2.2.2. Vertical light pipes

Other studies use vertical light pipe configurations. Although some of them
interestingly combine daylighting with natural ventilation (Shao and Riffat, 2000;
Oliveira et al., 2001), these solutions are limited to single-story buildings and top floors
of multi-story buildings (Oakley et al., 2000; Carter, 2002; Jenkins and Muneer, 2003).
Refer to Figure 5 for some examples.
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room interiar l Ar intake

Fig. 5. Vertical light pipes. a) Combining daylight with natural ventilation, b) prototype useful only for
single floors. Sources: a) Shao and Riffat, 2000; b) Carter, 2002.

2.2.2.3. Horizontal light pipes

Horizontal light pipes designed for sunny and partly sunny skies are a promising
solution for supplementing daylight in deep-plan buildings. One of the most important
advantages is that they can fit into ceiling plenums, making them appropriate for their
integration into existing buildings. For better performance, horizontal light pipes need to
be optimized for different latitudes and orientations.

A study conducted by the Lawrence Berkeley Laboratory (LBL) evaluates light
pipes for intermediate latitudes with predominantly clear skies throughout the year
(Beltran et al., 1994; Beltran et al., 1997). This system successfully captures and
redirects sunlight from the facade towards the rear of the room, using reflective materials
and optimized geometry. The results showed regular illuminance levels above 200 lux
from 9am until 4pm throughout the year. The analysis was done for Los Angeles, CA
(latitude 34° N).

Anidolic [non-imaging] ceiling is another type of remote source lighting but it is
designed for mainly overcast conditions, typical of central European winters. It collects
diffuse light rays coming from the sky vault and redistributes it into 21.5 ft deep rooms
(Scartezzini and Courret, 2002; Courret et al., 1998).
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Studies performed on light pipes in the tropics, where the sun can be either on the
northern or southern hemisphere depending on the season of the year, propose light
pipes facing east or west, which limits their use to only half of the day. One of these
studies (Chirarattananon et al., 2000), conducted for Bangkok (lat: 13°45’N), basically
develops a validation for a mathematical model that calculates daylight illuminance with
ray tracing technique, and heat transfer with Reas’s method (1993). A few details about
the light pipe design and employed materials are also explained in the study.

Another study (Garcia Hansen et al., 2001; Garcia Hansen and Edmonds, 2003)
develops a solution for a commissioned high-rise building in Kuala Lumpur (lat: 3°7’
N). The orientation of the horizontal light pipes is towards the west. This research makes
use of mirrored light pipes coupled with laser-cut light-deflecting panels (LCP) as
sunlight collectors and diffusers. The principal drawback of this study is the use of LCPs
as collectors. Although it is a good means for deflecting and redirecting the light towards
the interior, it does not maintain the intensity of the light flux as it is received. Thus, it
gives illuminance values in the range of 200-300 lux in the afternoon, acceptable for
ambient light (which was required by the client), but not for task light. It also proposes
further improvement in the light output devices for a more uniform light distribution.

One other study makes an annual simulation of horizontal light pipes for south-
facing rooms in Venice (lat: 45.5° N) (Peron et al., 2004). The main difference of these
light pipes, as opposed to those of the previous works, was that the reflector was a
mechanical piece that varied in its inclination to better capture the sunbeam as the sun
moved along the day. This light pipe and its moveable reflector were not built. Another
limitation was that in order to obtain a uniform illuminance level at the work plane, the
transparent glazing was reduced to 30% (from 10 m?at the reference case to 3 m?),
significantly minimizing the view outside. For the simulation, the horizontal average
illuminance used came from a Local Exterior Illuminance Model (LEIM) and not from
real measurements, which resulted in an underestimation of the real values. Other than
that, this study complied in terms of visual comfort, obtaining a uniform daylight

distribution across the room with correct illuminance levels and contrast ratios.
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The present research is based on the light pipe developed by LBNL exploration.
The light pipe has been studied using scale models and computer simulations, showing
adequate daylight levels at the back of the room with a minimum inlet glazing (not extra
cooling loads). This design is applicable to the latitude and sky conditions of College
Station (lat: 30° 36” N), where the actual research was conducted. This has been one of
the reasons to select this work as opposed to others such us anidolic systems designed
for overcast skies, or light pipes in the tropics meant for low latitudes. The other studies
use either expensive technology with difficult maintenance (heliostat and fiber optics),
moveable parts that complicate the system and have been only simulated (mechanical
reflector), or inadequate materials to concentrate direct sunlight (Kuala Lumpur high rise
building). Vertical light pipes have not been considered because they are meant for

single floors, and that is out of the scope of this study.

2.3. DAYLIGHT EVALUATION
2.3.1. Scaled Models

The use of scale models is an invaluable tool in the design process of a
daylighting system, allowing the assessment of its quantitative and qualitative
characteristics. Quantitatively, due to the physical properties of natural light, the
photometric measurements taken inside a physical scale model are the same as those
existing in a full-scale building. That happens because the size of the light wavelengths,
380-780 nm, is small compared to the size of any scale model (Baker and Steemers,
2002). Qualitatively, a direct visual examination of the interior provides information
about glare and contrast in the space. It also gives the possibility of taking pictures,
which cannot be done by mathematical analysis (Robins, 1986). In general, scale models
are flexible tools that allow the comparison of different configurations quickly.

The scale of the model depends upon the evaluation technique used and the level
of data required. Large scale models (1:10 to 1:1) are especially useful to integrate

industrial components, and to proceed to final evaluation of advanced daylighting
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systems through monitoring and visual assessment of possible users and photographic
records (IEA SHC Task 21, 2000).

Important considerations when building a model are the accurate geometric
reproduction of the space and the replication of the transmission properties of glazing
materials and the reflectance of the different surfaces (Spitzglass, 1983).

The decision to use scale models in the present study allowed changing settings
in a quick fashion and experimenting with different materials and solutions with real
weather data. The materials and the large scale of the model facilitated in the observation

of the daylighting system, making it as close as possible to a real space.

2.3.2. Photometric Evaluation

For an efficient photometric evaluation, some considerations must be followed.
It is important to take continuous readings of exterior illuminance while taking interior
illuminances to obtain daylight factors. The light meters or photometric sensors must be
chosen according to the range of light to be measured —0-40,000 lux for diffuse light and
0-120,000 lux for direct light— and they should also have a photopic filter as well as
cosine correction. For the layout of the interior sensors, different schemes can be
arranged: a single point, a line, or a grid. A grid has to be uniformly spaced in columns
and rows, and it is used primarily to obtain illuminance contour maps (Robins, 1986).

The best testing times under a clear sky are between 9am and 3pm. Additionally,
it is useful to consider the beginning and the end of a working day, that is, 8am and 5pm.
For a good study on penetration and distribution at least three times should be
considered: 9am, 12pm, and 5pm (Robins, 1986).

All of the above factors were considered in the present study, including the use of
adequate photometric sensors that were placed on a grid, frequent measurements of

interior and exterior illuminances, and the appropriate schedule for an office building.
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2.3.3. Lighting Quality and Visual Comfort Evaluation

A great deal of research regarding lighting quality assessment that involves
luminance mapping and glare analysis has been done.

Mapping systems based on CCD (Charge-Coupled Device) technology have
replaced the old method of acquiring luminance maps with spot luminance meters. Using
this digital technology, it is possible to convert pixel values to luminance values. A study
(Berrutto and Fontoynont, 1995) proposes the use of CCD systems to evaluate
discomfort glare indices. Another study presents the calibration of a Nikon digital
camera for acquiring luminance maps (Coutelier and Dumortier, 2002), which resulted
in the development of licensed software, PHOTOLUX. But this becomes to be an
expensive solution for academic purposes. Software that is more suitable is “HDR Shop”
for PCs developed by P. Debevec (2001), and “Photoshpere” for MACs by G. Ward.
Both programs deal with high dynamic range -HDR- images (Debevec and Malik,
1997; Ward, 2001). A HDR image is the combination of multiple photographs of a scene
at different exposures that capture a much greater range of light that single exposures. It
is much closer to what a human eye perceives. This is possible because HDR pixels use
floating-point numbers, capable of representing light quantities of 1 to 1,000,000 and
beyond. On the other hand, digital cameras apply nonlinear mapping to convert the 12-
bit output from the CCD into 8-bit values commonly used to store images, losing
valuable data in the process. These types of images store pixel values as integers from 0
to 255.

A method to evaluate brightness distribution and glare potential, based on
measured luminance variations within a space, proved to be useful for predicting
occupant response (Schiller and Japee, 1995). This method was further supplemented
with the development of a software package that makes it functional and easy to use
(Culp, 1999). The inconvenience of this method is that the graphic represents the picture
in pixel values, which makes it hard to compare with the iso-contour images that show

the photograph in cd/m2.
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To validate the luminance values in the images of this study, HDR images
composed in Photosphere and processed in Desktop Radiance as iso-contours, were
compared to luminance measurements taken at the real space. Further explanation about

the method used to evaluate visual comfort is in Chapter I11.

2.3.4. Visual Observation

Because no instrument can duplicate or measure what the human eye perceives,
visual observation is critical in the qualitative evaluation of a daylighting system.
Usually, people’s opinions about the visual performance of a lighting system are taken in
the design stage, or later as a post-occupancy evaluation (POE).

When used in the design stages, visual observation generally involves the
inspection of the scale model where the daylighting system is being studied. For that
purpose, viewing ports need to be placed at a scaled eye level. Looking inside the model,
and before any evaluation is done, the observer has to allow his eyes to adjust to the
interior light levels for at least 5 minutes. Before that adjustment period, the person
should evaluate the lighting conditions as soon as possible, as the first impression is
important (Robins, 1986). When evaluating a new system, it is important to have a
neutral reference model or base case so the person can compare between this and the
new solution (IEA SHC Task 21, 2000).

The primary aim of a POE study is to know whether the lighting design meets the
expectation levels that were intended during its development (Baker and Steemers,
2002).

In both cases, used in the design stage and as POE evaluation, the opinions of
people can be collected in a questionnaire or survey. Surveys are an important tool for
the assessment of a user’s opinion (Hygge and Lofberg, 1999; IEA SHC Task 21, 2000;
Heschong Mahone Group, 2003a).

This study used a survey as an evaluation method for the light pipes advanced
daylighting system. It involved the observation of the reference model and the test model

through viewing ports placed on the sides of each model.
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All these assessment techniques have been used in combination to evaluate the
advance daylighting system tested in this research. The use of scale models to take
photometric measurements collectively with photographic documentation and visual
observation shapes the methodology followed in this study. A detailed development of

this methodology is explained in the next chapter.
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CHAPTER Il

METHODOLOGY

3.1. CONSTRUCTION OF PHYSICAL SCALE MODELS
3.1.1. Scale Models: Design and Construction

This study follows the research started by Lawrence Berkeley National
Laboratory, LBNL (Beltran et al., 1997). Therefore, the prototype characteristics in this
study aim to be as similar as possible to those in that study. The base case or reference
case is a module of a multi-story office building with an open-plan configuration. The
real dimensions are 20 ft width, and 30 ft length (deep-plan), and 10 ft ceiling height
with 2 ft more for the plenum. To facilitate qualitative assessment, the scale of the
models was decided as 1 feet = 3 inches. This scale gives an adequate depth of field for
the photographic documentation and allows a realistic field of view for visual
observation. It also has the advantage of being the appropriate scale for studying
constructive details in the light pipe design. All the drawings displayed in this chapter
show the measurements of the scaled models, not the measurements of the real scale.

The floor and walls were constructed of plywood, water-sealed, and painted. The
ceiling, made with corrugated board, was mounted on a wooden structure. It was slid
into the model and supported by three tight cables placed between the side walls. The
three different surfaces were painted, and their reflectances are shown in Table 2.

The reflectance p for each material was calculated as follows:
p=[(Lx0.18/LGC)+ (Lx09/LWC)]/2 (1)
where L is the luminance value of each material measured with the luminance meter, GC
is the known reflectance of a Kodak gray card with a value of 18%, and WC is the

known reflectance of a Kodak white card with a value of 90%.
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Table 2
Floor, ceiling, walls, and furniture reflectances

Physical model components LBNL reflectances Thesis reflectances

Floor 0.21 0.23
Wall 0.44 0.47
Ceiling 0.76 0.80
Furniture N/A 0.34

*Measured with a Minolta LS-100 luminance meter in overcast conditions.

The facade was made of stackable parts to facilitate the easy removal of these
parts for exploration of different designs and materials, and for re-design and use in
future studies. These parts were the window sill, lower window, upper window, and
plenum front-part. This last piece varies in the test case, with a protrusion in the middle
with a small sloped glazing aperture that is the light pipe collector. Figure 6 shows the
plan view, and Figure 7 shows the section of the reference model. Figure 8 shows the
details of both facades. The windows have clear glass, T = 88%, and three layers of white
paper applied from the inside. The total transmittance in the models is 14%, which
approximates to the real conditions commonly found in office buildings consisting on
double-pane low-E glass, t = 77% (LBNL, 2005), with closed white Venetian blinds, T =
20%, which corresponds to a total transmittance of 15% (Total; = Glass; x Blinds;). The
reference values for the venetian blinds transmittance were obtained from measurements
taken with closed blinds, 1o, = 20%, and opened / semi-opened blinds, Tso, = 29% (refer

to detailed tables of venetian blinds transmittance in Appendix A).
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Fig. 8. (a) Reference model front view, (b) test model front view.

The two scale models, reference and test cases, were assembled side by side on a
metallic platform on the roof of the School of Architecture, Texas A&M University,
located in College Station, TX. The models were placed and leveled on top of concrete
blocks for better access and appearance. Figure 9 shows a picture of the final setting.
The facades of the scale models are facing south. Since the platform is metallic and a
compass would not work, the true North was found by marking the shadow of a plumb
line at solar noon for 10 days. The line obtained indicates the axis North-South as shown
in Figure 10.

In order to have visual access into the models, three viewports at eye level were
provided on each scale model: one at the back and two on the east facing wall. These
viewports give two different points of view as well as the possibility of performing

several tasks at the same time, like taking pictures and luminance measurements

simultaneously.
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Fig. 10. Setup to find North-South axis at solar noon.
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3.1.2. Light Pipe Prototypes: Materials, Design and Construction

The prototype developed has a trapezoidal shape in plan and has been tapered in
its longitudinal section towards the rear of the room. The depth of the ceiling plenum
determined its size so that the light pipe could fit inside it. The length is 31.7 ft, the
width varies from 6 ft at the front to 2 ft at the back, and the height varies from 2 ft at the
front to 1 ft at the back. The light pipe design in plan and section is shown in Figure 11
and Figure 12, respectively.

The light pipe captures the sunbeam through a small glazing area and guides the
incoming sunlight from the collector towards the emitter through a transport section.

The collector is made to collimate incoming sunlight, optimizing the amount of
bounces the light makes through the transport section. It consists of a protruded volume
that projects 1 ft outside the fagade plane with a glazing area in its upper part. The
glazing has a transmittance coefficient of T = 88%. The collector consists of fixed central
and side reflectors designed according to the angles of the sun in the solstices and
equinoxes. The central reflectors are meant to capture the daylight from approximately
10am to 2pm. They were designed with the solar altitude angles at solar noon for the
equinoxes, winter solstice, and summer solstice, as shown in detail in Figure 13. The
objective of the side reflectors is to capture sunbeams in oblique angles during early
morning and late afternoon hours. For the design, the azimuth angle is 60° and, the
altitudes are 40° for equinoxes and 78° for summer solstice, as can be seen in Figure 14.
The altitude angles were found by using a sun path diagram drawn with the software
“Sun Path,” version 1.0 (beta), distributed by Pacific Gas and Electric Company (refer to
sun path graph in Appendix B).
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The transport section consists of a pipe coated with a reflective material, with an
opening in the bottom of the second half of its length for the distribution of the light into
the room. This element was made of corrugated board layered with poster board for a
smoother surface, and was covered on all its surfaces with a high reflective film. The
reflective film used in this study is “Silver Reflector III” by Southwall Technologies,
with a specular reflectance p > 95%. A data sheet with specifications about this product
can be found in Appendix C. This material was the result of an extensive search for high
reflective films with a specular reflectance > 90%, and an adhesive side for an easier
application. Nothing was found with both characteristics; the product lacks an adhesive
side. This resulted in inconvenience at the time, since attaching the film to the poster
board cause it to reproduce the texture of the board, losing reflectivity. A study was
conducted to find the mounting technique with the best specular reflectivity. The
procedure followed is described in Appendix D. The solution adopted was to stretch the
film, attaching it only to the edges with removable adhesive.

The emitter, placed at the ceiling level on the second half of the light pipe,
consists of an opening with a diffusing material to transmit the daylight. The diffuser
needs to distribute uniformly the greatest amount of light without causing glare
problems. The diffusers used were: a) white color Barrisol® stretch ceiling, a
lightweight, lead-free co-polymer easy to stretch, T = 34 %; and b) translucent Mylar®
drafting polyester film, T = 70 %, thickness 0.06mm. Tests for observing the raw output
and the patches of light were run with both diffusers as well as with the opening
completely void. Obstructions were checked by taking photographs with a fish-eye lens.
The camera was placed on top of a tripod at the middle of each facade plane. Pictures
were taken at window sill-level for both models, and at the light pipe collector level for
the test model. A sunpath diagram, as shown in Figures 15 and 16, was superimposed on
each photograph to find out when the scale models would be shaded by existing
buildings and objects nearby. For both models the shaded time is early in the morning
until 8am in winter and until 7am in summer, and in the afternoon from 4:30pm in

sSummer.
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Fig. 15. Reference model 360° photograph with superimposed sunpath for College Station (30°36°N).

Fig. 16. Test model 360° photograph with superimposed sunpath for College Station (30°36°N).
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Since the light pipe system works to capture sunlight under clear and
intermediate sky conditions, sunlight availability was checked to confirm its
appropriateness for the location under study, College Station, TX (30°36’N). Weather
data from the National Oceanic and Atmospheric Administration (NOAA) regarding
annual percentage of cloudiness is shown in Table 3 for Austin, TX (30°16’N), a
location near College Station (NOAA, 2004). For College Station itself, the annual
percentage of cloudiness extracted from NOAA is restricted to year 2003 and is shown
in Table 4 (NOAA, 2005). According to NOAA data, it can be seen that the annual
percentage of sunny and partly cloudy days ranged from 63% to 81% for this area.
Another reference consulted regarding sunlight availability for a near location, Fort
Worth, TX (32°47°N), shows that for the 7am-7pm time frame, the percentage of the
year that is sunny is 66% (Robbins, 1986). This last reference is based on a prediction
model. Consequently, according to Table 5, College Station climate could be categorized
as average-clear (Robbins, 1986). Due to the limited data, all this information has to be

taken as simply a reference. For detailed and extra tables, refer to Appendix E.

Table 3

Annual cloudiness for Austin, TX, with 54 years of data collected

Cloudiness - Mean Number of Days ANNUAL ANNUAL
(Clear, Partly Cloudy, Cloudy) # of YRS CL PC CD % of CL+PC
AUSTIN, TX 54 115 114 136 63
Table 4

Cloudiness for College Station, TX, for the year 2003 only

Cloudiness - Mean Number of Days ANNUAL ANNUAL
(Clear, Partly Cloudy, Cloudy) YEAR CL PC CD % of CL+PC
COLLEGE STATION, TX 2003 199 97 69 81

Tables 3 and 4 show the mean number of days per category of cloudiness. The categories are determined
for daylight hours only. “Clear” denotes zero to 3/10 average sky cover. “Partly cloudy” denotes 4/10 to
7/10 average sky cover. “Cloudy” denotes 8/10 to 10/10 average sky cover.
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Table 5
Cloud Cover categories according to sunlight probability data bins by Robbins, 1996
Characteristic Sunlight
Climate Probability
Very Clear >0.85
Clear >0.75
Average > 0.65
Overcast >0.55
Very Overcast <0.55

3.2. EVALUATION METHODS
The performance of the light pipe was assessed quantitatively by taking
illuminance and luminance measurements, and qualitatively by visual inspection and

pictures.

3.2.1. Data Collection with a Datalogger and Photometric Sensors

The instrumentation used to collect illuminance levels consisted of twenty-eight
photometric sensors by LI-COR, model LI-210SA; a shadow band stand by Eppley
Laboratory, model SBS; and a datalogger by Campbell Scientific Inc., model CR23X.
For the LI-COR sensor calibration, two Konica-Minolta light meters, models T-10 and
T-10M, were used. Specifications about this equipment are documented in Appendix F.

The LI-COR photometric sensors are cosine-corrected. Twenty new and eight old
sensors were slightly adjusted for natural light, using overcast sky as the most accessible
uniform condition. At the same time, they were calibrated using two Konica-Minolta
light meters. For detailed tables of the calibration process, see Appendix G.

For the interior measurements, twelve sensors were placed in each model. They
were distributed on a grid of three by four lines at workplane level and mounted on top
of wooden racks. The mounting racks had holes to receive the sensors, with a notch for
the cables. They were painted gray with a 0.34 reflectance, since this is the color
commonly used for office furniture. The arrangement of the sensors is shown in Figure

17. Outside the models, four photometric sensors LI-210SA were placed to measure
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external illuminance. Two of them were mounted on a post next to one of the models to
take horizontal and vertical global illuminance. The other two were positioned
horizontally and vertically in a static shadow band to measure diffuse illuminance
(excluding direct sunlight). The shadow band stand was placed facing south, and its
purpose was to block the direct sun from shading the sensors. It had to be adjusted
regularly to coincide with the solar declination. This feature was set on the last stage of
the experiment, and the data available is valid for only the Mylar® diffuser. The pictures
in Figure 18 show the four sensors placed in the exterior.

The datalogger used for collecting the data was set to make readings every
minute of the illuminance levels. This gave the flexibility to manipulate data as required
at a later stage. The program to collect data was written using the software SCWIN
version 2.0 (Beta), and was later adjusted using LoggerNet version 2.1.0.15, both
softwares by Campbell Scientific Inc. The data collection was performed weekly, using
LoggerNet software. A detailed input of the data collection program, as well as
considerations to have in mind when writing a datalogger program, was included in

Appendix H.
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Fig. 17. Arrangement of sensors inside and outside both models.
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() (b)

Fig. 18. Exterior photometric sensors. (a) Shadow band oriented South for obtaining horizontal and
vertical diffuse illuminance, (b) Horizontal and vertical sensors placed in the shadow band, (c) Horizontal
and vertical sensors for global illuminance placed on top of a post and next to the reference model.

This experiment involved two instances. In the first instance, the windows
received a layer of white paper simulating semi-opened Venetian blinds. The second
instance consisted of adding two more layers of paper simulating closed Venetian blinds,
which is a more common condition in open-plan office buildings in order to avoid direct
sun on computer screens and to reduce heat gain. The survey was taken during the first
instance. However, the second instance is the one chosen for further analysis. In order to
analyze the measurements taken on clear days during the first instance, three layers of
paper were placed at the window of the reference model, and the light pipe collector was
closed in order to simulate a base case with closed blinds, while the reference model was
left with only one layer of paper to simulate semi-opened blinds. Measurements were
taken for several days under clear and overcast days. A correction factor of 0.4076 for
clear days was deducted to adjust the values of the first instance that were needed in the
analysis. More details appear in Appendix J. After this test was performed (03/08/05),

both models were left with 3 layers of papers, simulating closed blinds.
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To obtain the contribution by itself of the three light pipe conditions, the
windows of the test model were covered at different times with black plastic, while

keeping the windows of the reference model uncovered.

3.2.2. Visual Assessment

Glare, contrast, and visual comfort evaluation were assessed by photographic
documentation, luminance measurements, HDR composition, and direct visual

observation by the author herself and by means of a survey.

3.2.2.1. The use of luminance ratios and photographic documentation for visual

comfort evaluation

A time-lapse sequence was recorded to observe the change in the sun pattern
throughout the day when testing the light pipe without diffusers (void opening).

High Dynamic-Range (HDR) images were created from multiple bracketed
exposures of the same static scene. The purpose of HDR images is to reconstruct the
image of the scene closer to reality than a common picture. The software “Photosphere”
by Greg Ward was used to create these types of images. Luminance contour maps of
these HDR images were obtained afterwards using Winimage version 1.0, the image
analyzer included in the Desktop RADIANCE package. Luminance measurements of
reference points, to be compared later with the luminance maps, were taken at the same
time as the bracketed photographs. Finally, luminance ratios were compared to those
recommended in the IESNA Lighting Handbook (IESNA, 2000) for the visual comfort
evaluation. Possible glare problems (direct and reflected) were also evaluated
(ANSI/IESNA RP-1-04, 2004). The equipment used in this process was a digital camera,
Nikon Coolpix 5400; and a Minolta luminance meter, model LS-100 (see Appendix F).
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3.2.2.2. Survey for human response evaluation

A survey was conducted to establish the effectiveness of the Light Pipe system.
The objectives of this survey were to corroborate if the advanced daylighting system
under study had achieved the following: increase in daylight levels at the rear of deep
rooms, more uniform distribution of the light within the space, control of direct sunlight,
and reduction in glare problems. The survey was conducted over two consecutive days
with varied weather conditions (partly cloudy and sunny with haze). The nineteen
participants consisted of graduate students and staff at Texas A&M University. The
procedure involved observation of the interior of the two models (the reference case
followed by the test case) through the lateral viewports, and the answering of a
questionnaire. At the time each participant was observing, multiple bracketed exposures
and luminance measurements of the test case and sky conditions were taken. Scaled
office desks were included to give more realism and a sense of scale. Survey

documentation and the questionnaire are presented in Appendix I.
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CHAPTER IV

DATA ANALYSIS

This chapter discusses the data collected and the results obtained by following
the methodology explained in Chapter Il1. The light pipe system is analyzed in three
different output conditions. Condition one is the light pipe, called “raw”, which is the
transport section without any diffuser at the output portion; condition two is the light
pipe with a diffuser called Barrisol®, and condition three is the light pipe with another
type of diffuser called Mylar®.

The three conditions were compared to the reference model and among
themselves. They were evaluated through: a) exterior and interior illuminance
measurements; and b) photographic documentation, some of it consisting of HDR
images in combination with interior luminance measurements and time-lapse sequences.

In addition, condition three was evaluated by means of a survey.

4.1. MEASUREMENTS UNDER CLEAR SKY CONDITIONS

Illuminance levels were measured from December to March for the three light
pipe conditions. As shown in Table 6, workplane illuminance at 24 ft due to the light
pipe and the window contributions is over 300 lux from 10am to 2pm for raw light pipe
from December to March; from 9am to 3pm for light pipe with Mylar® during January
and February; and from 10am to 2pm for light pipe with Barrisol® in January and
March. The glazing area at the collector is the same for the three light pipe conditions:

5.5 ft in real scale, which accounts for only 0.91% of the floor area.
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Table 6
Workplane illuminance (lux) of the three light pipe conditions at 24 ft, with lower window contribution

Raw Light Pipe Dec. 26th Jan. 17th  Feb. 25th Mar. 08th

8:00 AM/4:00PM 115 152 138 102
9:00 AM/3:00PM 263 314 267 240
10:00 AM/2:00PM 422 446 434 433
11:00 AM/1:00PM 574 591 553 606
12:00 PM 4221 1560 935 1002

Mylar Light Pipe Dec. Jan. 25th  Feb. 14th Mar.

8:00 AM/4:00PM N/A 140 171 N/A
9:00 AM/3:00PM N/A 309 337 N/A
10:00 AM/2:00PM N/A 554 581 N/A
11:00 AM/1:00PM N/A 823 843 N/A
12:00 PM N/A 1390 1233 N/A

Barrisol Light Pipe Dec. Jan. 24th Feb. Mar. 11th
8:00 AM/4:00PM N/A 101 N/A 109
9:00 AM/3:00PM N/A 273 N/A 219
10:00 AM/2:00PM N/A 471 N/A 387
11:00 AM/1:00PM N/A 634 N/A 571
12:00 PM N/A 731 N/A 656

Figures 19 and 20 display the distribution of daylight in plan view, combining
light pipe and window contributions for two light pipe conditions, with Mylar® and with
Barrisol® diffusers. In both cases the improvement on the back part of the space
compared to the reference case can be appreciated, as the space had illuminance levels of
300 lux and up from 9am to 3pm with Mylar, and from 10am to 2pm for Barrisol. This
shows that the light pipe system has a noticeable performance throughout the greatest
part of the working hours, with the highest values at noon, and with acceptable levels
during morning and afternoon hours; hence, capturing the sun at oblique angles. The
values from 10am to 2pm for Mylar, and from 11am to 1pm for Barrisol are a little high
for an office with VDT screens, which is due primarily to the excess of light coming
from the window that lacks a shading device to block the direct sun. Besides, the amount
of light could be appropriate for other types of working environments, such as those
requiring visual tasks of low contrast and small size, 1000 lux being the recommended
illuminance value by IESNA (IESNA Lighting Handbook, 2000).
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Fig. 19. Workplane illuminance (h: 28”) distribution on February 14™ for light pipe with Mylar® diffuser

in test model.
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Fig. 20. Workplane illuminance (h: 28™) distribution on March 12th for light pipe with Barrisol® diffuser
in test model.
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It can be seen in Figures 19 and 20, as well as in Table 7, that the illuminance
gradient in the test model with the light pipe (with both diffusers) is lower than that of
the reference case. The illuminance contrast gradient (ICG) gives an idea of the
uniformity of the lighting distribution, and it is defined as the ratio of the averaged
values of the half-front of the room by the averaged values of the half-back of the room.
Table 7 shows the ICG at 9am and at 12pm, making evident the better performance of
the light pipe system over the reference case regarding light distribution. This reduction
in the contrast between areas of the same space indicates a better quality and uniformity

of the lighting levels across the space.

Table 7
Average illuminance at the half-front (max.) and half-back of the space (min.) and the resulting
illuminance contrast gradient (ICG) for two light pipe conditions compared to the reference case

9:00 AM 12:00 PM
Date Conditions in models AVG AVG AVG AVG
Front Back ICG Front Back ICG
04/02/05 Reference model 297 92 3.2 549 168 3.3
Light pipe with Mylar 321 230 1.4 610 644 0.9
03/12/05 Reference model 432 133 3.2 750 229 3.3
Light pipe with Barrisol 480 212 23 871 604 1.4

The difference of the daylighting quality can be visualized in Figure 21 where the
outside receptor of the light pipe was covered with a black cloth and then uncovered.
Hence, the effect due to the window contribution is compared visually to the window
with closed blinds plus the light pipe with Mylar® contribution. The uniformity of the
daylight distribution due to the light pipe is easily appreciated in Figure 21c as opposed
to Figure 21a, which has a dark back. It is also depicted by luminance false color image
21b. The light delivered by the light pipe illuminates the workplane and side walls on the
half-back as well as the back wall. It also helps to make an overall clearer ceiling, which
helps it to feel lighter than in picture 21a. The illuminance values at the back at the time

Figure 21c was taken ranged from 500 lux on the sides to 1000 lux on the center-back.
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Fig. 21. Two consecutive HDR images on March 1% at 1pm. (a) The light pipe collector has been covered,
and the only light entering the model is through the window. (c) The light pipe is channeling the daylight
to the back of the room. False color images of luminance values (b) and (d) were generated with
Winimage (Desktop RADIANCE) from each HDR image.



44

The improvement introduced by the light pipe system at the back of the room
helps to obtain more uniform light levels, as Figure 22 indicates.
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—@— From window
—¥— From Light Pipe
600 - Total

700 +----- @
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400 -
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IHluminance (lux) .

200 +
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Distance from window

Fig. 22. Workplane illuminance (h: 28™) longitudinally along the middle of the space, due to daylight
contribution from window with closed blinds and from light pipe with Mylar, and the total combination of
both contributions. April 1%, 10am. Exterior horizontal illuminance 95,039 lux.

As the comparison with the reference case gives a better idea of the
improvements provided by the light pipe system, Figures 23 and 24 show the
illuminance values at the workplane longitudinally along the middle of the room for both
cases, considering two light pipe conditions, with Mylar® and with Barrisol®. In all
cases for the last two points in the back, the improvement due to the light pipe system is
indicated as a percentage over the values obtained in the reference room. For both
conditions at all times, the light pipe introduces daylight at the rear of the room,
increasing the illuminance levels that otherwise would have been low enough to need

electric light to reach the required light levels.
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Fig. 23. Workplane illuminance (h: 28™) longitudinally along the middle of the space, due to light pipe
with Mylar® and window with closed blinds in test model, and window with closed blinds in reference
model. April 2" from 9am to 12pm.
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March 12th 9am_Ext. horizontal illuminance 67,496 lux
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Fig. 24. Workplane illuminance (h: 28”) longitudinally along the middle of the space, due to light pipe
with Barrisol® and window with closed blinds in test model, and window with closed blinds in reference
model. March 12" from 9am to 12pm.
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It can be appreciated, in both conditions, that the light pipe curve tends to flatten
within the last three points (excepting light pipe with Mylar® at 11am and noon),
indicating a better uniformity on the lighting conditions in that area. The illuminance
values next to the window could be much lower, giving a flatter line, if an exterior
shading device such as louvers or overhangs was introduced at the fagade plane. Overall,
the light pipe with Mylar® delivers more daylight than the light pipe with Barrisol®,
which is directly related to the transmissive properties of each material. Consequently,
the daylight levels reached with each material could be taken into consideration during
the design stage, depending on the type of work that is going to be developed in the
office space.

The contribution by itself of each light pipe condition was analyzed. Figures 25
to 27 show a 3D distribution of daylight in the rear of the office space at 9am and 3pm
(3pm values are very similar to those at 9am), and at 12pm, due to the light pipe
contribution for each condition without the lower window. At 9am and 3pm, values for
all the conditions are a little higher at 18 ft than at 24 ft due to oblique angles having the
output at approximately that distance. At 12pm, the biggest concentration of daylight is
at 24 ft on the center, except for the Barrisol® diffuser example that is at 18 ft. This
difference is due to the time of the year the illuminance levels were measured for the
different light pipe conditions. When the Barrisol® contribution was evaluated on
March 11™, the central collector design for the equinoxes makes the sunbeam bounce
differently than the collector for the winter solstice would do, hence making the output
closer to the 18 ft row than to the 24 ft row (which is the case of the other two examples:
“raw” and Mylar®). Nevertheless, noon is the peak on the daylight output throughout
the day for all the light pipe conditions, since the central reflectors were designed for
solar noon. At this time the azimuth of the sun is 0°; thus the sunbeams are entering
directly towards the output. The raw light pipe condition concentrates the daylight even
more on the center part precisely because it does not have a diffuser, which would help
to redistribute the light evenly. For that reason, it is also the condition with greater and

more variable contrast gradient, as Table 8 indicates.
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Fig. 25. Workplane illuminance (lux) due to raw light pipe without window contribution. Measured at
College Station, TX, showing sun and sky contribution on a clear day at 9am and 12pm (solar time).
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LIGHT PIPE with MYLAR (1 = 82%), Feb 14, 9am (solar time)
Ext. Glob. Horizontal 55,385 lux
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Fig. 26. Workplane illuminance (lux) due to light pipe with Mylar®, without window contribution.
Measured at College Station, TX, showing sun and sky contribution on a clear day at 9am and 12pm (solar
time).
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LIGHT PIPE with BARRISOL (1 = 56%), Mar 11, 9am (solar time)
Ext. Glob. Horizontal 66,917 lux
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Fig. 27. Workplane illuminance (lux) due to light pipe with Barrisol®, without window contribution.
Measured at College Station, TX, showing sun and sky contribution on a clear day at 9am and 12pm (solar
time).
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As seen in Table 8, the biggest contrast gradient for the raw light pipe as well as
for the light pipe with Mylar® occurs at noon, contrary to the light pipe with Barrisol®,
which happens at 9am. From Table 9 can be deduced that, when the contribution of the
window is added, it helps to decrease the contrast as much as 50% of the previous value
shown in Table 8. With the contribution of the window, the diffuser Barrisol® keeps a
more stable behavior throughout the working hours regarding distribution of light in the
back area of the room than the other two conditions (Mylar® and raw light pipe). It also
achieves levels of light closer to those recommended for an office with VDT screens
(IESNA Lighting Handbook, 2003), compared to the diffuser Mylar®.

4.2. RAYTRACING WITH TIME-LAPSE IMAGES

The purpose of the light pipe without a diffuser on the emitter section is to
analyze the maximum potential of this advanced daylighting system and to study the
patterns and effects of the concentrated sun beam inside the test model.

On March 8™, a sequence of photos with a set interval of 10 minutes was taken to
follow the patterns cast by the raw light pipe on the side and back walls of the test model
and over the workplane. A selection of the time-lapse images is displayed in Figure 28
where it can be noticed that early in the morning half of the side walls, as well as the
sensors at 18 ft and at 24 ft, are well-illuminated. As noon approaches, the light starts to
concentrate directly below the light pipe, and the sun patch gets brighter on the back
wall and recedes from the side walls. Consequently, the sensors at 24 ft get more light as
opposed to the sensors at 18 ft that enter in a penumbra. At noon, the sun patch is at the
center of the back wall; hence, the light reflected from it reaches the sensors in the

middle row, especially the one at 24 ft.
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Fig. 28. Time-lapse images from 9:30am to 12pm, showing the raw light pipe output casting changing
patterns on side and back walls.

4.3. MEASUREMENTS UNDER OVERCAST SKY CONDITIONS

Although the light pipe is not intended for overcast sky conditions, data was
analyzed to study its performance, and some findings emerged. The light pipe with the
Mylar® diffuser was the condition considered since this material is more transmissive
than the other diffuser used (Barrisol®). The values measured at the center lane of
sensors (lengthwise) were taken to observe the light pipe contribution and the window
contribution in two different states, with semi-opened and with closed blinds. Figures 29
and 30 show these values and the combination of their contributions. The light pipe
helps to introduce 165 lux at 24 ft, which shows to be helpful in combination with the
window with semi-opened blinds, reaching slightly more than 300 lux. However, its
contribution is not enough when blinds are closed on an overcast day, since the

combination of window and light pipe reaches a maximum of 217 lux at 24 ft.
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Fig. 29. Workplane illuminance (h: 28”) from window with semi-opened blinds and light pipe with
Mylar® under overcast conditions. February 20", 12pm. Ext. horizontal illuminance 48,200 lux.
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Fig. 30. Workplane illuminance (h: 28”) from window with closed blinds and light pipe with Mylar®
under overcast conditions. March 2", 12pm. Ext. horizontal illuminance 44,911 lux.
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Figure 31 shows the spatial distribution on an overcast day of illuminance levels
of the reference model and the test model, both with semi-opened blinds. Compared to
the reference test, the test model gives higher lighting levels at the rear of the space due
to the light pipe contribution. However, daylight factors in Figure 32 indicate that the

room needs electric light since a daylight factor below 2% indicates a gloomy space.

Distance from Window Reference Model Distance from window Test Model
6' 12' 18" 24' Units [lux] 6 12 18" 24

1000
900
800
700
1 600
500
400
300
200
100

Fig. 31. Workplane illuminance (h: 28”) in reference model and in test model with light pipe with Mylar®
with semi-opened blinds in both models under overcast conditions. Feb 9™, 12pm. Ext. horiz. illuminance
41,898 lux.
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Fig. 32. Daylight factor on the workplane (h: 28”) at the center of the space in the test model due to light

pipe with Mylar® and window with semi-opened blinds. Overcast conditions, Feb 9", 12pm. Ext.
horizontal illuminance 41,898 lux.
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4.4. ANALYSIS OF VISUAL COMFORT AND GLARE ANALYSIS
4.4.1. Photographic Documentation with HDR Images and Luminance Ratios

The light pipe system with Mylar® diffuser was photographed on March 1% at
1pm, and simultaneous luminance measurements were taken at four points. The values
measured are in Figure 33. ISO-contours generated from the HDR image depict a
luminance map throughout the entire space (Figure 34).

Fig. 33. HDR image of light pipe with Mylar® on March 1* at 1pm with spot luminance measurements of
four reference points.
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(a) (b)
Fig. 34. Iso-contours generated with Desktop Radiance of (a) low luminance values, (b) high luminance
values. Picture taken on March 1% at 1pm.

(a) (b)
Fig. 35. Luminance ratios between (a) the point at the desk and the three other reference points, (b) the

VDT screen, with a luminance value of 90 cd/m2, and the three other reference points. Picture taken on
March 1% at 1pm.
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As seen in Figure 35a, the ratio between the desk and the wall in front is within
the recommended standards, but the other two ratios are not. The ratio between the desk
and the window with simulated closed blinds could be lower if a shading device was
placed outside on the facade. Regarding the ratio of the light pipe and the desk, one
restriction should be noticed. The point on the desk is not indicative enough. A fairer
situation would have had a VDT screen on the desk, although its materialization is a
constraint due to the scale on the model. To solve this difficulty, luminance of a VDT
screen with negative contrast (black characters on a white background) with a usual
value of 90 cd/m2 was taken (ANSI/IESNA RP-1-04, 2004). In that way, the ratio
between the VDT and the point on the light pipe output gives 8.1, which is less than the
maximum recommendation of 1 to 10. According to IESNA Lighting Handbook, pp.11-
17, “The maximum ceiling luminance should not exceed ten times that of the VDT
screen if the luminance ratio standards are to be maintained.” A new set of contrast
ratios, now related to the VDT screen, shows better visual conditions, as in Figure 35b.

The light pipe placed overhead, as it is the test model case, is not likely to cause
either direct or reflected glare. However, direct glare must be evaluated in case this
design goes into a real open-plan office. Light pipe outputs placed further from the
person, within 45° and 85°, may fall into his field of view, causing glare problems
(Reynolds, 2000), as can be observed in Figure 36. The use of partitions has to be
considered, as it may reduce the offending area that could cause direct glare. Reflected
glare may occur, but it can be easily avoided by using flat monitors with matte finish, or
VDTs with adjustable tilting swivel. Figure 37 shows the offending zone that is
dependent on the eye-screen geometry (ANSI/IESNA RP-1-04, 2004). Further
exploration is needed regarding glare evaluation (glare assessment was also evaluated

with the survey; for more information see page 66).
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.92' partition height

Fig. 36. Arrangement of light pipes in an open-plan office to evaluate direct glare depending on contrast
ratio between VDT screen and light pipe luminance values. Offending zone (direct glare possibility) from
45° to 85°.

4' eye height

Fig. 37. Reflected glare on VDT monitor.

4.4.2. Analysis of Survey for Human Response Evaluation

The survey conducted on February 3™ and 4™ had the purpose of evaluating
people’s responses when comparing a typical sidelight office space (model #1) to a
space with the same characteristics but equipped with the light pipe system (model #2).
Nineteen people were interviewed, six on the first day and thirteen on the second day.
Most of them were graduate students who work in some type of office configuration,
either with or without daylight (Tables 10 and 11).



Table 10

Information of people who attended the survey on 02/03/2005 and 02/04/2005

Personal Info Characteristics | Percentage | Quantity
Gender Female 63% 12
Male 37% 7
19-24 21% 4
25-34 53% 10
Age Group 35-44 16% 3
45-54 11% 2
. Bach 68% 13
Leve(!oonf1 E|2$ec§tlon Master 16% 3
P PhD 16% 3
Student 79% 15
. Faculty 5% 1
Occupation Staff 50 1
Other 11% 2
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Table 11
Working environment and lighting preferences of people who attended the survey
Personal Info Characteristics Percentage Quantity
classroom 5% 1
computer lab 16% 3
work enclosed private office 37% 7
: enclosed office shared with others 26% 5
environment - - —
workstation with partitions none 0
office without partitions none 0
other 16% 3
DL availability at DL yes 63% 12
workspace DL no 37% 7
s like DL only 32% 6
p:'_(;% r;::(?es like EL only none 0
combination DL + EL 68% 13

Figure 38 shows the different sky conditions on both days during the survey. On

February 3" it was partly cloudy from 11:40am to 3:20pm, and on February 4™ it was

sunny but hazy until noon, and then it turned cloudier.
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(@) (b) (c)
Fig. 38. Different sky conditions during the survey. (a) On Feb 3" afternoon, (b) on Feb 4" morning, and
(c) on Feb 4™ afternoon.

The first impression about the overall lighting conditions was 95% satisfactory
for the space with the light pipe, while for the reference space 58% of the respondents

agreed that it was too dim (Figure 39).

I Test Model #2
Reference Model #1

0%
too bright
oo bright | o/
satisTactory e T 5%
y 37%
too dim 0%
58%
0% 25% 50% 75% 100%

Fig. 39. Question #8: What is your impression, at first glance, of the overall lighting conditions?

Regarding the probability of turning on the electric light in each space, 95% (18)
of the people answered they would do it in model #1, mostly at the back of the space;
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and only 21% (4) said they would need it in model #2, three of them at the back of the
space (Figure 40).

The preferred place to sit in model #1 was next to the window for eighteen of the
respondents; most of them explained that it was because “the back was too dark,” or
because they wanted “more natural light.” In model #2, nine did not have a preference
since “the room looked equally bright,” or there was a “satisfactory light level in the
whole room,” or because “the light is distributed evenly;” four chose the back because
they “prefer diffused natural light” or “there is too much glare at front and [they] feel
more relaxed when light comes from the ceiling,” or “the light is just right;” and five still
preferred the window because they wanted to have a “view to the outside,” or they

wanted “more natural light” (Figure 41).

Reference Model #1 In Reference Model: In Test Model:
M Test Model #2 —
100% 95% ; W
79%
75% NN N S L
2.5% 2.5%
u
50% S S & &
25% 1 21% %
0%
NO YES T
No need 5% No need 79%
() (b)

Fig. 40. Probability of turning on the electric light. (a) Question #10: Do you think you would need to turn
ON the electric light in model #1? And in model #2? (b) Question #11: If yes, where?



I Test Model #2
Reference Model #1
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1/2 space next to
window

1/2 space next to back

anywhere. It doesn't
matter

959

47%

Fig. 41. Question #12: In which part of the space would you prefer to sit if you were working in model #1?

And in model #2?

O Reference Model #1
@ Test Model #2

5%
too much left
0%
) 5%
too much right
7%

too much front

amount of light OK
(neutral)

not enough back

5%
not enough right EI °

5%
not enough left EI

86%

47%

0% 10% 20% 30% 40%

50% 60% 70% 80% 90% 100%

Fig. 42. Question #14: |s there too much light in some areas and not enough in others? Where?
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When asked if there was enough light in each space, 86% answered that the light
in model #2 was satisfactory while 47% said that the light was not enough at the back of
model #1 (Figure 42). A considerable amount of people responded that it was excessive
light at the front in model #2. This could be because of two reasons: one could have been
the contrast with the dark back, or it could have been because the windows were
simulating semi-opened blinds at the time of the survey; then too much light may have
been entering through them, regardless of the cloudy conditions. This explanation may
also be valid to the answers about glare problems shown in Figure 43, where 26% of the
respondents in model #1 and 16% in model #2 said that there was glare at the window.
On the other hand, no one found glare at the light pipe output, even though such output
falls within the direct glare zone, as is illustrated in Figure 44. On the other hand, light
pipe performance due to existing sky conditions at the time of the survey must be taken
in consideration for a complete validation of glare probability with this advanced
daylighting system.

As an indicator, thirteen of the participants considered themselves to be sensitive
to glare, and ten used some kind of glasses (seven of the ten used sunglasses), these

results can be seen in Figure 45.

Reference Model #1
= Test Model #2

5% (1)

YES, right s
S, right 5% (1)

26% (5)
YES, front | 16% (3)

0,
NG 68% (13)

79% (15)

0% 25% 50% 75% 100%

Fig. 43. Question #15: Do you think that there are enough glare problems in model #1to bother you? And
in model #2? If yes, please say where.
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Fig. 44. Transversal section of test model with observer evaluating glare. Direct glare zone highlighted.

5% (1)

ONO glasses

M sunglasses

O corrective glasses near-sighted

W corrective glasses far-sighted

@ sunglasses + correc. near-sighted

K

47% (9)

Fig. 45. Question #17: Do you use some kind of glasses? Please specify all that apply.

When they were asked to choose between the two models due to uniformity of
daylight distribution, all of them picked model #2. They also preferred model #2 as the
place where they would like to work.

Suggestions were made to improve lighting conditions. All of the comments for
model #1 were towards illuminating the back, whether with electric light or daylight, this
last one using a skylight, a redirecting device, or another window on the back wall.

Regarding model #2, 95% preferred to leave it as it was, and someone suggested adding
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some shading device, such as an internal light shelf, that might help reduce the excessive
light level near the window.

It can be concluded that almost all the people preferred the space with the
daylighting system, mainly due to the uniformity of lighting levels and the adequate
amount of light at the rear of the space which caused them to feel comfortable and to
prefer that space as their working environment if they could make the choice.
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CHAPTER YV

CONCLUSIONS AND FUTURE WORK

5.1. CONCLUSIONS ABOUT THE USE OF LIGHT PIPES AS A MEANS TO
ILLUMINATE DEEP PLANS

5.1.1. Conclusions about llluminance Values

The light pipe system corroborates to be an effective resource to provide lighting
levels of 300 lux and above at the back part of the space (15 ft to 30 ft), with a small
glazing area that minimizes heat gain. The workplane illuminance values measured from
December to March on clear days are satisfactory (<300 lux), without the necessity of
turning on the electric light, for about six hours with the diffuser Mylar®, and for four
hours with Barrisol®. Nevertheless, from 10 am to 2 pm, light levels with Mylar® show
to be above the IESNA recommendations for offices with VDT screens (more than 500
lux). Therefore, the system confirms to be optimum predominantly for sunny skies,
although some improvement on the illuminance values was shown on overcast days as
well. Nevertheless, this upgrading can be achieved only with semi-opened blinds at the
side window and exterior illuminance levels of above 40,000 lux which fulfills
recommended illuminance levels for visual tasks (<300 lux) in the room.

As for the uniformity on the lighting distribution, the light pipe system shows to
have less contrast gradient than the reference case, and it shows flatter curves at the
workplane level along the longitudinal middle section of the space. Still, conditions in
the room equipped with the light pipe could be improved. A possible suggestion to
improve uniformity as well as required illuminance levels for office with VDT screens
would be a combination of the diffuser Barrisol®, or something similar, with some
shading device such as louvers at the fagade plane to give a better uniformity in the
entire space. Another suggestion towards accommodating lighting levels and achieving a
uniform light distribution could be to divide the emitter area in order to combine

diffusers with different characteristics.
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As some work regarding raytracing was done, it was noticed that approximately
from 9:30am to 11am in the morning and from 1:30pm to 3:30pm in the afternoon,
sunrays bounce from side to side, having their output at the first part of the light pipe
emitter, thus illuminating side walls and the area at 18 ft more than the back. Around
noon, the sunbeams headed directly towards the back, hence illuminating brightly the
middle part of the back wall and increasing light levels primarily in the middle of the
back of the workplane. An annual observation needs to be followed to study the
performance of the side reflectors that were designed for equinoxes and summer solstice,

to see the contribution of oblique angles.

5.1.2. Conclusions about Design and Materials Used

Regarding the materials used in the light pipe, the high reflective film used
proved to be difficult to handle, and some wrinkles stayed despite the efforts done to
keep the film straight and unpolluted. Hence, a better choice would be a film that comes
with an adhesive side, like the one 3M used to manufacture with the name “Silverlux,”
or the use of some metal sheet with a high reflective coating.

The assembling method of the facade demonstrated to be a little cumbersome for
maintenance, since the entire light pipe had to be removed every time the lower part of
the model needed to be reached. A better option would be to have the light pipe in two
pieces, one would be the collector integrated to the fagade and the other would be the

transport section and the emitter laying on top of the ceiling.

5.1.3. Conclusions about Visual Comfort and People Acceptance

The excess of light entering through the window could be solved by adding some
type of exterior shading element at the fagade plane, or by reducing the glazing area.
Such overload of light was noticed by the people on the survey, but at that time was
attributed to the blinds in semi-opened position that allows more light into the room than

closed blinds. Still the disproportion is evident in the graphs with closed blinds, as the



71

curve of illuminance values can reach around 1000 lux next to the window while reaches
around 600 lux at the back , depicting a very steep slope between 6 ft and 12 ft (refer to
Figure 24 at 12pm).

As mentioned in the glare analysis, there is a possibility of direct glare problem
when the light pipe emitter with Mylar® diffuser falls within the field of view, which
happens at angles between 45° and 85°. The visual comfort could be compromised if the
ratio between luminance values of the VDT screen and the light pipe output are greater
than 1:10. A better approximation to recommended luminance ratios should be done by
pursuing different settings with a more realistic environment closer to an open plan, such
as a bigger space with partitions and furnishings.

At the survey, there was an ample acceptance of the daylighting system over the
typical side-lit office, even when the light pipe was not under its full performance due to
cloudy or hazy sky conditions. No one noticed glare from the light pipe output, although
this may have been due either to the excess of light at the window that trapped all the
attention, or to the weaker sun, which made the light pipe output dimmer than on a clear

day.

5.2. FUTURE WORK

Further studies should be done towards the assembling of the light pipe and its
integration with the other building subsystems. One aspect would be the design of the
light pipe towards its industrialization which would involve the use of a more durable
material such as metal. This material will have to be able to receive a reflective coating
in its interior that will stay flat and will not deteriorate over the time.

Another aspect would be the particular design of the light pipe output to obtain a
better integration with the ceiling parts, and the possible introduction of the electric
luminaire together in the same assembly.

Of special concern is the integration with electric light using lighting control

systems (zoning and dimming controls). For this purpose, the placement of vertical
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sensors will be useful to evaluate illuminance in the vertical plane, since some dimming
controls are positioned in that way.

This study has considered an open-plan office configuration. First steps on
furniture placement and partitions have been done here, but this aspect needs to be
followed as different partition heights and furniture distributions may affect the
performance of the light pipe system.

Finally, for accuracy and practicality on developing all the further studies
mentioned above, it is recommended to build a full-scale mock-up of a totally equipped

open-plan office.



73

REFERENCES

Aizenberg, J.B., 1997. Principal new hollow light guide system “Heliobus” for
daylighting and artificial lighting of central zones of multi storey buildings. In:
Proceedings of the 4™ International Conference on Energy Efficient Lighting—Right
Light 4, 19-21 November, Copenhagen, Denmark, pp. 239—243.

ANSI/IESNA, 2004. American National Standard Practice for Office Lighting,
RP-1-04. Illuminating Engineering Society of North America, New York, NY.

Baker, N., Steemers, K., 2002. Daylight Design of Buildings, James & James,
London, UK.

Beltran, L.O., Lee, E.S., Selkowitz, S.E., 1997. Advanced optical daylighting
systems: light shelves and light pipes. Journal of the [lluminating Engineering Society 26
(2), 91-106.

Beltran, L.O., Lee, E.S., Papamichael, K.M., Selkowitz, S.E., 1994. The design
and evaluation of three advanced daylighting systems: light shelves, light pipes and
skylights. LBL Report 34458, Lawrence Berkeley Laboratory, Berkeley, CA. Available
from http://btech.1bl.gov/papers/34458.pdf

Benya, J., Heschong, L., Miller, N., Clanton, N., 2003. Lighting Design
Considerations. In: Advanced Lighting Guidelines, 2003 Edition. New Buildings
Institute, CA. pp. 7, 11. Available from http://www.newbuildings.org/lighting.htm

Berrutto, V., Fontoynont, M., 1995. Applications of CCD cameras to lighting
research: review and extension to the measurement of glare indices. In: Proceedings of
the 23rd Session of the Commission Internationale De L'eclairage (CIE), 1-8
November, New Delhi, India, pp. 192—-195.

Boyce, P., Hunter, C., Howlett, O., 2003. The Benefits of Daylight through
Windows. Lighting Research Center, Rensselaer Polytechnic Institute, Troy, NY.

Boyce, P., 2003. Human Factors in Lighting, 2" ed. Taylor & Francis, London,
UK.



74

Carter, D.J., 2002. The measured and predicted performance of passive solar
light pipe systems. Lighting Research Technology 34 (1), 39-52.

CIBSE, 1999. Daylighting and Window Design. CIBSE lighting guide LG10,
Chartered Institution of Building Services Engineers, London, UK.

Chirarattananon, S., Chedsiri, S., Renshen, L., 2000. Daylighting through light
pipes in the tropics. . Solar Energy 69 (4), 331-341.

Compagnon, R., 2002. Advanced Daylighting Systems, Chapter 9. In: Baker, N.,
Steemers, K. (Authors), Daylight Design of Buildings, James & James, London, UK.

Courret, G., Scartezzini, J.L., Francioli, D., Meyer, J. J., 1998. Design and
assessment of anidolic light-duct. Energy and Buildings 28, 79-99.

Coutelier, B., Dumortier, D., 2002. Luminance Calibration of the Nikon Coolpix
990 digital camera. In: Proceedings of the 3rd European Conference on Energy
Performance and Indoor Climate in Buildings, 23-26 October, Lyon, France, pp. 697—
702.

Crisp, V., Littlefair, P., Cooper, 1., McKennan, G., 1988. Daylighting as a passive
solar energy option: an assessment of its potential in non-domestic buildings. Building
Research Establishment, Report BR129, Garston, UK.

Culp, J., Schoen, D., 1999. Image analysis procedures and supplemental tools.
CERES, Ball State University. Based on: Interior [lluminance, Daylight Controls and
Occupant Response, Vital Signs Resource Package by Schiler M., Japee, S., USC.
Available from http://www.bsu.edu/classes/culp/litestuff/040703bsumanual.pdf

Debevec, P., Malik, J., 1997. Recovering high dynamic range radiance maps
from photographs. In: Proceedings SIGGRAPH ’97, 3-8 August, Los Angeles, CA, pp.
369-378.

Garcia-Hansen, V., Edmonds, 1., 2003. Natural illumination of deep-plan office
buildings: light pipe strategies. In: Proceedings of the ISES Solar World Congress, 14-19

June, Goteborg, Sweden.



75

Garcia-Hansen, V., Edmonds, 1., Hyde, R., 2001. The use of light pipes for deep
plan office buildings — a case study of Ken Yeang's bioclimatic skyscraper proposal for
KLCC, Malaysia. In: 35th Annual Conference of the Australian and New Zealand
Architectural Science Association, Wellington, New Zealand. Available from
http://www.csdesign.epsa.uq.edu.au/filebase/10200.Uqsdf/10341.Serving_in/10556.Pape
rsAndP/notcontent/10598.LightPipe.pdf

Grimme, F. W., Laar, M., 2002. Solar radiation & orientation as a key
information for bio-climatic design. In: Institute of Technology in the Tropics (Eds.),
Technology Ressource Management & Development — Scientific Contributions for
Sustainable Development, Vol. 1. Cologne, Germany. ittpub300102_4.pdf. Available
from http://www.tt.fh-koeln.de/e/itt/publications/index.htm

Heschong, L., Mahone, D., 2003a. Windows and Classrooms: a Study of Student
Performance and the Indoor Environment. Research Report for California Energy
Commission, San Francisco, CA. Available from
http://www.energy.ca.gov/reports/2003-11-17 500-03-082_A-08.PDF

Heschong, L., Mahone, D., 2003b. Windows and Offices: a Study of Office
Worker Performance and Indoor Environment. Research Report for California Energy
Commission, San Francisco, CA. Available from
http://www.energy.ca.gov/reports/2003-11-17_500-03-082 A-09.PDF

Hygge,S., Lotberg, H., 1999. Post occupancy evaluation of daylight in buildings.
A report of IEA SHC Task 21 / ECBCS Annex 29. Published by KHT, Royal Insitute of
Technology, Centre for Built Environment, Gavle, Sweden.

International Energy Agency IEA, 2000. Daylight in Buildings: a Source Book
on Daylighting Systems and Components. A report of the International Energy Agency
Solar Heating and Cooling Programme Task 21, Energy Conservation in Buildings &
Community Systems, Annex 29 (IEA SHC Task 21 / ECBCS Annex 29). Available from
http://www.iea-shc.org/task2 1/index.html

[lluminating Engineering Society of North America IESNA, M. Rea (Ed.), 2000.
Lighting Handbook: Reference and Application, 9" ed. IESNA. New York, NY.



76

Jenkins, D., Muneer T., 2003. Modelling light-pipe performances: a natural
daylighting solution. Building and Environment 38, 965-972.

Kischkoweit-Lopin, M., 2002. An overview of daylighting systems. Solar Energy
73 (2), 77-82.

Lawrence Berkeley National Laboratory LBNL, James J. Hirsch & Associates,
2005. DOE-2.2 Building Energy Use and Cost Analysis Program, Volume 4: Libraries
and Reports.

Littlefair, P.J., 1996. Designing with Innovative Daylighting. Construction
Research Communication Ltd, London, UK.

McNicholl, A., Lewis, O. (Eds.), 1994. Daylighting in Buildings. Energy
Research Group, University College, Dublin, Ireland, for the European Commission
Directorate General for Energy (DGXVII), A THERMIE Programme Action.

NOAA, 2004. Cloudiness - Mean Number of Days (Clear, Partly Cloudy,
Cloudy). Available from http://www.ncdc.noaa.gov/oa/climate/online/ccd/clpedy.txt

NOAA, 2005. College Station Climate Data, 2004 Monthly Data. Available from
http://www.srh.noaa.gov/hgx/climate/cll.htm

O’Connor, J., Lee, E., Rubinstein, F., Selkowitz, S., 1997. In: Tips for
Daylighting with windows - The Integrated approach. Building Technologies Program,
Energy and Environment Division of the Lawrence Berkeley National Laboratory.
Available from http://eetd.1bl.gov/btp/pub/designguide/dlg.pdf

Oakley, G., Riffat, S.B., Shao, L., 2000. Daylight performance of light pipes.
Solar Energy 69 (2), 89-98.

Oliveira, A., Silva, A., Afonso, C., Varga, S., 2001. Experimental and numerical
analysis of natural ventilation with combined light/vent pipes. Applied Thermal
Engineering 21, 1925-1936.

Peron, F., Canziani, R., Rossi, G., 2004. Daylight and energy performances of a
new type of light pipe. Energy and Buildings 36, 1163—-1176.

Robbins, C., 1986. Daylighting Design and Analysis, Van Nostrand Reinhold
Company, New York, NY.



77

Scartezzini, J.L., Courret, G., 2002. Anidolic daylighting systems. Solar Energy
73 (2), 123-135.

Schiller, M., Japee, S., Ander, G., 1995. A method of post occupancy glare
analysis for building energy performance analysis. In: Proceedings of the American
Solar Energy Conference, 15-20 July, Minneapolis, MN, vol. 20, pp. 25-32.

Selkowitz, S., Lee, E. S., 1998. Advanced fenestration systems for improved
daylight performance. In: Proceedings of International Daylighting Conference 1998,
11-13 May, Ottawa, Canada, pp. 341-348.

Shao, L., Riffat, S. B., 2000. Daylighting using light pipes and its integration
with solar heating and natural ventilation. Lighting Res. Technology 32 (3), 133—-139.

Spitzglass, M., 1983. State of the Art in Scale-Model Photometry for Evaluating
Daylighting in Buildings. In: Vonier, T. (Ed.), Proceedings of the International
Daylighting Conference, 16-18 February, Phoenix, AZ, pp. 289-290.

Stein, B., Reynolds, J., 2000. Mechanical and Electrical Equipment for
Buildings, 9™ edition. John Wiley & Sons, New York, NY.

Ward, G., 2001. High Dynamic Range Imaging. In: Proceedings of the 9th Color
Imaging Conference, 5-9 November, Scottsdale, AZ, pp. 9-16.

Whitehead, L.A., Scott, J.E., Lee, B., York, B., 1986. Large-scale core
daylighting by means of a light pipe. In: Proceedings II of International Daylighting
Conference, 4-7 November, Long Beach, CA, pp. 416-419.

Wilson, M., Jacobs, A., Solomon, J., Pohl, W., Zimmermann, A., Tsangrassoulis,
A., Fontoynont, M., 2002. Creating sunlight rooms in non—daylit spaces. In: Proceedings
of the 5th International Conference on Energy Efficient Lighting—Right Light 5, 29-31
May, Nice, France, paper ID RL5#49.



APPENDIX A

TRANSMITTANCE OF VENETIAN BLINDS

78



79

Table A-1
Transmittance of Venetian blinds in closed position
CLOSED BLINDS Transmittance

Conditions
Date Nov. 6, 2004
Solar Time 15:32
Outdoor conditions sunny but not direct sun falling on the test setup
Procedure Illuminance measurements taken at 1/2" from the blind plane with a Konica-Minolta
Light Meter, model T-10.
Blinds position with without Result Picture
276 1225 0.23
ouT / N] 314 1232 0.25
/ 316 1242 0.25
e 0] 303 1199 0.25
/ 294 1175 0.25
0.25| gt
/ 229.1 1073 0.21 s
out [in] 234.7 1064 0.22|
/ 231.5 1059 0.22 j
/[D 2135 1000 0.21| 4
213.3 1013 0.21| %
191.2 932 0.21|¥4
199.3 941 0.21
0.21]
\ 218.3 1242 0.18
ouT [IN] 221.6 1242 0.18
\ 213.1 1236 0.17
) \[D 224.8 1237 0.18
209.1 1228 0.17
0.18
\ 149.3 1066 0.14
out 170.2 1058 0.16
\ 209.2 1210 0.17
\\ 195.4 1214 0.16
[I:I 180.1 1147 0.16
0.16

Average Transmittance of 4 CLOSED BLINDS positions 0.20
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Table A-2
Transmittance of Venetian blinds in opened and semi-opened positions
OPENED / SEMI-OPENED BLINDS Transmittance

Condition 1
Date Nov. 22, 2004
Solar Time 12:00
Outdoor conditions overcast
Procedure Illuminance measurements taken at 1/2" from the blind plane with a Konica-Minolta
Light Meter, model T-10.
Blinds position (~45°) with without Result
/ 156.9 531 0.30
ouT N] 151.8 488 0.31
yd 142.9 444 0.32
_,_/_ [I:I 141.2 437 0.32
145.1 454 0.32
155.9 494 0.32
0.31
141.3 387 0.37
out S [n] 1233 368 0.34
124.8 365 0.34
__/_ 130.3 375 0.35
/ [l:l 144.7 412 0.35
164.8 457 0.36
178.6 506 0.35
0.35
Condition 2
Date Dec. 11, 2004
Solar Time 12:10
Outdoor conditions Sunny
Procedure Illuminance measurements taken at 1/2" from the blind plane with a Konica-Minolta
Light Meter, model T-10. Blinds were tilted to block the sun at noon with the
minimum angle necessary for this purpose
Blinds position (~horizontal) with without Result | Picture
19870 84600 0.23|8.. | y
— 19580 84700 0.23[¥as
_— 19760| 84800
B [I:I 20070 85300
_— 20890 85300
20360 85500
o 20790 86600
— 21340] 85900
— 21360 87100
_— 20410 86300
20700 87300

Avg Transmittance of 4 OPENED/SEMI-OPENED blinds positions 0.29
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Fig. B-1. Sunpath diagram with altitude angles for the design of central and side reflectors. The facades
were oriented towards South, College Station (lat: 30°36’N), USA.
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Southwall
Technologies

7

Silver Reflective Film
Preliminary Data Sheet
Applications: Reflection Spectra (Typical)
» LCD Backlighting Reflection spectra measured with light incident on PET base film
* Projection TV Mirrors Visible Reflectance Spectrum
+ Lighting Fixtures (Fluorescent) 100
* Solar Reflectors & Concentrators T a0 |
» Solar Skylighting Tubes 8
g 40
Features: T g
» High reflectance (>95%) across visible light 400 450 500 550 600 ESO 70O
& solar infrared spectra Wavelangth {nm)
. Heac}lly laminated to “rigid _substrates glass, Vieibla & Near.IR Reflection Spectrum
plastic or metal (sheet or coil forms) it
+ Can be used to form highly planar mirror ] 2
by heat shrinking film attached to a suitable %
frame (i.e., projection TV mirror) 5 9
» Second surface mirror protected by UV e %
absorbing PET base film T o2
» Superior uniformity & quality from vacuum %0 600 900 1200 1500 1800 2100
sputter deposition of silver on high optical Wavelength (nm)
grade PET in roll form
+ Superior coating adhesion and resistance . ; i
to corrosion Silver-Film Cross-Sectional Structure
. . e PET Base Film
Performance Specifications Data e
I Sputtered Silver
Parameter Typical Description i ,-/ Sputtered Corrosion
! ® Inhibitor Layer
Rvis Silver-ll 94 % Total Luminous (Visible) '
sitverll | 95% | Reflectance (D,10%) 7 -{Custamar Supplied
Adhesive & Lamination on
Rmin >90 % Minimum Reflectance (D,107) «4——= Silver Coating Side)
(450nm-2000nm)
Adhesion Grade 5 | Coating Adhesion to PET
ASTMOD03359-87 Company Profile
Southwall Technologies is a leader in developing and manufacturing
= A reactively sputtered, high-performance optical and electrical thin films
Product COI'IfIQUI'alIDI'I. on flexible polymer substrates for applications in + Electronic Displays
+ Silver-11 & Silver-1ll film supplied in roll form for Anti-Reflection and Shielding - Architectural & Automotive for
« Roll width: 63" (1600 mm) or custom Thermal and Sclar Centrol Windows. Southwall has a large installed
« Roll Length: 1,000 - 8,000 linear feet capacity for manyfacturmg W|dla-wsb pror.:lucts ”.] multl—calthods vacuurﬂ
i - . systems and adjunct converting operations with factories located in
* PET thickness: 1 or 2 mil (25 or 50 microns) Palo Alto, California, Tempe, Arizana and Dresden Germany.
Contact us for more information & samples:
1-888-STI-Film, display@southwall.com, or our
website: www.southwall.com
The informatien contaned herein is presented only as 2 guide to application of the produsts,

Rev.6 — 10-18-02

Fig. C-1. Specification sheet of reflective film, “Silver 111" by Southwall Technologies, used in the interior
of the light pipe.
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Purpose of the experiment: to measure the reflectivity of different mounting options for
the reflective film “Silver 111" in order to find the mounting technique that gives best
reflectivity.

Date: September 22, 2004

Place: enclosed office with no natural light.

Light source: desk lamp with a halogen lamp G4 (miniature Quartz Halogen lamp), 20W.

Note: Halogen lamps offer high-brightness, high-color temperature and minimum lumen depreciation
during lamp life. They provide broad band spectral radiation ranging from the ultraviolet, through the
visible, and into the infrared.

Setting: two principal axes were traced on the horizontal wood-board: the X axis
coincident with the center of the light source, and the Y axis traced where the center
beam of the light source hit the wood-board (deduced from Figure D-1). The position in
the vertical plane, Z axis, for placing the light meter facing down was selected at
approximately half of the total height from the light source to the wood-board. In the
axis X, the light meter was placed in between the range of the reflected beans. The
approximate light-reflected angles and distances are shown in Figure D-1, and the

general setup in Figure D-2.

Fig. D-1. Approximate angles of reflected light and setup measures [cm].
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Fig. D-2. Setup for experiment to measure reflectivity of different types of “Silver 111" mountings.

Samples: five different types of mountings using the reflective film “Silver 111" by
Southwall were tested to find the mounting with the best specular reflectivity. A sixth
sample consisting of a plexiglass mirror was also tested. Figures D-3 and D-4 show them

under different lighting conditions.

Fig. D-3. “Silver 111" mountings photographed Fig. D-4. “Silver 11" mountings photographed
under diffuse light. with flash.



88

Instrumentation used: illuminance Meter MINOLTA T-10.

Procedure: for each sample, the procedure consisted of placing the light meter facing up
and measuring the incident light at the level of the wood-board. After that, the
corresponding sample was placed centered on the intersection of X and Y axes. The light
meter was placed facing down at half of the total height from the light source to the
wood-board. Two measurements were taken: one at the marked position on top of the
boxes, and the second at the place where the highest value was found by moving the

meter within the sample limits. Figure D-5 and D-6 show the steps of the procedure.

Fig. D-5. Measuring incident light with light meter ~ Fig. D-6. Measuring reflected light with light meter
facing up at wood-board level. facing down half way from the light source.

Experiment results: the reflectivity for different mounting types is shown in Table D-1.
The mounting with the best reflectivity was the one with only the edges adhered with a

removable adhesive.
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Table D-1
Reflectivity of different “Silver 111" mountings
Reflected ight | Reflected Night (Lux) U6 With
Incident light (Lux) at Fixed Maximum valued |% at fixed max
Sample #| Type of mounting (Lux) position found position | value
1 edges w/double tack 835 390 390 47 47
edges
w/monoadhesive
2 removable 838 555 564 66 67
3 staples on the edges 837 316 394 38 47
4 sprayglue 819 380 530 46 65
sheet double tack
5 archival 815 367 383 45 47
6 plexiglass mirror 832 365 371 44 45
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LI-210SA PHOTOMETRIC SENSOR
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LI-COR, Inc. Toll Free: 1-800-447-3576 (U.S. & Canada) « Phone: 402-467-3576 « FAX: 402-467-2819 « E-mail: envsales@env.licor.com « Intemet: hitp-/fwww.licor.com

MEASURES ILLUMINANCE AS
RELATED 10 THE CIE

STANDARD) OBSERVER GURVE

The LI-210SA Photometric Sensor uti-
lizes a filtered silicon photodiode to pro-
vide a spectral response that matches the
CIE curve within £ 3% with most light
sources. This photodiode and filter com-
bination 15 placed within a fully cosine-
corrected sensor head to provide the pro-

per response to radiation at various angles

of mcidence.

Some of the applications for the
LI-2105SA Photometric Sensor mclude
interior and industrial lighting, outdoor
illuminance, passive solar energy, archi-
tecture and lighting models, illumination
engineermg. and biological sciences that
require illuminance measurements. The

LI-210SA is a research grade photometric

sensor that 1s very reasonably priced.

LI-210SA SPECIFICATIONS

Absolute Calibration: = 5% traceable to
NBS.

Sensitivity: Typically 30 pA per 100 klux.

Linearity: Maximum deviation of 1% up to
100 klux.

Stability: < + 2% change over a 1 year
period.

PHOTOMETRIC
SENSORS .

Photometry refers to the measurement &
of visible radiation (light) with a sensor
having a speciral responsivity curve e

equal to the average human eve. This
curve 15 known as the CIE Standard
Observer Curve (photopic curve).
Photometric sensors are used to mea-
sure lighting conditions where the eye 13
the primary receiver, such as illumina-

ULTRAVCLET

Y—az PHOTOME CURVE 4

)

LA,
PHOTOMETRIC
EENSIR

INFRAAED

tion of work areas, interior lighting,
television screens, etc. Although photo-
metric measurements have been used in
the past in plant science, PPFD and 1rra-
diance are the preferred measurements.

Response Time: 10 pS.

Temperature Dependence: = 0.15% per °C
MAXIMUM.

Cosine Correction: Cosine corrected up to
807 angle of incidence.

Azimuth: < = 1% error over 360° at 45°
elevation.

Tilt: No error induced from orientation.
Operating Temperature: -20 to 65 °C.
Relative Humidity: 0 to 100%.

Detector: High stability silicon photoveltaic
detector (blue enhanced).

Sensor Housing: Weatherproof anodized alu-
minum case with acrylic diffuser and stainless
steel hardware.

LI-210SA Photometric Sensor

) %

WAVEL ENOTH - SANOMETERS

Figure 1. Typical spectral response of LI-COR
Photometric Sensors vs. Wavelength and the CIE
Standard Observer Curve.

Size: 238 Dia. x 254 cm H
(0,947 x 1.07).

Weight: 28 g (1 oz.).
Cable Length: 10 fi. standard.

ORDERING INFORMATION

The LI-210SA Photometric Sensor cable
terminates with a BNC connector that
connects directly to the LI-250 Light Meter
or LI-1400 DataLogger. The 2220 Millivolt
Adapter should be ordered if the LI-2105A
will be used with a strip chart recorder or
datalogger that measures millivolts. The
2200 uses a 604 Ohm precision resistor to
convert the LI-210SA output from
micreamps to millivolts. The Photometric
Sensor can also be ordered with bare leads
(without the connector) and is designated
LI-210SZ. The 20035 Mounting and
Leveling Fixture is recommended for each
sensor unless other provisions for mounting
are made. Other accessories are described
on the Accessory Sheet.

LI-210SA Photometric Sensor

(with BNC connector)

LI-2105Z Quantum Sensor
(with bare leads)

20035 Mounting and Leveling Fixture
22225B-50 Extension Cable (50 ft.)
22225B-100 Extension Cable (100 ft.)
2200 Millivolt Adapter

Fig. F-1. Specifications of LI-COR LI-210SA photometric sensor.
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Shadow band models SBS, by The Eppley Laboratory, Inc.

The Eppley Laboratory manufactures a shading device to be used to block the
direct beam illuminance called Shadow Band Stand, Model SBS. It is constructed of
anodized aluminum, weighs approximately 24 pounds, and uses a 3" band of
approximately 25" diameter to shade the sensor. The declination setting must be adjusted

regularly.

Fig. F-2. Shadow band stand by Eppley with two LI-COR photometric sensors, one placed horizontally
and one placed vertically. The position and attachment of this last one was especially customized since the
shadow band stand is constructed to receive only one sensor placed horizontally.



CR23X Specifications
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Electrical specifications are valid over a -25° to +50°C range unless otherwise specified; non-condensing environment
required. To maintain electrical specifications, Campbell Scientific recommends recalibrating dataloggers every two years.

PROGRAM EXECUTION RATE

Program is synchronized with real-time up fo 100 Hz.
Two fast (250 ps) single-ended measurements can
write to final storage at 100 Hz. Burst measurements
to 1.5 kHz are possible over short intervals.

ANALOG INPUTS

DESCRIPTION: 12 differential or 24 single-ended,
individually configured. Channel expansion
provided through AM16/32 or AM416 Relay
Multiplexzrs and AM25T Thermocoupls
Multiplexers.

ACCURACY: £0.025% of FSR, 0° to 40°C
+0.05% of FSR, -25° to 50°C
+0.075% of FSR, -40° fo 80°C; (-XT only)
Mote: £5 pV offset voltage error is possible with
single-ended (SE) measurements.

RAMGES AND RESOLUTION:

Input Resolution (p') Accuracy (m\)
Range (mV) oif.  SE (-25° ta 50°C)
+5000 166 333 +5.00
+1000 333 BB +1.00
+200 6.66 133 +0.20
+50 167 333 +0.05
+10 0.33 0.66 +0.01

INPUT SAMPLE RATES: Includes the measurement
time and conversion to enginesring units. Differ-
ential measuremeants incorporats two integra-
tions with reversed input polarities to reduce
thermal offset and common mode emors. Fast
measurement integrates the signal for 250 ps;
slow measurement infegrates for one power
line eycle {50 or 60 Hz)

Fast single-ended veltage: 2.1 ms
Fast differential voltage: 31 ms
Slow single-ended voltage (60 Hz): 18.3 ms
Slow differential voltage (60 Hz): 359 ms
Fast differential thermocouple: B.9 ms

INPUT MOISE VOLTAGE: Typical for 210 mV Input
Range: digital resolution dominates for higher

ranges.

Fast differential: 0.60 pv rms
Slow differential (60 Hz): 0.15 pV rms.
Fast single-ended: 1.20 pV rms.
Slow single-ended (60 Hz): 0.30 pv rms

COMMON MODE RANGE: £5V
DC COMMON MODE REJECTION: =100 dB

MORMAL MODE REJECTION: 70 dB @ 60 Hz
when using 60 Hz rejection

SUSTAINED INPUT VOLTAGE WITHOUT DAMAGE:
+16 Vdc max.

INPUT CURRENT: £2.5 nA typ., 210 nA max. @ 50°C
INPUT RESISTANCE: 20 Gohms typical

ACCURACY OF BUILT-IN REFEREMCE JUMCTION
THERMISTOR (for thermocouple measuremsnts):
+0.25°C, 0" to 40°C
+0.5°C, -25° fo 50°C
=0.7°C, -40° to 30°C (-XT only)

ANALOG OUTPUTS

DESCRIPTION: 4 switched, active only during
measurement, one at a time; 2 continuous.

RAMGE: Programmable between 5
RESOLUTION: 333 pv/
ACCURACY: £5 mV, £2.5 mV (0° to 40°C)

CURREMT SOURCING: 50 méa for switched; 15 mA
for continuous

CURREMT SINKIMNG: 50 ma for switched, 5 maA for
continuous (15 mA for continuous with Boost
selected in P133)

FREQUENCY SWEEP FUNCTION: The switched
outputs provide a programmahble swept frequency,
0 to 5V square wave for exciting vibrating wire
transducers.

RESISTANCE MEASUREMENTS

MEASUREMENT TYPES: The CR23X provides ratio-
metric measurements of 4- and B-wire full bridges,
and 2-, 3- and 4-wire half bridges. Precise, dual
polarity excitation using any of the 4 switched
outputs eliminates dc errors. Conductivity
measurements use a dual polarity 0.75 ms excita-
tion to minimize polarization errors.

ACCURACY: £0.02% of FSR (20.015%, 07 10 40°C)
plus bridge resistor error.

PERIOD AVERAGING MEASUREMENTS
DESCRIPTION: The average period for a single
cycle is determined by measuring the duration
of a specified number of cycles. Any of the 24
SE analog inputs can be used. Signal attenuation
and ac coupling are typically required.

INPUT FREQUENCY RANGE:

Signal peak-to-peak’ Adin. Max
Min Max. Pulse w. Freq. 2
500 mV 100V 25us 200 kHz
40 my 20V 10 ps 50 kHz
Smv 20V 62 s 8 kHz
2mv 20V 100 ps 5 kHz

1Signals centered arcund datalogger ground
Zassuming S0% duty cycle

RESOLUTION: 12 ns divided by the number of cycles
measured

ACCURACY: £0.01% of reading

PULSE COUNTERS
DESCRIPTION: Four 8-hit or two 18-bit inputs

selectable for switch closure, high frequency pulse,

or low-level AC. Counters read at 10 or 100 Hz.

MAXIMUNM COUNT RATE: 2.5 kHz and 25 kHz, 8-bit
counter read at 10 Hz and 100 Hz, respectively;
400 kHz, 16-bit counter.

SWITCH CLOSURE MODE:

Minimum Switch Closed Time: 5 ms
Minimum Switch Open Time: & ms
Maximum Bounce Time: 1 ms open without being
counted

HIGH FREQUENCY PULSE MODE:
Minimum Pulse Width: 1.2 ps
Maximum Input Frequency: 400 kHz
Voltage Thresholds: Count upon fransition
from below 1.5 to above 3.5V at low frequen-
cies. Larger input transitions are required at high
frequencies because of input filter with 1.2 ps time
constant. Signale up to 400 kHz will be counted if
centered around +2.5 'V with deviations =+2.5V
for =z 1.2 ps.
Maximum Input Voltage: 20

LOW LEVEL AC MODE:

Internal ac coupling removes de offsets up to
0.5

Input Hysteresis: 15 m\'

Maximum ac Input Voltage: 20

Minimum ae Input \Voltage:

(Sine wave my RMS) Range (Hz)
20

1.0 to 1000
200 0.5 to 10,000
1000 0.3 to 16,000

DIGITAL I/O PORTS

DESCRIFTION: & ports selectable as binary inputs or
control outputs. Ports C5-C8 capable of counting
switch closures and high frequency pulses.

HIGH FREQUENCY MAX: 2.5 kHz

QUTPUT VOLTAGES (ne load): high 5.0V £0.1 'V,
low < 0.

OUTPUT RESISTANCE: 500 chms
IMPUT STATE: high 3.0 f0 5.5V, low -0.5to 0.8
INPUT RESISTANCE: 100 kehme

CAMPEBELL SCIENTIFIC, INC.

5DI-12 INTERFACE SUPPORT

DESCRIPTION: Digital /O Ports C3-C& support
SDI-12 asynchronous communication; up to ten
SDI-12 sensors can be connected to each port
Meets SDI-12 Standard version 1.2 for datalogger
and sensors mode.

CE COMPLIANCE (as of 03/02)
STANDARD(S) TO WHICH CONFORMITY IS
DECLARED:

ENS5022: 1995 and ENE1326: 1998

EMI and ESD PROTECTION
IMMURNITY: Meets or exceeds following standards:
ESD: per IEC 1000-4-2; 23 KV air, 4 KV contact
discharge
RF: per IEC 1000-4-3; 3 \//m, 80-1000 MHz
EFT: per IEC 1000-4-4; 1 KV power, 500V /O
Surge: per IEC 1000-4-5; 1 kY power and /O
Conducted: per IEC 1000-4-5; 3 150 kHz-80 MHz
Emigsions and immunity performance criteria available
on request.

CPU AND INTERFACE

PROCESSORS: Hitachi 6203; Motorola B8HC708
sUppOrts communications

PROGRAM STORAGE: Up to 16 kbytes for active
program; additional 16 kbytes for alternate
programs. Operating system stored in 512 kbytes
Flagh memony

DATA STORAGE: 1 Mbyte Flash standard.
Additional 4 Mbytes Flash available as an opticn

DISPLAY: 24-character-by-2-line LCD

SERIAL INTERFACES: Opfically isolated RS-232
2-pin interface for computer or modem. CS 9-pin
/T interface for peripherals such as storage
modules or C51 modems.

BAUD RATES: Selectable at 300, 1200, 2400, 4500,
9600, 19.2K, 35.4K, and 76.8K. ASCIl protocol
is one start bit, eight data bits, no parity, one
stop bit.

CLOCK ACCURACY: +1 minute per month, -25° to
+50°C; £2 minutes per month, -40° to +85°C

SYSTEM POWER REQUIREMENTS

VOLTAGE: 11 1o 16 Vdc

TYRICAL CURRENT DRAIM: 2 mA quiescent with
display off (2.5 mA max), 7 m& quiescent with
display on, 45 ma& during processing, and 70 mA
during analog measurement

INTERMAL BATTERIES: 10 Abr alkaling or 7 Ahr
rechargeable base. 1300 mAhr lithium battery
for clock and SRAM backup typically provides
10 years of service.

EXTERMAL BATTERIES: &ny 11 to 16 Vdc battery
may be connected; reverse pelarity protected.

PHYSICAL SPECIFICATIONS
SIZE: 05" x 70" x3.8" (24 1ecmx 178 cm x 9.6 em)
Terrninal strips extend 0.4 (1.0 cm) and terminal
strip cover extends 1.3" (3.3 em) above the panel.
WEIGHT: 3.6 Ibs (1.6 kg) with low-profile base
8.3 Ibs (3.8 kg) with alkaline bass
10.7 Ibz (4.8 kg) with rechargeable base

WARRANTY

Three years against defects in materials and
workmanship,

We recommend that you confirm system
configuration and critical specifications with
Campbell Scientific before purchase.

815 W, 1800 N, -

Offices also |peated in: - Australia «

Logan, Utah 84321-17584
Brazil « Canada «

(435) 753-2342 -

England « France «

FAX (435) T50-8540
Sauth Africa + Spain

Copyrignt © 1048, 2002
Campbell Scientific, Inc.
Printed January 2004

Fig. F-3. Specifications for CR23X datalogger by Campbell Scientific, Inc.
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CR23X MICROLOGGER
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Fig. F-4. Datalogger CR23X by Campbell Scientific, Inc.

Relay Multiplexer

Model AM16/32

CAMPBELL SCIEN

The AM16,32 Multiplexer increases
the number of sensors that can be e TEEE £
measured by a CR10(X), CR1000, ce '11 o S _.J_.i_i_.i_l_.‘_i_i_l _.‘_JJ _.!...I..J...‘.J.J.J
CR23X, CR5000, or CR7 datalogger,
The AM16/32 sequentially multi-
plexes 16 groups of four lines (a total
of 64 lines) through four common
(COM) terminals. A manual switch
setting allows it to multiplex 32
groups of two lines (also a total of 64
lines) through two COM terminals.
Compatible sensors include thermis- The AM16/32 can be manually configured fo multiplex channels in 16 groups (four lines at
tors, potentiometers, load cells, strain a time) or 32 groups (two lines at a time).

gages, vibrating wires, water content

reflectometers, and gypsum soil mois-

ture blocks. The AM16/32 not only increases system channel capacity, it also reduces the cost of cabling individual sensors

on long wire runs. The maximum distance between the datalogger and the AM16/32 is determined by the sensors used, the
datalogger’s scan rate, and the cable used in the application.

Fig. F-5. Relay multiplexer AM16/32 by Campbell Scientific, Inc., with explanatory text. This multiplexer
was used with the CR23X to increase the number of sensor connections.
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Specifications for Minolta T-10 and T-10M illuminance meters

Model Illuminance Meter T-10 Illuminance meter T-10M
Sl
o |
e e SR
Type Multi-function digital illuminance meter with detachable receptor head
Receptor Silicon photocell

Cosine Correction
Characteristics

Within +/-1% at 10°; Within +/-2% at 30°; Within +/-6% at 50°; Within +/-
7% at 60°; Within +/-25% at 80°

Illuminance Units

Lux (lx) or foot candles (fcd) (switchable)

Measuring Range

Auto range (Manual 5 range at the time of analog output)

Measuring Functon

Illuminance (lx), illuminance different (lx), illuminance ratio (%),
integrated illuminance (lx*h), integrated time (h), average illuminance (lx)

Measuring Range

Illuminance: 0.01 to 299,900/x (0.001 to 29,990fcd)
Integrated illuminance: 0.01 to 999,900 x 103/x*h (0.001 to 99,990 x
103fcd*h / 0.001 to 9999h)

User Calibration Function

CCF (Color Correction Factor) setting function

Accuracy +/-2% +/-1 digit of displayed value (based on Konica Minolta standard)
Digital Output RS-232C
Analog Output 1mV/digit, 3V at maximum reading; Output impedance: 10ksz; 90%
response time: FAST setting: 1msec., SLOW setting: 1sec.
Display 3 or 4 Significant-digit LCD with backlight illumination
Power Source 2 AA-size hatteries / AC adapter (optional)
Battery Life 72 hours or longer (when alkaline batteries are used) in continuous
measurement
Dimensions 69 x 174 x 35mm Main body: 69 x 161.5 x 30mm
(WxHxD) Receptor: 316.5 x 12.5
Cord length: 1m
Weight 200g without battery 205g without battery

Standard Accessories

@3.5mm (21/8 in.) Subminiature [@3.5mm (&1/8 in.) Subminiature Plug
Plug for Analog Output, Receptor (for Analog Output, Neck Strap, Case,
Cap, Neck Strap, Case, Battery  |Battery

Optional Accessories

Receptor Head, Adapter for Multi-point, AC Adapter, Data Processing
Software




Lumance merers LS-100/LS-110

Compact, lightweight, easy-to-use SLR Iuminahce meters with a

wide measuring range

1°acceptance angle,
Measuring range: 0.001 to 299,900cd/m?
(0.001 to 87,5301L)

MAIN FEATURES

Flareless SLR optical system for accurate
measurements

The SLA (single-lens-reflex) optical system allows precise
aiming and ensures that the viewfinder shows the exact area to
be measured. The optical system is also virtually flareless,
eliminating the influence of light from outside the measurement
area.

Narrow acceptance angle for
measurements of small specimens
Acceptance angles of only 1° for L§-100 and 1/3° for L§-110
allow accurate measurements of small specimen areas.

In addition, optional close-up lenses can be used o measure
areas as small as @1.3mm when using LS-100 and o0.4mm
when using LS-110.

User calibration and color-correction
functions

To increase the versatility of the LS-100 and LS-110, both
models are equipped with user calibration and color correction
functions. The user calibration function allows the meter to be
calibrated to a user-selected standard instead of the preset
Minolta standard; this function can also be used to standardize
the response of several meters. The color correction function
alows the response of the meter to be adjusted when
measuring colored specimens

Luminance ratio and peak luminance
measurements

In addition to measurements of the present luminance, the
LS-100 and LS-110 can also datermine the parcent ratio of the
measured luminance to a luminance value stored In memory as
well as the peak luminance or luminance ratio measured.

RS-232C data communication
Use of the buit-in RS-232C Interface alows the meter to be
connected to a personal computer.

Lightweight, compact design powered by a
single 9V battery for portability
(Fower can also be supplied by optional Data Printer DP-10.)

RELATIVE SPECTRAL RESPONSE

100 The spectral
b | | luminous sfficiency ¥ i
o —— Minolta Luminanca
g+ MeesLS100AS-110
I I |
E 70 | |
0 1
50 |-
£ \
W | =
2w T T = =
10 4 - 1 B .
2 o |

550 600 650 700 780
Wavalangth (nm)

Ideally, the relative spectral responsivity of the luminance mater
should match V (&) of the human eve for photopic vislon.

As shown in the graph above, the relative spectral responsivity
of Minclta Luminance Meters LS-100/LS-110 is within 8% (1)
af the CIE spectral luminous efficiency V (4).

CIE ; Commission Intermationale de lEckairage

M'{CIE=s symbol ; The degres to which the mlative spectral responsivity matches
W (1) & characterized by means of the ermor 117,

REDUCTION OF FLARE

The degree to which the influence of light from outside the
defined measuring area is eliminated is an important factor in
the parformance of luminance metars, In Minolta Luminance
Meters, the flare factor is kept to

below 1.5%, even if an object il
with extremety high luminance Is

just outside the meter's E 1o

measuring area.
The graph at right shows the L
ffect when a bright point Is i i |

moved from A inside the * . / A
measuring area to B just outside / i
the measuring area, Anglect — T

MCEPIANCE (10'E) ()10

If the measured value at A is nmmus
defined at 100%, the measured .

value at B would be less than e
0‘1%- 1V} measunng spot

Fig. F-6. Luminance meter LS-100 by Konica-Minolta.
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Table F-2
Specifications for Konica-Minolta LS-100 luminance meter
SPECIFICATIONS
s DR N ] _ Luminance Meter LS-100 Luminance Metar LS-110
!fpe Tl SLA spot luminance meter for measuring light-source and surface brightness ] o
Acl:epianca BI’IL =l 1 v T
_QQ‘IL&IPEM I.ﬂﬁml‘n 1/2.8 lons; SLA viewing system; flare factor less than 1.5%
Angle of view |8
Focusing distance ‘IlII‘I-tfnm (40 in.) 1o infinity
“Minimum meastring arsa | o14.4mm 1 ] o4Bmm_ B
‘Receptor | Silicon photocel]
Relative Sﬂéa‘ﬂ] m? Withim 8% (11 ) of the CIE spectml Iumlnnus eﬂ'uclency VL) )
Respor:sa time  |FAST: Sampling time: 0.1, time to display: 0.8 1o 1.0s; SLOW: Sarnp'mg time: 0.4s, tima 1o dmlay 1410188
Luminanca unl;s 0 r_‘d.’m orfl 1sw||:cha:p.e; ) - )
MBBEUIII"G range H\'ST 0.001 1o 299 900«:“ 'm* (0.001 1o 87 5301L) FAST: 0.01 1o 908,900cd/m? (0.01 to 281 B00IL)
SLOW. 0,001 to 49,980cd/m” (0.001 to 14,5801L) SLOW: 0.01 to 499,900cd/m* (0.01 1o 145 9001L)
Accuracy 0.001 to 0.999cd/m (or fL): +2% +2 digits of displayed value [0.01 10 0.99¢d/m {or fL): £2% £2 digils of displayed value
1.000cd/m” (or fL) or greater: £2% 1 digit of displayed value 10.00cd/m® (or fL) or grsater *2% £1 digit of displayed value
£ = [Illummarﬂ A measured at ambient temperature of 20 15 30°C/68 to 86 F. B -
Repeatability 0.001 1o 0.999cd/m* (or IL): 10.2% + 2 digits of displayed value 0.01 to 8.89cdim? (or fL): +0.2% +2 digits of displayed value
1.000cd/m? (or L) or greater: £0.2% +1 digit of displayed valug 10.00cd/m* (or L) or greater: 0.2% +1 digit of displayed value

(Measurement subject: Iluminant A)
Terr\puralurs “Umlﬂlff dnft | Within £3% 21 digit [of valug displayed at t 20°C/BB°F) within operating temperature/humidity range

Calibration mode | Minolta standard/user-selecied standard (switchable)
Color corraction factor ‘?al by numarical input; range: 0.001 1o 8,999
Reference luminance 1 581 by measurement or numerical input
Measurement modes Lurnlnanca luminance ratio; peak luminance o luminance ratio o o -
'ﬁ'|'w55|r_ Extemal 4-digit LCD with additional indications T -
[ Viewfinder; 4-digit LCD with LED backiight
Data communication RS-232C; haud rate: 4800bps o - o
EHBITIBJ control __MEES\JFEFH&I'H process can be started by extemal device connected to data output terminal .
Powersouice | One 9V baltary; power can also ba supplied by optional Data Printer DP10
Power consumption While maasuring button is pressed and viewfinder display is it 16mA average

While power (s on and viewfinder display is not lit: 6mA avarage
(Operaing environment conditions | Tamperature: 0 1o 40°C (32 fo 104°F); relative humidity B5% o less (at 35°C/55°F) with no condensation, Maximum alttude: 2000m, Installation caleory: Il Poliution degres: 2
Smraga !Emperature tant 2010 55°C (4 to 131° F; redative humidity B5% or less (at 35°C/85°F) with ne condensation

Dimensions _ - 7$C208x150mm (3-1/8xE-3/1Bx5-7/8 in )
Weight — 850q (30 oz without batiery o
Standard accessories | Lens cap; Eyepiace cap; ND eyepieca fiter, OV batiery: Case B
4 Equivalant to 2% specified for T-1 series. Specifications are subjact to change without notice,
8% CIE(H"), new JIS({1003)
2% old JIS

Nikon,

cooLPy

Fig. F-7. Nikon Coolpix 5400 used for photographic documentation.



Nikon Coolpix. 5400

Type of camera Digital Camera E5400 White Balance 1) Marix Auto White Batanoz wilh TTL conlrol, 2) 6-mode Marual with fine
— luning (e light/Incandescent Fluarescent Cloudy S peedlight/Shade);
Effectivopinals 51 milln 3 resl, 4 Wi el Brckelng
K] 1/1.&-inch-lype {fofal pieels: 5.25 million) Salf tar 1o 01 o Tl
Image Size SN (2552 1,944, 26 (1,600 X1, 2000, 11 1,230 960, - - = T =
. fon T P, \ Built-in speedlight Shooting range: appen. 16 < 1488 {05 - 4.5m) (W), apprae 16~ 921t
PC {1,024 X T58), TV (540 X 480), 32 (2552 X 1,728), user selectable {05 -28m) ). Flash Mcdks:1) Auln Fach, 2) Fh Cacel, 2 Red eye ustion
Lens 4x Zoom-Hikkor, 15.8-24mm [35mm format equivalent ko 28mm -118mm] 4) Amtime flash, 5) Slow sy flash, 6) Riear curkain sync; Repeating flash
[F2.8-4.6 wilh macre; 9elements in & groups {one ED lens and two asphesical T —— " n —
lees e used):all elements are made of engianmentally iendly g e Accossory shoa Standard 150 518; lock pin provided prevents Niken spaedlioht from slipping off
Mikon Super Integrated Coaling iS12) applied Extornal speedlight  Hotshoe connects to edemal Wikon Speedlight SB-800/BI000B00KANZT 222
o T fmust szt speeclight control o Auto or ilernal aff when using an SB-27 o
Digital Zoom Wi defslpess) 5B.23): uiln Syeedioht can be ances when sing scnal el
Autofocus Canlrashdelel TIL AF: 527 MU AF ar Spot AF dectable Playback mew options 1)1 fame, 2) Thum bnail (49 saqments), 3) Sl shaw, 4) Maite with audia,
Focus modes. 1) Conlinuous AF made iwhen uzing the LED menitor 2) Single AF 5 Enkarged plagback jup to &x); Shooting information; Histogram indication
(when net using the LED monilor and/ior selectable from shooling menw) and highlight point display; Hide and protect atiribubes can be o2 to each
3) Manual Focus (from 0.4 in. [1em] o infinity with focus confirmation image; Focus confirmation indicalion
'm'u_’"o"-' - , _ Intert USB interface (mass slorage/FTF)
Optical viewlinder _Real-mage 200m vieafinder; Diople adjusiment: -3 - Am 1/0 torminal Pawer UL, Audicraces outpul TS o PAL selecatiel, Digial pirt
LCD Monitor 15-inch type, 134,000k highly Iransmissible advanced TFT-LCD (white (USE/Remote Cord)
LED backlghl brihiness/hue aijctmerl: Fame siafage: approe 7% Power rouirements  Cne rechargeable Li-on ey ENELT incluced), ane 6 2CASDLES
Shorage System: EXIF 2.2 file funcompressed TIFF-RGE or compressed JPEG) lithium battery {oplional), EH-53 AC adapter | oplional)
Deesin nule for camera file system (DCFY; Cigital Print Order Farmat (DPOF: p — r -
QuickTime Molon JPER {hivie, Lo} e CompasFiash™ Car Type [, D0ory il e Ry 0 LC0 ol endEEL oty atrrral
S12NBAGE Microdrive™Card mp : -
Shooling modes ko, 5o P 5, & M, Mavie Dimensions (W xHx D) 43 x2.9x27 in. {106 2 73 Bmm)
rebor of Farmes W = I'Iagle m : Walght {without battery) Arpra. 1.3 oz (320) (witheult batery and storage media)
16MB Starter |,—aggqm|'h- M | M pe | oo a2 Accassories (Inchuded) Lens cap, Camera sirap, Audio Video Cable, Nikon Coolpix Starter Memory
Memory Card H 1 — N N N 1 Card, UC-E1 USB cable, EN-ELA Rechargeatle Li-ion battary, MH-53 battery
{approx.) FTHE T T | T 5 7 charger, Nikon'View CO-ROM (please note, slandard accessories may difler
TR T 5 Tt [ 19 13 by oouniy o area)
BASIC FE T I O Optional accessories  FC-E9 Fisheye Converter Lens, WG-E80 Wdeangle Gomveiter Lens, TC-E12ED
Scone Modes Poetrait, Party/Indoc, Night Porlrait, Beach/Snow, Landscape, Sunsel, Tekepholo Canverter Lens, ES-EZ8 Slide Copy Adapter reccmmended for use
e Ui, AAGPDLes o35 i, 450 Ca o
Sports, Panorama Assist, and Cawn/Dusk -EH, HHEC , , M C ery Cha
o.m - — —_— {12V DG in), MC-ELH Rem ok Cord, Camera Case 1
Usar satting 1) White: Balance, 2) {Exposure) Metering, 3) Continuous (Shooting), — - - — -
4) Best Shot Sdector (RSS/AE-BSS), 5) Image adjusiment (Ao Momal More HikonView & 05 Maz* DIS 9.0-9.2 {only buitt-in USB ports supported),
ContrastiLess Conlrast), &) Saturation control (-2 +2/Black and While], Systom roquirements  Mac® 05 X(10.1.3 or lafer) _ L L
7) User setng twa com bivaticns of modk seting can be memorized in for Macintosh Modkls: IMEB_. iMac” DV, Power Macintost® 63 (Ble & Wik, Power MHEI G4
#1-#2), B) Image quality/size, 9) Senilivity, 10) Image Sharpening, 11) Lens, of kkr; iBook®, PowerBack® 53 or ler (only buill-in USE porls supported)
12) Exposure options {AE Lock, Masimum BultyTime duralion], 12) Focus BA ngﬂamme':;ﬁm&?& NET———
cptions, 14) Zoom options, 15) Speedlicht options, 18 Auto brackeling, e sk BOMB require foe nstallacn, wih addiicnal amountesgliea o]
17) Noise reduction, 18) Resel, 19) My menu, 20) CF card foama g!:ﬂﬂ:lil}' ué%e [g%ua_lwm{m;j |:Il_|.sJ I1[r.|18mquirsj mnINil:un'v'iewB & running
Gapture modes 1) Single, 2 Continuous H (3 fre; up o 7 frames), 3) Continuous L (1.51ps; —a‘tm'b.lg,; EI};DM #i'm lsqui?]aju:sull' msﬂ]"%?m /
pto 13 frames), 41 Multi-Shat 16 {oonseculive 16 frames at 2 1pe), 5) Ulira - . - .
High-speed continuous ((VGA-size images; 30 fres, number of frames HikonView 6 08 Windws® 98GE, Winlows: Me, Windows™ 2000 Prafessicrial, Windows™ XP
selectable, up to 100 ames), &) Five Shot Bufler £1.5 foe), 7) Mavie wilh audio: Systom requirements  Home Ediicn, Windows® XP Pralessional pre-inctaled modd
TV mavie mode (VEA-size images, 640 480 pieeds) at 15 fps; up to T sec, o for PG MDM_-‘ models with bui l-in USB ports supported
Small Mavie (OVGA-5ize images, 320 % 240 pixels) at 15 Ios; up 1o 180 sec., are % 3&]4];;1&-1.‘(" Pentium® or h%gj
selectable, &) Time Lapee Movie - G4AME or more recommen:
i Frote L Ib p— 2'“  Malr, 2) Cenler-weighted, 3 Spot. Hav disk: OB required for installation, wih additional amcunt equivalent bo twice
¥posure meloring i E”F ¢ i MeEEring: 1) 2xkr-seqm ent hialr, < Lenler-weignied, of =pol, The capacity of Ihe camera memcry card plus 10ME required when Hikonview &
) AF Sp is nnming, ) )
Expasure control 1) Programmed Auto wilh Flesdble ProgramiP], 2) Shutter-Friorky Auta [5], Display; 50 % 500 wilh 165 oolcrs (Ll eclor recommended)
3) Aperture-Pricity Auto [A], 4) Manual [M]; Exposure compensation Lthers: CO-ROM drive required for installation
(+/-2 BV in1/3 EV sheps); Auto Exposure Bracketing (3 or 5 frames within - Sy T
- 2}, AE-BS (s modes;Highght, Shadow, Hitogran] ProductMimbor: 2518 _UPC ouc ECIRES5128
Exposura range EV-10 - +18W), BV +05 - BT}
Shutter Mechanical and charge-coupled electronic shutier: 1/4,000 iwith minimum
arerture) to 1 sec. In AUTO mode and Programmed Auto (F; 14000 o 8 sec.
I Shutter-Priority Auto (5) and Aperture-Priorily Auto (&), /4,000 to & 92,
and Bulb/Time limit jup to 10 minutes] in Manual (M), 143,000 to 1730 sec.
In Ulira High-speed continuaus mode
Aperiure E-blade Iris diaphragm; 10 stepe in 1/3 EV increments n- /"\ . —
Sensitivity (approx) 150 50 equivalent; 100, 200, 400 and Auto ican be contralled in any LEXAR WHA[CSPH - Pixology
j ; [ —
ipeeute mode AThd SDIE 108 PNt I QuickTime IRISS
All products indicated by trademark symizels are trademarked andior registered by their respeciive companies

Specifics

Nikon Inc.,

ns and equipment are sub

changs without any nofice er ckligation on the par

1300 Walt Whitman Road, Mebville, NY 11747
www.nikonusa.com / 1-800-Nikon-UX

COP-5400-01

If the picture matters

he manufacturer. 09103
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ER003 NKON INC.

Nikon.

Fig. F-8. Specifications for the Nikon Coolpix 5400.
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APPENDIX G

CALIBRATION OF PHOTOMETRIC SENSORS
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APPENDIX H

DATALOGGER’S PROGRAM
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The program to collect the data was written with SCWIN version 2.0 (Beta) in
the first place, and later modified with LoggerNet version 2.1.0.15. Both programs are

from Campbell Scientific, Inc.

H.1. TIPS ABOUT THE PROCESS OF WRITING THE PROGRAM
H.1.1. How to Set Sensors in the Program to Obtain Lux as Output

Table H-1
Step-by-step formulas to convert from calibration constant values to multiplier values
Formulas

1) To pass from microamps to millivolts
(CalibConst[pA/100KLux] x 604 Ohms) / 1000 = X [millivolts/100KLux]

2) To pass from X mV/100KLux to Y Klux per each mV
100 Klux/ X mV =Y Klux/mV

2) To pass from Y KLux to Y lux per each mV
Y Klux/mV x 1000 = Y lux/mV

Note: The multipliers are used in the datalogger’s program to convert the differential voltage the
photometric sensors measure to illuminance values (lux)

H.1.2. Out of Range Values. How to Avoid this Problem

When measuring illuminance values of 51000 lux and above, obtaining numbers
like -99999 in the data collection is because the range of sensors voltage needs to be
increased in the datalogger’s program. In this study it was corrected from +/-10mV to

+/- 50mV.

H.1.3. High and Low Resolution

Low resolution is the default resolution and measures up to 6999. That may work
well for interior measurements, but just in case, it was set to high resolution, which
measures numbers up to 99999 lux. High resolution was set in line #95 with command
P78. In line #125, measurement was set back to low resolution. Exterior illuminance
values can go beyond 99999 lux; for that reason exterior measurements are expressed in

Klux. This is set from the multiplier (see multipliers for exterior sensors in Table G-1).



H.2. DATALOGGER’S PROGRAM

{CR23X}
*Table 1 Program
01: 60.0000 Execution Interval (seconds)

1: Batt Voltage (P10)
1:1 Loc [ Batt_Volt]

2: If time is (P92)

1:0 Minutes (Seconds --) into a

2: 1440 Interval (same units as above)
3:30 ThenDo

w

Signature (P19)
1:2 Loc [ Prog_Sig ]

4: End (P95)

5: Do (P86)
1:41  SetPort 1 High

6: Do (P86)
1. 72 Pulse Port 2

7. Delay w/Opt Excitation (P22)

1:1 Ex Channel

2:0 Delay W/Ex (0.01 sec units)
31 Delay After Ex (0.01 sec units)
4:0 mV Excitation

8: Volt (Diff) (P2)

1:1 Reps

2:22 50 mV, 60 Hz Reject, Slow Range
3:2 DIFF Channel

4:4 Loc[T_Al ]

5:5043.84 Mult

6:0.0 Offset

9: Do (P86)

i: 72 Pulse Port 2

10: Delay w/Opt Excitation (P22)

1.1 Ex Channel

2:0 Delay W/Ex (0.01 sec units)
31 Delay After Ex (0.01 sec units)
4:0 mV Excitation

11: Volt (Diff) (P2)

1:1 Reps

2:22 50 mV, 60 Hz Reject, Slow Range
3:2 DIFF Channel
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4:5 Loc[T_A2 ]
5:4850.54 Mult
6:0.0 Offset

12: Do (P86)
1:72 Pulse Port 2

13: Delay w/Opt Excitation (P22)
: Ex Channel

Delay W/Ex (0.01 sec units)
Delay After Ex (0.01 sec units)
mV Excitation

O OPRF

1
2:
3:
4.

14: Volt (Diff) (P2)

1:1 Reps

2:22 50 mV, 60 Hz Reject, Slow Range
3:2 DIFF Channel
4:6 Loc[T_A3 ]
5:4714.82 Mult
6:0.0 Offset

15: Do (P86)
1:72 Pulse Port 2

16: Delay w/Opt Excitation (P22)
: Ex Channel

Delay W/Ex (0.01 sec units)
Delay After Ex (0.01 sec units)
mV Excitation

O Pr OPr

1
2:
3:
4

17: Volt (Diff) (P2)

1:1 Reps

2:22 50 mV, 60 Hz Reject, Slow Range
3:2 DIFF Channel
4:7 Loc[T A4 ]
5:5137.99 Mult
6:0.0 Offset

18: Do (P86)
1:72 Pulse Port 2

19: Delay w/Opt Excitation (P22)

Ex Channel

Delay W/Ex (0.01 sec units)
Delay After Ex (0.01 sec units)
mV Excitation

20: Volt (Diff) (P2)

1:1 Reps

2:22 50 mV, 60 Hz Reject, Slow Range
3:2 DIFF Channel

4:8 Loc[T_Bl ]

5:5022.31 Mult
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6:0.0 Offset

21: Do (P86)
1:72 Pulse Port 2

22: Delay w/Opt Excitation (P22)
1:1 Ex Channel

2:0 Delay W/Ex (0.01 sec units)
31 Delay After Ex (0.01 sec units)
4:0 mV Excitation

23: Volt (Diff) (P2)

1:1 Reps

2:22 50 mV, 60 Hz Reject, Slow Range
3:2 DIFF Channel

4:9 Loc[T_ B2 ]

5:4932.61 Mult

6:0.0 Offset

24: Do (P86)

1. 72 Pulse Port 2

25: Delay w/Opt Excitation (P22)

Ex Channel

Delay W/Ex (0.01 sec units)
Delay After Ex (0.01 sec units)
mV Excitation

O rr OPr

1
2
3
4

26: Volt (Diff) (P2)

1:1 Reps

2:22 50 mV, 60 Hz Reject, Slow Range
3:2 DIFF Channel

4:10  Loc[T_ B3 ]
5:4917.23 Mult
6:0.0 Offset

27: Do (P86)
1:72 Pulse Port 2

28: Delay w/Opt Excitation (P22)

1:1 Ex Channel

2:0 Delay W/Ex (0.01 sec units)
31 Delay After Ex (0.01 sec units)
4:0 mV Excitation

29: Volt (Diff) (P2)

1:1 Reps

2:22 50 mV, 60 Hz Reject, Slow Range
3:2 DIFF Channel

4:11  Loc[T B4 ]

5:5273.6 Mult

6:0.0 Offset
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30: Do (P86)
1:72 Pulse Port 2

31: Delay w/Opt Excitation (P22)

Ex Channel

Delay W/Ex (0.01 sec units)
Delay After Ex (0.01 sec units)
mV Excitation

O OPF

1
2:
3:
4.

32: Volt (Diff) (P2)
1:1 Reps

2:22 50 mV, 60 Hz Reject, Slow Range
3:2 DIFF Channel

4:12  Loc[T_C1 ]

5:4769.89 Mult

6:0.0 Offset

33: Do (P86)

1:72 Pulse Port 2

34: Delay w/Opt Excitation (P22)

Ex Channel

Delay W/Ex (0.01 sec units)
Delay After Ex (0.01 sec units)
mV Excitation

O OPF

1
2
3
4

35: Volt (Diff) (P2)
1:1 Reps

2:22 50 mV, 60 Hz Reject, Slow Range
3:2 DIFF Channel

4:13 Loc[T C2 ]

5:5166.65 Mult

6:0.0 Offset

36: Do (P86)

1:.72 Pulse Port 2

37: Delay w/Opt Excitation (P22)

Ex Channel

Delay W/Ex (0.01 sec units)
Delay After Ex (0.01 sec units)
mV Excitation

O OPr

1
2:
3:
4.

38: Volt (Diff) (P2)

1:1 Reps

2:22 50 mV, 60 Hz Reject, Slow Range
3:2 DIFF Channel

4:14  Loc[T_C3 ]
5:4919.43 Mult
6:0.0 Offset

39: Do (P86)
1:72 Pulse Port 2
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40: Delay w/Opt Excitation (P22)

Ex Channel

Delay W/Ex (0.01 sec units)
Delay After Ex (0.01 sec units)
mV Excitation

O Pr OPr

1
2:
3:
4.

41: Volt (Diff) (P2)

1:1 Reps

2:22 50 mV, 60 Hz Reject, Slow Range
3:2 DIFF Channel

4:15  Loc[T_C4 ]
5:5105.15 Mult
6:0.0 Offset

42: Do (P86)
1:72 Pulse Port 2

43: Delay w/Opt Excitation (P22)

1:1 Ex Channel

2:0 Delay W/Ex (0.01 sec units)
31 Delay After Ex (0.01 sec units)
4.0 mV Excitation

44: Volt (Diff) (P2)

1:1 Reps

2:22 50 mV, 60 Hz Reject, Slow Range
3:2 DIFF Channel

4:16 Loc[R_A1 ]

5:8283.69 Mult

6:0.0 Offset

45: Do (P86)

1:72 Pulse Port 2

46: Delay w/Opt Excitation (P22)

1:1 Ex Channel

2:0 Delay W/Ex (0.01 sec units)
31 Delay After Ex (0.01 sec units)
4:0 mV Excitation

47: Volt (Diff) (P2)

1:1 Reps

2:22 50 mV, 60 Hz Reject, Slow Range
3:2 DIFF Channel

4:17 Loc[R_A2 ]

5: 8843.49 Mult

6:0.0 Offset

48: Do (P86)

1:72 Pulse Port 2

49: Delay w/Opt Excitation (P22)
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1:1 Ex Channel

2:0 Delay W/Ex (0.01 sec units)
31 Delay After Ex (0.01 sec units)
4:0 mV Excitation

50: Volt (Diff) (P2)

1:1 Reps

2:22 50 mV, 60 Hz Reject, Slow Range
3:2 DIFF Channel

4:18 Loc[R_A3 ]

5:8533.99 Mult

6:0.0 Offset

51: Do (P86)

1:72 Pulse Port 2

52: Delay w/Opt Excitation (P22)

1:1 Ex Channel

2:0 Delay W/Ex (0.01 sec units)
31 Delay After Ex (0.01 sec units)
4:0 mV Excitation

53: Volt (Diff) (P2)

1:1 Reps

2:22 50 mV, 60 Hz Reject, Slow Range
3:2 DIFF Channel

4:19 Loc[R_A4 ]

5:9482.92 Mult

6:0.0 Offset

54: Do (P86)

1. 72 Pulse Port 2

55: Delay w/Opt Excitation (P22)

1.1 Ex Channel

2:0 Delay W/Ex (0.01 sec units)
31 Delay After Ex (0.01 sec units)
4:0 mV Excitation

56: Volt (Diff) (P2)

1:1 Reps

2:22 50 mV, 60 Hz Reject, Slow Range
3:2 DIFF Channel

4:20 Loc[R Bl ]

5:5357.33 Mult

6:0.0 Offset

57: Do (P86)

1:72 Pulse Port 2

58: Delay w/Opt Excitation (P22)
1:1 Ex Channel
2:0 Delay W/Ex (0.01 sec units)
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31 Delay After Ex (0.01 sec units)
4.0 mV Excitation

59: Volt (Diff) (P2)

1:1 Reps

2:22 50 mV, 60 Hz Reject, Slow Range
3:2 DIFF Channel

4:21  Loc[R_B2 ]

5:4975.54 Mult

6:0.0 Offset

60: Do (P86)

1:72 Pulse Port 2

61: Delay w/Opt Excitation (P22)

1:1 Ex Channel

2:0 Delay W/Ex (0.01 sec units)
31 Delay After Ex (0.01 sec units)
4:0 mV Excitation

62: Volt (Diff) (P2)

1:1 Reps

2:22 50 mV, 60 Hz Reject, Slow Range
3:2 DIFF Channel

4:22  Loc[R_B3 ]

5:5322.32 Mult

6:0.0 Offset

63: Do (P86)

1:72 Pulse Port 2

64: Delay w/Opt Excitation (P22)

1.1 Ex Channel

2:0 Delay W/Ex (0.01 sec units)
31 Delay After Ex (0.01 sec units)
4.0 mV Excitation

65: Volt (Diff) (P2)

1:1 Reps

2:22 50 mV, 60 Hz Reject, Slow Range
3:2 DIFF Channel

4:23 Loc[R_B4 ]

5:5216.42 Mult

6:0.0 Offset

66: Do (P86)

1:72 Pulse Port 2

67: Delay w/Opt Excitation (P22)

Ex Channel

Delay W/Ex (0.01 sec units)
Delay After Ex (0.01 sec units)
mV Excitation

O O

1
2:
3:
4.
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68: Volt (Diff) (P2)

1:1 Reps

2:22 50 mV, 60 Hz Reject, Slow Range
3:2 DIFF Channel

4:24 Loc[R_C1 ]

5:8937.82 Mult

6:0.0 Offset

69: Do (P86)

1. 72 Pulse Port 2

70: Delay w/Opt Excitation (P22)

Ex Channel

Delay W/Ex (0.01 sec units)
Delay After Ex (0.01 sec units)
mV Excitation

O Pr OPrFr

1
2:
3:
4.

71: Volt (Diff) (P2)

1:1 Reps

2:22 50 mV, 60 Hz Reject, Slow Range
3:2 DIFF Channel

4:25 Loc[R_C2 ]
5:8563.67 Mult
6:0.0 Offset

72: Do (P86)
1:72 Pulse Port 2

73: Delay w/Opt Excitation (P22)

1:1 Ex Channel

2:0 Delay W/Ex (0.01 sec units)
31 Delay After Ex (0.01 sec units)
4.0 mV Excitation

74: Volt (Diff) (P2)

1:1 Reps

2:22 50 mV, 60 Hz Reject, Slow Range
3:2 DIFF Channel

4:26  Loc[R_C3 ]

5:8523.05 Mult

6:0.0 Offset

75: Do (P86)

1. 72 Pulse Port 2

76: Delay w/Opt Excitation (P22)

1:1 Ex Channel

2:0 Delay W/Ex (0.01 sec units)
31 Delay After Ex (0.01 sec units)
4:0 mV Excitation

77: Volt (Diff) (P2)
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1:1 Reps

2:22 50 mV, 60 Hz Reject, Slow Range
3:2 DIFF Channel

4:27 Loc[R_C4 ]

5:9336.13 Mult

6:0.0 Offset

78: Do (P86)

1. 72 Pulse Port 2

79: Delay w/Opt Excitation (P22)

1:1 Ex Channel

2:0 Delay W/Ex (0.01 sec units)
31 Delay After Ex (0.01 sec units)
4:0 mV Excitation

80: Volt (Diff) (P2)

1:1 Reps

2:22 50 mV, 60 Hz Reject, Slow Range
3:2 DIFF Channel

4:28 Loc [ Ex_HG Klu]

5:5.3125 Mult

6:0.0 Offset

81: Do (P86)

1:72 Pulse Port 2

82: Delay w/Opt Excitation (P22)

1:1 Ex Channel

2:0 Delay W/Ex (0.01 sec units)
31 Delay After Ex (0.01 sec units)
4:0 mV Excitation

83: Volt (Diff) (P2)

1:1 Reps

2:22 50 mV, 60 Hz Reject, Slow Range
3:2 DIFF Channel

4:29 Loc [ Ex_VG klu]

5:5.1246 Mult

6:0.0 Offset

84: Do (P86)

1. 72 Pulse Port 2

85: Delay w/Opt Excitation (P22)

Ex Channel

Delay W/Ex (0.01 sec units)
Delay After Ex (0.01 sec units)
mV Excitation

OFr OPr

1
2
3
4
86: Volt (Diff) (P2)

1:1 Reps
2:22 50 mV, 60 Hz Reject, Slow Range
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3:2 DIFF Channel
4:30 Loc[Ex_HD Klu]
5:5.2472 Mult

6:0.0 Offset

87: Do (P86)

1:72 Pulse Port 2

88: Delay w/Opt Excitation (P22)

1:1 Ex Channel

2:0 Delay W/Ex (0.01 sec units)
31 Delay After Ex (0.01 sec units)
4.0 mV Excitation

89: Volt (Diff) (P2)

1:1 Reps

2:22 50 mV, 60 Hz Reject, Slow Range
3:2 DIFF Channel

4:31 Loc [ Ex_VD Kklu]

5:5.1613 Mult

6:0.0 Offset

90: Do (P86)

1:51 Set Port 1 Low

91: If time is (P92)

1:0 Minutes (Seconds --) into a
2:1 Interval (same units as above)
3:10  Set Output Flag High (Flag 0)

92: Set Active Storage Area (P80)"3909
1:1 Final Storage Area 1
2:102  Array ID

93: Real Time (P77)"20377

1: 1220  Year,Day,Hour/Minute (midnight = 2400)

94: Minimum (P74)"24720
1:1 Reps

2:0 Value Only

31 Loc [ Batt_Volt]

95: Resolution (P78)
1.1 High Resolution

96: Sample (P70)"15482
1:1 Reps
2:2 Loc [ Prog_Sig ]

97: Sample (P70)"4274
1:1 Reps
2:4 Loc[T_A1 ]
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98: Sample (P70)"31603
1:1 Reps
2:5 Loc[T_A2 ]

99: Sample (P70)"4516
1:1 Reps
2:6 Loc[T_A3 ]

100: Sample (P70)"22214
1:1 Reps
2.7 Loc[T_ A4 ]

101: Sample (P70)"9249
1:1 Reps
2:8 Loc[T_B1 ]

102: Sample (P70)"24911
1:1 Reps
2:9 Loc[T_B2 ]

103: Sample (P70)"11960
1:1 Reps
2:10 Loc[T_B3 ]

104: Sample (P70)*12548
1:1 Reps
2:11  Loc[T_B4 ]

105: Sample (P70)"9461
1:1 Reps
2:12 Loc[T_C1 ]

106: Sample (P70)"12395
1:1 Reps
2:13  Loc[T_C2 ]

107: Sample (P70)"9094
1:1 Reps
2:14  Loc[T_C3 ]

108: Sample (P70)*17191
1:1 Reps
2:15 Loc[T C4 ]

109: Sample (P70)"7588
1:1 Reps
2:16 Loc[R_ALl ]

110: Sample (P70)*31409
1:1 Reps
2:17  Loc[R_A2 ]

111: Sample (P70)"32146
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8 Loc[R_A3 ]

112: Sample (P70)*13478
1:1 Reps
2:19  Loc[R_A4 ]

113: Sample (P70)"9913
1:1 Reps
2:20  Loc[R_ B1 ]

114: Sample (P70)*15091
1:1 Reps
2:21  Loc[R_B2 ]

115: Sample (P70)"874
1:1 Reps
2:22 Loc[R_B3 ]

116: Sample (P70)*10379
1:1 Reps
2:23 Loc[R B4 ]

117: Sample (P70)"6939
1:1 Reps
2:24  Loc[R_Cl1 ]

118: Sample (P70)"29251
1:1 Reps
2:25 Loc[R_C2 ]

119: Sample (P70)"16236
1:1 Reps
2: 26 Loc[R_C3 ]

120: Sample (P70)"19359
1:1 Reps
2:27  Loc[R_C4 ]

121: Sample (P70)"5871
1:1 Reps
2:28 Loc [ Ex_HG Kklu]

122: Sample (P70)"14974
1:1 Reps
2:29 Loc [ Ex_VG Kklu]

123: Sample (P70)"21583
1:1 Reps
2:30 Loc[Ex_HD Klu]

124: Sample (P70)"21177
1:1 Reps
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2:31 Loc [ Ex_VD _Klu]

125: Resolution (P78)
1: 0 -- Low Resolution

*Table 2 Program
01: 10.0000 Execution Interval (seconds)

1: Serial Out (P96)
1:71  Destination Output

*Table 3 Subroutines

End Program
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1.1. SURVEY’S INFORMATION SHEET

An Experimental Setup to Evaluate the Daylighting Performance of
an Advanced Optical Light Pipe for Deep-Plan Office Buildings

Thank you for participating in this study, “An experimental setup to evaluate the daylight performance of
advanced daylighting optical systems in deep plan office buildings,” by answering the questions in the attached
document. You have been selected to be a possible participant among a total of 15 people. The purpose of this study is
to establish the effectiveness of advanced daylighting systems in addressing the following objectives: to increase
daylight levels at the rear of deep rooms, to obtain a more uniform distribution of the light within the space, to control
direct sunlight, and to reduce glare problems. This questionnaire will help to establish the effectiveness of these
systems in addressing the purposes stated previously. It will also help to study possible users’ responses towards the
future application of these systems in office buildings.

If you agree to be in this study, you will be asked to observe the interior of two scale models through a hatch
open at the back of each one of them. Both models represent open-plan office modules. First, you will have to observe
the base case, which has a regular window. Then, you will have to observe the second model, which will have the
same type of window as the base case model, and an advance daylighting system. After the observation, you will be
asked to fill out a questionnaire regarding the situations in both scale models, and the performance of the advanced
daylighting system into the second model. This questionnaire will take only 15-20 minutes of your time. You can omit
answering any question that might make you feel uncomfortable. You are assured that your responses regarding this
study will be kept confidential. You will not be required to disclose your name for this research, and if you have any
questions regarding the procedures, the researcher will answer them promptly. There are no risks associated with this
study.

Your participation in this research is voluntary. You are free to withdraw your consent and discontinue your
participation in the research at any time. There are no benefits of participation, and no monetary compensations will be
provided to you. You will not earn any class credits for participating in this research. Research records will be stored
securely, and only the researcher will have access to the records.

Your decision whether or not to participate will not affect your current or future relations with Texas A&M
University. You can contact Betina Martins Mogo (researcher) at (281) 345-8309, or Dr. Liliana Beltran, Assistant
Professor, College of Architecture, at (979) 845-6545, with any questions about this study.

This research study has been reviewed by the Institutional Review Board — Human Subjects in Research,
Texas A&M University. For research-related problems or questions regarding subjects’ rights, you can contact the
Institutional Review Board through Dr. Michael W. Buckley, Director of Research Compliance, Office of Vice
President for Research, at (979) 845-8585 (mwbuckley@tamu.edu).

Signature of investigator: Date:
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1.2. SURVEY’S QUESTIONNAIRE

Questionnaire

Date: [/ |

Time: -

The purpose of this study

The purpose of this study is to establish the effectiveness of advanced daylighting systems in addressing
the following objectives: to increase daylight levels at the rear of deep rooms, to obtain a more uniform
distribution of the light within the space, to control direct sunlight, and to reduce glare problems. This
questionnaire will help to establish the effectiveness of these systems in addressing the purposes stated
previously. It will also help to study possible users’ responses towards the future application of these
systems in office buildings.

Instructions: Please put a check mark against the option you have selected

Personal

The following information is needed for data analysis only. It will not be used to identify any individual
respondent.

1. Gender

Female Male

2. Age group
19-24 25-34 35-44 45-54 55-65_ 66-80_

3. Level of Education (mark all that apply)
High School___ Bachelor____ Master___ Doctorate

4. Occupation (mark all that apply)
Student Faculty Staff Other___

5. What type of workspace do you currently occupy most of the time?
A classroom

A computer lab

An enclosed, private office

An enclosed office shared with others

A workstation with lighter partitions

An office without partitions

Other (please specify)

6. Do you have daylight availability in this space?
Yes  No_

7. Do you like to work in an environment with:
Daylight only

Electric light only

A combination of daylight and electric light
Daylighting System assessment

8. What is your impression, at first glance, of the overall lighting conditions in both models?
MODEL 1 Satisfactory Too Dim (dark) Too Bright__
MODEL 2 Satisfactory Too Dim (dark) Too Bright___
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9. How much would you like to work in an office space like:

MODEL 1 Verymuch__ Moderately  Alittle_ Notatall
MODEL 2 Verymuch__ Moderately  Alittle_ Notatall
10. Do you think you would need to turn on the electric lights in:

MODEL 1 Yes_ No_

MODEL 2 Yes_ No_

11. If the previous answer was “Yes” for either model or for both models, please say where you would
illuminate with electric light.

MODEL 1 atthe Back___  atthe Front __  onthe Rightside* _  on the Left side*
MODEL 2 atthe Back___  atthe Front___  onthe Rightside* __  on the Left side*

*considered Right and Left as seen from the back of the models.

12. In which part of the room would you prefer to sit if you were working in:

MODEL 1 MODEL 2

[- Half space next to the window [. Half space next to the window
.j Half space next to the back .j Half space next to the back __
- Anywhere. Doesn’t matter - Anywhere. Doesn’t matter

13. Please explain why, in question #11, you selected that particular place in each of the models:
MODEL 1

MODEL 2

14. Do you think that there is too much light in some areas and not enough in others? Where?
MODEL 1 Yes__ (if Yes, please say where) No_
MODEL 2 Yes___ (if Yes, please say where) No_
15. Do you think that there are glare* problems, enough to bother you, in the space of:

MODEL 1 Yes _ (if Yes, please say where) No
MODEL 2 Yes _ (if Yes, please say where) No

*Glare is unwanted brightness viewed either directly or via reflection

16. Do you consider yourself as very sensitive to glare?
Yes No_

17. Do you wear some kind of glasses? Please specify all that apply
Sunglasses__ Corrective glasses, near-sighted__ Corrective glasses, far-sighted__

18. Which one of the two models, in your opinion, has the most uniform daylight distribution?
MODEL 1___ MODEL 2___

19. In which of the two offices would you prefer to work?
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MODEL1 MODEL 2

20. Is there any suggestion that you would like to make to change the conditions in any of the models?
MODEL 1 No, I would leave itasitis
Yes___ (please explain)

MODEL 2 No, I would leave itas itis___
Yes__ (please explain)

Thank you for completing the questionnaire.
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APPENDIX J

CORRECTION FACTOR OF CLOSED BLINDS TRANSMITTANCE
FOR CLEAR DAYS
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J.1. CORRECTION FACTOR FOR SUNNY DAYS

The experiment consisted of two instances. The first instance simulated the
blinds semi-opened (one layer of white paper), and the second instance considered blinds
closed (three layers of white paper). Most of the analysis was done considering closed
blinds, which is a more realistic situation in open-plan offices. In order to use the data
collected in the first instance, a correction factor was applied.

The procedure for obtaining this correction factor was to set both models as
reference cases (without light pipe system), one having opened blinds and the other
having closed blinds. First, the factor between two sensors was calculated, one in each
model at the same position (Figure J-2). Since it appeared to be a lineal function, a more
precise factor was calculated taking the averaged values in each model (Figure J-4).
Abnormalities in the linear function, briefly explained in Figure J-4, were fixed in Figure

J-5, given the final correction factor with a value of 0.4076.
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Fig. J-1. Comparison of sensors RB1 and TB1, the first in model with opened blinds and the second in
model with closed blinds.
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Fig. J-2. Factor TB1/RB1.
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Fig. J-3. Averaged sensors “R” (1 layer) and “T” (3 layers).
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Fig. J-4. Factor of averaged sensors “R” (1 layer) and “T” (3 layers).
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Fig. J-5. Factor of averaged sensors “R” (1 layer) and “T” (3 layers) after correction of abnormalities.
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