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ABSTRACT

Light guide is a tubular skylight with mirrored internal surface. It is a lighting
device bringing daylight into the interior of a building without windows or into
rooms with insufficient daylight. It presents the potential for energy savings,
opens the possibility to use places that are not well lit and offers opportunities
for improving the visual comfort of the indoor environment.

This thesis reviews the potential of light guide system as a daylighting
approach in building and presents results of experiments on performance of
tubular skylight prototype. The main task of the thesis is focused on comparison
of traditional light guide system and newly developed prototype, examination of
its light transmittance and efficiency as well as its thermal behaviour in order to
find possible improvements for applications in buildings.
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1 INTRODUCTION

Most people spend a majority of time during the day in indoor environment,
commercial or residential. Quality of interior environment of buildings is
therefore extremely important for the human physiological and psychological
development. One of the monitored aspects is lighting system. Lighting is an
Important factor in determining the way, how we experience buildings, internal
environment as well as how we are able to respond to certain tasks. It is a key
element of architectural and interior design. It comprises use of natural
illumination of interiors from daylight and artificial light sources.

Artificial lighting for functional and/or aesthetic purposes is a major
consumer of energy worldwide. Increasing concern about energy depletion,
energy conservation and cost, which has been steadily rising and also adverse
environmental impact of pollution, carbon emission and global warming, has
led to a reappraisal of the use of daylight as an electric lighting substitute.
Lighting and HVAC are two of the major energy end uses in a building.
Properly incorporating sustainable and effective lighting into the facility's
design is one of the best ways for energy conservation in buildings. The reason
for daylighting preference is not only energy efficiency but also a positive
Impact on human health.

There are many systems for daylight collection and transportation in
buildings. These daylighting devices have been developed with the aim of
contributing to an efficacy energy savings. One of these devices is a light guide
system which is a subject of the thesis investigation.

1.1 TOPIC OF THE THESIS

With development of electrical lighting daylighting was no longer a priority.
It is estimated that more than 90 % of our daily routines are happening indoors
under artificial lights [1]. Many buildings, mostly office blocks, are
hermetically sealed, fully air conditioned and artificially lit. However, financial
and environmental factors today are bringing us back in the direction of
daylighting, which is the subject of this thesis.

The light guide system offers energy saving and indoor climate comfort
alternative to artificial lighting devices. The wide application of light guides in
buildings is relatively new — the principle of the light transport on the internal
reflective surfaces has been known for many years but the applications of light
guides in common residential and commercial buildings is noticed for the last
twenty or thirty years [1].

Initially, light guide systems were used at random and without knowledge of
their optical properties. Lighting was predicted on the basis of empirical rules
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and based on experience from earlier realizations. Problems have arisen mainly
due to the lack of illumination under the cloudy sky conditions or, on the
contrary, due the glare on bright sunny days. There was no detailed research.
Today, due to energy and environmental concerns to reduce energy
consumption in a lighting system, light guides have been investigated and have
become one of the energy-efficiency techniques widely applied in buildings.
They also have a positive influence on visual comfort.

New highly reflective materials and light tube components are tested to
increase the light guide efficiency. Several methods for predicting delivery and
distribution of light into the interior are being developed. Systems are
continually evolving and improving, and legislation and standards are not
sufficient. Therefore, there is a need to examine them further. For this reason,
the selected topic of the thesis aimed at the light guide prototype evaluation is
actual and in compliance with current research tasks.

1.2 AIMS OF THE THESIS

e Complete the comprehensive state of the art about the light guide systems
development and overview of the evaluation methods for daylight
illuminance and efficiency testing.

e Testing of the light guide prototype with mirrored concentrating head for
light transmittance into the test chamber in laboratory conditions.

e Thermal evaluation of the light guide model under an infrared lamp
radiation.

e Complete field daylight measurements for an evaluation of light
efficiency of two light guides of same geometry and dimensions but with
different roof collectors.

o Simulation case-study of daylight level on working plane for the light
guides from the field measurements.

e Analysis of possible improvements of the light guide prototype for the
optimised design of the daylight guide system.

1.3 THESIS STRUCTURE

The thesis begins in Chapter 2 with an overview of the state of the art in the
field of light guide daylighting. It describes the climatic conditions of Brno
region in the Czech Republic, where experiments are undertaken and explains
how daylighting plays an important role in the health and mental development
of people. The development of solar light guide systems, numerous theoretical
and mathematical models of light guide performance are described. The light
guide was found to be a successful commercial product, in use all over the
world.
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Chapter 3 includes methodology and description of prototype models and
experimental chambers, address measurements of the lighting devices and
methods of testing.

The laboratory and fields measurement results are listed in Chapter 4.

Chapter 5 summarizes outputs, recommends improvements and completes the
goals.



2 OVERVIEWS OF THE STATE OF THE ART IN THE
FIELD OF LIGHT GUIDE DAYLIGHTING

2.1 GENERALY ABOUT SOLAR RADIATION

The Sun is the source of an enormous amount of energy. A portion of this
energy provides Earth with the light and heat necessary to support life. For
centuries, before the advent of electricity, the sun was the primary source of
light. All human activities were provided under the sun.

Sunlight’s pure form has a temperature around 5,000 degrees Kelvin and a
colour rendering index (CRI)* of 100. The solar radiation reaches the Earth with
intensity of 1360 W/m? known as solar constant (Ee,)* [2]. Solar constant is
calculated for mean distance and perpendicular rays. As sunlight comes into
contact with the earth's atmosphere and is reflected and refracted by water and
dust particles the color temperature actually changes throughout the day ranging
from 5,000 - 6,000 Kelvin depending on the time of day and the amount of
clouds in the sky (Fig.2.1). Because the sun can be considered a black body, the
light it emits has a correlated colour temperature (CCT) of 6000 K.

Physically, radiation from the Sun - sunlight, is a mixture of electromagnetic
waves ranging from infrared (IR) to ultraviolet rays (UV). It includes visible
light (narrow band), which is in between IR and UV in the electromagnetic
spectrum (Fig. 2.2).
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Fig. 2.1: Spectral distribution of sunlight and molecular absorption [3]

! Colour rendering index R - measure of the degree to which the psychophysical colour of an object illuminated
by the test illuminant conforms to that of the same object illuminated by the reference illuminant, suitable
allowance having been made for the state of chromatic adaptation. Abbreviation: "CRI" [2].

2 Solar constant Ee, irradiance produced by the extraterrestrial solar radiation on a surface perpendicular to the
Sun's rays at mean Sun-Earth distance [2].



2.2 DAYLIGHT

Light is a primary tool for perceiving the world and communicating within it.
It describes our environments. Physical theory of light is based on wave
(electromagnetic radiation) and particle (photons) theories [4]. From
electromagnetic theory point of view the light is a visible spectrum of
electromagnetic radiation in the spectral range between 380 nm to 780 nm [5].
The colour spectrum of the visible light range is shown in Fig. 2.2.
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Fig. 2.2: Electromagnetic spectrum [6]

Visible spectrum ranges from blue light (at wavelength around 475 nm) through
green, yellow and orange light (at 525, 575 and 625 nm) to red light (at 675 nm) and
into violet (at 725 nm). White light is the combination of all of the wavelengths [3].

2.2.1 Photometrical units and measures

Photometry is the science of the measurement of light [6]. The human eye
responds differently to light from different parts of the visible spectrum,
therefore photometric measurements must take the luminosity function into
account when measuring the amount of useful light. The radiated power of light,
as perceived by the eyes, is measured in terms of the luminous flux @ [Im].
Lumen [Im] is the unit of the luminous flux.

The luminous flux radiated per solid angle in a defined direction is referred to
as the light intensity | [Im.sr* = cd]. Candela [cd] is SI unit. The intensity of a
light source in all directions of radiation is given by the light intensity
distribution, generally represented as a light intensity distribution curve.

The 2Iuminous flux per unit area is the lighting intensity or illuminance E [Ix =
Im.m™].



Table 1: Illuminance typical values [7]

Global radiation (clear sky) about 100000 Ix
Global radiation (cloudy sky) about 20000 Ix
Optimum sight max to 2000 - 3000 Ix
Workplace 100 - 500 Ix
Lighting orientation 20 Ix
Street lighting 10 Ix
Moonlight 0.2 Ix

The standardized model of the eye's response to light as a function of
wavelength is given by the luminosity function. The eye has two distinctive
responses as a function of wavelength when it is adapted to light conditions
(photopic luminosity function VA - light adapted eye) and dark conditions
(scotopic luminosity function VA’ - dark adapted eye), Fig. 2.3.

BRI
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0.6 7 +———|Photonic
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T | Scotopig
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\% relx
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A (nm) —~
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Fig 2.3: Graph of photopic luminosity and scotopic luminosity function [6]
(M) curve for both eye responses, peak of VA is at 555 nm, VA’ at 517 nm.

2.3 DAYLIGHT AVAILABILITY

Daylight or the ‘light of day’ is the natural light of global solar radiation
during the daytime. This includes direct sunlight, diffuse sky radiation, and
often both of these reflected from the ground surface and neighbouring
obstructions as buildings, trees etc. [7]. Daylight level varies with location, time
and season [8].
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Table 2: Daylight intensity in different conditions [9]

Sky conditions Horizontal external
illuminance [Ix]
Brightest sunlight 120000
Bright sunlight 110000
Shade illuminated by entire clear blue sky 20000
Typical overcast day, midday 10000-25000
Extreme of darkest storm clouds, midday <2000
Sunrise/sunset on a clear day (ambient illumination) 400
Fully overcast, sunset/sunrise 40
Extreme of darkest storm clouds, sunset/sunrise <1

There are standardized sky models under the international commission on
illumination [9]. Traditional models are CIE overcast sky model and CIE clear
sky model. New fifteen sky models were standardized for specification of
luminance distribution of the sky in dependence on weather and climate, and it
changes during the course of a day with the position of the sun [5].

2.3.1 CLIMATIC CONDITIONS

Daylighting in buildings is influenced the by climatic conditions of the
locality and seasonal time. Information about climatic conditions of Brno region
in the Czech Republic is available from the Brno Council data.

Locality: Brno, Czech Republic is at 49°9'N, 16°41'E, 246 m.

Under the Kdppen climate classification [10], Brno has a borderline oceanic
climate (Cfb) and a humid continental climate (Dfb) with cold winters and hot
to warm summers. However, in last 20 years the temperature grows rapidly and
summer days with temperature exceeding 30 °C are quite common. The average
temperature is 9.4 °C, the average annual sunshine is 1771 hours, and the
prevailing wind direction is northwest. The weather box below shows data
between years 1961 and 1990.
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The daylight luminous flux can be determined for the preliminary estimation
of daylighting studies from the global solar radiation in W.m corrected with
luminous efficacy value, Table 3.

Table 3: Luminous efficacy value [13]

Sky type Luminous efficacy [Im/W]
Sunlight 70 — 105

Clear blue sky light 130

Overcast sky light 110

2.3.2 Light and health and well being

It would be a mistake to adopt energy efficiency only as the principal
measure of good lighting. It is important, but it should be balanced against other
factors leading to a comfortable and pleasing environment. Numerous studies
indicate that daylighting has an important role in health and mental
development of people. It is often forgotten that people are the major asset and
expense of a company. If staff are visually impaired through inadequate
working conditions and poor lighting, their productivity will deteriorate and
output may decline on a scale far greater than the gains which might occur from
the installation of more energy efficient (but less user friendly) lighting [14].

Physiologically, daylight is an effective stimulant to the human visual system
and the human circadian rhythm. This process supplies us with an inner clock.
When the circadian rhythm is upset due to lack of daylight, a multitude of
problems may occur (depression, mood disturbances, hormonal imbalances,
sleep disorders, affected may be blood pressure, heart rate, and metabolic
function). Daylight is beneficial in preventing such afflictions as Seasonal
Affective Disorder (SAD) commonly known as “winter blues” and even Sick
Building Syndrome (SBS) [14]. The impact of light on human health has been
the focus of many research projects in recent decades.

Electric light sources such as LED, fluorescent and halogen attempt to mimic
the spectral qualities of daylight. They appear similar, but they are missing key
components of natural light, the quality of the light is inferior when it comes to
providing for our human biological need. The dynamic bands of energy
(represented by colour bands in Fig. 2.6) are naturally aligned and predictably
timed to enable both photopic/scotopic vision.
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Fig. 2.6: Daylight comparison with LED, Halogen and Fluorescent light sources [13]

Note the lack of energy bandwidth for all power densities as compared to daylight.
For human health, wellbeing, sleep and productivity we need a light source which
contains a full array of all energy bands.

Research [15] has shown that the daylight offers high luminous efficacy
compared to majority of artificial lighting.

Table 4: Luminous efficacy value — Daylight and artificial light [13]

Source Luminous efficacy (Im/W)
Sunlight 70 -105
Daylight Clear blue skylight 130
Overcast skylight 110
Global skylight 105
Artificial light | Incandescent bulb 15
Compact fluorescent 57-172

Daylighting is the controlled admission of natural light into a space. It helps to
create a visually stimulating and productive environment for building
occupants. Daylighting is chosen to save energy, to avoid adverse health effects
of over-illumination by artificial light, and also for aesthetics.  For centuries,
daylight was the only efficient source of light available. Daylight stopped to be
a critical design element with the advent of low-wattage fluorescent tubes in the
1930s, air conditioning, reflective glass and cheap energy.

Windows are the primary daylighting devices. Their function is to deliver
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daylight and they offer ventilation, view and fresh air. They also increase the
level of noise, glare and contribute to the occupant’s distraction. The
illuminance levels from windows decrease rapidly with distance from the
window.

Today, for economic reasons, one of the most common building designs is
high-rise, deep plan and compact building. In this type of building the
penetration of daylight is through windows at the perimeter. The penetration of
daylight decreases rapidly with distance from the window and also because of
physical obstructions (internal walls and partitions). The surrounding buildings
also reduce availability of daylight especially in very dense urban areas.
Illumination is high near the glazing causing discomfort glare, high contrast and
excessive brightness. The rest of the building and the core is lacking sufficient
light and is left wholly to electric lighting. Top lighting (roof opening) in high-
rise buildings is also not solution; it is applicable only for the highest storey.
Consequence of this is the increase in the overall energy consumption. To bring
light into these types of buildings, three strategies can be applied - improving
the conventional techniques, developing new glazing systems and inventing
innovative daylighting systems [16].

2.3.3 Energy savings

Economy of every modern society is driven by energy use. Energy use brings
us advantages such as convenience, comfort and prosperity, but it also brings us
negative results such as pollution, global warming and impoverishment.

Conventional power generation uses fossil fuels (oil, coal and natural gas).
These are non-renewable energy resources, which are being used up at an
alarming rate. The challenge for the 21st century is to maximize the benefits
gained from energy consumption while minimizing the costs incurred and also
protecting the planet.

Energy is one of the most basic of human needs. Its use is closely tied to
people’s health and well-being. Energy use increases as population grows.
There are disparities in the quantities of energy consumed and wealth generated
from energy use. Responsibility to explore alternative (clean) energy sources is
left mostly to the developed countries, who can afford it. Changing from
conventional power to renewable energy is today considered necessary as we
strive for a green and clean future. But it takes time, hence the concept of
increasing energy efficiency.

The obvious way for energy saving in buildings is in exploiting daylight,
which is the abundant, available and free source of light. Using daylight as the
main source of light during day, when demand for electric lighting occurs at the
same time as peak availability of natural light, energy consumption and costs
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will decrease. Artificial lighting can be then dimmed or turned off in response to
the amount of available daylight, while preventing occupant discomfort or other
building loads from increasing. This can be done manually (not always done
efficiently) or using optical lighting sensors. Sensors read the natural light
coming in the room and adjust the artificial lighting automatically. Artificial
lighting creates heat inside the building. To be able to dim or turn them off
greatly reduces the cooling load.

24 THE DEVELOPMENT OF SOLAR LIGHT GUIDE
SYSTEMS

Piping light for illumination purposes is a concept which has been around for
a long time. The idea to implement and utilize hollow light guides is an old
idea. Many researchers in the Russia and the US theoretically considered the
idea of transferring the artificial light from electric arc-discharge lamps via
mirrored metal guides, and some of them even realized their ideas [17,18].

V. N. Cikolev (USSR) was one of the first to design and implement hollow
light guides (1874) and publish the results (1880) [19]. Lighting system with
hollow fiber optics in the form of mirrored tubes has been built. Light from
powerful electric arc-discharge lamp installed on a special tower outside the
building has been transported via these light guides and directed via semi-
transparent mirrors into the rooms.

Almost simultaneously with Cikolev, M. T. Neal [20], R. W. Lake [21], E. J.
Molera and J. C. Cebrian [22] and W. Wheeler [23] worked on the same
problem. Neal and Lake had been awarded a patent in 1878, Wheeler in 1881
and Molera and Cebrian published their ideas in scientific and technical journals
in 1879. All of these inventions were purely theoretical and probably never
applied in practice. However, technical level of these first inventions in the field
of lighting systems has been high.

A tubular light guide with a roof parabolic mirror for transportation of
daylight into basement was patented by Hanneborg from Norway in 1901 [24].

In 1965, G. B. Bukhman [25] extended fundamental ideas of hollow light
guides and their use not only to transmit light but also to illuminate the entire
length of the light guide. In 1975 Aizenberg and Bukhman [26,27] patented two
inventions of new systems essential for the further development of hollow fiber
optics. These systems enable the transmittance of sunlight and artificial light via
slotted light guides, as well as the use of thermal energy emitted by powerful
light sources. Serial production of hollow light guides in the USSR was
launched in 1980.

In 1990s many innovations of various light guide designs by different
skylight manufacturers and investors have been developed. Light guides have

12



been patented in the USA by Sutton [28,29], Bixby [30], Chao [31] and O’Neil
[32]. Johnson and Selkowitz (1986) [33] analyzed several light guides types
(hollow reflective light guides, lens and prism guides and open light wells) and
described the principles of their applications in buildings.

Numerous theoretical models have been attempted to address the
transmittance efficiency of the light guides. Early developments concentrated on
light transport, tubes reflective materials and sectional shapes. Tubular light
guides of triangular cross section and their transmittance efficiency was
experimentally assessed by Zastrow and Wittwer (1986) [34]. To improve the
performance of light guides laser cut panels were added to the collector -
Edmonds, Moore et al (1995) [35]. Swift and Smith (1995) [36] examined
theoretically and experimentally the parameters affecting transmittance. Their
interest was on tube lining material (silver and aluminium). They were the first
researchers to make use of an integrating sphere with a scale model of light
guide. McCluney (1990) [37] described the effect of absorption by water on the
color of light. Ayers and Carter (1995) [38] published a review of remote source
electric lighting system based on same technology as passive solar light guides.
Comparison was made. Bouchet and Fontoynont (1996) [39] completed
computer simulations of a light guide system. Mingozzi (1996) [40] published
table method for the light guide design evaluation. Shao, Riffat et al. (1997-
2000) [41-47] in UK published daylighting performance studies of light guides
in different weather conditions, in laboratory as well as in real buildings.

All papers published before 2000 investigated light guide performance based
on different internal coating materials, tube lengths, diameters, shapes, elbows.
Also different commercial products were investigated. The interest was mainly
in the innovative systems. What was needed next was a mathematical model of
light guide performance.

The first work about mathematical model of light guide performance was
published by Zhang and Muneer (2000-2002) [48-50]. Their theoretical model
was completed with coefficients determined by the data of light measurements.
This publication was based on PhD thesis by Zhang [51]. Carter (2002) [52]
evaluated tubular light guides of different dimensions and lengths and
completed a light guide model.

Light guide measurements and evaluations were described by Callow (2003)
[53] in his PhD thesis. His experiments were carried out in UK and Singapore.
Jenkins and Munner (2003) [54-58] derived Luxplot package for calculation of
illuminance on the working plane, Carter and Marwaee (2004-2006) [17,59]
published results of monitoring practical installations of tubular light guides.

An experimental and numerical analysis for evaluation of the daylight
performances obtained by light guides with fixed collectors was carried out by
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Chella et al (2006) [60], Baroncini et al. (2006) [61], Zazzini et al. (2006) [62].
Moving from the experience gained in the work of [60-62] Boccia et al. [63]
developed two innovative devices which improve the performances of the
traditional light guides. The first one is "Double Light Pipe" (DLP), the second
one "Ventilated Double Light Pipe” (VDLP). DLP is able to transport daylight
into two floors of underground building. VDLP allows transport of daylight into
underground areas of a building and guarantees the necessary change of air by
natural ventilation. Chella et al. (2007) [64] successfully installed DLP system
in a historical building located in a small urban agglomerate in Italy.

Interpretation of empirical models and computer simulation studies were not
fully consistent, therefore Technical Committee TC 3-30 Hollow Light Guides
was established by the International Commission on Illumination CIE.
Comprehensive investigation by a team of experts was completed over the
decade 1993 - 2003 and the CIE 173:2006 Tubular Daylight Guidance Systems
was published [11]. This document contains all common knowledge and
information about tubular light guides systems and components and also
measurement and design methods.

Swift et al. (2006) [65] incorporated a diffuse collector in the formulation of
the guide light transmittance. Swift and Smith (2008) [66] extended their work
to include rectangular sections mirrored light guides and irradiance distribution
at the guide exit surface. Swift (2010) [67] derived an integrated ray-tracing
expression for light transmittance of splayed rectangular guides, and Edmonds
(2010) [68] followed up with expressions for the calculation of the beam and
diffuse transmittance of light guide systems with different cross sections -
rectangular, triangular, rhombic and hexagonal.

Computer simulations have also been used to predict the light transmittance of
tubular light guides. Laouadi and Arsenault (2003) [69] developed the
SkyVision computer program to address the optical performance of tubular light
guidess as well as conventional skylights with various shapes and glazing.
SkyVision employs analytical models, based on the ray-tracing method, to
compute the optical characteristics and energy saving potential of skylights.
Kocifaj et al. (2008) [70] developed the computer program HOLIGILM for
predicting the performance of light guides. Authors Kocifaj (2009) [71,72] and
Kocifaj et al. (2010) [73] extended the HOLIGILM method to include ceiling
diffuser with clear and diffusing elements and bended tubes. Darula et al. (2010)
[74] applied the HOLIGILM to study daylight transmittance through a bended
guide on a roof. Chirarattananon et al. (2010) [75] and Samuhattananon et al.
(2011) [76] developed complex algorithms using the ray-tracing technique to
compute light transmittance of cylindrical light tubes with and without bends.
The use of non-imagining (anidolic) optics to capture, concentrate and transmit
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the daylight through a guide was published by Scartezzini and Couret (2002)
[77], Molteni et al. (2000) [78], Wittkopf et al. (2006) [79] and Linhart et al.
(2010) [80].

The evaluation of the function of the light guide system and determination of
design requirements was published by Mohelnikova (2009) [81]. Detailed
analytical method for evaluation of internal illumination from light guides on
the basis of determined luminance of the diffuser was described by
Mohelnikova and Vajkay (2007) [82]. Kim JT, Kim G. (2010) [83] presented
overview of two optical daylighting systems — light guides (collector with
optical device) and sunlighting mirrors, both developed by authors. They also
compared performance of commercial light guides of different diameters. Su et
al. [84] published comparative monitoring of various sizes commercial light
guides of different geometries under real sky conditions and proposed
mathematical model. Lo Verso et al. (2011) [85] characterized photometric
performances of tubular light guides in terms of light transmittance efficiency.
An assessment approach was based on simulations and measurements in
sun/sky simulator.

Mayhoub, Carter (2011) [86], Mayhoub (2014) [18] reviewed innovative
daylight systems, described challenges, cost, utilization, difficulties and
applications limitations. Mayhoub and Carter (2011) [87] developed a model
to estimate direct luminous efficacy based on satellite data. The guidelines for
daylight guidance systems application were published by Mayhoub (2012) [88]
and Carter (2014) [89]. Light guides performance prediction was presented by
Malet-Damour et al. (2014) [90]. Daylight computer simulation study focused
on an evaluation of the light guide efficiency and illuminance distribution on the
light guide base under overcast and clear sky conditions was presented by
Darula et al. (2013) [91]. Improved more accurate calculation for the tubular
light guide efficiency was presented by Komar (2013) [92].

Comparative evaluation of two light guides was described by Plch et al.
(2015) [93]. Potential of light guides systems, using materials easily available in
Malaysian market, was published by Kadir et al. (2016) [94]. Assesment of light
guides with respect to building physics (evaluation of constructions, structures
and spaces with respect not only to daylighting, but also on thermo-technical
conditions, moisture and many more) was presented by Vajkay et al. (2016)
[95]. Ciugudeanu and Beu (2016) [96] published passive tubular daylight
guidance system survey with field measurements as well as software stimulation
results. Ellis et al. (2016) [97] described concept and algorithms implemented in
EnergyPlus to simulate tubular daylighting devices and shelves. Two models
were tested for daylighting, solar gains and conductive/convective gains.
Gashinani et al. (2017) [98] examined innovative daylighting strategies for
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improvement of performance in light wells. Case study of interior lighting using
tubular daylighting devices (24 solar tunnels configurations and 12 cases with
different number of skylights) was presented by Baglivo et al. (2017) [99].

A study on the analysis of vertical sky components (VSC) under the 15 CIE
Standard Skies was conducted and numerical techniques for determining VSC
were proposed by Li et al. (2016) [100]. A review of daylighting design and its
implementation in buildings by Wong (2017) [101] examined and compared
daylighting design principles, strengths and weaknesses of different daylighting
systems and calculation methods. The vertical tubular light guides were tested
in real weather conditions and results, compared with levels required by the
CIE, were published by Malet-Damour (2017) [102]. Tsang et al. (2018) [103]
presented a comprehensive study of straight light tube efficiency and
illuminance distribution below ceiling level using HOLIGILM tool. The results
obtained highlight importance of climate based approach. Based on the results a
database of the optical parameters of different guides under different weather
conditions can be created to characterize the optical properties of different light
guides in different climatic zones. Petrzala et al. (2018) [104] introduced an
analytical solution to the optical efficiency of straight guides that is applicable
to all aspect ratios. The results were compared with the results obtained from
HOLIGILM calculations. Kadir et al. (2018) [105] presented and compared a
study of daylighting performance of two light guide systems fitted with the
laser-cut panel (LCP) placed at the entrance of the guides. LCP were installed
with diferent tilt angle. Alibaba (2018) [106] published the results of
performance of light guide (Solatube) installed in residential building in
Nigeria. Mayhoub (2019) [107] presented a brief history of researches and
developments into the Building core sunlighting systems (BCSS) over the last
fifty years. A short description of the technologies and components of eighteen
fully developed or commercialized systems were included. BCSS were
classified and compared according to their design approaches to conclude the
common features of the successful systems. Kim et al. (2019) [108] developed a
method to predict indoor illuminance using the CIE standard sky model. The
results were compared and verified with simulation values obtained by desktop
Radiance program.

25 LIGHT GUIDE INVESTIGATIONS OVERVIEW
2.5.1 Introduction

Energy use is an important part of all human activities. As human activities
accelerate, fosil fuels are depleted faster and faster. Energy consumption takes a
huge toil on our environment. If nothing is done, global warming and its
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affiliated changes will bring enormous consequences for people, economies and
environment. Many countries therefore have decided to explore more efficient
and environmentaly friendly energy resources and to rely more on alternative
renewable energy sources like solar, wind, hydropower, biomass, geothermal
energy. Present research on the innovative daylighting device - light guide -
that utilizes solar energy is a new effort towards this end.

2.5.2 Lighting /illumination

Lighting /illumination is one of the sectors of power consumption in
residential, commercial and industrial buildings. It is one of the areas which
must be addressed for improving the energy efficiency and thereby reducing the
energy consumption.

In 2014, the world consumed approximately 412 billion kwh of energy just
for lighting and it is expected to increase to 4250 TWh by 2030. [109]

An optimal lighting system integrates artificial/electrical lighting system
(electrical lamps and light fixtures) with natural lighting systems (daylight and
sunlight). The motive for making best use of daylight as an electric lighting
substitute is the rising monetary and environment costs associated with the
current use of fossil fuels and also the rising cost of electricity. With new
technological advances in lighting materials a new daylighting products have
emerged. One of them is tubular skylight.

2.5.3 Tubular daylighting device (TDD) - light guide

Tubular skylight or tubular daylighting device (TDD) is a device that can
capture and transmit light from external artificial or natural light source to
building interior for lighting purpose. The concept was originally developed by
the Egyptians in ancient times. Commercial applications that used reflectors to
transmit the light were developed in 1850‘s. The concept was rediscovered and
patented in 1980°s. [110]. Many light guide systems are today well established
commercial products aviable and installed in many parts of the world. Each has
its own characteristics, effectivness, own patented technique how to make it and
how to fix it, its cost and performance. Light guides can use as a light source
artificial lighting, external daylight or both artificial and external daylight.
Guides using external daylight are called solar light guides, solar light guides or
often Tubular daylighting devices (TDDs).

Solar light guides can be passive zenithal, active zenithal and horizontal or
vertical. Passive zenithal (most used and commercially available) are stationary.
The illumination they provide is completely dependent on the geographical
location, angle of the sun in the sky, the ever-changing local weather conditions,
season, time of day and limited duration of optimal performance during the day.
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Active zenithal systems, such as solar-tracking skylights, actively follow the
sun and use mirrors to drive its illumination down into a interior of building.
They do not depend on the sun position in order to create illumination. The
mirrors adjust to track the sun, thereby increasing the effectiveness of the
skylight [109].

Function of tubular daylighting device is to capture, collect and lead daylight
Into interior spaces that cannot be lit using conventional glazing, to spaces
where daylight is insufficient and which require artificial lighting. Such places
are: core spaces of multistory buildings, spaces distant from the building
envelope, locations where more conventional daylighting apertures cannot be
placed (underground areas, large plant areas).

Compared to traditional skylights and windows, they have the advantages of
energy savings (small area relative to the amount of useful light they can admit),
lower summer solar heat gains due to a less vissual contact. The availability of
natural light in internal environment also improves the occupants' well-being,
avoiding over illumination effects.

There are three main components - collector, tube and diffuser:

o Daylight collector is fitted at the top end of the light guide. It is placed
usualy on the building roof or on the external walls. Placement should be
such that there is a free collection of light, any obstruction of solar
radiation from adjacent structures should be avoided. The roof placed
collectors suit the deep plan building, the facade mounted ones are better
for the multi-story buildings, but they are recomended to be south
oriented [88]. Collector function is to gather sunlight and skylight from
part or whole sky hemisphere and to seal the guide against ingress of dust
and rain. The light guide collector is designed to meet the fire resistance
requirements. It is self-cleaning due to its shape.The material is a single
or multiple-layer transparent glass or plastic in various geometric shapes.
It may contain optical features (prisms, reflectors or diffusing elements)
to enhance the lighting output, especially at low sun altitude angles.

e The tube is the transport element. It is usually made from an aluminum
sheet and can be straight-rigid, elbow-rigid or flexible. Natural light is
more efficiently transported with the straight tubes. Bends cause light loss
which is multiplied by the number of bends and their inclination. The
tube interior surface is coated with special materials to highly reflect the
visible component of sunlight and absorb the infrared component so that
mainly visible light gets into the interior space. Commercially, there are
coating materials with a light reflectivity ranging from 98% -99.5%
available. Tube diameters varies from 250 — 1000 mm. The smaller
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diameters are used for residential instalations, the bigger ones then in
commertial or industrial applications. The ratio of the length of guide (1)
to its diameter (d) is its aspect ratio (I/d). The lower the aspect ratio, the
more light will reach the interior space.

e Diffuser is made of single or multi-layer glass or plastic, varies in
property and transparency (clear, opal) to meet different needs for light
distribution within the room. Its shape can be flat, convex or concave,
glazing can be prismatic, diffusing or lensed. Diffuser transmits light rays
guided through the tube and uniformly illuminates a room without
creating glare and colors distortion. Diffuser is mounted on the ceiling
inside the room to be illuminated.

TDDs require the instalation of sealing components at roof and at ceiling
level to achieve high heat resistance and to prevent solar gain. They also keep
dust, rain, snow, insects and noise out or the building interior.

2.5.4 Working mechanism of the light guide
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Fig. 2.7: Sunlight pattern passing through the light tube (schematic diagram of the
light beam transported throught the centre of the light guide) [110]
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Fig. 2.8: Sunlight and skylight pattern passing through the light tube [51]

Sunlight and skylight are collected by a collector. There they are reflected in
different directions depending on the angle of incidence (Fig. 2.7, Fig. 2.8). At
low altitudes, larger number of reflections required to descent the entire light
tube will reduce transmittance. The opposite effect can be observed at the higher
altitudes of the sun (eg. in the summer at noon) when the number of reflections
Is smaller and light transmittance is therefore more efficient. Refraction
phenomen happens in light guide diffuser where diffused light is futher diffused
and finaly scattered into the interior space. Sky illuminance distribution is
affected by the sun’s position, weather conditions - the clarity of the sky, the
position of random clouds — it is a highly dynamic process.

2.5.5 Challenges of daylighting systems

The innovative daylighting systems are still facing challenges. They are the
innitial cost (components and optical material prices, technology complexity
and ease of instalation), application limitations (geographical location, time of
measurement, sky condition, building form), technology challengies (to deliver
more daylight over further distance via smaller guides) and user acceptance
[16].

Daylighting is an area of significant research within the lighting industry.
There are a variety of daylighting designs in the market, but limited information
on how or where they are best utilized. If not properly utilized daylighting can
result in ineffective lighting and unsatisfied consumers because of their visual
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discomfort.
2.5.6 Light guides — prediction methods

Light guides are used in all types of buildings throughout the world for
daylighting, energy savings and benefits like improving mood, health, and better
performance of the occupants. However, they are not the cheapest investment
therefore attention should be paid to optimize their design to get the maximum
effectiveness of their installation.

The effectiveness and accuracy of a daylighting studies rely on knowing the
climate and light conditions available at a given place.

There are several methods describing light guide performance predictions.
This part of thesis includes comparative calculation of models.

Before the selection and application of computation method the light guide
shape factor — the Aspect Ratio AR must be defined (the ratio of the guide
length | [m] over the guide diameter d [m]).

AR =1/d (2.1)
The computation of light flow ®, entering the light guide depends on light

guide cross sectional area A and the total external illuminance E, (CIE overcast
sky global illuminance)

d.=EA (2.2)
A =mr? (2.3)
where

A light guide cross sectional area [m?]
®, luminous flux leaving the tube [Im]
E. external illuminance [Ix]

r  tube radius [m]

CIE computational method

Because of different methods and calculation procedures the International
Commission on Illumination CIE established Technical Committee TC3-38
which completed comprehensive investigation of the light guidance topics and
Tubular Daylight Guidance Systems was published [9].

CIE has mathematically developed 15 different sky conditions (five clear, five
intermediate and five overcast sky types), which probably cover the whole
spectrum of skies found in nature. Overcast and clear sky conditions are
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typically used in software simulations.

The method allows the evaluation of the effectiveness of a wide range of
configurations of passive light guide systems, including the effect of the
bending. Transmittance tube efficiencies TTE values can be found in tables for
different diameters, lengths, averages and reflectance or calculated using the
following formula:

1
eatanelnp

TTE= (2.4)

1
1- atanelnp

where

0 sky segment around the zenith with the most efficient effect of sky
brightness, the angle is considered as 30°

p light reflection factor on the inside of light guide surface, for computation
it was estimated as 95%

| light guide length [m]

d light guide diameter [m]

The light transmitance efficiency EG is affected not only by the light
transmitance efficiency through the TTE light guide tube by also by the loss due
to the diffuser and the light guide collector. It is assumed that this value is not
more than 0.63. Another loss coefficient is the effect of the outside environment
pollution, typical for urban development. MF value is 0.76.

EG = TTE tctoMF (2.5)

where

EG total light transmittance efficiency

TTE light reflection factor on the inside of light guide surface

Tc light transmittance factor of the collector

™ light transmittance factor of the diffuser

MF  maintenance factor

The light flow exiting the light guide ®; depends on the light transmittance
coefficient of the light guide EG and the light flow entering the light guide

The calculation of the illumination E; below the diffusor equals to:

cos*0
= (2.6)
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cos 0O =
VV24x2

(2.7)

where
Ei internal illuminance [Ix]

V  vertical distance from the diffuser to the point of interest [m]

6 angle between the vertical line from the diffuser and the line joining the
center of the diffuser with the point of interest [°]

Luxplot package model

The authors of this model are Jenkins and Muneer [56]. Their model calculates
light levels in two main stages. The first stage involves converting the external
illuminance recorded outside into a luminous flux being emitted by the guide.
The second stage associates this luminous flux with the internal illuminance at a
given position. An average transmittance relationship was taken from the data
produced by Joel Callow [53]. From the collected luminous flux data a simple
relationship between transmittance and aspect ratio was obtained:

T, =0.82 ¢ *!!AR (2.8)

where
T, total guide permeability

0.82 this coefficient is a measure of the light loss through the top collector and
diffuser

Given that luminous flux @i = t,Emr? (2.9)

where
r  the tube radius [m]

Combining the two equations they derived an expression for luminous flux:
@i = 0.82E¢ e ' AR r? (2.10)

Internal illuminance E;

de
E;=0.494 % (2.11)
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Tsangrassoulis method

In this method the perfect diffuse luminous distribution from diffuser inside
the interior is assumed. To estimate the luminance L of the diffuser the
following equation is used:

_EeTe
L= _n (2.12)
where

L luminance of the diffuser [cd/m?]
E. illuminance reaching the diffuser [Ix]
T, transmittance of the diffuser

Illuminance E; at any point below the diffuser

~ mLr?
Ei = V2+ rz (213)
where

Ei internal illuminance [IX]
V' vertical distance from the diffuser to the point of interest [m]

I tube radius [m]

HOLIGILM (Hollow light guide interior illumination method)

A physical model for interior illuminance calculation was developed [70]. It is
a computer program, which is able to calculate the indoor illumination in a
rectangular room using tubular light guides as light sources. It is based on the
backward tracing of a light ray between the diffuser and the sky zone. The
program allows to predetermine interior illuminance distributions close to
reality using typical sky patterns standardized by CIE or ISO and sun luminance
or parallel sun beam illuminance under actual sun position.
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3. METHODS

The main task of the thesis is to test and evaluate a new special type of the
light guide prototypes.

3.1 LIGHT GUIDE PROTOTYPES

Two prototype light guide models were used for experimental studies and
daylighting measurements before starting their commercial production. Both
prototype models are passive solar tubular systems provided by the
manufacturer [111]. Models were supplied unassembled, so the first step of the
work was to prepare them for the planned measurement. The light guide
prototypes are described below.

Prototype light guide model 1

This prototype model belongs to new systems of tubular passive light guides,
where collector is provided with device permitting redirection of sun rays thus
increasing the efficiency. It uses a pair of parabolic mirrors to form a
concentrated beam of sunlight that is directed down to the tube of the light
guide. Below is calculation of radius of reflective areas and focal point distances
of both parabolas (Fig.3.1).!

Primary parabola, large sunlight collector, has a diameter D = 1200 mm, focal
length f = 466 mm — R = 2f = 2 x 466 = 932 mm. Secondary parabola,
reflective component for concentrating the flow of sunlight into the tube, has an
optical diameter D = 350 mm, focal length is f = 153mm — R =2f=2 x 153 =
306 mm.

! Technical drawing provided by [111], consuted with Ing. Jii Céstka [111]
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Fig. 3.1: Technical drawing of prototype light guide model 1 [111]

Transparent cover of the collector is made of the clear glass with antireflective
coating. Its thickness is 12 mm. The cover seals the tube against the dust
deposits, dirt accumulation and rain. The collector is designed to meet the fire
resistance requirements. It is self cleaning due to its shape.

The primary collector is formed from several thin flat flexible metal peaces
with shape similar to petals with highly reflective and blemishes free surfaces.
Attached to their rear surface are thin steel connecting materials pulling the
petal ends towards each other to form a parabola.

The secondary parabola is a small convex methalic element with highly
reflective surface mounted near a focal point of the primary parabolic collector.
It is supported by three slender metal rods, which are attached to the primary
parabola. Through these rods an accurate adjustmentof the secondary parabola
Is possible by lowering or raising it to the desired position.The metallic
fasteners are used to hold it there.

The tube of the light guide is rigid, made from hard aluminium sheet. Its
interior surface is coated with highly reflective layer. Light transmittance
efficiency is highest if the tube is short and straight. In longer, bended or
flexible tubes a part of the transmited light is lost. To minimize the light losses a
high reflectivity of the tube lining and glossy inner surface is crucial. This
assumption was taken into consideration for the experimental work — the tube
diameter is 520 mm and length 600 mm. The light reflectance of the tube
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internal surface is p = 0.95 [111] 2. The tube end inside the chamber is covered
with a translucent diffuser.

The light guide installation in buildings should be designed such way, that
there is free space for receiving the light and any obstruction of solar radiation
from adjacent structures should be avoided.

Fig. 3.2 below shows parameters and variables of parabola of prototype light
guide model 1, Fig. 3.3 shows its major components and light path.

Jf Focal Area

) Light

\
| \

‘ZD

D = dish diameter, d = dish depth, df = focal area diameter, f = focal length, s =
parabolic arc length, X, y, z = coordinates, 6 = rim angle

Fig. 3.2 riary parabola of prototype light guide model 1 [111]

2 The value of 0.95 was used with respect to material degradation, polution factor and computational safety
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Fig. 3.3: Model 1 — major components and light path
Prototype light guide model 2

This is a smaller prototype model. Light collector is usualy placed on the
exterior wall of the building. It uses a pair of parabolic mirrors aligned about the
optical axis. The main gathering parabola contains a hole in the centre thus
permitting the light to reach a diffuser. The main parabola (diameter 550 mm)
and the secondary parabola (diameter 200 mm) are made from thin aluminium
plate with highly reflective surface. Secondary parabola is placed under the
transparent glass cover. The rigid tube for daylight transportation has a circular
cross section with a 200 mm diameter, a length 600 mm and transparent glass
diffuser unit at the end.

Fig. 3.4 shows the placement of model 1 on the roof and model 2 on facgade.
Facade placement is suitable for dark rooms in high-rise building, far from the
roof, where leading tubes through several floors is inpractical and in basements.
They are recommended to be south or west oriented.
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Fig. 3.4: Model 1 and 2 possible placement in building — design variations [111]

In case of facade mounted light guides the building appearance may be
influenced by the collector size and shape.

The main problem with horizontal light guides is their size. They need to be
small enough to fit with other building subsystems (HVAC ducts) which are
placed within the ceiling space and are only about 500 mm deep. They might
also conflict with the beams. The smaller the diameter of light tube the more
difficult is the transportation of light to deep spaces. The longer the tube the
more complicated the collection system needs to be.

The operational period of this system is limited to the time when sun is facing
the facade. This also means that the system cannot be applicable in a high
density area where neighbouring buildings shadow one another’s facades.
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3.2 EXPERIMENTS

Experimental solution is divided into two parts. First part deals with the
creation of experimental models; the second is addressing measurements of the
lighting devices.

Methods of the light guide evaluation tasks are as follows.

Task 1 — laboratory testing
1a) daylight measurements

e Testing a new prototype of the light guide (mirrored concentrating head)
for light transmittance in the test chamber in laboratory conditions.

e Light guide model 1 type and dimensions: pipe diameter — 0.52 m,
concentrating head: two parabolas with mirror surface, the primary
parabola: diameter 1.20 m, the secondary parabola: diameter 0.55 m.

e Test chamber made from plywood sheets on hard wood frame with
internal dimensions 1.50 m x 1.50 m x 1.50 m. The light guide is installed
in the central position over the chamber.

e Light sensors are placed on top of collector glazing, above (about 200
mm) the collector and inside the chamber at floor level.

e Control testing of the light guide model 2 and illuminance measurements
in the test chamber 1.0 mx 1.0 m x 1.0 m.

1b) thermal measurements

e Thermal measurements of the light guide temperature distribution under
infrared lamp activation under laboratory conditions.

e Temperature sensors were placed above (about 200 mm) the collector, on
top of the collector, under diffuser, inside the tube and on reflective
mirrors. Also temperature rise inside of the test chamber was monitored.

e Thermographic camera monitoring of the light guide prototype was
carried out to determine potential overgheating and fire risk places.

Task 2 — field testing

e Complete field daylight measurements for an evaluation of light
efficiency of two light guides of same geometry and dimensions, but with
different roof collectors’ instalations.

e Container 2.3 m x 4.6 m x 2.85 m divided into two identical parts (Fig.
3.5). Light guide LG1: roof collector with collecting mirror parabolic
(CMP) head, metal tube diameter 0.52 m, length 0.6 m, diffuser. Light
guide LG2: glass roof collector, metal tube diameter 0.52 m, length 0.6
m, diffuser.
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Fig. 3.5: Photograph of the construction of a container for the light guides installation
for the field measurements

Task 3 - Daylight simulations
e Daylight simulations using software HOLIGILM - daylight illuminance
on the working plane 2.80 m under the diffuser was simulated to compare
results of the in situ measurements and complete simulation scenarios
under various sky conditions.

Task 4 — Results analysis
e The general analysis of the monitored data and daylight simulation
outputs is relevant for possible improvements of the tested light guide
prototype optimised design.

3.2.1 Experimental models

Experimental chambers were made for the light guide prototypes instalations.
They were constructed so various measurements could be undertaken, processed
and analysed.

Description of chamber CH1
The experimental chamber with side door for easy access to the interior (Fig.
3.6) was constructed from unpainted plywood sheets nailed to the hard wood
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frame with internal dimensions of 1.50 m x 1.50 m x 1.50 m. The upper surface
of the box has a circular hole in its center into which a light guide tube with a
diameter of 0.520 m and 0.60 m length was placed. Light guide system was
installed including a collector head and a diffuser.

Description of chamber CH2

The smaller experimental chamber (Fig. 3.7) was made from unpainted
plywood sheets on hard wood frame with internal dimensions of 1.00 m x 1.00
m x 1.00 m. One of the side panels was removable for easy access to the
interior. A circular hole of 0.20 m diameter was cut on the roof of the enclosure
for fixing the tube 0.60 m long, glass collector and diffuser.

All gaps between chamber walls joints in both chambers were covered with
adhesive tape to seal the interior space from ingress of daylight. The light-
enclosed space was created. Daylight was transferred into the chambers through
the light guides only. Light guide systems - model 1 and model 2 - for the
purpose of measurement were provided by the manufacturer [111].

The chambers were kept in same position during the experimental period.
The purpose of the experimental chambers has been to monitor the progress of
the interior lighting on the bottom surface of the chamber in the axis of the light
guide, that is at a distance of 1.50 m from the center of the diffuser in CH1 and
1.00 m in CH2. At the same time with the measurements of internal illuminance
measurements of external horizontal illuminance and temperature have been
made. Both experimental chambers were placed in laboratory workshop under a
big transparent skylight (Fig. 3.7, Fig. 3.10). This laboratory installation was
selected to protect the illuminance meters against the rain, wind and dust to
allow continual one minute monitoring of daylight illuminace of the whole
experiment time period.
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Fig. 3.8: Placement of chamber CH1 and CH2 in the workshop under skylight
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Fig. 3.9: Construction of CH1

Fig. 3.10: Construction of CH2
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Fig. 3.11: CH1 and CH2 placed in workshop under skylight

Fig. 3.12: Collector (model 1) Fig. 3.13: Collector (model 1)
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Fig 3.14: Collector (model 2)

Fig. 3.16: Tube (model 1) Fig. 3.17: Tube (model 2)

The tube is rigid (model 1) and rigid with elbow (model 2). Interior surface of
the tube is coated with reflective layer. Lenght of tube lenght is 0.60m (model
1) and 0.60 m (model 2).

Fig. 3.18: Components of the diffuser Fig. 3.19: Diffuser mounted on CH1 top
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Fig. 3.20: Measurement aparatus — luminance meter
3.2.2 Daylight laboratory measurements

The experimental study of daylighting performance of the prototype light
guide model 1 and 2 under varying climatic conditions (overcast, cloudy and
sunny) of Brno was undertaken. The daylight illuminance measurements were
carried out From April 2015 to August 2015.

Illuminance measurements were carried out under laboratory conditions using
a set of calibrated Lux-meters Lutron LX 1128 SD.

The readings were taken for illumination at the bottom level of the chamber in
the centre of its floor and on top of the collector glass. The luminance meters
were placed on the workshop skylight roof above the collector, 200 mm above
the glass of the collector head and inside the chamber under the diffuser (Fig.
3.6, Fig. 3.7). The external illuminance level data were also measured. They are
important for the calculation of daylight luminous flux collected by the
parabola. It gives information about the weather conditions. All measured data
were procesed. Graphs were plotted for illumination data obtained vs. time and
a comparative study of the results obtained was done in Chapter 4 - Results.

Method of testing

The readings were taken for illumination at the reference plane at 1.50 m
below the diffuser in the position of the light guide vertical axis and on top of
the collector glass (Fig. 3.21).

Light level (illuminance) is the total luminous flux incident on a surface per
unit area. The work plane is place, where the most important tasks in the room
or space are performed.
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Fig. 3.22: Inside the measuring chamber CH1

3.2.3 Thermal evaluation of the light guide — laboratory testing

Introduction

Trends of solar energy applications in buildings brought systems of light
guides [112]. Light guides transmit solar radiation into interiors. They can
improve daylight level in internal parts of buildings, which is very important for
occupants’ visual comfort [113,114]. In spite of many positive aspects for day
lighting, the light guides installations in building constructions can cause
condensation problem, which occurs when the light guide metal tube is placed
in thermally insulated construction [115,116]. The experimental results
indicated that dust and condensation worsen the day lighting performance of
solar light guides [117].

On the other hand, solar radiation affecting light guides could represent
potential risk of the system overheating. Overheating is due to the solar gain
through the building fabric and transparent openings [118]. Solar radiation is
transmitted through light guides due to multi-reflections. It is inevitably partly
absorbed on the light guide components — roof collector, tube, and diffuser.
Energy of absorbed solar radiation is distributed along the tube, and it
influences its temperature profile.

Various types of light guide systems have applications in buildings [119].
Common passive light guides [36] are combined with ventilation pipes [47].
Special types of light guides with roof mirrors and parabolic concentrators
increase both light transmittance and solar gain through the light guide
[120,121]. The light guides with concentrating mirrors and collectors might be
very efficient but high solar gain could significantly increase temperature which
might be a potential problem for their installations on roofs. Increased
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temperature of a light guide with the roof solar concentrating system could lead
into potential fire risks as it is known from the PV collector roof installations
[122,123]. The potential overheating problems was the reason why a new light
guide prototype [111] was thermally tested.

Light guides have been subject of research. The research has been focused
mainly on daylight evaluations [17,35,70,124]. Also, solar heat gains [125]
were evaluated for tubular daylight devices. Less investigation was done for
thermal evaluations of these systems. A literature review was done for the light
guide thermal testing. The principles of heat transfer through tubular systems
were studied [126]. The thermal evaluation of light guides is referenced for
models or real installations. The experiments were completed for thermal
characteristics determination of light guides of specific dimensions [53,127].
Studies of light guides thermal performance under tropical climatic conditions
were solved [128]. Heat transfer and natural ventilation in light guides were
studied on models. Computer fluid dynamic simulations aimed at the light guide
thermal profiles were analysed [129-131]. The simulations and experimental
studies were carried out for integrated daylight-ventilation tubes [132,133].
Energy of solar radiation absorbed into the light guide was specified for the
EnergyPlus software simulations [134]. The thermal properties of glass samples
are important values for the energy evaluations [135,136].

This experimental part of the thesis is focused on a thermal testing of the light
guide prototype with the parabolic concentrator. The thermal analysis of the
light guide gives information about conditions of their installations on roofs.
The purpose for the testing was to evaluate how temperature of the tube is
Increasing in a response to solar radiation affecting the light guide. The
contribution is to test surface temperature distribution and specify temperature
profiles of the light guide for specification of overheating problems.

Method of testing

The tested prototype model 1 was placed in chamber CHL1. The temperature
sensors were placed on the parabolic concentrator head and into the tube (Fig.
3.23) and connected to Almemo data logger (Fig. 3.25) for the temperature data
recording.
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Fig. 3.23: Section of the test chamber CH1 with the light guide prototype and view of
the head with the parabolic mirror

The light guide consists of the concentrating head with metal parabolic mirror
(on the top), metal reflective tube (in the middle, length 0.60 m, diameter 0.52
m) and transparent diffuser at the inner end of the system. The parabolic mirror
and tube are made from metal aluminium alloy sheets with mirrored internal
surface. Thin silver layer sputtered on the aluminium substrate gives high
surface reflectance of the light guide [111].

Infrared Thermography

The temperature distribution on surfaces of the light guide was monitored by
temperature measurements and infrared thermography [137-139] monitoring.
The temperature profiles were tested as provided under laboratory conditions.
The light guide was exposed to radiation of an infrared lamp of dimensions 200
X 750 x 400 mm (Fig. 3.24).
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Fig. 3.24: Photograph of the light guide under the IR lamp radiation and view to the
light guide diffuser (inside the chamber)

(Positions 1, 2, 3 - directions of IR camera monitoring, position 4 — on the diffuser, position 5
- placement of IR lamp [40], positions 1*, 2*, 3* - on the metal rim of the light guide head).

The infrared lamp consists of three linear tubes of power 1500 W per each.
The total power of the IR lamp is 4.5 kW [140]. The lamp photometric heat
distribution is 11.0 m x 4.5 m [140]. The lamp simulates infrared radiation of
solar shining. For common technical purposes the intensity of solar radiation
affecting building surfaces and solar collectors is considered about 1000 W/m?,
which is installed (nominal) power for defined conditions according to ESTIF
[141]. The ratio of the IR lamp power of exposed areas is 4.5 kW per area of the
Ii%ht guide concentrator head 1.77 m? cross sectional area of the tube is 0.21
m-.

Infrared thermography was done with IR camera ThermaCAM PM695, the
Flir system. The infrared monitoring system consists of an IR camera with a
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built-in 24° lens, IR images — over 300,000 pixel resolution at 640 x 480 [142].
The IR camera monitoring was completed for different positions (Fig. 3.24)
round the light guide parabolic head to complete entire thermal profile of the
exposed parts of the light guide. Distance between the IR camera objective and
the measurement is from 1.0 m for detail monitoring and 2.0 m for overall
views. The infrared thermography monitoring was carried out for two time
intervals of the infrared lamp activation — for 10 minutes (it simulates a short
period of insolation) and 100 minutes (long time activation). The purpose of the
long-time thermal activation is to estimate how much the light guide surfaces'
temperature could rise to the steady state thermal conditions.

The monitoring was completed for ambient temperature of 27 °C (ambient
average temperature of the air and surfaces close to the light guide experimental
setup). An average emissivity of neighbouring surfaces was 0.95 (surfaces of
wall and ceiling plasters and facing and floor cement screed finishing).
Emissivity of mirrored surfaces of the light guide prototype is 0.05 [143]. The
thermal monitoring was compared to infrared thermography monitoring for heat
transfer models [144] and the previous studies of computer simulations of light
guides thermal profiles [129,130].

Temperature Measurement

Temperature profiles were monitored by thermocouples connected with data-
logger Almemo, Alhborn, 0.1 mV/digit, accuracy +0.02%, = 1 digit [145].
Thermocouples of type Ni-Cr-Ni of type K (measuring range -200 to 1200)
[146] were used for the measurement. Total number of eight thermocouples was
used. Seven sensors were installed on the light guide model and the eighth
sensor monitored indoor temperature in the laboratory. Positions of the light
guide thermocouples installation are shown in Fig. 3.25.

Temperatures were measured for one-minute time intervals. The
measurements were completed with the laboratory controlled apparatuses.
Indoor temperature data were controlled with temperature data from laboratory
thermometer. The compared temperatures vary in interval +/- 2°C. Some
differences in temperature monitoring could be caused by aging of the
thermocouple or when the thermocouple material is not homogenous.
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Figure 3.25 Thermal sensors in the light guide profile
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Insulated light guide

Fig. 3.26: Photograph of the light guide with additional thermal insulation (mineral
wool)

The infrared thermography and temperature measurements were also carried
out for the light guide with additional thermal insulation 10 cm round the upper
part of the light tube in the contact with the parabolic concentrator (Fig. 3.26).
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The thermal insulation was used to simulate the real installation of the prototype
model in thermally insulated building constructions.

3.2.4 Light guides comparative measurement - field testing

Introduction

Recently, most research programmes have been focused on the light guiding
systems. The light guiding systems components and their installation are key
factors influencing the light guide efficiency [45]. Testing of light guides was
mostly focused on the influence of tubes and their dimensions as well as
reflectance of the daylighting inside the building interiors [52,59,84,147].
Theoretical studies focused on the description of light transmittance through the
tubes with reflective surfaces are known. Also analytic descriptions, physical
models as well as algorithms and computer simulations of various types of light
guides were studied [54,69,70,75,76]. Light reflectance of the light guides is a
factor influencing the efficiency. Also the roof transparent covers installation
plays important role in the light guide design and applications.

Transparent covers at the top of light guides in roof installations are domes or
collector heads. Domes are made of glass or transparent plastics like PMMA.
Collector heads have glass cover over a system of mirrors and/or parabolic
concentrators focussing light rays into the light guide tube [78,120,121]. The
light focussing elements and reflecting parabolic head are used for enhancement
of the light guiding systems efficiency. Applications of the light focussing and
redirecting reflective elements should be considered in the context of the light
guide geometry and its installation in the building constructions. Otherwise the
very efficient light guides system but installed in less favourable position in the
roof could decrease its efficiency as it is presented in this chapter.

This part of thesis demonstrates main results of field testing of two light
guides with different roof installations. The study was aimed to find out how the
prototype model will perform if installed in roof construction in less favourable
condition than it was designed for and to compare its performance with the
performance of common commercially available light guide system.

Method of testing

A comparative study was carried out for two light guides - one conventional
(LG2) and the other one (LG1) with an innovative device in collector. They
were equipped with identical tubes of length 0.60 m and diameter 0.52 m but a
different collector installation. LG1 has the above mentioned concentrating
mirror parabolic (CMP) head under a flat glass cover while light guide LG2 is
with a common glass roof collector (Fig. 3.27). The tube of both light guides is
rigid, made from hard aluminium sheet. Its interior surface is coated with highly
reflective layer. The light reflectance of the tube internal surface is p = 0.95.

46



Both of the light guides have internal transparent plastic cover - diffuser. The
diffusers scatter light into the test room.

LG1 and LG2 were installed into a container with flat roof (Fig. 3.28) with
internal dimensions 2.30 m x 4.60 m and clearance height 2.85 m (Fig. 3.31).
The container was divided into two identical parts, separated by black curtain
(Fig. 3.32 and Fig. 3.33). The inner walls were also covered with black cloth, so
only sky component of daylight transmitted through the light guide influences
indoor illuminance level. Each light guide was installed over its own part. The
container was placed in courtyard in open space away from surrounding
buildings. There were no trees to shade the container. It was estimated that the
light guides would receive all direct sunlight and diffuse light.

Daylight illuminance in both parts of the container was simultaneously
monitored as well as external horizontal illuminance on container roof. A set of
calibrated luminance meters Lutron LX-1128SD was used for the experiment.
Daylight illuminance measurements were completed in one minute monitoring
intervals for one month period between 22" August and 23™ September 2017.
The monitoring time period is characteristic with number of days with clear sky
conditions and higher external illuminance levels. These conditions are more
convenient for the intended comparative study. Luminance meters were
positioned in the axes of the light guides and in the distance 2.80 m from the
light pipe diffuser. The testing was completed in the temperate climatic region
of city Brno, latitude 49°90', longitude 16°41' and altitude 246 m.
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Fig. 3.27: Tested 'ght guides LG1 and 2\\1‘— the roof installation
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Fig. 3.28: Container divided into two parts with both light guides installation

Fig. 3.29: Assembly of LG1
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Daylight conditions during the external horizontal illuminance measurements
were monitored for cloudy, partly cloudy and clear sky conditions.

Fig. 3.30: Sky conditions during the monitored period (photographs, Omishore, A,
2017)
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Fig. 3.31: Installation of the tested light guides LG1 and LG2
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Fig. 3.32: Photograph of a view at LGl and LG2 diffusers installed into the
container’s two identical parts, separated by black curtain
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4 RESULTS

4.1 LABORATORY DAYLIGHT MEASUREMENTS

The light guide with a light collecting mirror parabolic (CMP) head was
proposed and tested in its prototype. The measuring instruments were installed
in April 2015 and the data were recorded up to July 2015. Daylight illuminance
at the light guide input and output is used for specification of the light guide
system efficiency for different sky conditions. The illuminance measurement
serves for specification of the light guide efficiency.

Profiles of daylight horizontal illuminance were measured at the input (at the
entrance to the concentrator head) and the output (the floor of the chamber)
shown in Fig. 3.21 - view to the parabolic mirror. Examples of daylight
illuminance measurements have been selected for the most characteristic
profiles of the locality - for nearly clear sky conditions with moving random
clouds at noon on 25" May (Fig. 4.1), cloudy sky conditions with time intervals
of low illuminance in the morning changed with higher illuminance level in the
afternoon on 2" May (Fig. 4.2) and also for conditions of dynamic changes in
external illuminance on 23" June (Fig. 4.3) when clear sky with solar shining
alternates with overcast sky due to frequent moving clouds.
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Fig. 4.1: Daylight illuminance at the input (at the entrance the the concentrating head)
and output (inside the chamber), 25/05/2015.
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Fig. 4.3: Daily profiles of illuminance on the input and output of the light guide for

dynamic changes of daylight illuminance, 23/06/2015



The region of Brno city belongs to the central Europe region with frequent
cloudy sky daylight conditions even in summer seasons. For this reason partly
cloudy and cloudy sky conditions were selected for the light guide testing. The
aim was to find whether the light transmittance for the unfavourable daylight
situations of cloudy sky would be acceptable for the system*s real application in
building of this locality. The input and output illuminance measurements are
compared in the trend-line (Fig. 4.4) for cloudy and partly cloudy days
monitoring in June.
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Fig. 4.4: Trend line of input and output illuminance measurements (cloudy and partly
cloudy days in June 2015)

Light measurements were carried out under laboratory conditions. The
chamber was placed in the laboratory under a large transparent skylight to
protected it from rain, wind and dust, and to ensure that continuous daily
measurements are available. Input illuminance data were controlled with
external illuminance monitored on an unshaded horizontal plane. The external
light sensor was placed near the glazed skylight of the laboratory roof. The
differences between the external value and illuminance measured in the
laboratory at the input to the light guide (above the concentrating head) are
shown in Fig. 4.5. External illuminnace was monitored at the beginning of the
measurements on 7" April 2015.
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Fig. 4.5: Horizontal illuminance - external and upper (input) data

Measured illuminance data at the input of the light guide is shown for selected
days during the monitoring period in Fig. 4.6 for minimal, maximal, mean as
well as median daily values. Maximal values do not exceed 50000 Ix, mean
illuminance values are in interval between 5000 Ix and 24000 Ix. These values
are in compliance with standards daylight data for the CZ climatic locality [13].
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Fig. 4.6: Minimal, maximal, mean and median input illuminance
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Light guide efficiency

The illuminance data processing gives information about the light guide
system efficiency. The luminous flux method applying measured illuminance at
the entrance surface area and at the level of the output can be used for the
determination of the light transmittance efficiency of the light guide system.
Light level - illuminance is the total luminous flux ®e [Im] incident on a surface
per unit area. If illuminance E, [IX] at the entrance of the system is known, the
input luminous flux ®, [Im] can be calculated [11]. To determine light
transmittance efficiency » of the hollow light guide systems the luminous flux
®; [Im] leaving diffuser - translucent component in the interior side has to be
expressed.

The entrance surface area of the tube is calculated as:

S =mr? [m?] (4.1)

The solid angle o of the translucent part of the diffuser can be calculated as:
®= 4nsin2(g) [sr] (4.2)

where o = arctan(i) [deg] (4.3)

r - radius of the translucent part of the diffuser [m]
h - distance between diffuser and sensor on the horizontal plane [m]

The total light transmittance efficiency of the light guide system depends on
the light transmittance of its components. The above mentioned experiments
were focused on the study of the daylight transmittance throughout the complete
system. In this case the measured data of illuminance at the level of the system
input and at the level of the system output can be used for calculation of the
light transmittance efficiency # of the sample. Then value of the incoming
luminous flux ® (flux entering the guide system) is:

®, =E.S [Im] (4.4)
where

E. is measured horizontal illuminance at the level of the primary parabola glass
cover [Ix].

The luminous flux ®; leaving the light guide output at the level of the diffuser
can be calculated applying equations (4.5) and (4.6). Then value of the
luminous intensity | is:
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Ei
[ = = [ed] (4.5)

where

E; is measured illuminance on the reference plane in the chamber [Ix]
and the luminous flux ®; will be:

®i=1 o [Im] (4.6)

Finally, the light transmittance efficiency » of the complete guidance system
Is determined as a ratio of the output luminous flux to input luminous flux:

n=100=" [%] (4.7)

The light transmittance efficiency of the light guide prototype sample was
expressed for selected fragments of daily illuminance courses. Data were
recorded on 25" May, 2015 at the level of the CMP head and simultaneously on
the reference plane in the chamber (Fig. 4.7). Using radius of the tube r = 0.26
m, distance between diffuser and reference plane h = 1.50 m and formulae (4.1)
to (4.7) the light transmittance efficiencies # of the guidance system consisting
of the CMP head, 0.6 m length hollow tube and translucent diffuser, were
calculated. The results with average values of # are summarised in Table 5 and
shown in Fig. 4.8. The results indicate that light transmittance efficiency of the
guidance system with the CMP head is very sensitive for angle of incident rays.
The average value was only 2.49 percent, see Table 5. If the incident direct solar
beams are not concentrated in the focus of the parabolic mirror, the high
quantity of incident luminous flux is reflected back into the exterior space as it
Is shown in the Fig. 4.9. The input of the hollow tube is shaded by the small
metallic convex parabola. This results into reduction of the light guide system
efficiency under sunless skies when only diffuse light is transmitted.

Light guidance systems equipped with the CMP head require tracing facilities
to direct parabolic mirror collector towards the sun position and then collect as
much direct sunlight as can be collected.
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Table 5: Light transmittance efficiency of the LG1, 25/05/2015
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The data of E;and E, served for the light guide efficiency specification, Table 5.

Horizontal Luminous flux Luminous

illuminance Output Input efficiency

Time E; E. D; (OX n

hour [1x [1x] [Im [Im] [%]

12:25:00 878 33400 | 171.18 | 7093.21 2.413
12:25:30 1131 40000 | 220.51 | 8494.87 2.596
12:26:00 773 25600 | 150.71 | 5436.71 2.772
12:26:30 937 38300 | 182.68 | 8133.83 2.246
12:27:00 1104 40100 | 215.24 | 8516.10 2.527
12:27:30 1127 40300 | 219.73 | 8558.58 2.567
12:28:00 1116 39800 | 217.58 | 8452.39 2.574
12:28:30 1120 40000 | 218.36 | 8494.87 2.571
12:29:00 1127 40300 | 219.73 | 8558.58 2.567
12:29:30 1148 41200 | 223.82 | 8749.71 2.358
12:30:00 937 38300 | 182.68 | 8133.83 2.246
12:31:30 450 18300 87.73 3886.40 2.257
12:32:00 886 36800 | 172.74 | 7815.28 2.210
12:32:30 1152 41600 | 224.60 | 8834.66 2.542
12:33:00 1148 41200 | 223.82 | 8749.71 2.558
12:33:30 1131 40700 | 220.51 | 8643.53 2.551
12:34:00 1182 43400 | 230.45 | 9216.93 2.500
12:34:30 384 14100 74.87 2994.44 2.500
average 2.491
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Fig. 4.8: Light guide efficiency, clear day, 25/05/2015

The light transmittance efficiency of the sample of the hollow light guide
prototype with the CMP head was experimentally investigated under the
laboratory conditions. The system was installed in a stable position with the
orientation of the parabolic mirror towards the zenith. Two sources of daylight
occur in the nature: the sun producing direct sun beams with very high intensity
and the sky producing diffuse light of the lower intensity.

The purpose of the collector with the CMP head is to focus direct beams and
using the small secondary parabola redirect them towards the highly reflective
tube of the light guide. Experiments proved that if the collector is not tracking
the sun position only a limited part of sun rays is redirected into the tube. The
passive installation of the light guide prototype in the static position could be
applied only in regions with hot climate and with high solar altitudes. The light
transmittance efficiency of the system will significantly increase in the case of
the tracking of the parabolic mirror to the intensive solar radiation position. An
automatic operation of the tracking is recommended for the practical
installations of this prototype model in buildings.
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Efficiency improvement opportunities

The light guide location and orientation was studied for reflection of direct
solar rays. Day of summer solstice - 21% June was selected for the study. Solar
altitude for locality of latitude 50° [148] is determined for morning time
between 7:00 and 12:00 (Table 6). Direct solar rays affecting the light guide
head (red lines) and reflected rays (blue lines) on mirror surface of the parabolic
concentrator are shown in Fig. 4.9.

Table 6: Solar altitude - 21% June

Time 7:00 8:00 9:00 10:00 11:00 | 12:00
Solar 27.224° | 36.848° | 46.205° | 54.641° | 60.98° | 63.45°
altitude

The optimal design occurs when solar rays affecting the CMP head reflect
vertically that is when solar altitude is 90° (Fig. 4.10). But in the central
European region at latitude about 50° - maximal solar altitude is 63.45° for 21°
July, noon time, it is not possible. Therefore it is necessary to move the
concentrator position towards to daylight rays for enhancement of the light
guide efficiency (Fig. 4.11). Completion of the concentrator head with
additional mirror would increase efficiency of the light guide prototype system
(Fig. 4.12).
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Fig. 4.10: Direct daylight rays reflections on the light guide head

(f - focus of the parabolic concentrator, position of the secondary mirror of the CMP head)

\

Fig. 4.11: Direct daylight rays reflections on the light guide head

(f - focus of the parabolic concentrator, position of the secondary mirror of the CMP head)

m

Fig. 4.12: Direct daylight reflections on the mirror towards the light guide

concentrator head
(m — additional mirror installation for solar rays redirecting into the CPM head, f - focus of the parabolic

concentrator, position of the secondary mirror of the CPM head)
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4.2 RESULTS OF THERMAL EVALUATION

Infrared thermography

Infrared thermography was used for the thermal testing of the light guide.
Testing was carried out for two time intervals of the infrared lamp activation —
for 10 minutes (it simulates a short time period of insolation) and 100 minutes
(long time activation). The monitoring was completed for background
temperature of 27 °C. The average emissivity of adjacent surfaces was 0.95
(surfaces - wall and ceiling plasters, floor — cement screed). Monitoring was
completed for various positions (Fig. 3.24) around the light guide parabolic
head to complete the entire thermal profile of this part of the light guide. The
results of temperature monitoring for a short period of time are shown in Fig.

4.13.

Position 1 — side elevation

Prim. = 30,6
Min = 30,3

k]

Position 3 — opposite side elevation
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Prim. =277 *
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- 4
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Fig. 4.13: IR thermography of the light guide head after 10 minutes activation of the

IR lamp
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The temperature measured at the concentrator head varies from 27.1 °C
(minimal temperature, position 2) to 34.3 °C (maximal temperature, position 1).
The light guide's diffuser temperature distribution was monitored from position
4 (diffuser surface temperature monitored in the chamber). The temperature at
the centre of the diffuser was 35.2 °C. The temperature at the edge of the
diffuser close to the metal rim was slightly higher, 38.5 °C.

The following measurement was carried out for the IR lamp activation for
time interval of 100 minutes. The purpose of the long-time thermal activation is
to estimate how much the light guide surfaces' temperature could rise to the
steady state thermal conditions.

Position 1 — side elevation Position 2 — front elevation

—50.0 IViepe= S%
|48 =1 |

Prum: = 29.8 B
Min = 29,4 -

Pram. = 30,0
2 Min = 29,3

Saals |42
Min = 38,7 ‘

Max = 31,7 | 27
Prim. = 31,6
Min = 31,5

Fig. 4.14: IR thermography of the light guide head after 100 minutes activation of the
IR lamp

Long-time IR lamp activation yielded higher temperature profiles (Fig. 4.14).
The temperature rises up to 40.1 °C on the light guide surface. Results of the IR
thermography for the non-insulated light guide monitoring from Fig. 4.13 and
4.14 are summarized in Table 7.
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Table 7: Temperature distribution on the light guide - positions 1 and 2 and 3 and 4

Thermal

activation
10 minutes

100 minutes

Temperature rise
[°Cl

Thermal

activation
10 minutes

100 minutes

[°Cl

" maximal

9.3

" maximal

Surface temperature of the light guide [°C]
Position 2 Position 3

" maximal " average | maximal

Position 1

[ “minimal | average [ minimal [ minimal

1308 303 306 299 293 296 315 30.8 31.2

40.1 395 399 370 366 368 391 387 388
92 93 71 73 72 76 79 76

Surface temperature of the light guide [°C]

Position 3*

| maximal

Position 2*

" maximal | average

Position 1*

| minimal average minimal | minimal average

343 327 335 289 271 278 281 274 277
363 31.0 334 348 334 341 312 302 306

Temperaturerise |

2.0 - - 50 63 63 31 28 29

" average |

Position 4
central edge
1352 385
448 491

96 106

Summary:
| Temperature rise:

- parabolic concentrator

: (Position 1,2,3): from 7.1

t09.3°C

| -metal rim of the

concentrator (Position

| 1*2*3*):from2to 7 °C

-diffuser (inside of the
box) from 9.6 to 10.6 °C

Summary of the infrared thermography monitoring gives results that
temperature in steady state on the external surface of the light guide parabolic
head is max. 40.1 °C (Table 7).

10 minutes IR lamp activation
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100 minutes IR lamp activation
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36
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27
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Fig. 4.15: IR thermography — a distant view of light guide entire structure

Thermal monitoring was repeated for 100 mm additional thermal insulation
around the upper part of the light guide in contact with the parabolic
concentrator. Under real conditions, the light guide is included in the thermally
insulated roof structure. The temperature of the light guide in thermal insulation
increased to a maximal temperature rise of 49.1 °C and 74.3 °C (Fig. 4.14 and

Fig. 4.16).
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—50.3

Fig. 4.16: IR thermography of the thermally insulated light guide (thermal insulation
was demounted directly before the monitoring)

Fig. 4.17: IR camera photographs of the roof concentrating head and diffuser
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Infrared thermography shows a significant increase in temperature in the case
of an insulated light guide during the long-term thermal activation. The
temperature of the insulated tube was increased to 74 °C (Fig. 4.16). The head
surface temperature increased to more than 100 °C, in some parts to more than
120 °C (Fig. 4.17). There is a large temperature difference between the lower
side of the parabolic concentrator with temperature about 40.1 °C and the top of
the mirrored parabola with temperature about 100 °C and even more (Fig. 4.17
and Table 8).

Table 8: Temperature difference between internal and external parts of the light guide
parabolic head

Internal surface - diffuser | External surface — parabolic mirror
Max. 60.7 °C Max. 120 °C

Min. 30.3 °C Min. 44.8 °C

Average 45.5 °C Average 82.4 °C

The temperature profile (Fig. 4.18) in the light guide was also monitored
during the activation of the IR lamp. Thermal sensors connected to the data
logger were installed in the light guide profile for continuous thermal
monitoring (Fig. 3.25). As expected, the high temperature is inside the chamber
which is a non-ventilated space. The graph of temperature profile measurement
(25/04/2016) is for thermally insulated light guide. The temperature drop (M02
sensor - position 1) on the second day (26/04/2016) was caused by putting the
thermal insulation layer on the light guide surface (at 11:30). Less infrared
radiation was absorbed into the light guide from the external side due to thermal
insulation. The parabolic concentrator surface temperature increase is about 16
°C to 18 °C. The temperature close to the glass cover at the top of the light
guide system initially increased slowly, until the glass surface temperature was
increased by 13 °C to 15 °C compared to the initial temperature at the start of
the experiment. Thermocouple temperature measurement (M01) indicates the
air temperature above the parabolic head, while thermography shows the
temperature on the surface of the parabolic head. The correlation between the
temperatures inside the chamber and the temperature close to the light guide
head is shown in Fig. 4.19.

67



IR lamp radition

W\ A

%
Q<
n o
N N

/
Q Q Q Qa <
o LN o n o
n < < o o™
[D.] amyerodwa,

00'SS:TT:CT
00'SG:£0:¢T
00°SS:€0:CT
00°GS:6G:TT
00°SS:SS'TT
00'SS'TGTT
00'SS:/P'TT
00'SSIEV'TT
00'SS:6€:TT
00'GS:GETT
00'SS'TETT
00'SS:LT:TT
00'SSIETTT
00'SS:6T:TT
00'SSIST'TT
00'SS'TT:TT
00'SS:0:TT
00'SS:€0TT
00°65:65:0T
00°65:GG:0T
00'St:Zii0T
00°G1:8€:0T
00'St:vE 0T
00°St:0€:0T
00°91:97:0T

Time
1st day: 25/04/2016

=——M02:"C

=—MO01:"C

= M03:°C

= M00:"C

== M05:"C = M06:"C = MO07:°C

e M04:°C

IR lamp activation

-
-
d'
T
Q Q Qo <o °o <o 9
© uw © w 9o wm o
h & F o ® & «

[D.] ammerodwa],

§G:69G€T
SSiLPET
§S9:6€€T
SGTEET
SSECET
§S:6TET
SS:L0€ET
§9:6G-CT
EETIASTYA
SSEVCT
§9:9€CT
EERAATAN
§S:6T:CT
SSTT:CT
§S:€0-CT
§S9:SGTT
SSLYTT
SS6E-TT
SSTETT
SSECTT
SSST-TT
SS90 TT
§9:65-0T
Sv-¢v-0T
Sy-ve 0T
9:9¢:0T

Time
2nd day:26/04/2016

=——M02:"C

=—MO01:"C

=—M03:"C

= MO00:°C

== M05:°C = M06:"C == M07:"C

= MO04:°C

Fig. 4.18: Light guide temperature profiles

Notice: MO0 — indoor air, MO1 — Position I, M02 — Position I, M03 — Position I, M04 — Position 1V, M05 —

Position V, M06 — Position VI, M07 — Position VII.
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Testing the light guide prototype provides an overview of temperature
distribution under intense infrared radiation. The infrared thermography
photographs show a very high temperature on the concentrator head. The
temperature at the diffuser inside the chamber increased significantly as well. It
appears that the air trapped inside the tube was warmed under infrared radiation.

The temperature was raised to 40 °C under the activation of an infrared lamp
for light guide installation without the surface thermal insulation. In the case of
a thermally insulated light tube, the surface temperature increased to 74°C and
even more in some places. The highest temperature distribution was on the
parabolic concentrator head (100 °C - 120 °C).

The above mentioned findings show potential problems with the light guide
overheating under intensive solar radiation in summer seasons. For this reason,
the light guide system application in real buildings should be carefully
completed with details regarding the connections to roof and floor structures.

It is recommended to add thermal insulation layers around the light guide tube
and underneath the parabolic concentrator. Insulation should be non-flammable
and the joints of the light guide head, tube and diffuser should be perfectly
sealed and fire resistant. In the case of extreme thermal loading, it is
recommended to supplement the transparent parts of the light guide with fire-
resistant laminated glass. The light guide system could be complemented by
additional ventilated pipes to prevent overheating.
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The contribution of the presented thermal evaluations of the light guide
prototype is:

e testing the temperature distribution of the new light guide prototype,

e specification of temperature profiles of air inside of the light guide and
close to the parabolic head,

e specification of potential overheating problems in building applications.

The further investigation and thermal testing of the light guide prototype is
going to compare the presented results with the thermal monitoring of the
prototype installed in a roof construction in a real building. It will be installed
with the collector facing the south to maximize solar gain and the system
efficiency and tested for potential places of overheating.

4.3 IN-SITU COMPARABLE MEASUREMENTS RESULTS

Light comparable measurements were completed between August and
September 2017. This period was selected to monitor the light guides’
daylighting at the end of the summer season. The partly cloudy sky conditions
are characteristic daylighting for climatic conditions of the selected locality.
The illuminance measurement results provide an overview of daylight
transmittance of the tested light guides.

Examples of illuminance under the light guides LG1 and LG2 compared to
the simultaneously measured external horizontal illuminance are shown in Fig.
4.20. It is obvious that the illuminance under the light guide LG2 is higher
compared to the daylight level under the light guide LG1. This is also visible in
daily illuminance profiles for the characteristic days shown in Fig. 4.21 and Fig.
4.22. Measurements for partially cloudy sky give more correlated data (Fig.
4.21) compared to the illuminance under sky with dynamic illuminance
variations (Fig. 4.22).

The values of mean, median, maximum and minimum values for the
monitored period are summarized in the graph (Fig. 4.23). In summary, the
percentage of the difference between the mean illuminance values from
illuminance measurements under LG1 and LG2 is shown in the graph (Fig.
4.24).

The results of the presented measurements give information that all the time
the LG1 transmitted more daylight compared to the LG2. In average the light
transmittance is reduced by 37 percent as shown in Fig. 4.24. It means that the
secondary parabola inside the LG1 prototype collector head is obstructive for
daylighting during partially cloudy and cloudy sky conditions.

70



01/09/2017

400 60000
< 350 - _ S
= /\ \ L 50000
(O] / A
. N %
3 N / AN - 40000 5"
=1 250 / \ g
= ©
kel \ / \ \\ <
8 200 -/~ 30000 £
g 7N /N ™ E
E 150 \ £
= N/ \ - 20000 &
E 100 N .
3 L/ N
= ~ L 10000
50
LG1 _G2 exte nrl
0 0
N M M M M M M M M M M MO M M MO MO M M M
T YTTSIIITLTISSTSSEIILIEE S
M < IO © - 0 O O - AN M < IO O™~ 0O O
eeeeeeeee dddddd oo dd NN
M M M MO MO MO OO M O OO O 0O O O O O OO O oM
L B TR I I B B B e B B B O B B B B I B |
Time
04/09/2017
140 70000
X /S
=120 60000
3 7 =
100 /></ 50000 =
[<5)
o - N - 2
= ~ - <
S 80 - 40000 £
g TR W% §
c 1
& 60 \ / 30000 =
- N TN, E
= 40 = \V/ 20000 &
E N/ 3
g 20 10000
= LG1 LG2 extternal
0 0
o o o o o o o o o o o o o o o o
<t [Te) O N~ (o] (2] o — o ™ <t n O N~ [ee) D
IS T IS ST E LD WL O LWL 6L 6O D
()] (2] ()] ()] (2] ()] ()] (2] ()] ()] (2] ()] ()] (2] ()] ()]
Time
11/09/2017
180 25000
= 160
~ | - 20000
§ 140 =
o 120 3
ot - 15000 §
2 100 - g
g £
g 80 - =
= - 10000 =
o
% 60 k5
- x
©
40 w
5 - 5000
£ 2
— |Gl | e=———|G2 | =——cxternal
oY T A A A A A A A N N N A A A
© © © © © ©W © © ©W ©W W O ©W ©W W W ©W © © Y
S99 9900000008888 S8Q e o
M < 0O O ™~ 00 00 O 1 N M S WO O -~ 00 00 O +H
O O O O O O O O O O oo oo o o o o o o
R I I B I I I I IR B B B B B B B B I I I |
Time

Fig. 4.20: Examples

of internal illuminance

external horizontal illuminance

Illuminance [Ix]

01/09 LGl | LG2 | External
mean 141 242 42115
median | 141 | 264 | 45850
max 213 | 338 | 53600
min 68 | 141 | 25800
Illuminance [Ix]
04/09 LGl | LG2 | External
mean 56 89 47911
median 56 88 48250
max 82 | 118 | 65500
min 21 72 33900
Illuminance [Ix]
11/09 LGl | LG2 | External
mean 77 125 19134
median 84 129 20085
max 106 = 158 = 22800
min 29 | 77 | 11500
and LG2 and

measured under LG1
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Fig. 4.24: Percentage of the difference of mean values of LG1 and LG2 illuminance
measurements

4.4 RESULTS OF DAYLIGHT SIMULATIONS

Daylight simulations of the tested light guides LG1 and LG2 were run in
software Holigilm [70]. The simulations were run on 1% September, overcast
sky, to be compared with data from measurements on the same day at 12:00
(Fig. 4.25). Additionally, simulations were completed for two extreme situations
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in the following daylight conditions: CIE overcast sky, CIE clear sky [6] and
Solstice time on 21 December and 21 June, at daytime 12:00 (Fig. 4.26).

The parameters selected for the simulations are as follows:

e Dimensions of light guides LG1 and LG2 - tube length 0.60 m and
diameter 0.52 m.

e Light reflectance of internal surface of the both tubes is p = 0.97.

e Light transmittance of ceiling diffusers of LG1 and LG2 is t= 0.75,

e The light transmittance of roof transparent covers of LG1 and LG2 is:
roof collector with CMP head of LG1: t, = 0.53,
roof spherical glass collector of LG2: 1, = 0.90.

The light transmittance of the LG1 with the concentrator head is determined
from the light transmittance of the glass collector decreased for reduction
determined by the illuminance measurements in the test container, which is on
average 37 percent.

Simulation outputs of internal horizontal illuminance at level 2.8 m bellow
ceiling diffusers (the container floor level). The positions of the light guides
LG1 and LG2 are in accordance with Fig. 3.32, it means x = 0.92 m, y = 1.15 m,
z = 2.8 m for coordinate system with 0.0 in the left hand side lower corner of the
schemes in Fig. 4.25.

CIE Overcast sky, 01/09, 12:00, LG1, T = 0.53 CIE Overcast sky 01/09, 12:00, LG1, t =0.90

Illuminance [Ix] Illuminance [x1

a0 1300
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o
1108
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55 &0
50 a0
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40 L]
60

X-axs o‘lhe room [m] ¥-axis onhe room [m]

y-axis of the
y-ais of the

n = @ P i Ll 1 m— @ n— N

Fig. 4.25: llluminance E [Ix] under light guides LGland LG2 on 1% September 12:00
Table 9: Holigilm simulation and measured data on 01/09/2017

Holigilm simulation

LGl LG2
E max [1X] 71 112
E min [1X] 40 63
U = E min/E max 0.56 0.56
Measured data
E [Ix] | 70 | 131
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CIE Overcast sky, 21/12, 12:00, LG1, t =0.53 CIE Overcast sky, 21/12, 12:00, LG2, T = 0.90
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Fig. 4.26: llluminance E [Ix] of light guides LG1 and LG2, for CIE overcast and clear
sky on 21% December and 21% June
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4.5 SUMMARY OF DAYLIGHT ANALYSIS RESULTS

The simulation outputs are in accordance with the measured data. The
simulations also confirm that the light guide prototype LG1 with the CMP head
Is less efficient system. Compared to the conventional light guide LG2 it
provides a lower level of illumination on the working plane. The concentrator's
secondary parabola represents an obstruction to daylight transmittance. This
system, installed in static horizontal position, is less efficient, especially for
overcast and partially cloudy sky conditions. Light transmittance is caused by
multiple reflections inside the guide tube. When the light rays hit the
concentrator head at low solar altitude, they are reflected off the mirror focus.
The effect of the concentrator head is not fully utilized. It is recommended to
complete the collector head with an automatic sun tracking system to activate its
rotation towards the solar radiation in case of the clear sky.

An example of light reflection and redirection on the CMP head on 1%
September at 9:00 and 12:00 is shown in Fig. 4.27. The CMP head position is
0° (horizontal), 25° and between 40°- 55°. The dependence of CMP head
rotation to its optimal positions depends on the solar altitude, as is shown in
Fig.4.28.
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Fig. 4.28: Dependence of the parabolic head rotation on solar altitude

Two comparable light guides with different roof installations have been
studied. The case study was focused on evaluation of the conventional light
guide with a glass roof collector (spherical shape) and the new prototype with a
light collecting mirror parabolic (CMP) head. The daylight illuminance data
from the measurements show differences in light efficiency of the two tested
light guides. It was proven that the roof installation with the spherical glass
collector (LG2) has been more efficient than the prototype with the CMP head
(LG1). The secondary parabola of the LG1 creates an obstruction to daylighting
when installed in static horizontal position. The daylight illuminance level in the
part 1 of the container illuminated by the LG1 was reduced about 37 percent
compared to the illuminance level in the part 2 of the container illuminated by
the LG2. The evaluation was carried out in a region with temperate climatic
conditions with dominance of overcast and partly cloudy skies.

The daylight simulations in Holigilm software provides an overview of the
tested light guides’ daylight illuminance for one day measurement. The
simulation outputs are in accordance with the measured data. The simulations
also confirm that the light guide with the concentrator head LGL1 is less efficient
system that provides a lower illuminance level on the working plane indoors
compared to the light guide LG2.

The installation of the light guide with CMP head should be more efficient in
sloped roofs oriented towards the south. The light guide system LG1 would be
most efficient in case when the light concentrator is equipped with sun tracking
system. This would be more expensive solution compared to conventional light
guides with spherical glass collectors. The sun-tracking light guide system is
suitable for hot climates in installations exposed to intensive solar radiation.

78



5 CONCLUSION
5.1 SUMMARY

The study of the referenced publications from the light guide investigations
overview provides information on the importance of light guides applications in
buildings. There are many possibilities of improvements of the light guides’
system components and their installations in real buildings. The results of
laboratory and field measurements of daylight illuminance of the atypical
prototype model show that the system has the potential of light efficiency
Improvement compared to conventional light guides. Laboratory and field
measurements as well as computer simulations provide a chance to specify
requirements for an optimised light guide prototype design.

The tested atypical prototype model represents a new light guiding system
with a daylight concentrator device. The light transmittance efficiency of a
prototype specimen with a collecting mirror parabolic (CMP) head was
experimentally investigated under laboratory conditions. The system was
installed in a stable position with orientation of the parabolic mirror towards
zenith. The idea behind the CMP head construction is to collect and then focus
solar rays into the focal point. A secondary mirror parabola located near the
focus reflects these concentrated beams toward the highly reflective tube of the
light guide.

The objective of the present experiments was to solve the following tasks:

o test the light guide prototype for light transmittance and determine its
efficiency,

e compare the light transmittance of the prototype light guide with a
conventional light guide of comparable dimensions and geometry,

e analyse the function of the prototype model and make recommendations
for its possible improvement,

o find options for applications of the light guiding system in temperate
climates,

e test the temperature distribution of the light guide prototype,

e specify the temperature profiles inside the light tube and near the mirror
parabolic head,

¢ identify potential overheating problems in building applications.
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Achievements

The main achievement of the thesis appears to be the author's specification
and implementation of the experimental method for the assessment of the
atypical light guide prototype to evaluate its light transmittance and efficiency
as well as its thermal behaviour. Based on the research carried out, such a
comprehensive method of assessment was not found from the comprehensive
review of state of the art published in studied scientific journals and databases.
All author's presented experiments and data processing gave results which refer
potentials of the tested light guide system in real buildings and pointed on
design improvements for its practical applications. The following partial
findings were achieved:

e Daylight illuminance measurements.
e Thermal testing.
e Comparative field study.

Daylight illuminance measurements

The recorded illuminance measurements gave data for light transmittance of
the light guide. The system light efficiency was determined as a ratio of
luminous flux entering the light guide and luminous flux inside the test
chamber. The measurements gave data for the light transmittance efficiency of
the light guide. The light transmittance efficiency is an important indicator of
the prototype model performance.

e The prototype experiments prove that if primary parabolic mirror is static
and it is not tracking towards the sun position the light efficiency of the
light guide is highly reduced. Only a limited part of sun rays affecting the
light guide collector is redirected into the tube. When the CMP head is
illuminated by the diffuse light the light transmittance efficiency is only
2.49 percent (average value). This indicates that the secondary parabola
of the light guide with the CMP head in a static horizontal position is an
obstacle to diffuse daylight. The light guide will increase its efficiency in
real external conditions and for time with clear sky and direct solar
radiation. The passive installation of a light guide prototype in the static
position is suitable for regions with hot climates with intensive sun
shining when high solar altitudes occur, for example in Nigeria. But in
temperate climate regions, for example in the Czech Republic, the light
guide systems should be design with respect of lower solar altitudes and
for the prevailing skylight conditions without direct solar radiation
because of dominant cloudy sky conditions.
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Thermal testing

e The thermal testing of an atypical prototype model gave an overview of
temperature distribution under intensive infrared radiation. The infrared
thermography photographs show very high temperature on the
concentrator head. Also, the temperature in the diffuser inside the
chamber increased significantly. It seems that the air trapped inside the
tube was warmed under the infrared radiation. Data from temperature
measurements show also significant temperature rise on the light guide
surface in the response to the infrared radiation. The surface temperature
rose up to 40°C due to the infrared lamp activation for light guide
installation without thermal insulation. In the case of a thermally
insulated light guide, the surface temperature increased to 74°C and in
some places even more. The highest temperature distribution was on the
CMP head (100 - 120°C). The above mentioned findings show potential
problems with the light guide overheating under intensive solar radiation
In summer seasons. For this reason, the light guide system application in
real buildings should be carefully supplemented with details regarding the
connection to roof and floor structures. It is recommended to add thermal
insulation layers around the light guide and underneath the parabolic
collector and make possible an efficient ventilation of the system to avoid
overheating and minimise fire risks in real applications mainly in hot
climates.

Comparative field study

e The comparative field study was carried out for two light guides with
different roof collector installation — a conventional light guide with a
glass roof collector (spherical shape) and a prototype with CMP head.
The daylight illuminance data from measurements show differences in
light efficiency of the two tested light guides. It was proven that the roof
installation with the spherical glass collector is more efficient than the
variation with the CMP head. The secondary mirror parabolic head
creates an obstruction for daylighting in this case of the static installation.
Daylight illuminance level at the part illuminated by the light guide with
CMP head has decreased by approximately 37 percent compared to the
conventional light guide. These findings apply to the CMP head installed
In a static horizontal position on a flat roof in a region with temperate
climatic conditions, the prototype is then highly inefficient. The
evaluation was carried out for region latitude 50° with dominance of
overcast and partially cloudy skies.
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e Daylight simulations in software Holigilm provided an overview of the
tested light guides’ daylight illuminance for two days of solstice on 21°
December and 21% June. Simulations have shown that a less efficient
system provides a lower illuminance level on the working plane. Under
defined conditions, the illuminance level is reduced by 42 percent for
overcast sky and more than 45 percent in case of clear sky during the
summer season.

The results obtained from laboratory and field measurements show that the
locality and its climatic conditions and the light guide installation placement
play an important role in the light guides’ specifications.

5.2 RECOMMENDATIONS

Improvement suggestions of prototype efficiency are focused on increasing
the prototype model performance and reduction of light guide dependence on
sun elevation and azimuth angles. Suggestions for improvements of the
prototype application in temperate climate are listed below.

e Removal of the overhanging edge around the primary mirror parabola of
the CMP head. The height of the rim protecting the parabolic mirror
from the sides is (100 - 200) mm. It could be cut to the level of covering
glass or lowered to reduce shading.

e Elevating the CMP head above the roof structure and inclining it towards
the sun ray propagation. During laboratory measurements, it was possible
to adjust slightly the position of the CMP head by moving it about 100
mm upwards or downwards in the vertical direction using the metallic
fasteners and inclining it about 5 degrees in one direction only. These
small position changes did not affect the measurement results much. The
required slope should be at least 25 — 45 degrees.

e A moving concentrator, system of mirror/set of mirrors, heliostats, or
prismatic shells directing solar radiation into the tube during daytime
would mean a positive improvement in the efficiency of this system but
would increase the investment cost of the light guiding system.

e The placement of the parabolic concentrating head in the direction of the
dominant solar irradiation, i.e. towards the south and west orientation.
The CMP head installed in an inclination to the prevailing solar rays
appears to be a less expensive variation acceptable, for example, for
conventional residential buildings. It is also possible to position the light-
transmitting tube perpendicular to the concentrator, but this would be a
rather complex installation for buildings with solid floor structures. This
type of light guide is more convenient for wooden lattice girder roofs. In
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these roofs the light guide with oblique tube can be relatively easy
mounted. In wooden constructions, the guide must be covered with non-
flammable envelope. The roof concentrating mirror represents the place
of potential overheating problems due to the concentration of solar
radiation energy.

e The passive light guide system could be transformed into an active solar
system. The active system involves a mechanical sun tracking device that
actively focuses direct sunlight. It has the potential to collect the
maximum daylight available at any time. The collector may stand free or
be placed in an enclosed space. The free standing one has the potential to
follow the sun’s path throughout the day; the enclosure limits the tracking
coverage angle. Tracking of the sun can be around one axis or two axes,
depending on the geometry of the system. The prototype could be first
tested using a simple rotating mechanism under the collector before an
application of a more complex system was applied.

Simple rotating mechanism

If the prototype light collector is elevated above the slope of a wooden roof
construction, it can rotate in one direction at a constant speed moving 9° every
hour, completing a quarter circle in 10 hours, e.g. from 7:00 am to 5:00 pm
every day. Same applies to a flat roof construction equipped with a special
supporting tracking structure. There it can rotate at a constant speed moving 15°
every hour, completing a half circle in 12 hours, e.g. from 8:00 am to 8:00 pm
every day, as shown in Fig. 5.1.
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Fig. 5.1: Scheme of the sun tracking rotation of the parabolic head
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Advanced rotating mechanism

After testing the prototype using the simple mechanism described above, the
more complex one can be tried — the sun tracking system that accurately follows
the sun path to keep the collecting parabolic head perpendicular to sun’s rays.
Unfortunately, movable parts and motors results in a more complicated and
expensive solution, more energy usage and maintenance. The system could
incorporate solar cells that power the engine/motor to rotate the parabolic
collector head.

It is important to find out whether this increases the performance of the active
prototype model and whether performance exceeds costs. Decision must be
made carefully to choose between performance and simplicity of the system.
Further studies are necessary to access the economic viability of the active
system.

Thermal solutions

The thermal tests of the prototype model have shown an undesired effect of
heat transfer along the tube. The heat, if not properly disperesed, can result in
overheating problems. Therefore, appropriate ventilation and cooling techniques
should be used. Some solutions to these problems are listed below:

e thermal insulation layer around the light guide tube and under the mirror
parabolic head,

e double tubes (combining ventilation and illumination functions),

e additional glazing unit/units inside the tube for better thermal insulation
and fire resistant units of glazing, thermal insulation and sealants. These
components must be carefully designed because every additional glazing
and insulation element could be helpful for overheating reduction but on
the other hand they significantly reduce light transmittance of the light
guiding system.

Thermal insulation layers around the light guide metal tube and underneath of
the parabolic collector head should be provided (Fig. 5.2a). Insulation should be
non-flammable, and the joints around the light guide parabolic head and diffuser
should be perfectly sealed and fire resistant. In the case of extremely thermal
loads transparent parts of the light guide are recommended to be completed with
fire resistant glass.

To solve the overheating problem, the tubular light guide can be equipped
with an additional tube (Fig. 5.2b), integrating the light guide for illumination
and natural ventilation into one system. The tubes are concentric and create
space to channel air flow. Daylight is transmitted through the guide and
provides the lighting for the internal space during the day. The outer tube
allows passive ventilation. It is recommended to use dichroic material in the
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tube. The dichroic material will allow the infrared part of the solar radiation to
be transmitted to the ventilation stack while the visible light is guided by the
tube into a room.

Since the metal tube of the light guide is the weakest place of thermal
protection in highly thermally insulated roofs, the prototype model can be
equipped with an additional glass unit (Fig. 5.2c). The glass unit is placed
inside the tube, embedded into the thermal insulation frame. This frame is
connected to the main thermal insulated layer of the flat roof. The additional
glass unit (single, double or triple) increases thermal resistance and reduce
condensation risk. Unfortunately there is a negative effect - it reduces light
transmittance due to light absorption in the glass unit/units and backward
reflections.
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tubes for daylighting and ventilation, c) additional glass unit
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a) Thermal insulation layer around the light guide tube and under the mirror
parabolic head to be provided to reduce thermal bridges.

b) The tube of the light guide completed with additional tube to create the
ventilation duct for elimination of overheating problems.

c) Additional glass unit placed inside the tube to be provided for better
thermal resistance and to reduce condensation risks of the light guide
system. The additional glass unit could be equipped with a movable
shading blind which allows glare and overheating protection during very
intensive solar radiation periods.

Further investigations

The further investigation and thermal testing of the light guide prototype is
going to compare the presented results with the thermal monitoring of the
prototype installed in a wooden roof construction. The installation will be with
orientation of the CMP head towards the south to maximize solar gain. The
system efficiency including testing for potential places of overheating in real
building constructions will be done.

Testing of the atypical prototype model with fire resistant claddings applicable
for tropical regions, for example Nigeria building industry, could be another
part of the future work.

Testing of the light guide system application abroad

The next task for the author will be to test the application of the light guide for
Nigeria’s climate conditions in collaboration with a structural engineering
company in Lagos. Lagos is a large city and main port in Nigeria. Until 1975 it
was the capital of Lagos State and until December 1991 it was the federal
capital of Nigeria. Ikeja replaced Lagos as the state capital, and Abuja replaced
Lagos as the federal capital. Lagos, however, remained the unofficial seat of
many government agencies. The city’s population is centred on Lagos Island, in
Lagos Lagoon, on the Bight of Benin in the Gulf of Guinea. Lagos is Nigeria’s
largest city and one of the largest in sub-Saharan Africa [149].
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Fig. 5.3: Nigeria — Lagos on the map [149]

In accordance with [150]: ,,Times for sunrise and sunset in Nigeria do not
differ much all over the year. The reason is the only fair proximity to the
Equator. So in summer the sun moves slightly to the north and in the winter
slightly back to south, but without much change in the distance. E.g. in the
Nordic countries of Europe the difference is much more extreme. With up to
approximately 12:40 hours the longest days happen to be in June. In December
a night in Abuja lasts almost 13 hours. In these days the sun in Abuja rises at
6:08. The Sunset can currently be watched at about 18:44 hr. in the early
evening. “
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Average length of daylight in Abuja
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I sunshine duration twilight phase

Fig. 5.4: Example of an average length of daylight in Abuja the federal capital of
Nigeria [151]

B0 [ agos, Nigeria — Sunrise, Sunset, and Daylength, June 2019

Current Time: 20 Jun 2019, 13:59:33
Sun Direction: 316.56° NW™

Sun ARftude: 65.87°

Sun Distance: 152 016 million km

Next Solstice: 21 Jun 2019 16:54 (June Solst.)
Dayl |ght Sunrise Today: 06:33 -*66° East
Sunset Today: 19:03 =~ 294" Northwest
06:33 — 19:03
12 hours, 29 minutes

2019 Sun Graph for Lagos Rise/Set Times Dayr’ngnt Length
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W wignt: B Astronomical Twilight: [ Nautical Twilight:
00:00 - 05:16 0516 - 05:43 05:43- 0610
20:19 - 00:00 19:52 - 20:19 19:25 - 19:52
Total: 08:57 Total: 00:54 Total: 00:53

. Civil Twilight: Daylight: Solar Noon/Midnight:
06:10 - 06:33 06:33 - 1903 — 12248
19:03 - 19:25 Total: 12:30 — 00:48
Total: 00:45

Fig. 5.5: Example of sunrise, sunset and day length in Lagos, the largest city of
Nigeria [152]

It practically means that the tested light guide system represents a potential for
its application in buildings in Nigeria regions. This is also obvious from the
following data of solar elevation angle calculated for Lagos territory.

The solar elevation angle calculated using The Solar calculator program
SolarBeam [153] for Lagos, Nigeria of latitude 6.524379 and longitude
3.379206.
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Fig. 5.6: Daily profile of the elevantion angle on 21% June

An annual profile of solar elevation angle calculated for Lagos at daytime
12:00 using the solar calculator [154] is shown in Figure 5.7.
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Fig. 5.7: Annual profile of solar elevation angle, Lagos, local time 12:00

The annual profile shows that the solar altitude varies between approximately
60° and 87°. For this high solar altitude the inclination of the CMP head of the
tested light guide system could be in the position 3° to max 30° from the
horizontal plane. It means that the light guide prototype would be more
convenient for installation in Lagos climatic conditions compared to its
installation in Central Europe.
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— SOLAR RAYS
— REFLECTED RAYS

Fig. 5.8: Example of dependance of the light guide head tilt on solar elevation

The above mentioned finding is also in compliance with requirements for
tilting of solar panels calculated for Lagos region using the solar angle
calculator [155].

Solar Angle Calculator
Lagos, Nigeria
Optimum Tilt of Solar Panels by Month
Figures shown in degrees from vertical

Jan Feb Mar Apr May Jun
68° 76° 84° 92°  100° 108°

Jul Aug Sep Oct Nov Dec
100° 92°  84° 76°  68° 60°

Winter Spring/Autumn Summer
60° angle 84° angle 108° angle

Notes:
On the 21 December, the sun will rise 88° east of due south and

set 88° west of due south.

On the 21° March/21% September, the sun will rise 91° east of
due south and set 91° west of due south.

On the 21% June, the sun will rise 94° east of due south and set
94° west of due south.

Fig. 5.9: Optimal tilts for solar collector panels (calculated by [155])
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Due to the long hours of sunshine in a tropical environment, the use of light
guides that bring natural light to buildings is a great advantage. The light guide
models could be widely used in Nigeria, mainly in high-rise buildings, which
present energy supply problems in major cities [156].

The light guide prototype could be very useful for daylighting of internal
windowless parts, remote or poorly lit spaces. The most potential building types
are commercial, educational, office and retail buildings, when availability of
daylight correspondents with working hours and could alleviate the dependence
on artificial lights.

Today, modern buildings have either severe external shading or highly
reflective window wall glazing and internal blinds and therefore make little use
of the high levels of abundant illuminance. Light guide systems may prove
successful for such buildings and should be constructed in accordance with the
principles of the development postulated in the Building Energy Efficiency in
Nigeria by the Federal Ministry of Power, Work and Housing [157]. The
provision of daylight in buildings will not only reduce energy consumption and
associated cost, but also improve the quality of the occupants’ visual comfort
and create user-friendly environment.
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LIST OF SYMBOLS AND ABBREVIATIONS

) Luminous flux Im
I Luminous intensity cd
L Luminance cd.m?
E [lluminance Ix
S Surface area m’
r Light guide radius m
d Light guide diameter m
I Light guide length m
h Distance between diffuser and sensor on the horizontal plane m
® Solid angle sr
D, Luminous flux leaving the guide Im
d; Internal luminous flux Im
E. External illuminance IX
E; Internal illuminance internal IX
\ Vertical distance from the diffuser to the point of interest m
n Light guide efficiency %
P Surface reflectance -

Tc Light transmittance for cupola -
o Light transmittance for diffuser -

T¢ Total guide transmitttance

0 Sky segment around the zenith with the most efficient effect of
sky brightness

p Light reflectance of the inside of light guide surface -
A Light guide cross sectional area m
AR  Aspect Ratio -
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Transmittance guide efficiency -
Total light efficiency -
Maintenance factor -
Solar constant W.m™
Luminous solar constant Ix
Colour rendering index (CRI) -

Correlated colour temperature (CCT) K
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