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ABSTRACT

The increased risk of climate change, besides the rapid depletion of non-
renewable sources, motivated researchers to replace non-renewable energy
sources with renewable ones. Solar energy can be considered as the “mother” of
all renewable energy sources. The research trend in concentrated solar power
systems tends to study optimising the utilisation of such power source. However,
most researches deal with building new facilities that uses solar thermal power
efficiently. Although it is important to improve innovative designs for our energy

future, parallel thinking in currently existing facilities is necessary.

The aim of this work is to lower the Carbon footprint of currently existing
conventional power systems that uses fossil fuels through hybridisation with solar
energy efficiently. This would encourage countries, especially developing ones,

to move forward to solar technologies.

Therefore, an overview of different concentrated solar power (CSP) technologies
is carried out. Among different CSP technologies, a two-stage lens system was
used to generate a powerful and controllable concentrated solar beam, namely
Lens-Lens Beam Generator (LLBG), is found to allow achieving the aim with
minimum modifications requirements. The LLBG provides a unique flexibility in
selecting the receiver location. This facilitates implementing solar energy in fossil-

fuel systems which are currently in service and affording reduced land usage.

However, it was built on a small scale with a restricted concentration ratio (CR)
of 6.25 to avoid overheating its rear lens, using two bi-convex lenses. As a
relatively high efficiency of 82.65% was reported at this low CR, it has the
potential to achieve high CR values and higher thermal efficiency using a dual-

axis tracking system.

Building large aperture refractive-based solar concentrating systems tends to
employ Fresnel lens geometry due to their cost and design advantages. Then, an
evaluation of implementing Fresnel lenses in building such LLBG system became
as the gap of knowledge for the current research. Covering this gap required

investigating the front and rear lenses geometries and materials.



However, because of the UK location within a relatively low-DNI region with an
average annual direct normal irradiation (DNI) of 400-1000 kWh/m?, building a
solar simulator for thermal testing arose as a critical need to achieve the required
objectives within the limited research time-scale. Therefore, it became as one of
the main research objectives of the present work. To fulfil this, different light
sources have been reviewed and two of them are selected to be further studied.
These selected light sources were metal halide and tungsten halogen. Metal
halide lamps showed better match with solar spectrum over full spectral
bandwidth compared to tungsten halogen light source. Despite that, utilising
dimmable tungsten halogen lamp is more recommended for thermal testing, use

as it provides controllable good output spectrum over the IR spectral zone.

For the front lens design, manufacturing and cost studies carried out within the
present work indicated that using plastic Fresnel lenses is the most cost-effective
option for large-scale aperture refractive systems. Based on optical study
performed, PMMA has been selected as the best material due to its higher ideal
optical efficiency, compared to polycarbonate. For the rear lens geometry,
thermal study indicated that positive meniscus geometry can withstand higher
CRs, compared to both plano- and bi-convex geometries. Combination of thermal
and optical studies showed that SiO2 represents the optimum material for the rear

lens, allowing highest CRs with maximum transmittance.

Two Fresnel-based LLBG systems are designed and built to experimentally
asses their performance. These systems were: prototype- and full-size systems,
with results showing average field efficiencies of 17.30% and 17.65%,
respectively, within 0.5m from the control mirror. By suppressing the influence of
optical efficiencies due to different components used, a thermal conversion
efficiency of 29.5% was obtained for both systems. These values showed that
building a unit aperture area of an LLBG system can save up to 25.76 kg/year
and 29.37m3/year of petroleum and natural gas, respectively. This can lead to
annual COz2 footprint reduction by 26.95 and 23.84 kgCO2 for power generation
systems that use combined cycles fuelled by petroleum and natural gas,

respectively.



Further optical investigation of Fresnel-based LLBG system to study the effects
of different parameters on its performance. Although this investigation showed
that IR spectrum deviates less than VIS and UV spectra, it also indicated that
using Fresnel geometry for the front lens causes increases in the generated beam
deviation angle. This reduces the system efficiency dramatically and its ability to

carry the beam efficiently over long distances.
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1 RESEARCH BACKGROUND

Mankind’s increasing demand for energy raised the load on the limited fossil-fuel
resources, as they supply more than 80% of the current world energy
requirements (Kumar, 2013). This led to a rapid depletion of such non-renewable
energy sources besides creating a negative environmental impact due to
increasing greenhouse gas emissions levels. With a large power availability in
sunlight, ranging from about 500 W/m? at 60°N latitude to 1000 W/m? at the
equator measured on a cloudless midsummer’s day at noon (Houghton, 2004),
solar energy represents a reliable, inexhaustible and renewable energy source
(Wilson, 2010).

Concentrated solar thermal power (CSP) systems can achieve higher conversion
efficiencies than photovoltaic systems (PV). Although CSP global market has
been expanded with an average rate of 40% per year during 2000s (REN21,
2016), more research is required to reduce the cost of CSP systems (Pitchumani,
2014).

1.1 Thermal Power Generation

Thermal power generation is based on using a heat engine which converts heat
into mechanical work to drive a generator through a thermodynamic cycle. The
working fluid used in such thermodynamic cycles may be gas or steam. In gas
power cycles, heat is added to the working medium in a combustion chamber,
while it is added through a boiler in steam cycles. The most common gas power
cycles are Brayton (gas-turbine) and Stirling cycles, whereas Rankine cycle is the
well-known steam power cycle (Cengel and Boles, 2010).

1.1.1 Conventional Vs. Solar Thermal Power Systems

Conventional thermal power systems are fossil-fuelled heat engines that have
been used in supplying electric power. On the other hand, in solar thermal power
systems case, thermal energy from the sun fuels the heat engines which drive

electric power generators.



1.1.2 Power Cycles

a) Gas Power Cycles

In the 19™ century, two gas power cycles were patented: Stirling (1816) and
Brayton (1872) cycles (Sier, 1995; Cleveland and Morris, 2013). To maximize the
output power and efficiency of Stirling engines, they were required to be run at
very high temperatures. Consequently, such a requirement restricted Stirling
engines development because of poor material properties of that era. In addition,
working under such extreme conditions caused unacceptable frequent failures

and raised engine explosion possibilities (Finkelstein and Organ, 2001).

On the other hand, the Brayton cycle was improved over decades. The early
Brayton engines utilised reciprocating compressors to pressurise the working
fluid. Recently, rotary compressors replaced the reciprocating ones. The
compressor and turbine shafts became coupled. Therefore, this cycle is also
known as the gas-turbine cycle (Balmer, 2011). These cycles are also used as
thrust generators in modern aircraft propulsion systems (Dingle and Tooley,
2013). Modern gas-turbine cycles can achieve a thermal efficiency near 60% at
a pressure ratio of 40.

However, by the last quarter of the twentieth century, the use of the Stirling cycle
has been revived. This was thanks to a modern revolution in metallurgy (De Brey,
Rinia and Van Weenen, 1974). It was employed in different applications including
submarine propulsion systems (Erickson et al., 2012). On the topic of electric
power generation, Stirling engines became the heart of certain CSP systems that
utilise parabolic dish concentrating technology. A thermal efficiency of about 20%
can be achieved by such heat engines at an operating temperature of 142°C
(Minassians, 2007).

b) Steam Cycles

Steam cycles have been utilised since the late 1880s to drive DC generators. At
this early stage, coal was used to supply reciprocating piston steam engines with
heat. However, these systems could not provide the market with commercial

power generation (Flynn, 2003).



By the end of the nineteenth century, water-tube boilers were used to generate
steam (Rippon, 1988). In such boilers, compressed water is circulated through
tubes which are heated externally. In case of conventional water-tube boilers, hot
gases from burning fossil fuels are used as a heat source to generate steam.
These boilers are employed in heat engines that undergo Rankine cycles, which
typically attained thermal efficiencies ranging from 30-40%. However, modern
power plants tend to use heat recovery steam generators to recapture heat
exhausted from gas-turbine cycles. This configuration is capable of achieving

higher thermal efficiencies in the range of 50-60% (Flynn, 2003).

Steam power cycles can also be driven by the heat from the sun. It can be
implemented in different CSP technologies, including: parabolic trough, linear
Fresnel reflectors and power tower systems. However, each concentrating
technology requires a distinctive design for the boiler (receiver) to handle solar
thermal power efficiently. More information about different CSP systems are

reviewed later in section 2.1.

1.2 Characteristics of Solar Radiation

1.2.1 Solar Spectrum

Despite the approximation of the sun as a blackbody radiator at a temperature of
5800K (Hu and Ding, 2011), the actual solar spectrum differs from such radiance
as a result of the absorption in the cool peripheral solar gas (Fraunhofer lines)
(Holweger, 1971; Chance and Spurr, 1997). Moreover, the solar spectrum is
affected by passing through the earth's atmosphere as it is attenuated by
scattering and absorption due to atmospheric gaseous molecules (Gates, 1966).
Therefore, the solar spectrum standard conditions are defined by an Air Mass
(AM) coefficient, which represents the ratio of solar radiation path length through
the atmosphere, [, the atmosphere thickness in the zenith direction, [,, and the

incident at a zenith angle, z (Wurfel, 2009):

AM = — = (1-1)




The air mass is typically expressed with the syntax "AM" followed by its value
(Kwok, 2016). Hence the major solar installations and industry centres are
located within mid-latitudes, and a zenith angle of 48.19° defines a specific
standard AM number for terrestrial solar applications (Rhodes and Stone, 1981).
Since the 1970s, AM1.5 has been used as a standard solar irradiance (Gonzalez
and Ross, 1980; Bird, Hulstrom and Lewis, 1983; Gueymard, Myers and Emery,
2002). Comparison between different AM values, i.e. AMO, AM1.0 and AM1.5, is
shown in Figure 1-1. Although the standard terrestrial solar spectrum (AM1.5)
given by (ASTM Standard G173-03, 2012) includes spectral data up to 4000nm,
data up to 2500nm is considered as sufficient to describe the incoming solar
spectral energy flux (Da, Xuan and Li, 2016; Kumar and Babu, 2017; Kumar,
Saboor and Babu, 2017) as they represent 99% of the total incoming solar energy
flux. The plotted data in Figure 1-1 illustrates also the major solar spectral
regimes: ultraviolet (UV), visible (VIS), and infrared (IR). The VIS-regime starts
from 400nm, while the IR-zone is defined to start either from 700nm (Giacomoni,
2007) or from 760nm (Farage, Miller and Maibach, 2010). For PV applications,
the typical spectral zone of interest lies in wavelengths between 380 and 1600 nm
(Languy et al., 2011), while in CSP applications the VIS and IR are the most

desired spectral regime to be considered (Wang et al., 2018).
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Figure 1-1 Air Mass (AM)

(a) definition (Agrawal and Tiwari, 2010)  (b) comparison between solar spectra;
AMO (ASTM Standard E490, 2000), AM1.0 (2011 ASHRAE Handbook - Heating, Ventilating, and Air-Conditioning Applications. I-P Ed.,
2011), AM1.5 (ASTM Standard G173-03, 2012) and 5800K-black body radiator spectrum (Masters, 2013)



1.2.2 Solar Angular Aperture

Considering the mean sun-earth distance of 149,597,870 km and the sun and
earth diameters of 1,391,608 km and 12,742 km (Emilio et al., 2012),
respectively, then sunlight rays are found to be not perfectly collimated. They
reach the earth as a cone with an angular aperture of about 9.3 mrad. This means
that the solar aperture cone-half angle,f,, is 0.266°, as illustrated by Figure 1-2.
For more accurate optical analysis of solar concentrating system, the solar
angular aperture (SAA) effect must be taken into account, as the concentrated
beams diverges with the length of their path (Abbas et al., 2012).

Figure 1-2 Solar angular aperture

1.3 CSP Terminology

To compare different CSP technologies, there are two critical parameters to be

defined; concentration ratio (CR) and efficiency.

1.3.1 Concentration Ratio

There are two different definitions of this term; Optical and Geometric CR. They

can be defined as follows (Stine and Harrigan, 1986):

e Optical CR

The optical CR, CR,,., is the averaged power flux onto the receiver, I,., integrated

over receiver area, 4, divided by incident irradiation on the collector aperture, I;,:

1
[ 1 dA,
Io

1-2
CRopt = (1-2)



e Geometric CR

Geometric CR, CRy.om., is defined as the ratio of collector aperture area, 4,, to

receiver surface area A,

oS

CR=-= (1-3)

CRgeom A,

As receiver power flux and aperture insolation are uniform over the entire area,
both terms are equal. In the present study, the term CR stands for geometric CR.
Furthermore, there is a limit value of CR, known as “ideal CR”, based on
collector’s tracking system. CR limit can be determined by the following formulae
(Kalogirou, 2004):

1
CRgear = — (For two — dimensional tracking)
sinf,
(1-4)
1
CRigeal CITAL (For three — dimensional tracking)
a

Where, 6, is the solar aperture cone-half. Then, the ideal CR will be 216 and

46,747 for single- and dual-axis tracking systems, respectively.

1.3.2 Efficiency

Converting solar to thermal energy passes through two stages. Firstly, solar
energy passes through an optical element to concentrate its power. Then, it
falls onto a thermal receiver where it can be converted into thermal energy.
Each stage introduces some losses. The energy flow within a CSP system
can be represented as Figure 1-3. It shows the energy amounts and types

changes through different conversion stages.
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Figure 1-3 Energy flow through a CSP system
Therefore, different definitions of efficiency arise. For the first stage, part of
the incident irradiation, I;,,, can be captured and denoted as I.,,, then the ratio

of captured to the incident irradiation can be expressed as “optical efficiency”

(Collado, 2008), and calculated as follows:

~

_Mecap
nopt I

in

(1-5)

This efficiency implements optical losses through the concentrator, such as

reflectance/transmittance of the concentrator optical elements.

Through the thermal receiver, part of the captured solar irradiation, I.,,, can be
converted into useful thermal power per unit area, gq,, while the rest is lost in the
form of thermal losses. The ratio of the gained thermal power per unit area to the
captured solar irradiation is the thermal (receiver) efficiency, which can be

expressed as follows (Pacheco et al., 2000):

qu
Nen = 37—

1-6
leap (1-6)

Finally, the field efficiency, nr, can be defined as the product of the optical and

thermal efficiencies at a given receiver aperture radius (Mancini, 1991) as:

q
nF=nothnth=1fu (1-7)
n

In the present study, comparison between different CSP technologies is based

on field efficiency definition.



1.4 Solar Simulator Design Motivation

Solar energy researchers require to perform in-field experiments during clear
sunny days. Unfortunately, this is a time consuming and weather dependent job.
In addition, the whole United Kingdom (UK) is located in a relatively low-DNI
region with an average annual direct normal irradiation (DNI) of 400-1000 kWh/m?

(Solargis, 2015), as shown in Figure 1-4.
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Figure 1-4 Direct Normal Irradiation (DNI) on UK (Solargis, 2015)
This makes it more difficult to carry out outdoors CSP experiments on UK land.
Lead researchers travel to good-DNI locations such as North Africa (2400-2800
kwh/m? DNI), which increases the research cost significantly. Therefore, solar
simulators were designed and built to ensure fast development of efficient ways

to use solar power.

1.5 Thesis Structure

Chapter 1 presents an introduction of thermal power generation and CSP
terminology. In addition, it covers different solar radiation characteristics such as

solar spectrum and SAA.



Chapter 2 provides a literature review of different CSP technologies. Different
transparent materials, simulation software codes and solar simulators have been
reviewed within this chapter as well. Fresnel lens manufacturing methods and

accompanying losses have been discussed.

Chapter 3 covers the aim and a list of the objectives of this research work, the
covered gap of knowledge and the followed methodology have been also

addressed in this chapter.

Chapter 4 displays specifications of instruments that are used in experimental
study. It also shows the results of preliminary tests needed for further numerical
and experimental study within the thesis.

Chapter 5 deals with designing, building and testing a solar simulator device, as
an initial objective to be used in further LLBG numerical and experimental study.
The design phase covers the main components, including detailed study of the
light source as a key component in the system. While the testing phase includes
both solar simulator calibration test as well as LLBG tests carried out using the
solar simulator testing facility.

Chapter 6 covers the theoretical frame work, numerical study, design and testing
of the Fresnel-based LLBG system. This includes manufacturing, optical, cost
and thermal studies for determining the optimum front and rear lens geometries
and materials. Moreover, an optical analysis of the LLBG system is provided
within this chapter. The design and sizing steps to build the full-size LLBG system
have been addressed. By the end of this chapter, experiments carried out to

evaluate the system performance are described.

Chapter 7 shows the results of work discussed in Chapters 5 and 6. These results
include both experimental and numerical results of solar simulator tests and
LLBG theoretical study. Optical analysis and evaluation test results of the LLBG
system are also displayed in this chapter. Moreover, discussion of obtained data

has been addressed.

Chapter 8 discusses the conclusion of the presented work and an outline of the

research future work suggestions.



Chapter 9 has a list of all reference cited in this thesis.

The final section of this thesis is the appendices which have all supportive tables

for the presented work and results.

1.6 Summary

In this chapter, an introduction to thermal power generation through conventional
and solar energy sources was presented. Characteristics of solar radiation,
including solar spectrum description and SAA, are covered. In addition, basic
CSP terms have been defined and explained, including: CR and efficiency. These
definitions distinguished between optical and geometric CR besides showing the
differences between field, optical and thermal efficiencies. These nomenclatures
are going to be used later and throughout the thesis. Moreover, motivation behind
the design of a solar simulator test rig is discussed. Finally, thesis structure is

covered by the end of the chapter.
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2 LITERATURE REVIEW

2.1 CSP Technology Overview

Concentrating solar power can be achieved either by reflecting or refracting the
incident flux onto a smaller receiver/absorber area (Newton, 2007). In this
section, the best known concentrating technologies will be reviewed briefly and
classified into two main categories; reflection-based and refraction-based

concentrators, as shown in Figure 2-1.

Line-receiving
Systems

Point-receiving
Systems

Figure 2-1 Concentrating technologies classification
2.1.1 Reflection-based Concentrators

2.1.1.1 Ancient Reflection-based CSP Systems

The first known use of mirrors for concentrating solar power was three thousand
years ago, when the ancient Chinese used bronze burning mirrors, called yang-
sui, to start fire by concentrating solar rays onto wood (Perlin, 2013), as shown in

Figure 2-2.

Figure 2-2 Ancient Chinese bronze solar igniters
(Perlin, 2013)
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Thousands of years later, in 212 B.C., the Greek inventor Archimedes used
mirrors to set fire on Roman ships attacking his city, as engraved in Figure 2-3
(Heath, 2013). By the 11" century, lbn Al-Haytham, an Arab scholar and pictured
in Figure 2-3, elaborated a detailed explanation and mathematical proof of the

burning mirrors geometries (Perlin, 2013).

Figure 2-3 Ancient inventors and scholars
On left: Archimedes (287 — 212 B.C.) using a parabolic mirror to make his attack
(Krystek, 2010)
On right: Alhazen (Ibn AL Haytham) [965 — 1040 A.C.] (Gill and Williams, 2018)

By the 19" century, Augustin Mouchot built the first solar motor which was
demonstrated at the Universal Exhibition in Paris of 1878, shown in Figure 2-4. It

was used in the production of ice from solar power (Walker, 2013).

Figure 2-4 Mouchot’s solar concentrator
(Land Art Generator, 2018)

Three decades later, in 1912 an American engineer and solar energy pioneer
named Frank Shuman built the first practical and commercial solar plant in Maadi,
Egypt based on the parabolic trough technology, as shown in Figure 2-5 (Stolten
and Scherer, 2013). The plant was used to run steam engines to pump Nile river
water with 6,000 gallons/min for irrigation purposes (Seba, 2009). Table 2-9

summarizes the development until the start of the 20" century.

12



- R FigsT

Fiéue 2-5 human’s solar plant in Egypt,
Frank Shuman (pictured on top left) (Perlin, 2013)

Table 2-1 Reflection-based concentrators development

Era Location Application Purpose

=10%B.C. China To start fire Domestic

3 Century B.C. Greece To set fire to Roman ships Defence

11" Century A.C. Egypt Mathematical proof of mirrors geometries Research

13— 18" Century A.C.  Europe Studied mirror geometries laws Research
19" Century A.C. France The first solar motor, for ice production Cooling
20" Century A.C. Egypt The first practical and commercial solar plant  Irrigation

2.1.1.2 Modern Reflection-based CSP Systems

Recently, reflection-based concentrators have been used in providing power
plants with heat to generate electricity. This category includes concentrators
which use mirrors to focus the incident solar power onto a receiver. The target

receiver may be a line or a point.

e Parabolic Trough

A parabolic trough consists of a parabolic shaped reflective sheet which
concentrates solar power onto a metal tube receiver positioned along the
reflector's focal line and filled with the working fluid, as shown in Figure 2-6. For
such type of concentrators, using a single-axis tracking system is sufficient, as
the sun can be tracked from north to south (or east to west) only (Kalogirou,
2004). However, using single-axis tracking results in quite low concentration

ratios ranging from 10 to 80 (Sukhatme and Nayak, 2008).
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Figure 2-6 Parabolic trough power plant major components

(Chaanaoui, Vaudreuil and Bounahmidi, 2016)

The working fluid, usually oil, can be heated to temperatures between 50 and
400°C (Kalogirou, 2009). Using an oil-based working fluid restricts operating
temperatures to 400°C (Sorenson and Breez, 2009). Therefore, (Eck and Zarza,
2006) investigated direct steam generation (DSG) in parabolic trough collectors
using a steam cycle operated with saturated steam for the first time. They
achieved a maximum thermal efficiency of 66.9%. A few years later, SkyFuel
Company presented a new design, called the SkyTrough, in which glass mirror
facets were replaced with high-reflectance silverised polymer film and a thermal
efficiency of 73% was reported (Forsyth, 2011).

e Linear Fresnel Reflector

Linear Fresnel reflector technology is based on the principle of dividing the
parabolic reflecting surface into thin segments to obtain an optical effect which is
very like that obtained by the original reflecting surface (Ginther, 2012). The
reflected power is focused on a fixed absorber located at a common focal line of

the mirror segments, as illustrated in Figure 2-7.
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Figure 2-7 Linear Fresnel reflector solar field major components
(CSP-World, 2013; Chaanaoui, Vaudreuil and Bounahmidi, 2016)
This technology has a tracking flexibility advantage compared to parabolic trough
technology, as the mirrors have a separate tracking device. This, in turn, leads to
lower investment and operation cost than the parabolic trough system. In
addition, mirrors are mounted close to the ground which minimizes structural
requirements. These advantages have been confirmed by many researchers
(Gharbi et al., 2011; Morin et al., 2012; Dostucok, Selbas and Sahin, 2014).

On the other hand, a linear Fresnel reflector system has a disadvantage of lower
conversion efficiency, compared to parabolic trough systems (Osterholm and
Palsson, 2014). The average efficiency of Fresnel reflector plants range between
18% and 20% with concentration ratios higher than 60 (Gianella, 2012; IRENA,
2012; Kalogirou, 2014). Although the maximum reported efficiency of this
technology is 38% for the Puerto Errado 2, according to the operator, this value
hasn’'t been confirmed by independent testing yet (Nixon and Davies, 2012;
Candelaria, 2013; Novatec Solar, 2014).
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o Power Tower (Central Receiver Systems)

In power tower systems, an array of dual-axis tracking heliostats is used to reflect
and concentrate solar power onto a tower-mounted central receiver where the
working fluid can be heated to a temperature of 500-1000°C (Martin and
Goswami, 2005; Kesari et al., 2015), as shown in Figure 2-8. This thermal energy
can be converted into electrical energy either directly, throughout power-
conversion systems, or indirectly, using energy storage systems. Although power
tower technology is less advanced than parabolic trough systems, they produce
high concentration ratios, ranging from 300 and 1500, and can minimize
requirements for thermal-energy transport (Chu, 2011). This leads to a higher
conversion efficiency, ranging from 86 to 88% (Pacheco et al., 2000; Collado,
2008), as the solar power is concentrated directly on a single receiver. (Sorenson
and Breez, 2009).
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Figure 2-8 Power tower plant major components
(Paul Dvorak, 2009; Chaanaoui, Vaudreuil and Bounahmidi, 2016)

Shading and blocking, due to intercepting a part of the incident or reflected
sunlight from a heliostat by another one in the field, are important losses in central
receiver systems. Power tower systems show better capability for energy storage

compared to parabolic trough and linear Fresnel reflector technologies.
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In order to enhance the concentration efficiency of the central receiver system,
(Hu, Shen and Yao, 2018) proposed a new sun-tracking and target-aiming
method. It consisted of a paraboloidal mirror which uses a dual-axis sun tracking
mechanism with a target-aiming device. The target-aiming device utilised a
specifically designed lens to collimate the concentrated sun rays from the
paraboloidal mirror. The collimated beam is reflected onto the fixed target (solar
receiver) through a flat mirror with two degrees of freedom, as illustrated in in
Figure 2-9. They constructed an optical model with TracePro software to simulate

its concentration performance.
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Figure 2-9 Sun-tracking and target-aiming proposed method
(Hu, Shen and Yao, 2018)

e Parabolic Dish

A parabolic dish is a point-focus, parabolic-shaped collector which concentrates
solar energy onto a receiver located at its focal point, as illustrated in Figure 2-10.
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Figure 2-10 Parabolic dish main components
(Hafez et al., 2016)
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The thermal energy gained by the working fluid can then either be converted into
electricity directly using a Stirling engine coupled with a generator (Martin and
Goswami, 2005), or indirectly by piping the working fluid to a central power

conversion system.

Such a type of concentrator requires a dual-axis tracking system, leading to
achieving high temperatures of 1500°C (Sorenson and Breez, 2009) and high
concentration ratios in the range of 600-3000 (Muller-Steinhagen, Tried and
Trieb, 2004; Chu, 2011; Kesari et al., 2015). In addition, this system can provide
high conversion efficiency which can reach 91.7% as reported by Mancini
(Mancini, 1991). However, this system lacks design simplicity because of the

need to circulate the working fluid through the collector field.

2.1.2 Refraction-based Concentrators
2.1.2.1 Ancient Refraction-based CSP Systems

Using lenses in concentrating solar power dates back to antiquity. The burning
glasses, which look like today’s magnifying glasses, were known in ancient
Greece. They were used by the public to start fire or light lamps. This was before
423 B.C., when the Greek playwright named Aristophanes wrote his play; The
Clouds, in which the burning glasses were mentioned as a part of the author’s
knowledge (Perlin, 2013). By the end of the 3 century B.C., the Greek
mathematician and geometer, Diocles, knew about the burning glasses and he
proposed to use them in temples (Dickey et al., 2005).

Not only the Greeks used lenses for solar power concentration purposes, but also
the Chinese used transparent rock crystals, known as ‘fire-pearl’, between the 3™
century B.C. and the 15 century A.C. Fire-pearls were like biconvex lenses and
were used for igniting tinder (Needham, 2004). Later, archaeologists proved that
the Romans used burning glasses in medicine in the 15t century A.C. They healed
their patients with transparent rock crystal balls (Andrews and Jones, 1956). In
the 11" century, archaeologists found that the Vikings also used high-quality
optical lenses made from crystallized rock (Helden et al., 2010). Six centuries

later, the German-Dutch lens maker, called Hans Lippershey, used lenses to
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build the earliest version of a refractive telescope in 1608 (Eichler, 2014). One
year later, Galileo Galilei and Johannes Kepler used lenses to improve the first

refractive telescope designs (King, 2003).

By the eighteenth century, the French used a lens to mark the noon time every
day by firing a cannon using focused solar energy (Perlin, 2013). In the same era,
burning lenses were used in chemical processes to obtain oxides under elevated
temperatures. They were used by Priestley and Lavoisier (Schofield, 2015).
Lavoisier used burning glasses to determine melting or combustion points of
different metals and minerals (Poirier, Gillispie and Balinski, 1998). He used large
burning lenses mounted on a carriage, shown in Figure 2-10, to conduct his
combustion experiments with flammable materials (Griffith, 2009). As shown in
Figure 2-11, double lens were used in order to render the burning glass focus

Figure 2-11 Lavoisier combustion experiment in 1770s
(Wikimedia, 2018)
In late of the eighteenth century, an idea of separating conventional lenses into
sections mounted in a frame to create thinner, lighter lenses was firstly proposed
by Georges-Louis Leclerc, Comte de Buffon (Miller, Vandome and McBrewster,
2010). This idea was carried out by the French physicist and engineer, named
Augustin-Jean Fresnel, who developed a multi-part lens to be used for
lighthouses. In 1822, the first Fresnel lens was used in the Cordouan lighthouse

in France (Bruce, 1999). Fresnel lenses have reduced the amount of material
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needed and lens weight compared to conventional lenses. Moreover, Fresnel
lenses have produced a revolution in lenses manufacturing in the modern era.
They are used in many applications, particularly in non-imaging applications,
such as solar concentrators as will be explained in detail in the following section.
Table 2-2 provides a summary of refraction-based solar concentrators up until
the early 19" century.

Table 2-2 Refraction-based concentrators development

Era Location Application Purpose

Before 3 Century B.C.  Greece To start fire or light lamps Domestic
3 — 1t Century B.C. China To ignite tinder Domestic
1%t Century A.C. Europe To heal patients Medicine
11™ Century A.C. Europe Optical lenses Medicine
17" Century A.C. Europe Telescope designs Research
France  To mark the noon time every day Domestic

18" Century A.C. France Chemical & physical studies Research
UK Chemical studies Research

19" Century A.C. France Development of Fresnel lenses  Lighting

2.1.2.2 Modern Refraction-based CSP Systems

Refraction-based concentrators are used nowadays to concentrate solar power
either on PV cells to minimize the required area of the cells, or on a thermal
absorber to convert solar electromagnetic energy into useful thermal energy for
steam generation and cooking purposes. These concentrators represent a
promising alternative to conventional reflection-based CSP systems, as they
have potential to overcome their techno-commercial limitations. These limitations
include installation, life cycle costs, as reflectors contribute 50% of installation
total cost in addition to environmental impact and adverse service conditions that
degrade such reflectors early, reducing their life cycle as well as system efficiency

(Kumar, Shrivastava and Untawale, 2015).

Refraction-based concentrators are almost used in concentrated PV (CPV)
systems. The largest solar power plant operated, since 2013, by lens-based
concentrators is the Golmud 2 plant in the Qinghai, China, with 79.83 MW
capacity (Kalogirou, 2018), shown in Figure 2-12.
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Figure 2-12 Golmud 2 plant, Qinghai, China
(The largest CPV plant since 2013) (CPV Consortium, 2018)

However, using lens-based solar concentrators for thermal purposes is still in the
research phase, and there is no full-scale thermal power plant that is operated by
lens concentrators (El-ladan et al., 2013). In the following subsections, different

techniques used in concentrating solar power will be reviewed.

e Line-focus refractive systems

The line-focus refractive systems use linear lenses to convert the collimated solar
rays into a line at its focal plane (Nelson, Evans and Bansal, 1975). Such a type
of concentrator has an advantage of low tracking requirements, as only single-

axis tracking is required (Tabor and Zeimer, 1962).

By the end of 1970s, using linear Fresnel lenses in concentrating solar power
with high concentration ratios, near the ultimate limit of concentration ratio, was
proposed by (Kritchman, Friesem and Yekutieli, 1979). In their work, the lens was
designed with its smooth side up towards the sun. Although this position causes
relatively high surface reflection losses and large off-axis aberrations, they used
it to overcome the blocking effect, which reduces lens transmittance because of
ineffective facet of the grooves, and to avoid dust accumulation on the grooves.
Comparing their work with the ideal reflector, linear Fresnel lenses showed

greater reliability and lower cost.

During the period between 1988 and 1993, researchers, (Piszczor et al., 1987,
O’Neill and Piszczor, 1988; O’Neill et al., 1991; O’Neill and McDanal, 1993;
Piszczor, O’'Neill and Fraas, 1993), paid attention to study the enhanced PV
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efficiency for space purposes using acrylic linear Fresnel lens concentrators.
According to these studies, Fresnel lenses raised the PV efficiencies up to 29.3%.

For the subject of power generation using PV with linear Fresnel lens
concentrators, the lenses are usually placed with the smooth surface upward and
facing the sun while the Fresnel facets face the PV cells to protect the grooves
from abrasion. Most Fresnel lens concentrators are made from acrylic due to its
good transmittance, reliability and abrasion resistance (Johansson et al., 1993).

Table 2-3 summarizes some of these projects.

Table 2-3 CPV power plants using linear Fresnel lenses

Rated Power System

Project Year Location (kW) CR Efficiency (%) Reference
DFW Int'l Airport 1982 USA 24 25 ? (Johansson et al., 1993)
Sandia National Labs 1985 USA 10 ? ? (O'Neill et al., 2011)
ENTECH-3M Austin System 1989 USA 300 22 ? (Boes, 1990)
Pacific Gas & Flectric 1991 ysa 20 ? ? (Forn, 2009)
ompany
Commercial — Module Kits 1992  South Africa 40 ? ? (Forn, 2009)
Northern States Power .
2 2 P
Company 1995 USA 0.8 ? : (O’Neill et al., 2011)
Entech Inc 1095  USA 100 20 15 (O'Neill and McDanal,
1994)
NASA 1996 USA 2.4 ? ? (Forn, 2009)
Photovoltaics (Muhammad-Sukki et
?
International, LLC ) USA 30 10 12.7 al., 2010)
Entech ? ? 0.52 20 ? (Forn, 2009)
NASA 2003 USA 1.3 ? ? (George et al., 2004)

? = Unknown value

However, linear Fresnel lenses have also been investigated for heat generation.
In 1979, (Collares-Pereira, 1979) designed and tested a non-evacuated collector
with a linear Fresnel lens and a compound parabolic concentrator (CPC) as a
second stage concentrator. A Fresnel lens was used to allow a height-to-aperture
ratio close to 1. In addition, it protected the collector and played the role of a

cover. They reached a concentration ratio of 15.56 and achieved 48% efficiency.

Several solar collectors with glass flat linear Fresnel lenses (FLFL) were built and
their performance was tested by (Franc et al., 1986), as shown in Figure 2-13.
Their results showed that the collector efficiency varied between 61% and 69%,
with collector exit temperature of 87°C. They also found that, in some cases, the
thermal efficiency of the collector was higher than the lens optical efficiency. They

attributed this to the greenhouse effect in the collector boxes.
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Figure 2-13 Different FLFL collector mountings
(Franc et al., 1986)

By the end of the 1990s, (Al-Jumaily and Al-Kaysi, 1998) studied the thermal and
optical losses of a solar collector which consisted of two FLFL and two absorbers
connected in series. Their collector tracked the sun in two directions. An all-day

collector efficiency of 58% was achieved with an outlet temperature of 37°C.

An optimum convex shaped Fresnel lens was designed by (Leutz et al., 1999).
The principle of the edge ray was followed in their design. The lens was used to
concentrate solar energy on an evacuated tube to generate thermal energy for
driving sorption cycles and providing heat for industrial processes. Leutz’s group
manufactured and tested a prototype of a linear Fresnel lens. They measured the
radiation flux and concentration ratio and concluded that if the lens is convex

shaped, then the outer surface must be smooth.

An experimental investigation of a concentrating solar collector based on FLFL
was carried out by (Zhai et al., 2010). The Fresnel lens grooves were placed
downwards, facing the absorber tube. They observed a thermal efficiency of
52.1%, with an enhancement of 9% compared to the conventional evacuated
tube collector, while the heat transfer fluid temperature (water) reached 90°C.

The optical losses influenced the results significantly, with nearly 40% loss.
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Moreover, (Soriga and Neaga, 2012) analysed a linear Fresnel lens solar
collector with evacuated tubes in a cavity receiver. The smooth surface of the
lens faced the sun. They achieved a maximum collector efficiency of 72.6%

compared with 70.2% for the CPC at the same condition with the same receiver

type.

e Point-focus refractive systems

The point-focus refractive systems use lenses to focus the solar beam into a
point, where a PV cell can be located or a thermal absorber to convert solar
energy into electrical or thermal energies. Point focus systems can also be
utilised in transmission of sunlight for lighting purposes. Although such a type of
concentrator suffers from complexity due to the requirement of dual-axis tracking,
it has an advantage of achieving high concentration ratios which may exceed
1000 (Kurtz, 2012).

For the CPV field, an advanced CPV system was reported by (Piszczor et al.,
1987). It was designed for space applications and a dome-shaped Fresnel lens
was used for solar radiation concentration, shown in Figure 2-14. They succeeded
in eliminating metallisation losses as well as reducing the required area of the PV

cells dramatically.
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Figure 2-14 Piszczor’s group CPV refractive system and components
(Piszczor et al., 1987)
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As for space applications, exposure of photocells to high energy ionic, atomic and
subatomic particles is responsible for continuous degradation of PV efficiency.
Therefore (Nakamura, 1992) proposed a system to be used for power generation
on spacecraft through conducting concentrated solar power to PV system in a
protected enclosure to shield it from destructive radiation and particulate matter.
The optical transmission means was a bundle of optical fibre waveguides whose
input ends placed at the focal point of a reflective/refractive optical element used

in concentrating solar radiation, as shown in Figure 2-15.
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Figure 2-15 Proposed light-transmission system for CPV on spacecraft
(Nakamura, 1992)

Optical fibres are again discussed as a means of transmission concentrated solar
energy by (Jaramillo, Rio and Huelsz, 1999). They developed a theoretical
thermal study of a system in which an optical fibre tip is proposed to be positioned
at the focus of a small paraboloidal mirror. Their calculations were based on using
wavelength-dependent attenuation to study the ability of a 5-mm SiO2 optical fibre
to transmit 26 W of concentrated power for 10m.

By investigating the spectral solar flux through the optical fibre, (Jaramillo, Rio
and Huelsz, 1999) found that by the end of the transmission length the spectral
solar flux is filtered by the optical fibre core, with a total optical efficiency of 85%.

Through the first 0.5m of the transmission line, the core centre temperature is
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found to reach the critical value of 400°C within 5 to 6 hours of transmission, while
the cladding temperature did not reach 300°C.

Using two-stage refractive solar concentration systems has become more
attractive for non-imaging concentrating system (Yeh, 2016). Using a second-
stage optical element became a good candidate to build low-cost CPV systems
(Fathabadi, 2016).

In 2000, (Terao et al., 2000) designed and tested a novel flat-plate concentrator
PV system to achieve a light-weight and low-cost PV module. They used a two-
stage concentrating system. In the primary stage, an aspheric and TIR (Total
Internal Reflection) lens was used, while a secondary conventional lens was used
in the secondary stage, as shown in Figure 2-16. The use of the TIR lens in the
primary stage helped in reducing the module thickness because of the focal

length reduction.

TIR Aspheric TIR

Secondary/' %:; =
Cell
Figure 2-16 TIR lens-concentrator details

(Terao et al., 2000)

Solar thermophotovoltaic (STPV) using a two-stage refraction system was
developed and proposed by (Andreev et al., 2006, 2007). In the primary stage,
they used a commercially available Fresnel lens made of polymethyl
methacrylate (PMMA), while the second-stage lens was a quartz meniscus lens,
as illustrated in Figure 2-17. They achieved a concentration ratio of about 4000
and the emitter temperature was between 1100 to 1700°C. Their design was cost
effective. Their module efficiency ranged between 19 and 20%, according to the
emitter type, which is near the maximum theoretical efficiency of 22%. This high

efficiency is attributed the high concentration ratio achieved.
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Figure 2-17 Andreev’s group two—tage refractive system main components
(Andreev et al., 2006, 2007)

Another two-stage concentrating system for CPV applications was presented and
analysed later by (Huang and Xu, 2017). Their system consisted of a Fresnel lens
as the first-stage optical element, followed by a ball lens as secondary optical

element with a CR of 625, as schematically represented in Figure 2-18.

Figure 2-18 Schematic of concentrating optical system with ball lens
(Huang and Xu, 2017)

In their experimental system, the ball lens was coated with an anti-reflection layer
and a solar cell with an efficiency of 40% was utilised. Their test results indicated
that an electric power generation efficiency of 30.3% can be obtained with an

acceptance angle of 0.72° for their proposed CPV system.

In order to expand the use of CPV technology, an in-house built compact CPV-
Hydrogen system for the rooftop application in the urban regions was introduced
by (Burhan, Shahzad and Ng, 2018). The developed system is a two-stage
concentrating system which collimates the concentrated solar rays through an
arrangement of convex—concave lenses, sharing same focal point. The convex
lens concentrated the incident solar rays at its focal point, then the concave lens
collimates these converging rays. Such collimated concentrated beam is then
oriented to the centre of PV array, as illustrated in Figure 2-19. Then, the PV

output power is used in electrolytic hydrogen production from water splitting.
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(Burhan, Shahzad and Ng, 2018)

They have recorded a maximum sunlight-to-hydrogen efficiency of 18%, with a
daily average efficiency of 15%. They found that in tropical regions, CPV systems

have superior performance compared to conventional PV system.

Point-focus refractive systems are also used for thermal applications. A dome-
shaped Fresnel lens, with short focal length and CR of 1500, was suggested and
theoretically analysed by (O’Neill, 1984) for solar thermal energy applications, as
illustrated in Figure 2-20. According to their analysis, the collector efficiency can

achieve about 70% at a receiver operating temperature of 815°C.
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Figure 2-20 O’Neill’s proposed point focus system and components
(O’Neill, 1984)

Recently, attention has been paid to the theoretical and experimental study of
solar concentrators which implement point-focus lenses for thermal applications.
A point-focus with a two-stage refraction concentrating system was introduced by
(Salem, Tawfik and Hamed, 2010). They used double bi-convex lenses aligned
with common focal points to generate a concentrated, nearly collimated solar
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beam. It was called a lens-lens beam generator (LLBG). They achieved an
experimental thermal efficiency of 82.65% at a concentration ratio of 6.25. Later,
(Tawfik and Salem, 2014) carried out further investigations on the LLBG. They
studied some parameters which affect the maximum allowed concentration ratio
of the LLBG under different operating conditions. They assumed the melting point
of the second-stage lens as its failure temperature. Based on their study, the rear
lens should be intensively studied to select an appropriate shape, material and

cooling mechanism.
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Figure 2-2(1.LLBG proposed point focus system
(Salem, Tawfik and Hamed, 2010)

A cost-effective solar concentrator was designed and produced by (Xie, Dai and
Wang, 2011, 2012). It consisted of a point-focus rectangular PMMA Fresnel lens
which was used to concentrate solar power onto a cavity receiver, as shown in
Figure 2-22. A synthetic heat transfer oil was used as a heat transfer fluid (HTF).
They achieved a field efficiency of 86.6% at a HTF working temperature of 150°C
at a concentration ratio of about 1148.
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Figure 2-22 Xie’s group point—foculeresneI Iensolar“concentrator test rig
(Xie, Dai and Wang, 2012)

For the application of sunlight transmission for lighting applications, optical fibres
were often used. A two-stage refractive system was proposed by (Han et al.,
2007; Han, Y., Dai, Y., and Wang, 2009). They investigated concentrated sunlight
transmission through optical fibres for natural lighting and solar energy
conversion, aiming to reduce solar concentrator cost. They used Fresnel lenses
in both stages, as shown in Figure 2-23. The lenses were made of PMMA and

BK7 glass materials and achieved a concentration ratio of 1000.
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d) Ontical svstem
Figure 2-23 Han’s group two-stage refractive system and components
(Han et al., 2007; Han, Y., Dai, Y., and Wang, 2009)
They found that the use of two lenses improved the system optical efficiency
rather than using conventional thick lenses. Furthermore, they compared the

performance of their design with other two-stage reflective designs. They
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concluded that the optical efficiency of the reflective design is higher than
refraction design, but on the other hand, using refraction concentrating systems

required lower solar tracking accuracy than other reflection schemes.

A modified optical fibre daylighting system for indoor lighting was designed,
optically simulated and experimentally investigated by (Vu, Pham and Shin,
2016). Their proposed system consisted of concentration, collimation, and
distribution sub-systems. In the concentration sub-system, a Fresnel lens is
coupled with a large-core plastic optical fibre, then the transmitted sunlight is
collimated by the collimator part, which is a combination of a parabolic mirror and
a convex lens. The distribution sub-system uniformly diffuses the guided

collimated rays at the destination, as illustrated by Figure 2-24.
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Figure 2-24 Vu’s group proposed modified optical fibre daylighting system
(a) schematic diagram of the proposed system
(b) layout of the concentration part (c) illustration of the collimator structure
(d) prototype used in outdoor testing
(Vu, Pham and Shin, 2016)
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The simulation of their designed system demonstrated a maximum optical
efficiency of 71% and indicated that it could transmit sunlight illumination to a
destination at distance of 30m. Their results showed that using optical fibre
daylighting system can be a strong candidate for cheap and highly efficient
application of solar energy in buildings. Therefore, more research was carried out
later on building daylighting systems either through refractive-based systems
(Lighting, 2017; Pham, Vu and Shin, 2017) or reflective-based ones (Chong et
al., 2017; Song et al., 2018).

A comparison between different solar power concentrating techniques is

presented in Table 2-4.

Table 2-4 CSP technologies comparison

Line-focus Point-focus

Parabolic Linear Parabolic - ;
: Power Tower - refractive refractive
Trough Fresnel Mirror Dish
systems systems
Concentration method Reflection Refraction
Focus pattern Line Point Line Point
Tracking axes Single-axis Dual-axes Single-axis Two-axes
Working fluid temperature [°C] 50 — 400 500 — 1000 250 — 700 90 150
Max'm“”;f;fgg;tff thermal 73% 38% 88% 91.7% 69% 86.6%
CRrange 10-80 > 60 300 — 1500 600 — 3000 80 — 200 500 — 4000
% Low operating cost \/ \/ \/
(o]
o
‘% High conversion efficiency ‘/ \/ ‘/
>
g Tracking simplicity Ve v~ v~
s Achieving high CR
% capability v v v
$ Energy storage capability \/ \/
(o))
&  Minimised thermal energy
§ transport requirement ‘/ ‘/ ‘/
2 Land use intensity v v~ v~

2.2 Review of Simulation Software

Conservation laws of mass, momentum, and energy are represented by a system
of partial differential equations (PDEs) which are known as the “governing
equations”. Therefore, numerical simulating software was developed to solve
governing equations (GE) by replacing such PDE systems with a set of algebraic
equations, so that they can be solved digitally using computers. This aim can be
achieved through applying numerical methods, which require using discretisation

techniques (Ferziger and Peri¢, 2002). In this section, a brief description of
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different discretisation techniques will be introduced, then a subset of simulating
software, which are used in the field of CSP, will be described.

2.2.1 Discretisation Techniques

There are several discretisation methods that can be applied, including: finite
difference method (FDM), finite volume method (FVM), finite element method
(FEM), spectral element method, and boundary element method and high-
resolution discretisation schemes. However, the most popular discretisation
techniques in use for the available commercial simulating software, which will be
covered in this section, are FDM, FVM and FEM.

2.2.1.1 Finite Difference Method (FDM)

FDM is a numerical method that is used to replace PDEs, which are set in their
differential forms, with a series of linear algebraic equations. In this replacement
process, Taylor series expansion is usually used. Although FDM is simple in
programming, it is used in few specialized codes. This may be attributed to its
low accuracy when used in computer programming as well as dealing with
complex geometry domains, as a result of round-off and truncation errors
(LeVeque, 2007).

2.2.1.2 Finite Volume Method (FVM)

FVM is a popular numerical method that is used in approximating the integral
form of PDEs. In this method, the domain is divided into a finite number of
contiguous control volumes/cells. The centroid of each control volume/cell
represents the computational node location. The solution is obtained through the
integration of the PDEs over each control volume/cell. An advantage of the FVM,
compared to the FDM, is its flexibility in meshing and solving irregular-shaped
geometries with reduced geometric errors. In addition, FVM allows increasing
resolution at particular regions of interest by redefining the mesh at such locations
(Causon, Mingham and Qian, 2011). Moreover, FVM has the advantage of low
memory usage and high speed solution speed, especially for large problems,
when compared with FEM (Patankar, 1980).
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2.2.1.3 Finite Element Method (FEM)

FEM is one of the numerical methods that is widely used in solving PDEs. It
minimises errors in solutions by dividing the problem domain into a finite number
of small parts, known as “finite elements”. FEM is based on multiplying the PDEs
integral forms by a weight function, as it is based on Galerkin's method of
weighted residuals, which then are integrated over each element. Although FEM
is more complex, requires more memory and has slower solution speeds than
FVM, it is more stable than the FVM (Surana et al., 2007). In addition, FEM

requires no more effort to deal with complex irregular-shaped geometries.

Table 2-5 summarises some of critical points characterising the discretisation

methods mentioned above in a comparative form.

Table 2-5 Discretisation technigues comparison

Discretisation Techniques

FDM FVM FEM
GE form Differential Integral Integral * Weight function
Domain divisions Grid e Sl 2 Conliiel Finite number of elements

volumes/cells

PDEs — Set of linear PDEs integrated over each PDEs integrated over each

Solving approach algebraic equation (equation control volumer/cell clement
per grid node)
Complexity Simplest More complex The most complex
el » . . .
= 8 Domain geometry Fits regular-shaped geometry Requires more effo_rt for Suitable for any shaped
@ o shape irregular geometries geometry
> c Stability &
o< .
g _tg convergence Low Moderate Maximum
S 8 Computer memory )
> 0
2 3 requirement Low Moderate Maximum
Solving speed Fastest Fast Slow

2.2.2 CSP Simulating Software Overview

A summarized overview of software tools that can be used in the analysis of
different CSP technologies, including; optical design, HTF transport and thermal

analysis, will be presented below.

2.2.2.1 Optical Design Software

In this section, different software used for optical simulation and design purposes
which have been implemented in various optical applications will be briefly

reviewed.
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e ASAB

ASAB is a commercial software package that is used in rendering geometry, ray
tracing and performing optical simulations of various systems. In addition, it can
be used in optimization of optical systems. Its interface can import geometry from
SolidWorks, while it is planned to be integrated directly within SolidWorks
interface (Ho, 2008).

e ATMOS

ATMOS is a powerful, free software with a user-friendly interface which is used
in designing telescopes. It allows its users to analyse, design and optimize
different optical systems as well as being capable of performing Spot Diagrams

for many wavelengths at the same time (Riccardi, 2016).

e Biomimetic

This is a software package that is used for heliostat field layout optimization
based on a biomimetic pattern. It can perform annual average optical efficiencies
calculations as well as determining different losses, including cosine, shading and
blocking losses. In addition, it can calculate aberration atmospheric attenuation
(Bode and Gauché, 2012).

e CIRCE

CIRCE is a computer software package which was developed by Sandia National
Laboratories for the analysis of point-focus dish collector systems. In addition, it
can be used in analysing the optics of parabolic trough and linear reflecting
systems. The code was an improvement of the HELIOS software, which is used
in evaluating solar flux density for heliostats fields. Its developers used statistical
methods in estimating the directional distribution of reflected rays from various
reflectors geometries, including: spherical, parabolic, flat, continuous and faceted
shaped-reflectors. Moreover, CIRCE can model the angular distribution of the
solar incident rays. It can also implement different reflector imperfections such as
surface roughness and slope error as well as the impact of structural deformation

caused by gravity and wind (Romero, 1994).
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¢ COMSOL

COMSOL software is a Multiphysics simulation platform which applies FEM for
modelling physics-based problems. It provides various modules allowing
simulation of dedicated physics interfaces for electrical, mechanical, fluid flow,
etc. One of its novel implemented modules is the Ray Optics Module, which can
model electromagnetic wave propagation in systems where the wavelength is
much smaller than the smallest geometric detail in the model. In this module, the
electromagnetic waves are considered as rays propagating through
homogeneous or graded media. To reduce computational cost, the module
computations are based on the ray trajectories method, not the FEM.

o CyberRay

This optical simulation package can model various kinds of optical elements in
arbitrary orientations. It is based on a photon kinetic model of light beams. It
provides flexibility of positioning three dimensional optical elements. Its model

implements dispersion and geometric aberrations (Informer Technologies, 2018).

e DELSOL

DELSOL is a software package which can design and predict the optical
performance of a heliostat field in central receiver systems. Besides having
optical simulating tools, it has an economic model tool allowing optimisation of
field layout based on energy costs (Bode and Gauché, 2012). On the side of
optical simulation, it considers insolation variations and atmospheric attenuation
and different optical losses including: cosine effect, receiver reflectivity, shading
and blocking (Falcone, 1986; Kistler, 1986).

e HELIOS

HELIOS is a software package which uses cone optics in evaluating the solar flux
density for heliostats fields. It was improved to allow evaluation of other collector
shapes, such as parabolic trough and dish, through the CIRCE software. HELIOS
considers earth orbit eccentricity, atmospheric scattering, incident solar ray’s

angular distribution, error distributions in the surface curvature, aiming, and facet
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orientation. In addition it calculates the shadowing and blocking losses in the
central receiver field (Ho, 2008).

e HFLCAL

HFLCAL was developed for performing the calculation of the annual plant output
at a given configuration as well as the optimization of the total heliostat field
layout. To minimise the required computation times, HFLCAL is based on using
a simplified mathematical concentrator optics model to simulate the reflected
image of each heliostat rather than using ray tracing techniques. It provides
automatic multi-aiming, secondary concentrator optics, tower reflector systems,
various receiver models and the ability of least-cost optimization (Schmitz, Pitz-
Paal and Schwarzbo6zl, 2009).

e HFLD

This is a MATLAB code which is developed for the design of a central receiver
heliostat field layout, as HFLD stands for Heliostat Field Layout Design. It is
based on the edge ray principal of non-imaging optics, which is explained by
(Davies, 1994). It has a shorter computational time during design and
optimization of the heliostat field when compared to DELSOL and HFLD. In
addition, it allows evaluating the feasibility of crop growth on the land surface
between heliostats throughout calculating the annual sunshine and duration on
such land (Wei et al., 2010).

e |SOS

This is a MATLAB based software package which was developed to improve the
durability of power systems receivers. A numerical algorithm was used in
calculating iso-surfaces, where flux was homogeneous. It can also generate a 3D
flux map allowing its user to assess the flux at any height above the heliostat field

(Riveros-Rosas, Sanchez-Gonzalez and Estrada, 2008).

e MATLAB

Although sometimes confused with MATLAB, MATLAB is a ray-tracing software
package, which is able to simulate the path of solar insolation and helps in

calculating the proportion of solar energy that reaches the receiver (Reif and
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Alhalabi, 2013). It is not a widely used software package and hasn’t received

updates since 2007.

e MIRVAL (SPRAY)

MIRVAL is a ray-tracing software which is based on the Monte Carlo ray tracing
methodology. It was developed in the 70’s for central receiver systems aiming to
carry out heliostat optical performance, as it can be used in calculating field
efficiencies and flux maps for individual heliostats and the whole system (Leary
and Hankins, 1979). The code includes three receiver configurations with four
heliostat types. It takes into account different factors affecting the performance of
the power tower system, including: shading, blocking, heliostat tracking, angular
distribution of incoming solar rays, scattering, attenuation between the heliostats
and receiver, reflectivity, aiming strategies, and random errors in heliostat
tracking and conformation of the reflective surface (Ho, 2008). However, the
original MIRVAL package is no longer available, but has been developed by DLR
and re-named as SPRAY code (Bode and Gauché, 2012). SPRAY code has the
same features as the original MIRVAL software as well as some additional

features, such as having many built-in geometries.

e NS Code

This is code which was developed by University of Houston, in 1978, and it was
used in evaluating optical performance and performing optimization of heliostat
fields in central receiver systems. It was used to plot flux maps for different
receivers’ types, based on a two-dimensional Hermite expansion method. In
order to optimize the heliostat field layout, an allowable flux constraint was used

in its improved versions (Dilip and Venkatraj, 2013).

e OpTaliX

OpTaliX is a powerful software for design and simulation as well as ray tracing of
optical systems, thin film multilayer coatings and illumination systems. It provides
various features to design, optimize and analyse different optical systems. It was

used successfully for the design of photographic and video lenses, space and
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medical optics. Moreover, it was used in designing optical fibres, illumination
devices, infrared and X-ray optics, and telescopes (Optenso, 2017).

o OptGeo

OptGeo is a free general optics simulation software. It is used in two-dimension
geometric optics simulations. It allows creating geometric and wave optical
models and displaying either refraction through lenses, or reflection on mirrors. It
also provides the ability to show geometric and chromatic aberrations
(Framatophe, 2017). Although its available resources are in French, its interface

is now fully translated into English (Biansan, 2018).

e Optica

Optica is an optical design package which performs ray-tracing, energy
calculations, and optimization of optical systems in three-dimensional space. In
addition, it is capable of modelling diffraction, interference, wave-front, and

Gaussian beam propagation calculations (Optica Software, 2018).

e SolTrace

SolTrace is a freeware ray tracing software with a user-friendly graphical user
interface (GUI) and logical steps for the problem definition. It can be used in the
design and simulation of different solar power optical systems including; parabolic
trough, linear Fresnel reflectors, power tower and parabolic dish systems.
SolTrace models the optical geometry as a series of stages composed of optical
elements with certain attributes including shape, contour, and optical quality (Ho,
2008).

e STRAL

STRAL is a new ray tracing software used in simulation and design of heliostat
fields in central receiver systems. It assumes generating rays on the surface of
the heliostat, not in a plane above the heliostats. It is more efficient,
computationally, than other software tools. It models the heliostat field in detail,
as it resolves heliostat mirror geometry and surface data and blocking and

shading problems (Belhomme et al., 2009).
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e Tonatiuh

Tonatiuh is a ray tracing freeware, based on the Monte Carlo method. It was
developed for optical simulation and analysis of CSP systems, central receiver
systems particularly. It has various geometric heliostat and receiver shapes. It is
a direct access software as it allows free access to its source code to suit any
application to meet different requirements. Tonatiuh was validated experimentally
and the results by (Blanco et al., 2011).

e Zemax

ZEMAX is an optical design software program which is one of the most widely
used for illumination and laser design systems. In addition, it can be used in
optical simulation for solar energy fields (Rugescu, 2014). It provides fast analysis

and optimization tools.

Table 2-6 provides a summary of optical design software codes.

Table 2-6 Summary of optical design software codes

Applied for” o
Code Availability Reference
1 2 3 4 5
ASAP v v v v Commercial (Ho, 2008)
ATMOS v Free (Riccardi, 2016)
Biomimetic v Pending (Bode and Gauché, 2012)

CIRCE v v v Academic (Romero, 1994)

COMSOL v v v v v~ Commercial (COMSOL, 2018)

CyberRay v~ Commercial (Informer Technologies, 2018)

DELSOL v Academic (Falcone, 1986; Kistler, 1986)

HELIOS v Academic (Ho, 2008)

HFLCAL v Commercial (Schmitz, Pitz-Paal and Schwarzbdézl, 2009)
HFLD v~ Commercial (Davies, 1994; Wei et al., 2010)
1ISOS v Academic (Riveros-Rosas, Sanchez-Gonzalez and Estrada, 2008)

MATLAB v v~ Academic (Reif and Alhalabi, 2013)

MIRVAL (SPRAY) v Commercial (Ho, 2008; Bode and Gauché, 2012)
NS Code v (Dilip and Venkatraj, 2013)
OpTaliX v Commercial (Optenso, 2017)

OptGeo v v v v v Free (Framatophe, 2017; Biansan, 2018)
Optica v~ Commercial (Optica Software, 2018)

SolTrace v v v v Free (Ho, 2008)

STRAL v Commercial (Belhomme et al., 2009)

Tonatiuh v v v v Free (Blanco et al., 2011; Bode and Gauché, 2012)
Zemax v Commercial (Rugescu, 2014)

"1= Parabolic trough 2= Linear Fresnel reflector 3= Power tower 4= Parabolic Dish 5= Other optical applications

2.2.2.2 Thermal Analysis Software

Different software packages used for thermal analysis, simulation and design of

solar thermal receivers will be briefly reviewed in this section. In this review,
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software codes that are no longer maintained, such as CAVITY and DRAC, are
excluded.

e ABAQUS

ABAQUS is a FEA software suite which provides powerful solutions for either
simple or sophisticated engineering problems, serving a wide spectrum of
industrial applications. It can be employed to simulate the thermal characteristics

of solar panels (Yang et al., 2012).

e ANSYS

ANSYS is a comprehensive software suite which covers the entire range of
physics. Fluent is a FVM-based software programme that works under the
ANSYS suite, which allows modelling flow, turbulence, heat transfer and
reactions for industrial applications. It also has the capability of modelling
multiphase systems. ANSYS Fluent was employed to simulate heat transfer of
various types of solar receivers by many researchers (Reddy and
Satyanarayana, 2008; Reddy, Kumar and Satyanarayana, 2008; Xu, 2013;
Ghasemi, Ranjbar and Ramiar, 2013; Tu, Wei and Fang, 2013; Wang et al., 2013;
Craig, Gauché and Kretzschmar, 2014; Fernandez et al., 2014; Frederickson,
Dordevich and Miller, 2014; Prakash, 2014; Tijani and Roslan, 2014).

e COMSOL

As pointed to in Section 2.2.2.2, COMSOL software is a FEM-based simulation
platform. It can be used for thermal simulation of diverse types of CSP receivers.
It has features that allow flexibility to its users to define their own physics for any
physical problem. Therefore, academia communities prefer using it rather than
ANSYS, which is robust and more industry oriented. Many researchers used
COMSOL in their thermal simulation in the field of solar thermal applications
(Aichmayer, 2011; Lemcoff and Wyatt, 2012; Saung and Miller, 2014).

e MSC NASTRAN

MSC Nastran is FEM-based multi-discipline structural analysis software that can
be used for performing static and dynamic thermal analysis across the linear and

nonlinear domains, fatigue analysis as well as structural optimization. It was
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developed by The MacNeal-Schwendler Corporation (MSC) in the late 1960s.
MSC Nastran is widely used when it is a critical issue to study strength, stiffness,

and life of a structural system (MSC Software, 2018).

e NXNASTRAN

NX Nastran is an improvement of the MSC Nastran. Such improvement includes
adding Computer-aided engineering (CAE) to NX Unigraphics' Computer-aided
design (CAD) capabilities, creating a modern, multi-discipline environment to help
in achieving high quality performance. NX Nastran can be employed for
structural, thermal, flow and motion analysis. Moreover, engineering optimization,
Multiphysics, simulation can be performed by NX Nastran under a single
environment. In solar energy field, (Marcotte and Manning, 2014) used NX
Nastran software for structural analysis of a large-aperture parabolic trough

collector.

e RADSOLVER

RADSOLVER was developed by Sandia National Laboratories in 1981 to
calculate the radiation heat transfer within arbitrarily shaped solar cavity receivers
(Dilip and Venkatraj, 2013). It neglects air convection within the cavity, while
accounts for non-grey surfaces as well as wavelength-dependent radiative
properties, such as emission and reflection, using an arbitrary number of
wavelength bands. It also calculates heat transfer among cavity zones and to
working fluids, and temperatures on adiabatic zone surfaces. This software has

not been used in many years, and may be no longer maintained (Ho, 2008).

e SAM

SAM stands for the “Solar Advisor Model” which is a freely distributed software.
It was initially developed by NREL to predict the performance and economics of
parabolic trough systems (Blair et al., 2014). However, over the last few years,
SAM was developed to include other CSP systems. It was used by (Casella,
Casati and Colonna, 2014) for sizing a solar power tower plant and evaluating its

economic performance.
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e TermoFluids

This is a general purpose, parallel and unstructured object-oriented CFD software
which is based on numerical simulations with advanced numerical methods to
deal with and solve industrial flows (Lehmkuhl et al., 2009). It was used by (Chiva
Segura, Lehmkuhl Barba and Oliva Llena, 2012; Colomer et al., 2014) to model

solar tower receivers, numerically.

e TRNSYS

TRNSYS is a flexible graphically-based software which is employed in simulating
transient systems behaviour to assess thermal and electrical energy systems
performance. It can be used in other applications, such as traffic flow and
biological processes simulations. Different authors (Jones et al., 2001;
Siangsukone and Lovegrove, 2003; Desai, 2013) used TRNSYS in assessment

of the performance of their solar thermal projects.

Table 2-7 presents a summary of thermal analysis software codes.

Table 2-7 Summary of thermal design software codes

Applied for” L
Code Availability Reference
1 2 3 4 5

ABAQUS v’ Commercial (Yang et al., 2012)

ANSYS v v v' v v Commercial

(Reddy and Satyanarayana, 2008; Reddy, Kumar and Satyanarayana,
2008; Xu, 2013; Ghasemi, Ranjbar and Ramiar, 2013; Tu, Wei and
Fang, 2013; Wang et al., 2013; Craig, Gauché and Kretzschmar, 2014;
Fernandez et al., 2014; Frederickson, Dordevich and Miller, 2014;
Prakash, 2014; Tijani and Roslan, 2014)

COMSOL v v v v’ v Commercial

(Aichmayer, 2011; Lemcoff and Wyatt, 2012; Saung and Miller, 2014)

MSC NASTRAN v~ Commercial (MSC Software, 2018)
NX NASTRAN v~ v~ Commercial (Marcotte and Manning, 2014)
RADSOLVER Academic (Ho, 2008)
SAM N Free (Blair et al., 2014)
TermoFluids v v Academic (Lehmkuhl et al., 2009; Chiva Segura, Lehmkuhl Barba and Oliva

Llena, 2012; Colomer et al., 2014)

TRNSYS v v v~ v Commercial

(Jones et al., 2001; Siangsukone and Lovegrove, 2003; Desai, 2013)

" 1= Parabolic trough 2= Linear Fresnel reflector

3= Power tower 4= Parabolic Dish 5= Other optical applications

2.3 Transparent Materials Review

2.3.1 Materials Physical Properties

There are several types of transparent materials used in manufacturing lenses
including: glass, polymers and ceramics. They have various optical and physical
properties. In this section, some of these materials will be reviewed. In addition,

a comparison between their thermal and mechanical properties will be made.
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2.3.1.1 ALON

ALON is an optical ceramic crystalline material which is composed of Aluminium
Oxynitride (Al23027Ns). It can be considered a high-performance material due to
its excellent optical and mechanical properties (Zheng and Forslund, 1995). For
optical properties, it has an approximate optical transparency of 85% over a wide
range of wavelengths from 220 nm to 4000 nm (Goldman et al., 2017). This
covers the near ultraviolet, visible and infrared solar radiation spectrum. On the
topic of its mechanical properties, ALON it has excellent properties as an isotropic
cubic crystal structure. It can withstand high temperature, as it melts at 2050°C
(McCAULEY and CORBIN, 1979).

2.3.1.2 BK7

BK7 is a glass material used in optical applications. Its designation is related to
the German company, Schott™, which stands for Borosilicate Crown (Krone in
German) glass (Crystran, 2017). It can be used in a wide variety of visible
applications such as optical imaging and Laser optics, as it has an excellent
stable transmittance exceeding 90% over a bandwidth ranging from 350 nm to
2000 nm (SCHOTT, 2017).

2.3.1.3 Borosilicate

Borosilicate is a type of glass with silica (typically over 60%) and boron trioxide
(5—-20%) (El-Damrawi and Mansour, 2005). It has high resistance to thermal
shock due to its low coefficient of thermal expansion (3.25E-06°C1). Therefore,
it represents a good choice for high heat and outdoor lighting applications
(GrayGlass, 2013). For optical properties, Borosilicate has a transmittance range
85-92% over a wavelength range 350 nm-2000 nm (Sinclair Manufacturing,
2011).

2.3.1.4 Calcium Fluoride (CaFz2)

Calcium fluoride is one type of non-oxide optical glasses. It has a simple cubic
crystal structure with fairly well known properties (Druon et al., 2011). Its simple
structure permits good thermal properties (Boudeile et al., 2008). It has excellent

optical properties with high transmission, exceeding 92%, from wavelengths of
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250 nm to 7000 nm (Thorlabs, 2018b).Therefore, it is often chosen for excimer
laser optics due to its low absorption and high damage threshold.

2.3.1.5 CLEARCERAM-Z

CLEARCERAM®-Z is an optical ceramic material which is developed by the
Ohara Company. It has outstanding thermal, mechanical and chemical
properties. For optical properties, its transmission is higher than 80% for
wavelengths from 350 nm to 700 nm. However, its transmittance exceeds 90%
for bandwidths ranging from 700 nm to 2200 nm (Ohara, 2013).

2.3.1.6 PMMA

PMMA is a transparent thermoplastic material. Although it is not a type of silica-
based glass, it is historically considered as a type of non-crystalline glass and
has often been known as acrylic glass. It has been used widely in various
industrial applications due to stiffness, light weight and clarity (Elashmawi and
Hakeem, 2008). In addition, it has good optical properties making it possible to
be used in nonlinear optics (Tawansi et al., 2002). It has a stable transmittance
of more than 90% over a wavelength range from 400 nm to 1100 nm, while it
drops down with unstable form over the rest bandwidth to 2200 nm (Thorlabs,
2018a).

2.3.1.7 Polycarbonate (PC)

Polycarbonate is a clear, colourless type of thermoplastic polymers. Compared
with PMMA, it has lighter weight and higher strength. Therefore, it is extensively
used in a wide range of engineering applications that require using lightweight
transparent armour materials. This is attributed to its high yield strain and ductility;
leading to achieving high impact and perforation resistance (Wright, Fleck and
Stronge, 1993). On the subject of optical properties, Polycarbonate is commonly
used for optical applications within the visible light range as it has approximately

the same transmission behaviour as PMMA (Thorlabs, 2018a).

2.3.1.8 Fused Silica (SiO2)

Quartz is a colourless and transparent material which is composed of silica, SiOz2,

in crystalline form. It is a common mineral forming silica-oversaturated rocks
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(Flem et al., 2002). When silica has a non-crystalline form structure, it is known
as fused silica or fused quartz. Pure quartz has extremely high transmittance,
near 100%, over wavelengths from 200 nm to more than 2000 nm. While different
types of fused quartz have slightly lower transmittance, but still over 90% for the

same wavelength range (Advanced Research Systems, 2016).

2.3.1.9 Sapphire

Sapphire is a single crystal of Al203 with hexagonal crystalline structure. It has a
unique combination of excellent physical and optical properties. This makes it
withstand thermal shocks and water and sand erosion, and scratching. It also has
a high glass transition temperature, near 790°C, so that it can resist high
temperature (Yue and Angell, 2004). In addition, it has a stable transmittance
near 85% over a large bandwidth ranging from 400 nm to 2000 nm (Precision
Micro-Optics, 2016). Therefore, it is a superior material to be used under severe

conditions of elevated temperature and pressure, or thermal shock.

2.3.1.10 Silicon Carbide (SiC)

Silicon Carbide is a non-oxide ceramic which has attracted the interest of many
researchers recently as a promising material (Ferraro, Garcia-Tufion and Saiz,
2015). Transparent SiC has excellent mechanical and thermal properties as well
as good resistance to thermal shock. In addition, it has excellent optical properties
over the IR region, therefore it is recommended for use in extremely high
temperature applications (Riza, Arain and Perez, 2005). Although transparent
SiC is opaque for short wavelengths ranging from 350 nm to 500 nm, it has high
optical transmittance over the wavelength region 500 nm to 6000 nm (Harris,
1999).

2.3.1.11 Spinel

Spinel is a hard-transparent ceramic material with a cubic crystal structure. It is
composed of Magnesium Aluminium Oxide (MgAI20a4) that has been used as a
gemstone. It possesses unique mechanical, thermal and optical properties. It
resists high thermal shock due to its low coefficient of thermal expansion. In

addition, it can withstand high temperatures up to its melting point of 2105°C,
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without any transition in phase (Molla et al., 2014). It has a high transmittance of

70% and more over wavelengths from 350 nm to 5000 nm (Optocity, 2017).

2.3.1.12 ULE

ULE® is a binary glass composed of SiO2 and TiO2. It was developed by Corning
Company. It has Ultra Low Expansion (ULE) coefficient of (0.03E-06°C1).
According to its unique characteristics, it became the recommended material
choice in various applications ranging from machine tools to space satellite
applications (Corning Incorporated, 2008). It has high transmittance exceeding
95% over a large bandwidth from 350 nm to 2000 nm (Rathmann, Mann and
Nordberg, 1968).

2.3.1.13 Yttria (Y203)

Yttria is a transparent polycrystalline ceramic which is composed of Yittritum
Oxide (Y20s3). Due to its excellent mechanical and thermal properties, it has high
ability to resist corrosion and high temperature environments (Huang et al., 2010).
Therefore, it has been used in various applications such as missile domes. In
addition, it is a promising material in laser applications due to its high thermal
conductivity. Moreover, it has good optical properties. It has a transmittance
higher than 80% over wavelengths from 250 nm to 2500 nm (Basak and Sen,
1995; Fujita, 2008).

2.3.1.14 ZERODUR

ZERODURs a lithium aluminium silicon oxide glass-ceramic material which was
developed by the Schott Company. It has extremely low thermal expansion
coefficient. Therefore, it is suitable for applications that require minimization of
geometrical shape changes during shifts in temperature (SCHOTT AG, 2017). In
addition, it has a transmittance of 70% near a wavelength of 400 nm and reaches
about 90% at 700 nm to 5500 nm (Prazisions Glas & Optik, 2017).

Physical and thermal properties of the reviewed transparent materials are
summarised in Table 2-8. The value of maximum working temperature property
in Table 2-8 represent the melting point for ceramic materials, while in case of

glass and thermoplastic materials it stands for glass transition temperature.
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2.3.2 Materials Transmittances

Based on references listed in Table 2-8, the transmittance of all materials listed
can be replotted as shown in Figure 2-25. For reference, standard terrestrial solar

spectral irradiance (AM1.5) is also plotted.
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Table 2-8 Summary of transparent materials properties

Thermal Specific I\\//Ivaxill‘?um Coefficient of Elastic
: a i orkin i )
Material Type Transrzl/lt)tance I(Dke gn/fr:?)/ Conductivity Heat Temperatl?reb Elgz:]rg%l ,  Modulus PoFlzsast?On s References
(1)
(W/m.K) (J/kg.K) ¢0) x10° (°C) (GPa)
ALON Ceramic 85 3700 9.50 0.77 2050 4.70 317 0.24 (Crystran, 2017)
BK7 Glass 90 2510 1.11 858 557 8.30 82 0.21 (3 S ElulE R E T LB 0.0
GrayGlass, 2013)
. (Boudeile et al., 2008; Druon et al.,
Borosilicate Glass 85 2230 1.20 830 525 3.25 64 0.2 2011; Thorlabs, 2018b)
CaF; Glass 92 3180 9.71 854 530 18.90 75.8 0.26 (Ohara, 2013)
. Tawansi et al., 2002; Elashmawi and
. . 2 ( , ;
CLEARCERAM-Z Ceramic 80-90 ? 1.51 7 650 0.02 90 0.25 Hakeem, 2008; Thorlabs, 2018a)
. c (Wright, Fleck and Stronge, 1993;
PMMA Thermoplastic 80-90 1880 1.93 1420 105 70.00 3.3 0.38 Thorlabs, 2018a)
PC Thermoplastic 80-90° 1220 0.20 1250 141 700.00 2.2 0.37 (Bendler, 1999; Thorlabs, 2018a)
(Harris, 1999; Riza, Arain and Perez,
Sapphire Glass 80 3980 36.00 761 790 8.40 420 0.22 2005; Ferraro, Garcia-Tufion and
Saiz, 2015)
. . d (Flem et al., 2002; Advanced
SiC Ceramic 50—60 3210 120.00 750 2730 1.00 466 0.14 Research Systems, 2016)
SiO; Glass 90-95 2210 1.40 730 1202 0.55 73 0.17 (Molla et al., 2014; Optocity, 2017)
Spinel Ceramic 70 3590 14.70 920 2105 9.17 268 0.26 (Corning Incorporated, 2008)
ULE Glass 95 2210 131 767 890 0.03 67.6 gapy  EEEEE Ser‘z*oll%?& UEECHE
) e (Prazisions Glas & Optik, 2017;
Y203 Ceramic 80 5030 2.00 480 2,425 10.0 179 0.23 SCHOTT AG, 2017)
ZERODUR Glass-ceramic 70_90f 2530 1.46 800 600 0.40 90.3 0.24 (Ho, 2008)

@ Represents average value of transmittance percentage over a wavelength range from 350 nm to 2000 nm.

b Represents: melting point (for ceramic materials), glass transition temperature (for glass and thermoplastic materials).
€ For wavelengths from 350 nm to 1100 nm, while it drops for longer wavelengths to 2000 nm.

d For wavelengths from 500 nm to 4000 nm, while it is opaque for shorter wavelengths.

€ For wavelengths from 250 nm to 800 nm, with a drop to less than 40% at 300 nm.

fFor wavelengths from 400 nm to 2500 nm, while it is opaque for shorter wavelengths.
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Figure 2-25 Transparent materials transmittances against solar spectrum (AM1.5)
(a) Ceramics (b) Glass (c) Plastics
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The optical efficiency of each material can be considered as a selection criterion
to determine the best material candidate for using in the LLBG system. It
represents the amount of transmittance. For solar thermal applications, Figure
2-25 shows that this value should be significantly high over a bandwidth ranging
from 200 to 1700nm. The transmitted irradiation, I, over a bandwidth ranging
from A, to 4,, is calculated as follows:

1 A2

(A2 — A1) A

With I, and 7, ; are solar spectral irradiation and transmittance of material at a

Ip = L. 7y 2. dA (2-1)

wavelength A, respectively. The average amount of incident irradiation, I;,, is
calculated as:

1 A2
(A2 = 4) M

Where, Equations ( 2-1 ) and ( 2-2 ) can be applied over a defined wavelength

lin =

I,.dA (2-2)

bandwidth. Then, material optical efficiency, n,,,, can be obtained using:
Ir
Nopt = 7— * 100 (2-3)
Iin
The average transmittance over a spectral zone can express optical efficiency.
Applying Equations ( 2-1 ), ( 2-2 ) and ( 2-3 ), materials transmittances can be
plotted over various spectral zones, as illustrated in Figure 2-26.

B Whole Spectrum (280-2500nm) @ Visible-IR (400-2500nm) @R (700-2500nm) DIR (760-2500nm)

& B S ) B B
G 5 G B B )
A & $ ) ) <
F & & & ¢ s
@‘0& 4¥ 4& ‘05

(}0

Figure 2-26 Materials transmittances over different spectral zones
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2.4 Fresnel Lens Review

2.4.1 Fresnel Lens Terminology

The Fresnel lens is a type of compact lens which utilises portions of an aspherical
lens, which work as prisms, to refract the light's rays (see Figure 2-27). The
distance between two successive prisms is the “pitch”. Each prism has two main
surfaces: slope and draft facets, which are inclined by slope and draft angles with
respect to the plane of the lens and to its normal, respectively. These

nomenclatures are illustrated in Figure 2-27.

Draft
Facet

Slope
Facet pijtch

Slope
Angle, 0,
Draft Angle, 0,5 -

Figure 2-27 Schematic of Fresnel lens cross-section

2.4.2 Fresnel Lens Manufacturing Methods

Manufacturing Fresnel lenses can be carried out via several techniques including:
injection moulding, compression moulding and diamond turning (Egger, 1979;
Maekawa et al., 2009).

2.4.2.1 Injection Moulding

Injection moulding is a cost-effective technique in which molten plastic is injected
into a shaped mould. It is used for the mass production of high precision optical
components including micro/nano-optical elements (Kang, 2004; Yoon et al.,
2006; Michaeli et al., 2007). This advantage arises from the ability of using this
method to produce several parts per individual cycle with optimised tooling
complexity and precision level (Tribastone and Peck, 2001). This method usually

uses polymeric materials substrates (Tosello et al., 2012; Kuo and Liao, 2015).

2.4.2.2 Compression Moulding

The compression moulding or embossing process is one of the cheapest ways to
produce high quality Fresnel lenses, in which heated plastic sheet material is
pressed on a moulding die until curing. It is cheaper than the injection moulding

method (Benitez et al., 2014). It allows better control over the moulding
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parameters to obtain sharp grooves. This technique is more appropriate for
polymer materials especially in fabricating micro-optical elements (Becker and
Heim, 2000; Heckele and Schomburg, 2004; Worgull, 2009). However,
embossing using glass materials involves different technical problems. These
problems include: requirement of higher temperatures for glass compared to
polymers (Schulz et al., 2000; Kujawa et al., 2012), requirement of stabilising

temperature to make glass malleable but not molten (Kasztelanic et al., 2013).

2.4.2.3 Diamond Turning

Diamond turning is a modern technology that is used to turn optical surfaces
directly to finished tolerances. It allows producing Fresnel lenses with curved
prismatic grooves (Egger, 1979). There are some “diamond-turnable” materials
that can be applied to this process without noticeable problems either for the
turning tool or the specimen itself. These include: CaF2, PMMA and PC (Rhorer
and Evans, 2010). However, brittle materials are not recommended for diamond
turning (Anderson and Burge, 2001).

2.4.3 Fresnel Lens Optical Losses
2.4.3.1 Geometric losses

These losses cause drifting of the refracted rays away from the desired focal point
region. There are two types of such losses; chromatic dispersion and incident
angle variation. Chromatic dispersion is caused by the chromatic aberration (CA)
effect, caused by the refractive index variation with wavelength. From Snell’s law,
such variation causes changing of refraction angles for different colours (Leutz
and Fu, 2007), as represented in Figure 2-28a. These losses can also be caused
because of manufacturing processes. Surface forming errors can deviate the
refracted rays from their supposed path (Wallhead et al., 2012). The variation of
incidence angle caused by the SAA effect represents another source of geometric
losses. As a solar collection lens has an angular input range of +0.266°, these

losses increase with refraction angle, as illustrated by Figure 2-28b.
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Figure 2-28 Geometric losses
(a) CA effect (b) SAA effect

2.4.3.2 Dispersion Losses

When a refracted ray hits a tip groove peak, it disperses. To minimize such loss,
it is required to keep them in the sharpest shape. However, this cannot be
achieved due to manufacturing limitations which makes peak rounding always

exist, as shown in Figure 2-29.

Fabricated
profile

Ideal
profile

Lost area
(dispersed area)

Figure 2-29 Enlarged ideal and fabricated groove profiles in one groove

The total area lost corresponding to dispersion losses, Ap;, for a lens with total
number of grooves, NG, and draft and slope angles of each groove: 6, and 6,

respectively, can be determined from (Shim et al., 2015):

o NG 2
Ap, = " [Z rp,i(cos 04 + sin Hs,i)] (2-4)
i=1

Where, 7, is the peak rounding radius at each groove. From this equation,

minimizing dispersion losses requires optimizing the number of grooves.

2.4.3.3 Blocking Losses

Blocking losses occur when refracted rays leaving a certain prism hits the back

side of the adjacent prism (Leutz and Suzuki, 2001) as illustrated by Figure 2-30.
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Figure 2-30 Enlarged representation of a blocked ray
From Figure 2-30, blocking losses depend on facet slope and draft angles
besides the incident angle. To avoid blocking losses, the slope angle should be
kept below the maximum slope angle, 65 ,4,, Which can be determined for any

incidence and draft angles, 6;, 6,4, respectively, by (Yeh and Yeh, 2016):

sin 6,
Os max = 04 + sin™? {n cos [sin‘1 ( - l) + Qd]} (2-5)

Where n is the lens material refractive index when placed in air. Therefore,
designing prisms angles requires paying attention to the combination of incidence

and draft angles for a certain lens material.

2.4.3.4 Transmission Losses

Transmission is not only related to the lens material, but also depends on the

direction the Fresnel lens facets face. The average material transmittances,t; ,,,

over a certain wavelength range (1, — 4,) through the following formula:

/12 12
TI,m = j IATI,Ad/l/J I,ldl (2'6)
Al /11

Where I, is the incident irradiation at a certain wavelength, 2. Hence PMMA and
PC are widely used in manufacturing Fresnel lenses, spectral transmittance, t; ;,
of both materials (Thorlabs, 2018a), plotted in Figure 2-25, can be used to
determine the average material transmittances. Considering incident solar
radiation bandwidth from 280 to 2500nm, then the average material
transmittances for PMMA and PC are 81.04% and 79.12%, respectively. While
for the VIS—IR spectrum (400-2500nm), the average material transmittances for
PMMA and PC are found to be 82.11% and 79.75%, respectively. Therefore,

PMMA is widely used as a substrate material in Fresnel lenses production.
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2.4.3.5 Reflection Losses

As the light reaches the boundary of two materials with different refractive indices,
some of it will be reflected. Refractive index of lens material, incidence angle and
lens design are responsible for such type of losses. These losses are represented
by rays A and B in Figure 2-31.

Figure 2-31 Reflection losses

Applying Fresnel formulae (Bennett, 2010), the amount of reflection loss can be
calculated for both rays A and B for a known lens material. The reflectance of p-
polarised, p, ,,, , and s-polarised, p, 5,,, and averaged, p,, of the incident rays with
an incidence angle, 6;, from a medium to another one with refractive indices of n,
and n,, respectively, can be then calculated by (Ruoduan, Yu and Xiaju, 2013;
Lvovsky, 2015):

2
nl\/l - (%sin Hi) — 1, cos b;
Prpp = m B (2-7)
nl\ll — (n—;sin Hi) + n, cos B,
ny, . z|*
n,cosf; —n, [1— (n—z sin Gi)
Prsp = m > (2-8)
n, cos 6; + nz\/l — (n—lsin Hi)
2
pr = 0-5(pl,pp + pI,sp) (2-9)

For ray B, the slope angle of the slope facet affects the amount of reflection loss
besides the refractive index of the lens material. In order to control the amount of
reflection loss in ray B, the phenomenon of total internal reflection (TIR) can be
employed (Parkyn and Pelka, 1991; Brinksmeier et al., 2004; Wang et al., 2010).
Moreover, double TIR design was proposed by (Wallhead et al., 2012) to allow
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more efficient light control. They found that Fresnel reflection loss in ray B is
minimized at the design with a minimum final refraction angle which relies on the
deflection angle. As the deflection angle is dependent on the prism location from
the Fresnel lens major axis, designing a more efficient Fresnel lens comprises
implementation of different prism sloping configurations over the Fresnel

aperture.

2.5 Solar Simulator Review

A solar simulator is a device whose light source offers both an intensity level and
a spectral composition close to that of natural sunlight (Wang, 2014). Itis used to
simulate either extra-terrestrial or terrestrial radiation (Meng, Wang and Zhang,
2011). Solar simulators are used for a wide range of applications including
testing, calibrating and characterising photovoltaics (PV), sunscreens clinical
testing, automotive industry for testing dashboards, steering wheels and air bags,
materials and PV aging tests, agricultural cultivation for studying the effects of
light on the growth of plants and algae and thermal/thermo-chemical devices,
such as chemical reforming and production of chemical elements. However, this
section focuses on solar simulators built for thermal applications. Such simulators
have output fluxes ranging from a few suns (1 sun = 1 kW/m? (Luque and
Hegedus, 2011; McEvoy and Markvart, 2011; Pérez-Higueras and Fernandez,
2015)), to more than 30 suns, which are classified as low and high-flux solar

simulators, respectively (Codd et al., 2010).

2.5.1 Light sources

Light source selection is a principal step in designing a solar simulator with
suitable simulated solar radiation. This light source is required to meet several
criteria: spectral quality, illumination uniformity, collimation, flux stability and
range of obtainable flux (Krusi and Schmid, 1983b). Various lamps types have
been employed in solar simulators, including carbon arc lamps, metal halide
lamps, tungsten halogen lamps, xenon arc lamps, mercury xenon lamps, high
pressure sodium vapour lamps, argon arc lamps and light-emitting diode lamps
(LED) (Sarwar et al., 2014).
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The choice can be narrowed down based on the field of application of the solar
simulator. For solar simulators used in terrestrial thermal applications, the
principal parameters determined are: the peak flux, the total beam power and the
flux density distribution (Neumann and Groer, 1996). They are less sensitive to
incident spectrum in the UV and visible spectrum parts compared to the IR
spectrum part, as infrared represents most of the thermal radiation emitted by
terrestrial objects (Ashcroft, 2016; Smith, 2016; Xu, 2016). Therefore, a mono-
light source type is usually employed with single or multiple lamps configurations.
Moreover, the low sensitivity to the light source output spectrum minimises lamps
specifications requirements defined by standards related to solar thermal
applications, including the International Standards (ISO 9806, ISO 19467) and
British Standards (i.e. EN 12975-1, EN 12975-2, EN 12976-1 and EN 12976-2)
(EN 12975-1, 2006; EN 12975-2, 2006; EN 12976-2, 2006; ISO 9806, 2013; ISO
19467, 2016; EN 12976-1, 2017). For these simulators, the type of lamps
selected is usually argon arc, metal halide, tungsten halogen or xenon arc. These

light types of light sources are reviewed in this section.

e Argon arc lamp

An Argon arc lamp is a free-burning DC powered device (Curtis and Decker,
1975). The pressurised argon gas (with approximate pressure of 7-10 bar
(Decker and Pollack, 1972; Yan and Dawson, 1998; Halliop, 2008) enters at the
cathode end, swirls along the central core until it exits at the anode end. In order
to cool the arc edge, a sheet of water is created by swirling a high flow rate water
vortex along the inside quartz tube wall with pressure over 60 bar at the inlet (Yan

and Dawson, 1998; Grover et al., 2015), as shown in Figure 2-32.

Water and Gas
Water-cooled Anode

Recirculation System Q ' y [

Water-cooled Cathode
De-lonized Water
Argon Gas

Spiraling Gas
Spiraling Water

Lamp Plasma

Clear Quartz Tube

Figure 2-32 Schematic of vortex water-wall argon arc lamp
(adapted from (Vortek Industries Ltd., 1999))
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These lamps have been used since the 1970s (Richards and Albach, 1982;
Barnes and Remelius, 1985; Yan and Dawson, 1998; Hirsch et al., 2003) in the

solar simulation field and in laser applications (Barnes and Remelius, 1985).

e Metal halide lamp

In a metal halide lamp, the light is produced by an electric arc which is generated
through a gaseous mixture of vaporized mercury and metal halide compounds
under a high pressure ranging from 10 to 35 bar (Osram, 2000; Dinklage, Klinger
and Marx, 2005; Grondzik et al., 2009). It is a type of high-intensity discharge
(HID) gas lamp (Waymouth, 1971), as illustrated in Figure 2-33.
[ Base Dischargearc Electrode
] |

Re_oF

_
|

—

Metal Mercury OQuter
Halides bulb

Figure 2-33 Metal halide lamp structure
(adapted from (Osram, 2016a, 2016e€))

Metal halide lamps were introduced as a light source option for solar simulation
after the development of compact source iodide (CSI) metal halide lamps (Wang,
2014). Those CSI lamp types have high efficiency, a balanced spectral quality
closely matching sunlight, long life time and relative low cost. Therefore, many
researchers have selected them for their simulators (Ley, 1979; Geisheker, P.J. ;
Putman, W.J.; Bard, 1981; Dokos, 1982; Higashi, T., Umezit, 1982; Leiner and
Altfeld, 1982; Ouden and Wijsman, 1982; Beghi, 1983; Gene A. Zerlaut, William
T. Dokos, William J. Putman, 1983; Kenny, 1993; Kenny and Davidson, 1994).
Other metal halide lamps types have also been tested (Gillet, 1977; Krusi and
Schmid, 1983b, 1979; Brinkworth, 1980; Gillett, 1983; Codd et al., 2010; Atlas
Material Testing Technology, 2011; Meng, Wang and Zhang, 2011; Codd, 2011;
Madsen, 2013; Pernpeintner et al., 2015; Dong et al., 2015; Ekman, Brooks and
Akbar Rhamdhani, 2015; Ametek, 2016).

e Tungsten halogen lamp

A Tungsten halogen lamp is a type of incandescent lamp which contains halogen

in the form of bromine or iodine surrounding a tungsten filament heated by an
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electric current (Hill and Dolenga, 1977; Yoshizawa, 2015), as shown in Figure
2-34. While incandescent lamps have a maximum colour temperature of 3400K
(Bickler, 1962), according to the Wien displacement law (Howell, Menguc and
Siegel, 2015), these lamps radiate weaker in the ultraviolet and stronger in the
infrared regions compared to the solar spectrum with its colour temperature of
5800K (Shu, 1982; Cicerone, 2000; Hu and Ding, 2011).

Tungsten filament

Tungsten atoms
Halogen atoms
Oxygen atoms

(Base —

Quartz bulb

Figure 2-34 Tungsten halogen lamp structure
(adapted from (Bommel, 2014; Osram, 2016b))

Despite this disadvantage, tungsten halogen lamps have been utilised in solar
simulation (Yass and Curtis, 1975; Simon, 1976; Beeson, 1978; Humphries and
George, 1978; Rueb, 1982; Beghi, 1983; Garg et al., 1985; Kenny, 1993; Turner
and Ash, 1994; Shatat, Riffat and Agyenim, 2013). This may be attributed to their
excellent light output and relatively low cost (Beeson, 1978). They are widely
used in less spectrum-sensitive applications such as concentrated solar collector
testing and as an infrared light source in multi-source solar simulators (Wang,
2014).

e Xenon arc lamp

A Xenon arc lamp is a type of HID gas discharge lamp in which light is produced
by passing an electric arc through ionized xenon gas under high pressure ranging
from 10 to 40 bar (Wang, 2014; Osram, 2016f; Pedrotti and Pedrotti, 2016), as

shown in Figure 2-35.

Disch
Cathode Ischarge arc Anode B

il &2 -

-ve Quartz bulb +ve

Terminal Xenon Mercury Terminal
(small amount)

Figure 2-35 Xenon arc lamp structure
(adapted from (Martini, 2014; Ahmadi, 2015; Osram, 2016f))
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These lamps are preferred by manufacturers and researchers as a light source
for solar simulators (Vaan, 1982; Beghi, 1983; Jaworske, Jefferies and Mason,
1996; Petrasch and Steinfeld, 2005; Petrasch et al., 2007; Luque and Hegedus,
2010; Craig, 2010; Alxneit, Dibowski and Facilities, 2011; Li et al., 2011, 2014;
Krueger, Davidson and Lipinski, 2011; Erickson, 2012; Krueger, 2012; Krueger
et al., 2013; Wang, 2014, 2015; Wang et al., 2014; Dibowski, 2014, Li, Gonzalez-
Aguilar and Romero, 2015; Okuhara et al., 2015; Horovitz et al., 2016). They
benefit from an excellent quality and stable spectrum in the UV and VIS bands.
Their strong emission in the IR range can be filtered (Bickler, 1962) if required.
Moreover, a collimated high intensity light beam can be generated as a result of
a brighter point source than other light sources (Matson, Emery and Bird, 1984).
However, operation of these lamps under high pressure creates an increased risk
of explosion (Ma et al., 2010). In addition, the UV radiation emitted by these types
of lamps can generate ozone, which can create a respiratory hazard (Health and
Safety Executive, 2014). Besides health and safety concerns, their high cost and
output sensitivity to power supply instabilities represent significant drawbacks
that need to addressed before using them in solar simulators (Bickler, 1962;
Matson, Emery and Bird, 1984; Codd et al., 2010; Wang, 2014). Comparison
between different spectra of the mentioned light sources is plotted in Figure 2-36.
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Figure 2-36 Light sources spectra comparison against solar spectrum (AM1.5)
(Richards and Albach, 1982; Craig, 2010; Krueger, 2012; Davidson, 2018)
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2.5.2 Trends in using light sources

Table 2-9 summarises a list of thermal solar simulators details published in
literature. Using data listed in Table 2-9, solar simulators were categorised based
on their year of construction (ten-year era) and the lamp type selected (Figure
2-37). The number of simulators built in each era and usage percentages per era

are shown in Figure 2-37a and Figure 2-37b respectively.
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Table 2-9 Comparison of different thermal solar simulators (chronological order)

Number . . Calculated
Lamp Lamp power of Total output Spot dimensions conversion Reference(s)
type (kWe) flux (KWr/m?) (m)
lamps efficiency9 (%)
° 400 DC 2 1.21 4.6x9.2 6.42 (Decker and Pollack, 1972)
5 . 100 DC 1 0.25-1.25 1.5x0.50 0.94 (Pullen, Albach and Harrison, 1982)
s g 100 DC 1 1 1.5x0.50 0.75 (Richards and Albach, 1982)
g_ 150 DC 1 6680 20.01905 1.27 (Choi et al., 1996; Nguyen et al., 1997)
200 DC 1 4250 20.06 6.01 (Hirsch et al., 2003; Osinga et al., 2004)
1 19 0.4-0.9 @2.25 18.83 (Gillet, 1977; Brinkworth, 1980; Gillett, 1983)
1 36 0.2-1.1 2x2 12.22 (Ley, 1979; Beghi, 1983)
1 36 1-1.2 1.2x2.4 9.60 (Ley, 1979)
1 27 0.6-1 1.5x1.8 10.00 (Ouden and Wijsman, 1982)
1 55 0.865 2.5x2.3 9.04 (Geisheker, P.J. ; Putman, W.J. ; Bard, 1981; Dokos, 1982; Gene A. Zerlaut, William T. Dokos, William J. Putman, 1983)
1 72 0.4-0.8 3x3 10.00 (Higashi, T., Umezit, 1982)"
1 40 0.7-1 1.4x3 10.50 (Leiner and Altfeld, 1982)
I~ 1 28 0.983-1.188 1.06x1.06 4.77 (Kenny, 1993; Kenny and Davidson, 1994)
% 1 18 - - - (Krusi and Schmid, 1979, 1983b)
© 1.5 7 60 ©0.38 64.81 (Codd et al., 2010; Codd, 2011)
% 1.2 1 0.8-1 — — (Atlas Material Testing Technology, 2011; Madsen, 2013)
= 0.4 188 0.15-1.1 4.5x3.88 25.54 (Meng, Wang and Zhang, 2011)
g 6 1 112 0.095x0.095 16.85 (Dong et al., 2015)
= 6 7 927 @0.175 53.09 (Ekman, Brooks and Akbar Rhamdhani, 2015)
2.5 6 - 50x0.4 — (Pernpeintner et al., 2015)
1.2 15 1 2.5x1.5 20.83 (Mei et al., 2009)
— 35 0.8 — — (Mondol et al., 2009)
0.575 35 1.2 1.8x2.2 23.61 (Zacharopoulos et al., 2009; Kim et al., 2016)
0.4 88 0.15-1 1.6x1.6 7.27 (Guo et al., 2016)
182 oxk & 0.1-1 2.8x2.7 42.00 (Sabahi et al., 2016)
4 32 1 11x9.2 79.06 (Ametek, 2016)
0.3 143 0.61-1.05 1.2x1.2 3.52 ) .
- (Yass and Curtis, 1974, 1975; Simon, 1976)
85 . 0.3 12 0.102-0.55 1.2x1.2 22.00
L= 0.3 405 0.395-0.962 2x3 4.75 (Humphries and George, 1978)
E] g = 0.3 187 0.5-1.1 1.2x1.8 4.24 (Ley, 1979)
= 0.3 200 0.5-1.46 (1.6 m2) 3.89 (Ley, 1979)

9 Energy conversion is defined and explained later in details in section 2.5.3.

h Their measurements indicated that 143 klx is equivalent to 1kW/m?, while it was reported that 139 kix corresponds 1kW/m? (Li et al., 2011).
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Number Calculated

Lamp Lamp power o Total output Spot dimensions conversion ErEEaE
type (kW) s flux (KWi/m?2) m) ctciency® (6) ()
0.15 10 0.8 0.12x0.50 3.20
0.15 15 18 0.40x0.60 19.20 (Rueb, 1982)
0.3 96 0.7-1 1.4x3 14.58 (Leiner and Altfeld, 1982)
1 14 0.4-1.5 1x1 10.71 (Garg et al., 1985)
0.74 6 25 20.1524 10.27 (Turner and Ash, 1994)
0.3 45 0.6 1.2x2.4 12.80 (Sopian et al., 1999)
0.3 20 0.5-0.645 2x0.46 9.89 (Velmurugan and Kalaivanan, 2016)
1 4 5.38-7.094 - - (Kongtragool and Wongwises, 2007, 2008)
0.3 2 0.425-0.918 20.12 1.73 (Njie and Rumsey, 1998)
03805  TOIWE 0.63 1.9x0.55 9.14 (Mink et al., 1998)
0.4 30 0.2-1.2 1.45x1.6 23.20 (Shatat, Riffat and Agyenim, 2013)
20 7 0.135-2.95 ~ @3.05 15.40 (Ley, 1979)
6.5 10 0.1-1.7 1.6 5.26 (Ley, 1979; Kochan, Huebner and Sears, 1999)
20 1 3,000 20.015 2.65 (Kuhn and Hunt, 1991)
6 10 4100 ~@0.11 64.94 (Neumann and Groer, 1996; Alxneit, Dibowski and Facilities, 2011; Dibowski, 2014)
30 9 1.7 4.8 11.39 (Jefferies, 1994; Jaworske, Jefferies and Mason, 1996)
ig 18 1?[8(?(?0 ;0%0063 1;6852 (Petrasch and Steinfeld, 2005; Petrasch et al., 2007; Schunk et al., 2008; Schunk, Lipinski and Steinfeld, 2009)
5 1 10 ~@0.20 6.28 (Craig, 2010)
6.5 7 3250-3700 @0.06 22.99 (Krueger, Davidson and Lipinski, 2011; Krueger, 2012; Krueger et al., 2013)
g 7 1-12! 54 @0.30 54.53 (Lietal., 2011)
o 6 4230 = = (Erickson, 2012)
2 7 12 627 @0.20 23.45 (Wang et al., 2014; Wang, 2015)
g 7 1 43.2 @0.11 5.86 (Sarwar et al., 2014)
;‘é 6 7 1860 @0.06 12.52 (Li et al., 2014; Li, Gonzalez-Aguilar and Romero, 2015)
7 19 735-1100 @0.2 25.98 (Nakakura et al., 2016)
7 1 329 0.06x0.06 16.92 (Gomez-Garcia et al., 2016)
3 i 1120000 Oooggigggs 112.6000 (Chow et al., 2010; SpectroLab, 2010, 2016; Beal et al., 2012)
10 1 10,000 @0.01 7.85 (Andreev et al., 2005, 2006)
1 6 0.05-0.8 - - (Shaughnessy, Toplis and Wright, 2003)
30 9 1.8 @4.79 12.01 (Tolbert, 1994; Shaltens and Boyle, 1995; Kerslake, Mason and Strumpf, 1997; Mason, Shaltens and Espinosa, 1997)
3 1 3.675 20.91 79.67 (Lin and Stultz, 1995)
5 20 18-24.3 0.4x0.07 0.68 (Okuhara et al., 2015)

i (Piatkowski and Steinfeld, 2011) carried out theoretical study based on 12 lamps, while experiments were reported on a single lamp.
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The patrticipation share over the period from 1970 to 2016, based on 62 cases
listed in Table 2-9, showed that the most popular lamp types are metal halide and
xenon arc lamps with usage share of 34% each, while 24% of listed cases used
tungsten halogen lamps. It can be observed that in 1970-80s, researchers used
principally low-cost and available tungsten halogen and metal halide lamps rather
than xenon or argon arc lamps. In 1990-2000s, xenon arc lamps competed with
other types because of their excellent performance and high-quality output
spectrum. From 2000s, metal halide lamps have made a resurgence compared
to tungsten halogen lamps. This may be attributed to receding argon arc lamps
usage since 2005 as a result of the acquisition of Vortek Industries Ltd., the main

historical supplier of argon arc lamps (Mattson Technology (MTSN), 2005).

2.5.3 Light sources characteristics

Selecting a light source for a solar simulator is a key process which requires
considering some important aspects including: life time, internal pressure,
additional requirements (e.g. required ballast and igniters). For example, in the
case of metal halide and xenon arc lamps, ballast and an igniter are required to
power the lamp. If one of these elements is incompatible, this may lead to a shift
in colour temperature, a dramatically lower lamp life expectancy, and an
increased risk of lamp or system failure. Moreover, safety concerns should be
evaluated before using certain light sources. For example precautions have to be
taken for HID lamps which carry risks associated with retinal damage, UV
hazards, or lamp explosion hazards due to their high internal pressures (Sliney
and Mellerio, 1980; Brennesholtz and Stupp, 2008). Table 2-10 summarises the
main characteristics of different light sources, including cost and energy

convergence efficiency comparison.

For the cost study, different light sources and any additional components required
was addressed by selecting the same brand and lamp power. The Philips metal
halide lamp (model: HPI-T), tungsten halogen lamp (model: 6994Z) and Xenon
arc lamp (model: LTIX) with 2kWe input power were selected for comparison.

However, due to argon arc lamps unavailability, no data was collected. Although
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costs listed in Table 2-10 fluctuate with time, power output and suppliers, this cost
estimation can be used as an initial criterion in a light source selection. According
to these data, tungsten halogen lamps are the cheapest light source, while a

xenon arc lamp is the most expensive option.

The energy conversion efficiency of a system is defined as the ratio between the
useful output and the input (Aldrich and Parello, 2010). A solar simulator can be
considered as a system in which the electrical power supplying the light source
is considered as input power, while the useful output power is represented by the
radiative power reaching the target area, at which spot is detected. Hence, the

energy conversion efficiency of a solar simulator, n.,,,, can be described by:

Total output radiative power

= 2-10
Meon = Total electric power consumed by lamps ( )

By relating this definition to the target area, then it can be rewritten as:

Total output flux

Ncon = 211
Number of lamps * % ( )

The reflector optical efficiency, which is the ratio between the flux reaching the
target and the emitted global flux (Bortolini, Gamberi and Graziani, 2013), is
already embedded in the energy conversion efficiency defined by Eq.(2-6) and
Eq.(2-7). According to data listed in Table 2-9, the average conversion

efficiencies of different light sources are listed in Table 2-10.
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Table 2-10 Summary of main characteristics of different light sources

Argon arc lamp

Metal halide lamp

Tungsten halogen

Xenon arc lamp

Reference(s)

lamp
e _ . . (Hall, 1982; Leiner and Altfeld, 1982; Krusi and Schmid, 1983a; Philips,
Life time (hours) 1000-6100 35-480 400-3500 2015a, 2015b, 2015¢; GE product datasheet, 2016; Osram, 2016c, 2016d)
(Decker and Pollack, 1972; Yan and Dawson, 1998; Osram, 2000; Dinklage,
Internal pressure (bar) 7-10 10-35 - 10-40 Klinger and Marx, 2005; Halliop, 2008; Grondzik et al., 2009; Wang, 2014;

Skoog, 2015; Pedrotti and Pedrotti, 2016)

Additional requirements

DC power supply,
rectifier and DC

Ballast and igniter

Ballast and igniter

(Curtis and Decker, 1975; Rueb, 1982; Krusi and Schmid, 1983a; Yan and
Dawson, 1998; Codd et al., 2010; Codd, 2011; Meng, Wang and Zhang,

choke 2011; Dong et al., 2015; Osram, 2016a)
Lamp model - PH'%’OSOV*\'/P"T PHILIPS 6994Z 2000W PHZ'(L)'(';O?N%'X' (Philips, 2009, 2016a, 2016b)
g Lamp cost (£) _ 06.07 3265 634.68 (Any Lamp BV, 2016a; Get a LamgosléC).P., 2016; Theatrical Bulb Supply,
© Additional requirements cost (£) - 178.2 0.00 2250 (Any Lamp BV, 2016b, 2017; Powergems Limited, 2017)
Total Cost (£) - 274.27 32.65 2884.68 -
Average conversion efficiency (%) 3.08 24.59 10.21 18.77 All references listed in Table 2-9
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2.6 Summary

In most reviewed concentrating technologies reported in literature, the receiver
location is predetermined at the design phase. This is either for fixed-receiver
cases, such as power tower and linear Fresnel reflectors, or moving-receiver
situations, including the parabolic trough and dish cases. This constraint can be
eliminated through employing multi-stage optical configurations in solar
concentration, allowing generating a beam of concentrated radiation (Nakamura,
1992; Huang and Xu, 2017; Burhan, Shahzad and Ng, 2018; Hu, Shen and Yao,
2018). These proposed systems are used for PV or for lighting applications. For
thermal applications, the LLBG system (Salem, Tawfik and Hamed, 2010) seems
to be a promising system, in which the receiver location is controllable through
generating and transferring the thermal beam to suitable location. This flexibility
allows reducing land use intensity and provides the opportunity to modify
conventional power plants which are already in service. In addition, the LLBG
requires a dual-axis tracking system, leading to high CR values, which allows
higher thermal efficiencies. However, the major current limitation of the LLBG
system is represented in its scale, as it was built on a small scale to avoid
overheating its rear lens. Consequently, this led to lower collector efficiency,
compared to the maximum reported in literature. Therefore, this system needs to
be investigated in more detail to scale it up allowing achievement of higher
concentration ratios, hence achieving higher collector efficiency.

Using Fresnel lens geometry for refractive-based concentrating technologies
secures low cost due to less material, mass and structure requirements needed.
However, using Fresnel geometry leads to some limitations in selecting substrate
materials due to manufacturing methods. In addition, some optical losses occur

through Fresnel lenses, which have been reviewed in this chapter.

This chapter also reviewed different optical and thermal simulation software
codes, as well as optical and physical properties of transparent materials.
Moreover, building solar simulators for thermal testing applications has been

reviewed.
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3 AIM OF STUDY

3.1 Aim

The aim of this research is to reduce the Carbon footprint of currently existing
fossil-fuelled power plants through hybridising them with solar energy. This
requires reviewing different available CSP technologies to select and study the

best option that achieves this target with minimum modifications.

3.2 Objectives

The literature review carried out in Chapter 2 led us to select the lens-lens beam
generator (LLBG) solar concentrating technology as the best CSP technique that
meets the aim requirements. To achieve the aim of this research, the following

main objectives are listed as follows:

v Design and build a sun simulator device.

v Build and validate numerical models to design an LLBG solar concentrator.
v Design and build an LLBG solar concentrator.

v' Assess the performance of this concentrating technology.

v Assess performance limitations and system implementation obstacles.

These objectives were divided in the following manageable sub-objectives and
tasks:

Investigate and select the front and rear lenses geometries,

Investigate and select the front and rear lenses materials,

Determine the maximum allowable CR of the LLBG in a certain location,
Review sun simulators designs and currently used light sources,

Design and build a sun simulator device,

Calibrate and test the sun simulator output spectrum,

Design and build a prototype of an LLBG concentrator,

Design and build a solar thermal receiver,

Perform experiments to assess the LLBG performance.

vV V. V V V V V V V VY

Report obstacles facing the accomplishment of the previous objective,
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3.3 Gap of Knowledge

The gap of knowledge is an evaluation of implementing Fresnel lenses in building

LLBG systems. This evaluation starts with a detailed study of different parameters

affecting the performance of the LLBG solar concentrator to achieve the optimum

design point. Then, it extends to include real-field tests to assess a larger scale

prototype compared to that found in the literature to date.

3.4 Methodology

The objectives can be achieved, through the following steps (see Figure 3-1):

1.

Build up a numerical model of the rear lens using ANSYS and COMSOL
software packages.

Create the mesh and perform the model convergence test.

Perform thermal analysis of the rear lens based on different operating
conditions.

Design and build a sun simulator device for indoor testing purposes.

5. Measure and calibrating the sun simulator output spectrum and power

7.
8.
9.

density.

Validate the model results throughout comparing its results at a certain
condition with experimental results.

Review materials monochromatic transmittances.

Calculate optical efficiencies of various materials.

Review large lenses availability.

10.Review low cost manufacturing techniques for large lenses.

11.Review materials suitable for processing in different manufacturing

techniques for large lenses.

12. Select optimum materials and geometries for both front and rear lenses.

13.Design an LLBG prototype.

14.Carry out a design review.
15.Build the LLBG prototype.

16.Perform indoor and outdoor experimental tests to investigate the

concentrator perform ance.
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Figure 3-1 Methodology to achieve the aim and objectives
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4 EXPERIMENTAL INSTRUMENTS & PRELIMINARY
TESTS

In this chapter, different equipment used in experimental testing in the following

chapters are displayed, besides the preliminary tests carried out.

4.1 Experimental Instruments

4.1.1 SVC HR-1024i Field Spectroradiometer

The HR-1024i Field Spectroradiometer (Figure 4-1), from the Spectra Vista
Corp.(SVC), is a compact, easy to set up and designed to collect solar
reflectance, radiance and irradiance measurements. It has a high resolution over
the VIS to short-wave infrared wavelength range with a spectral bandwidth from
350 to 2500 nm, as it includes 3 dispersion gratings spectrometers: Silicon
photodiode array, Indium gallium arsenide (InGaAs) photodiode array and
Extended InGaAs photodiode array. It operates through a Panasonic Toughbook
computer with full graphic, data storage and functional control. For high precision
irradiance measurements, the HR-1024i is configured with the Field
Spectroscopy Facility (FSF) custom integrating sphere, as a sensing element,
with a fibre optic light guide (National Centre for Earth Observation (NCEO),
2018).

Figure 4-1 SVC HR-1024i Field Spectroradiometer
(Spectra Vista Corporation, 2016)

4.1.2 TESA-VISIO® 300 DCC Machine

The TESA-VISIO® (Figure 4-2) is automatic/manual non-contact measurement
machine which inspects the tested object by an optical system fitted with a

charge-coupled device (CCD) colour camera and additional zoom-like lenses.
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Figure 4-2 TESA-VISIO® 300 DCC machine
As this measurement technology is based on image analysis, the inspected
object is light illuminated by three different light illuminations: diascopic
illumination, ringlight and coaxial light. The diascopic illumination allows the user
to view the tested object profile, while the ringlight makes it possible to visualise
the upper surface of the tested part. The coaxial light allows viewing inside a
cavity or measuring cylindrical parts in upright position (TESA, 2011).

4.1.3 PHILIPS Strand Portable Dimmer

PHILIPS Strand dimmer (Figure 4-3) is a DMX512 controlled single channel,
convection-cooled portable dimmer which provided with an external remote fader,
allowing user to control the output of the attached fixture. It is rated for 10A and
2.3kW output (Philips Strand Lighting, 2015).

Figure 4-3 PHILIPS Strand portable dimmer
(Flashlight Ltd., 2018)
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4.1.4 SMP10 pyranometer

SMP10 pyranometer (Figure 4-4) manufactured by Kipp & Zonen Instruments,
which has a wide spectral range (285-2800nm) of response with an analogue
output range of 0-4mA which corresponds irradiance range of 0-1600 W/m?
(Kipp & Zonen Instruments, 2018b).

« BB
i

Figure 4-4 Kipp & Zonen Instruments SMP10 Pyranometer
(Kipp & Zonen Instruments, 2018a)

4.1.5 TC-08 Thermocouple Data Logger

TC-08 thermocouple data logger (Figure 4-5), manufactured by Pico Technology
Ltd., is a data logger that measures and records up to 8 thermocouples with a
temperature range of (-270°C to +1820°C). It has a built-in cold junction
compensation and sampling rate up to 10 samples per second (Pico Technology
Ltd., 2016). The data logger is connected to K-type thermocouples (Figure 4-5)

to detect and record objects surface temperatures.

Figure 4-5 TC-08 thermocouple data logger & K-type thermocouple used
(Pico Technology Ltd., 2018)

4.1.6 TITAN MK7-15 Laser Distance Measurer

TITAN MK7-15 is a laser distance meter with digital point-finder (Figure 4-6),
which emits 1ImW class 2-Laser with wavelength bandwidth of 620-670nm. It has
a measuring range of 0.05—-15m and an accuracy of £2.0 mm. It displays results
on a colour screen (Screwfix, 2018).
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Figure 4-6 TITAN MK7-15 laser distance measurer
4.1.7 Condor Reflectometer

Condor reflectometer from Abengoa Solar (see Figure 4-7) measures mirrors
reflectance in actual solar fields in working CSP. It tests the reflectivity in six
wavelengths (435, 525, 650, 780, 940 and 1050 nm) across the solar spectrum
which emitted from six LEDs and detected with six corresponding detectors. It
has a resolution of 0.001 and repeatability is £0.002 (Abengoa Solar, 2014;

Fernandez-Garcia et al., 2017).

Figure 4-7 Condor reflectometer
4.1.8 Leitz PMM-F Coordinate Measuring Machine

The Leitz PMM-F-100 is a high-accuracy coordinate measuring machine (CMM)
facility available in Precision Engineering Institute, Cranfield University, shown in
Figure 4-8. It has a massive U-frame, completely made of granite and equipped

with an integrated active vibration damping system (Hexagon, 2018).

4.2 Preliminary Tests

4.2.1 Solar Simulator Back Reflector Measurement

This test aims to measure the basic dimensions, i.e. the diameter and radius of
curvature, of the solar simulator back reflector for running the ray-tracing

software.
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Figure 4-8 Leitz PMM-F coordinate measuring machine

e Instruments Required

TESA-VISIO® 300 DCC machine (Figure 4-2)

e Experimental Setup and Procedure

The back reflector is set over the glass plate support and then inspected with the

optical system which employs CCD camera, as illustrated by Figure 4-9.

Zoom lens

Tested reflector
Glass plate support

Diascopicillumination

Figure 4-9 Solar simulator back reflector measurement setup
e Results

The collected data of the tested reflector are listed in Table 4-1, and a scan of the

full measurement report is available in Appendix C.
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Table 4-1 Solar simulator back reflector measurement data

Nominal +Tol -Tol Mean Deviation OutTol
Radius of curvature (mm) 121.00 0.05 -0.05 121.33 0.33 0.28
Rim diameter (mm) 164.87 0.05 -0.05 164.87 0.00 0.00

4.2.2 Mirror Reflectivity
This test aims to measure LLBG mirrors reflectance. Mirrors tested are:

1. 2.0 mm-thick commercial float glass coated with Aluminium-Silicon Monoxide
(Al-SiO) mirror, supplied by UQG Optics (UQG Optics, 1999).

2. 0.5 mm-thick “MIRO-SUN® weatherproof reflective 90", supplied by Alanod-
Solar. It is a multilayer material consisted of a main Aluminium strip
sandwiched in anodised layers and coated with physical vapor deposition
(PVD) and inorganic solar lacquer layers with a protective epoxy layer on the
back (ALANOD, 2010).

e Instruments Required

Condor reflectometer (Figure 4-7).

e Experimental Setup and Procedure

The Condor reflectometer is left for 5 minutes for pre-heating and stabilisation,
then it is calibrated using a provided standard mirror. To measure the reflectance
of the mirror, the instrument is rested against the mirror and the measurements
through the six LEDs and detectors are taken sequentially. Then the collected
data are stored within the instrument and can be downloaded and copied into an

Excel file. These steps are followed for each tested mirror.

e Results

The measured reflectance of the tested mirrors are available in Table 4-2.

Table 4-2 Mirrors reflectance measurements

A (nm) 435 525 650 780 940 1050 Solar Weighted

oo | Testm 86.7 87.2 80.9 73.3 73.4 75.1 78.6
3 L8l Test#2 87.4 87.7 81.3 731 734 75.1 78.9
e 5| Test#3 87.3 87.6 80.8 731 73.2 74.6 78.7
o “| Test#a 87.7 87.8 80.9 73.4 73.4 74.8 78.8
§ | Test# 94.8 945 88.5 79.8 84.3 89.7 87.7
% | 53] Test#2 94.7 94.6 88.3 80.5 83.6 89.7 87.7
| EE| Test#3 95.2 94.7 88.5 80.4 84.3 89.4 87.8

22| Test#4 94.7 93.9 88.7 79.6 845 89.2 87.5
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4.2.3 Front Lens Bending Measurement

This test aims to measure the radius of curvature of the large front Fresnel lens

at three distinct positions: vertical, 45° inclined and horizontal.

e Instruments Required

Leitz PMM-F CMM (Figure 4-8).

e Experimental Setup and Procedure

The lens frame structure is fixed over the CMM granite base and the lens angular
position is adjusted to one of the required three positions through a swivel hinge,
as illustrated in Figure 4-10, and then measurements are taken with
approximately 100mm separation in both directions. After this, the lens is rotated

to the next desired angular position and measurements are taken, as previous.

» Measuring

w Probe

Lens frame
structure

Figure 4-10 Front lens bending measurement test setup

e Results

The profile of the lens surface is plotted in Figure 4-11 for the three tested
positions. The lens surface characteristics including, radius of curvature, form (i.e.
the distance between the maximum and minimum deflection) and the maximum
recoded deflection in lens surface in each tested position are listed in Table 4-3.

Table 4-3 Front lens surface characteristics

Vertical 45° Inclination Horizontal

Radius of curvature (m) 27.652 18.114 19.711
Form (m) 9.7006E-03 14.998E-03 14.443E-03
Maximum deflection (m) 10.980E-03 20.745E-03 22.836E-03
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Figure 4-11 Front lens surface profile

(b) 45° inclination
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5 SOLAR SIMULATOR DESIGN AND TESTING

5.1 Solar Simulator Design

5.1.1 Main Components

To build a large-scale solar simulator facility for CSP tests, it is required to cover
most of the solar spectrum (350-2500 nm). The aim is to get a collimated output
beam with aperture area of minimum 1m? and output power of approximately one
sun (=1kW/m?). In this section, the main required components required to build

such system discussed.

e Light Source

Since 1960s, researchers paid attention to build large scale solar simulators for
solar thermal applications. The common light sources for these simulators are:
tungsten halogen, xenon arc, and metal halide arc lamps. In order to build
inexpensive solar simulators, tungsten halogen lamps were selected as light
sources (Yass and Curtis, 1974; Humphries and George, 1978; Ley, 1979).
However, spectral composition of these lamps was shifted away from the solar
one. They radiate stronger power in the IR bandwidth and weaker in the shorter
wavelengths (Bickler, 1962). This is as a result of the difference between the
colour temperature of such lamps, which is less than 3400K, compared to the
AMO colour temperature of approximately 5900K (Matson, Emery and Bird,
1984). Recently, researchers tended to use xenon arc lamps (Kuhn and Hunt,
1991; Jaworske, Jefferies and Mason, 1996; Hirsch et al., 2003; Petrasch et al.,
2007). Although xenon arc lamps have an excellent continuum in UV and VIS
band, they have strong emission lines in the infrared between 800-1000 nm,
which requires filtrations (Bickler, 1962). In addition, these lamps show irradiance
instabilities with time. Their output spectrum shifts slightly away from the UV to
the IR with lamp aging (Wang, 2014). This output is also sensitive to the power
supply instabilities (Matson, Emery and Bird, 1984). Furthermore, using xenon
arc lamps implements high risk, as its approximate pressure is 10 bar and can
increase during its operation up to 40 bar. However, in modern solar simulator

designs, metal halide lamps are used to get closer to the spectral composition of
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sun light (Zahler et al., 2005, 2008; Codd et al., 2010; Meng, Wang and Zhang,
2011). Besides having a balanced spectral output, metal halide lamps are

relatively inexpensive (Beeson, 1978), compared to xenon arc lamps.

Based on the literature a PHILIPS 6994Z 2000W tungsten halogen lamp and a
PHILIPS HPI-T 2000W metal halide lamp were selected to compare among them.
In order to compare the output spectra from both lamps, The HR-1024i Field
Spectroradiometer (Figure 4-1) was loaned from the Natural Environment
Research Council (NERC), School of GeoSciences, University of Edinburgh, UK

by writing a proposal.

e Power Supply

For the tungsten halogen lamp, no special requirements are needed for its
operation, as it can be plugged directly to a 230-240V AC power source.
However, the metal halide one requires ballast and igniter compatible with the
lamp to light it up. For this purpose, PHILIPS HID-High Power BHL 2000 ballast
and a PHILIPS SI 52 igniter were fitted in an electrical circuit to supply the lamp

with power needed.

e Optical System

The light source, either the tungsten halogen or metal halide lamp, is placed in
front of a spherical aluminium anodised reflector and behind a glass Fresnel lens.
This system is enclosed in a housing coated with epoxy polyester powder. To test
the LLBG indoor, it is required to receive a collimated beam. Therefore, a PMMA
Fresnel lens is used as a collimating lens to receive a collimated beam for the
testing section. The system for both tungsten halogen/metal halide lamps is
illustrated in Figure 5-1. The full system configuration is illustrated schematically

in Figure 5-2.
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PHILIPS 6994Z2000W PHILIPS HPI-T 2000W
Light Source X Light Source ‘;\i},
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Initial Lens Initial Lens
Figure 5-1 Solar simulator optical system
(a) Tungsten halogen lamp (b) Metal halide lamp

Collimating
Lens

Spot Light

Test Section
Holders

Movable
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Figure 5-2' Solar simulator schematic diagram
Specifications of such optical elements are listed in Table 5-1. The values of
reflector diameter and radius of curvature are measured using the TESA-VISIO®
300 DCC machine (Figure 4-2), available in Precision Engineering Laboratory,

Cranfield University. The complete report is available in Appendix C.

Table 5-1 Optical elements specifications

Parameter Value (mm)
Reflector diameter 164.86934
Reflector radius of curvature 121.32818
Distance between reflector tip to light source centreline 102.0
Distance between light source centreline to the initial lens 233.0
Initial lens diameter 480.0
Initial lens rear focal length (focal point at the light source side) 270.0
Initial lens front focal length (focal point at the collimating lens side) 385.0
Collimating lens focal length 1400.0
Length of the line source (in case of metal halide lamp only) 89.0

5.1.2 Ray Tracing Simulation

This section aims to predict the rays’ behaviour in different cases. In such

simulation, OptGéo, version 2.20 is used as an available freeware to fulfil the aim.
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e Tungsten Halogen Case

In this case, a point line source is assumed with 250 rays output. Two options
were investigated as illustrated in Figure 5-3. In the first case, shown in Figure
5-3a, the initial glass Fresnel lens was placed and the distance between it and
the collimating lens was set to be 500mm. For shorter distances, no significant
enhancement in the collimation output is achieved. In addition, the closer the
collimating lens, the higher lens surface temperature is reached leading to higher

risk of collimating lens damage.

() Cone half-angle= 5.029°

}.
i
(et
It

It
@275 mm

< 1455mm } 1000 mm \|
(b) Cone half-angle= 0.029°
- £
£
— (=]
D
< 1455 mm4>‘<;1000 mm-————]
Figure 5-3 Tungsten halogen case
(a) with initial lens (b) without initial lens

In the second case, shown in Figure 5-3b, the initial glass Fresnel lens was
removed and the distance between its plan and the collimating lens was set to be
1170mm. For closer distance, the output beam tends to diverge, while the larger

distance causes beam convergence. At the set distance, the output cone half-

angle is 0-.

e Metal Halide Case

In this, a line source is approximated by 9-point sources with output of 30 rays

each as case shown in Figure 5-4. Two options were investigated as illustrated

in Figure 5-5.

83



Figure 5-4 Metal halide lamp répresentation

(@) Cone half-angle= 0.343°
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Figure 5-5 Metal halide case
(a) with initial lens (b) without initial lens

In the first case, shown in Figure 5-5a, the initial glass Fresnel lens was placed
and the distance between it and the collimating lens was set to be 765mm with a
beam diameter of 800mm. At this position, the output beam nearly achieves the
full collimation with an approximate cone half-angle of 0°. For shorter distances,
the beam shows more divergence while larger distances lead to beam
convergence. In the second case, shown in Figure 5-5b, the initial glass Fresnel
lens was removed and the distance between its plan and the collimating lens was
set to be 1200mm. At such position, the output beam cone half-angle is
approximately 1° and the beam maximum effective diameter reaches 890mm.
For closer distance, the output beam tends to diverge, while the larger distance

causes beam convergence.
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5.2 Solar Simulator Testing

5.2.1 Lamps Spectra Comparison Experiments

These experiments aim to compare the spectral output of both tungsten halogen
and metal halide lamp used in the system. Hence this experiment focuses on the
light sources output spectra, the collimating lens would not participate in the setup

of these experiment.

e Instruments Required

SVC HR-1024i Field Spectroradiometer (Figure 4-1) was used to measure the
output spectrum in each case. Moreover, PHILIPS Strand single channel portable
dimmer (Figure 4-3) is used to control the output power level from the tungsten

halogen lamp.

e Experimental Setup

The testing setup for both tungsten halogen and metal halide cases are illustrated
in Figure 5-6. The distance, [, is selected to be 1m from the spot light body to

minimise the overheating risk for sensing element of the loaned equipment.

(@  spotlight

Sensing element

Optical fibre

Spectroradiometer

Recordinglaptop

Recordinglaptop

Figure 5-6 Spectrum measuring test setup
(a) Tungsten halogen case (b) Metal halide case
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e Experimental Procedure
(a) For Tungsten Halogen Case

To investigate the dimming effect on the output spectrum, data has been
collected at 25, 50, 75 and 100% of lamp power. In each experiment, 10 data
sets were recorded, separated with 5 seconds between each successive
recording, and averaged to minimise the error in collected data (according to the
recommendation of the NERC trainer). All tests are carried out in a completely

dark room to avoid any unexpected spectra.

(b) For Metal Halide Case

Metal halide is not recommended to be dimmable (Benya and Leban, 2011), as
they require special dimmers and dimmable ballasts (Grosslight, 1991) with very
poor colour shift issues (Teicholz, 2001). Therefore, the dimmer in the tungsten
halogen test setup is replaced with the power supply unit which include the ballast
and the igniter. In each such experiment, 10 data sets were recorded, separated
with 5 seconds between each successive recording, and averaged to minimise
the error in collected data. Recording data starts after 15 minutes from the time
of switching the lamp on, to reach the steady state condition. The time for
reaching the steady state condition has been observed through running the lamp
and displaying the output spectrum which has been found changing with time up
to 10 minutes of lamp start-up. All tests are carried out in a completely dark room
to avoid any unexpected spectra. Results of these experiments are plotted in

Figure 7-1 and Figure 7-2.

5.2.2 Fresnel Lens Transmittance Measurement Experiment

This experiment aims to measure the actual transmittance of the already
purchased PMMA Fresnel lens experimentally. It has been carried out with the
metal halide lamp as it covers wider range of spectrum.

e Instruments Required

SVC HR-1024i Field Spectroradiometer (Figure 4-1) was used to measure the

output spectrum with/without the Fresnel lens.
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e Experimental Setup

The testing setup for metal halide case with the PMMA Fresnel lens is illustrated
in Figure 5-7. The distance, [, is selected to be 1m, as the previous set of
experiments. The tested lens is then placed in midway between the light source

and the sensing element.

e Experimental Procedure

In the first stage, the system setup as illustrated in Figure 5-7a, with no lens in
the way between the light source and the sensing element. At this stage, 10 data
sets were recorded, separated with 5 seconds between each successive
recording, and then averaged. In the second stage, the tested Fresnel lens is
placed in the midway between the lamp and the sensing element, as shown in
Figure 5-7b. Then new 10 data sets were recorded, averaged and then compared
with averaged data obtained from the first step. All data collected from both
stages were recorded after at least 15 minutes from the lamp start-up. All tests
are carried out in a completely dark room to avoid any unexpected spectra.

Results are available in Figure 7-3.

@  spotlight

Sensing element

Optical fibre

Spectroradiometer

Recordinglaptop

Figure 5-7 Fresnel lens transmittance measuring test setup
(a) first stage (b) second stage
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5.2.3 Irradiance Measurement Experiments

These experiments aim to compare the irradiance of the solar simulator for both
tungsten halogen and metal halide lamp cases. In these experiments, the

collimating lens, which is identical to the tested one in section 5.2.2, is used.

e Instruments Required

SMP10 pyranometer (Figure 4-4) is used to measure irradiance with an analogue
output range of 0-1600 W/m?2.

e Experimental Setup

The testing setup is illustrated in Figure 5-8. The collimating Fresnel lens is
placed at distance [, from the spot light which obtained from the ray tracing model
output. While the distance, [, is measured from the collimating lens plane to the
sensing plane of the pyranometer, which is away from its base plane (the screen
plane) by distance [,. The distance [ is 1m, as the previous set of experiments,
while the distance [, is 0.068m, as illustrated in Figure 5-8. Based on the ray
tracing results in section 5.1.2, the tungsten halogen test is carried out without
the initial glass Fresnel lens while it will be used in the metal halide test to ensure

achieving the most amount of collimation.

e Experimental Procedure

In the tungsten halogen lamp case, the test is run at full output power of the lamp.
For the metal halide lamp case, the all measurements are recorded after at least
15 minutes from the lamp start-up to ensure reaching the steady state output
power. In both tungsten halogen and metal halide lamp cases, the pyranometer
is placed on different pre-marked patterned screen (Figure 5-8). These spots are
separated horizontally by Ax and vertically by Ay, which correspond 0.2 and
0.14 m, respectively. The pyranometer output current (in mA) is detected by a
multi-meter and recorded manually at each spot. Then the pyranometer
datasheet correlation is applied to calculate the irradiance as follows:

I =100(C — 4) (5-1)
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Where, I and C are the irradiation (W/m?) and output current (mA), respectively.

The output irradiance of both tungsten halogen and metal halide cases are

illustrated in Figure 7-4.
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Figure 5-8 Irradiance measuring test setup
(a) Tungsten halogen case (b) Metal halide case
(c) patterned screen (d) pyranometer dimension

5.2.4 Thermal Response Evaluation Experiments
These experiments aim to evaluate and compare the thermal responses of an
object irradiated by the simulator’s output power in both tungsten halogen and

metal halide lamp cases.

e Instruments Required

TC-08 thermocouple data logger is connected to thermocouples of K-type (Figure

4-5) to measure and record the screen’s surface temperature.

e Experimental Setup

The testing setup is illustrated in Figure 5-9. The collimating Fresnel lens is
placed at distance [, from the spot light which obtained from the ray tracing model
output. While the distance, [, is measured from the collimating lens plane to the
receiving black screen. The distance [ is 1m, as the previous set of experiments.

Seven thermocouples are attached, in equally-spaced form, to the black screen
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wooden board. One is attached at the centre point of the output beam, and three
are separated by 0.15m in the horizontal direction, while the rest are placed with

the same separation but in the vertical direction.

Iy l

(@) fe—0 5

Spotlight

Thermocouples
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i Black screen

Data logger

Recording PC

/
<—3 Thermocouples

/Blackscreen
[ Atalogger
L

Recording PC

Figure 5-9 Thermal response measuring test setup
(a) Tungsten halogen case (b) Metal halide case

e Experimental Procedure

In the tungsten halogen lamp case, the test is run at full output power of the lamp.
For the metal halide lamp case, the all measurements are recorded after at least
15 minutes from the lamp start-up to ensure reaching the steady state output
power. In both tungsten halogen and metal halide lamp cases, the temperature
at the seven points were detected and recorded with a sampling rate of 1 sample
per second until the screen’s surface temperature tends to stability. Results of

these experimental results are displayed in Figure 7-5.

5.2.5 Lens Mount Model Validation Experiments

The aim of these experiments is to validate the numerical model developed
(Section 6.1.3.4) for investigating the mounting effect on a transparent window

subjected to radiative heat flux at one side.
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e Instruments Required

TC-08 thermocouple data logger (Figure 4-5) with K-type thermocouples to detect
the mount temperature (Figure 4-5).

e Experimental Setup

The testing setup is illustrated in Figure 5-10, is consisting a self-centring lens
mount fixed over an adjustable stand which is used to hold a 25mm window
between its clamps. It is adjusted so that the tested window lies at 1m from the
collimating lens of the solar simulator and is located at the area of the output peak
flux of 1600 W/m?. As the mount is made of Delrin® acetal (Polyoxymethylene
POM) which provides an operating temperature ranges from —40°C to 120°C, it
has been masked with a 2mm-thick aluminium shield with a 25mm aperture holed

coaxially with the sample’s axis and separated from the mount by a 7.5mm air

gap.
e Experimental Procedure

The tungsten halogen lamp is run at the lamp full output power. The clamping
fingers and the ambient temperatures have been recorded through K-type
thermocouples connected to PC via a data logger. The data has been recorded
for 30 minutes/sample to ensure reaching the steady-state temperatures in each

case. Results of these tests are plotted in Figure 7-6.
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1 Spotlight 7  Clamping finger

2  Collimating lens 8  Sample

3  Aluminium mask aperture 9  Clamping finger thermocouple

4  Aluminium mask 10 Ambient temperature thermocouple
5 Airgap 11 Adjustable stand

6  Self-centring lens mount 12 Dimming unit

Figure 5-10 Lens mount model validation experimental setup layout

5.3 Summary

In this chapter, main components of solar simulator design have been discussed.
This covered selection procedure of the suitable light sources for thermal testing
applications. In addition, requirements to power up the selected light sources
have been addressed as well as the design of an optical system that is able of
producing nearly collimated rays to allow using the solar simulator in testing the
LLBG system. Moreover, description of experiments that set up to calibrate solar
simulator and that uses it for testing the LLBG has been discussed within this

chapter.
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6 LLBG SYSTEM DESIGN AND TESTING

6.1 Theoretical Study Framework

This chapter investigate the LLBG main parts from a numerical perspective. It
describes the system main components and followed by various studies to select
the optimum front and rear lens geometries and materials. These studies include:
cost, manufacturing, optical and thermal investigations according the situation of
each component. Then, an optical evaluation to the system configuration and

different parameters affecting its optical performance has been investigated.

6.1.1 System Working Principle

The LLBG is a point-focus solar concentrating system, in which the sun rays
refracted through the front lens focal point, F, which is coincident with the focal
point of the rear lens. Such optical configuration is capable of generating a nearly-
collimated and concentrated solar beam as illustrated by Figure 6-1. The system
tracks the sun rays through a dual-axis tracking system. The generated beam

direction is then controlled through a rotating flat mirror, shown in Figure 6-1.

Front
Lens

Mirror

Figure 6-1 The LLBG optical configuration
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6.1.2 Front Lens Study
6.1.2.1 Front Lens Geometry

The front lens has the largest surface area of all optical components in the LLBG.
Therefore, design approach was to minimise its weight and cost. Based on this
approach, Fresnel lens geometry is chosen for this part as it fulfils both aims by
reducing the amount of material required to manufacture (Shim et al., 2015).

Fresnel lens terminology is discussed in Section 2.4.1.

6.1.2.2 Front Lens Material

In order to select the optimum material for the front lens, it is important to study
Fresnel lenses manufacturing methods to identify a list of suitable materials. This
list is refined according to the cost criterion. Then optical losses of Fresnel lenses
are studied to determine the material which provides the maximum ideal optical

efficiency.

A.Fresnel Lens Manufacturing Technologies

According to different manufacturing methods reviewed in Section 2.4.2, Fresnel
lenses can be manufactured through several techniques: injection moulding,
embossing and diamond turning. Polymeric materials (such as PMMA and PC)
substrates can be used for all these manufacturing techniques, while CaF2 can
only be used with diamond turning technique. Based on this study, there are three
materials candidates: CaF2, PMMA and PC.

B. Fresnel Lens Manufacturing Cost

From the previous section, injection moulding and embossing technologies are
cheaper than diamond turning as they can be applied for mass production
(Tribastone and Peck, 2001; Benitez et al., 2014). These techniques can be
applied for polymer materials such as PMMA and PC (Schulz et al., 2000; Kujawa
et al., 2012; Tosello et al., 2012; Kuo and Liao, 2015).

C. Fresnel Lens Optical Losses and Ideal Efficiency

Optical losses through Fresnel lenses include: geometric, dispersion, blocking

absorption and reflection losses, as reviewed in Section 2.4.3. Based on such
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review, it was found that some of them only depend on the lens material while
the other relies on the facets design and lens set-up configuration. Therefore,
ideal optical efficiency of plastic Fresnel lenses used for solar concentration is
estimated. The estimation is restricted to the effect of spectral properties of lens
materials over solar spectrum bandwidth. The calculation is based on considering
materials transmittances, plotted in Figure 2-25, and the first-stage reflection
losses, calculated from Eq. ( 2-9 ). Such first-stage reflection losses are found to
be depending the material refractive index and the incidence angle, as indicated
by Equations ( 2-7 ) and ( 2-8).

Refractive indices have been taken as values measured by (Sultanova, Kasarova
and Nikolov, 2009) at 20+0.2°C for wavelengths from 436.8 to 1052nm. For the
rest of solar spectrum bandwidth (280-2500nm), spectral dependence of
refractive index has been described via several models. Cauchy and Sellmeier
dispersion equations have been widely used for many materials to fit the
measured refractive index data. Cauchy’s dispersion equation (CDE) is given by
(Mistrik et al., 2017):
nz(/l)=A1+AZAZ+%+%+%+%+--- (6-1)
while Sellmeier’s dispersion equation (SDE) is stated in the following form (Mistrik
et al., 2017):
A A2 A3 A2 AgA?

2() =1 6-2
PO =1t (6-2)

Where n is the refractive index and A4, 4,, ..., A are the calculated dispersion
coefficients, while A represents the wavelength in (um). The accuracy of CDE
formula with respect to the number of dispersion coefficients has been studied by
(Kasarova et al., 2007). They achieved their best results, with precision of £0.001,
are obtained using six dispersion coefficients in CDE. The values of these
coefficients which based on fitting data measured by (Sultanova, Kasarova and
Nikolov, 2009). Although CDE has been used typically in the VIS region of the
spectrum for various optical materials, recently it has been largely replaced by
the SDE (Mistrik et al., 2017). SDE with two dispersion coefficients has been used

95



to fit the same experimental data set (Sultanova, Kasarova and Nikolov, 2009)
by (Polyanskiy, 2017). In the present work, six dispersion coefficients for SDE
have been generated using MATLAB® curve fitting tool. In order to compare the
accuracy between results (CDE-6, SDE-2 and SDE-6 coefficients), the root
mean square error (RMSE) (Hyndman and Koehler, 2006) and mean absolute
percentage error (MAPE) (Hyndman et al., 2008) are calculated based on the

following formulae:

RMSE = \/[Zi\’:1(nDE’i - nex,i)z] /N (6-3)

N
MAPE = (100/N) Z o = Mol mes, (6.4)
1=

Where np; and n,, are the model and experimentally measured values of
refractive index at a certain step, i, while N represents the number of data points
studied. Obtained dispersion coefficients for CDE and SDE and error values are
listed in Table 6-1, while the refractive indices of PMMA and PC can be plotted in
Figure 6-2 based on CDE and SDE against the experimental data. From Table
6-1, SDE-6 coefficients show the minimum error values; therefore, it will be
selected in the present work to calculate the spectral dependence of refractive
index. Then, the average values for PMMA and PC refractive indices are 1.483
and 1.575, respectively.

Table 6-1 CDE and SDE coefficients for polymeric transparent materials, based
on fitting experimental data (Sultanova, Kasarova and Nikolov, 2009)

Applied dispersion equation

'g Dispersion
g coefficients cpg-g coefficients (Kasarova et al., 2007)] SDE-2 coefficients (Polyanskiy, 2017) |SDE-6 coefficients
A1 2.39996400 1.1819 1.185
A2 -0.08308636 0.011313 0.01116
A3z -0.1919569 - 0.04079
g As 0.08720608 - 34.48
= As -0.01.666411 — -0.001914
As 0.001169519 — 0.01895
RMSE (-) 2.98E-04 2.77E-04 2.58E-04
MAPE (%) 1.78E-02 1.64E-02 1.44E-02
A1 2.633127 1.4182 1.107
Az -0.07937823 0.021304 0.0223
A3z -0.1734506 — 1.533
18} Ay 0.08609268 - -166.2
= As -0.01617892 — 0.3026
As 0.001128933 — 0.02222
RMSE (-) 3.98E-04 5.60E-04 3.47E-04
MAPE (%) 2.20E-02 3.12E-02 1.60E-02
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Figure 6-2 Polymeric materials measured, CDE-6 coefficients, SDE-2 coefficients and

SDE-6 coefficients refractive indices

Applying Equations ( 2-7 ), ( 2-8 ) and ( 2-9 ), then the reflectance of Fresnel

lenses made of PMMA and PC can be plotted in Figure 6-3.
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Figure 6-3 Reflectance of polymeric transparent materials

By restricting the incidence angle to the solar aperture cone-half angle, 8,, of
0.266°, then the initial reflection losses will be 3.786% and 4.988% of the incident

radiation on Fresnel lenses made of PMMA and PC, respectively. The ideal and

reflection efficiencies of PMMA and PC are plotted in Figure 6-4. The average

ideal efficiency, n;40q1.40, PEr Material over wavelengths ranging from A, to 4, can

be obtained by:

A2

Nideal,av = f Nideal- d/l/(ﬂz - /11) (6-5)

Ay
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Where the ideal efficiency, 1;4.q; 1S calculated from:

Nidzear(4) = 1001’1,/1(1 - pI,/l,Ga) (6-6)

Where 1,, is the spectral transmittance, while p;;q represents the spectral

reflectance at incidence angle equal to the solar aperture cone-half angle, 6,,.
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Figure 6-4 Ideal and reflection efficiencies of polymeric transparent materials for solar

concentration applications

As a result of the limited data available for PC spatial transmittance, the average

ideal efficiency is calculated over a wavelength range (360-2194nm) only. The

results showed that PMMA and PC ideal efficiencies are 74.16 and 71.74%,

respectively. According to this result, the final decision is to assign PMMA for the

front lens. Figure 6-5 summarises the front lens study results.

[ Manufacturing Study J

- £
aica
T o) o

Cost Study

Optical Study

PMMA

Figure 6-5 Summary of front lens study results
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6.1.3 Rear Lens Study

Based on the geometry shown in Figure 6-1, the rear lens is subjected to a high-
power flux. Therefore, it is important to simulate this lens thermally to select the
best geometry and material that can withstand such severe operating conditions.
Therefore, mathematical and numerical models have been developed and
validated to simulate the thermal behaviour of such lens under high-radiative flux.
The mathematical model is solved by MATLAB® (code in Appendix A), while two
numerical models are solved by COMSOL Multiphysics 5.1 and ANSYS 16.0.

Proposed mathematical and numerical models are validated in Section 7.2.1.

6.1.3.1 Rear Lens Thermal Modelling
A. Physical Model Description

As shown in Figure 6-6, a sample of a semi-transparent material is subjected to
high-intensity radiative heat flux on one side. In reality, the sample may represent
a solar receiver window, converging lens or a diverging lens with a diameter, D.
To develop a generalised heat transfer model for similar cases, the sample
geometry is simplified by assuming that it has a constant thickness, e.

(a) (b)

A-A
: ,\ — — Sample mount

Transmitted ﬁ

solar power

Concentrated

/[ﬁsular power

z Sample mount
X
Y= \[ -

Transmitted
solar power

Concentrated solar power

N

Semi-transparent sample /

» X

Figure 6-6 Physical problem description
(a) 3-D conceptual representation (b) 2-D simplified model with dimensions

The sample is assumed to be cooled down by natural convection only. Hence the
sample thickness is very small compared to its diameter, the heat transfer in the
radial direction can be neglected. The sample mounting types may be screw-
threaded type, a bayonet-type, or a breech-lock (friction lock) type (Patnaik and
Zhong, 2014). Each mounting type has different contacting nature with the optical
part which affects the amount of heat transfer through the sample tip in the radial

direction. To simulate the worst heat transfer case for the sample, heat dissipation
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through its mount is neglected and its tip is assumed to be thermally insulated.
However, the real mounting effect will be investigated by the end of this section.

B. Mathematical Model

In this section, progressive mathematical models to determine the sample
temperature of a transparent material with a diameter, D, and thickness, e, are
derived. All models are based on assuming that the sample surface and
environmental conditions on the side facing the concentrated power is denoted
by 1, while the other side is denoted by 2, as illustrated in Figure 6-7. In order to
determine the most crucial assumptions to be taken into consideration, the
modelling level has been developed from simplified form to an unsteady through

a steady-state model.

Conduction

Concentrated solar power
(Heat flux)

Insulation

Figure 6-7 Energy balance through a semi-transparent sample
e Simplified Model

In this model, the thickness of sample is neglected by treating the sample as a
thin surface, placed in an environment with an ambient temperature, T,,.
Consequently, temperature difference between both sides are neglected as well
as heat transferred by conduction. Then the temperature of the sample on both
sides are assumed to be equal to T;. Then, the energy balance over the sample

can be written as:
Qap = qconv,l + qconv,z + qrad,l + qrad,z ( 6-7 )

Where, q.p, qGconv @Nd g4 are representing the absorbed, convection and
radiation heat transfer per unit area, respectively. This equation can be

formulated in the form of 4™ order polynomial as follows:
(2e0)Td + 0T + 0T + (hy + hy)Ts — [(hy + hy)To + 260Tt + qap] =0 (6-8)
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Where €, o0 and h are the sample emissivity, Stefan-Boltzmann constant (and the
convective heat transfer coefficient. The sample surface temperature on both

sides can be achieved through solving the last equation for Ts.

e Steady-State Model

For this model, the sample thickness and heat transfer by conduction between
both sides are considered. This leads to solving the model for temperature on
both sides, T;,, Ts,. The accumulated heat in the sample is neglected in this
model through assuming a steady-state condition. The energy balance on

surface 1 can be expressed as:
Qcond = qab — Gconv, ~ Grada (6-9)
And heat transferred by conduction, g4, IS calculated from:
Geona = k(Ts1 — Ts2)/e (6-10)
From equations ( 6-9 ) and ( 6-10 ):
Tsy = Ts1 — (€/k)[qap — M1 (Ts1 — Too) — 0(Ty — Tot) | (6-11)
While the energy balance on surface 2 is:
Gcond = Gconvz T Grad,2 (6-12)
Combining equations ( 6-9 )and ( 6-12 ) leads to:
Qeonv,1 + deonv2 + drad1 + Gradz — ab = 0 (6-13)
From Eq. (6-11) in ( 6-13) gives:
h(Tsy — Too) + hy(Tso — Too) + €0(Tiy — T) + e0(Td, — TE) —qap =0 (6-14)

To avoid the complexity resulting from substituting of Eq. ( 6-10) in Eq. ( 6-14 ),
the last equation can be solved at an intermediate plane between the two
surfaces to get the average temperature, T,,,. The relation between T, T, and
T, can be derived through the thermal resistance circuit as illustrated in Figure

6-8.
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Acond Qcond
Figure 6-8 Thermal resistance circuit for the sample
Acona = (Ts,l — Tay) /Ry, R, =e/2k (6-15)
Then From Eq.( 6-10),
Toy = s1 7 (4conaR1) (6-16)
Where
Tay = (Tsx +Ts2)/2 (6-17)

Equation ( 6-14 ) can be rewritten in terms of T,,, as follows:
(2e0)T4, + 0T2, + OTZ, + (hy + hy) Ty, — [(hy + hy)To + 260Ts + qop] =0 (6-18)

The last 4" degree polynomial equation can be solved for T,,. Based on the
resulting value, the surfaces temperatures T, and T, can be determined by
combining equations ( 6-11 ) and ( 6-16 ):
2Ty — Ty =Tsq — (e/k) [CIab —hy (Ts,l - Too) - 50(T§1 - To‘g)] (6-19)
This equation can be rearranged to a 4" degree polynomial form:
(eca /K)Tsy + 0T, + 0TZ, + (2 + (ehy /k))Ts1 — [(e/k)(To, + €0Te +
Gap) + 2T5y] =0

(6-20)

This equation can be solved for T ; and Eq. ( 6-18 ) can be applied to get T ,.

e Unsteady-State Model

In this model, the rate of change in energy within the sample due to heat
accumulation is considered besides considering sample thickness. For this case,
the physical properties of the sample, including: density, dimensions and heat
capacity, as well as the time are considered. Following the same procedure of

equations ( 6-9 )—( 6-12 ), the energy balance can be expressed as:
conv,1 + conv,2 + rad,1 + Qrad,2 + Qacc — Yab = 0 ( 6-21 )

Where q,.. is the accumulated energy term within the sample which can be

determined from:
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acc = meAT/At, m = 0.2571',0m€D2 (6-22)

Where m, C,, ,At and AT are sample mass, specific heat capacity, the time step
and the temperature difference at certain point between successive time steps,
respectively. While p,,, e and D are the sample material density, thickness and
diameter. However, Eq. ( 6-21 ) can be written in terms of T,,, as follows:

(2e0)Ty,;j + 0T3, ; + 0T2, i + [hy + hy + (MC, /AL) | Toyy 5

(6-23)

— [(hy + R)To + 20Tk + qap + (MCp/AL) Ty ;1] = 0
Where T,,,; and T,, j_, denote the average temperature, Ty, at the current and
previous time steps. For the first-time step, the value of T, ;_, is taken equal to
the sample initial temperature, T;. Solving Eq. ( 6-23 ) for T,,, ; and substituting in
Eq. (6-20) leads to get Ty, ; and by using Eq. ( 6-17 ), the value of T, ; can be

obtained.

C. Numerical Model Governing Equations

Considering the semi-transparent sample as a thermal system, then
concentrated solar radiation represents a source of energy entering the system,
while the energy leaves the system via both of convection and radiation heat
transfer to the surrounding environment. Internally, conduction heat transfer
through the sample represents the change in internal energy of the sample. This
kind of energy balance is illustrated by Figure 6-7. In this section, governing

eqguations that applies for each term will be discussed.

e Conduction

The heat equation is used to analyse the pure heat transferred by conduction
through the sample. Ignoring viscous heating, velocity and the internal heat
generation, then the simplified form of heat equation can be expressed as follows

(Incropera et al., 2007):
pC, (0T /0t) + V.(=kVT) = 0 (6-24)

Where p, C,, T, t, and k are the density, specific heat capacity, the absolute

temperature, time, and thermal conductivity, respectively.

103



e Convection

The total rate of heat transfer due to convection over one side, Q.yny, t0 the
ambient environment with temperature, T,,, can be determined from (Cengel,
2003):

Qeonv = J, Nu (g) (T, — T,). dA, Nu = Nu(Re, Pr, Ra) (6-25)

Where, T, D and A are the side surface temperature, sample diameter and
surface area of heat transfer, respectively. The Nusselt number, Nu, is a function
of different dimensionless numbers: the Reynolds number, Re, the Prandtl
number, Pr, and the Rayleigh number, Ra, which can be determined from the

following expressions (Cengel, 2003):

Re = pUD/u (6-26)
Pr=uC,/k (6-27)
Ra = [—(1/ps) (9p;/0T) Ip|p? 9 Cp (Ts — Teo) D/ (uk) (6-28)

Where pf, Uandu are the ambient bulk fluid density, velocity and dynamic
viscosity, respectively, while g, is the acceleration of gravity. The Nusselt number
can be determined based on the convection type (i.e. natural or forced) and at
the studied surface as well as the surface position. For natural convection over a
flat sample inclined by an angle 8, measured from the vertical direction, the
Nusselt number can be determined through applying a correlation (Churchill and
Chu, 1975):

-4/9 Ra < 109 &
Nu = 0.68 + (0.67(cos(8) Ra)*/*)[1 + (0.492/Pr)*/16] ™",
-n/3<0<m/3
_aj2m? Ra>10°& (029)
Nu = {0.825 + (0.387Ra/)[1 + (0.492/Pr)*/*¢] '},
-n/3<0<m/3

Where all fluid properties are evaluated at (T + T,,)/2. In case of a horizontal
surface subjected to natural convection, the Nusselt number can be calculated

by applying the following correlation (McAdams, 1954):
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Nu = 0.54Ral/4, 10*<Ra<10”7 & T,>T,

Nu = 0.15Ra?/3, 107 <Ra<10' & T,>T, (6-30)

Nu = 0.14Ra'/3, Ra > 2x 108 & T, <T,

When forced convection is in effect, the Nusselt number can be obtained from
the correlation proposed by Churchill and Ozoe (Churchill and Ozoe, 1973):

Y% Re<5x10°

Nu = (0.3387Re!/2Pr/3)[1 + (0.0468/Pr)/3]

5% 10° < Re <107 (6-31)

Nu = (0.037Re*/> — 871)Pr'/3,
& 0.6 < Pr < 60

Where all fluid properties are evaluated at (T + T,,) /2.

e Radiation

Assuming the ambient surrounding as a blackbody at a constant temperature,
T, then the total heat transfer from the sample surface, at a temperature T, to

the ambient environment due to radiation, Q,..4, can be obtained from:
Qraa = EO-A(TS4 - T;) (6-32)

Where, € is surface emissivity and o is the Stefan—Boltzmann constant with a
value of (5.67x108 W/m2K*).

e Solar Irradiance

Solar irradiance represents a measure of the rate at which solar radiation is
incident on a surface per unit surface area (Boxwell, 2017). As a result of
intercepting the incident solar irradiation, I, by a semi-transparent medium, it is
divided into three portions: reflected, absorbed and transmitted, as illustrated by
Figure 6-9. The fraction of reflected irradiation is called the reflectance, p;, the
fraction of absorbed irradiation is known as absorbance, «;, and the transmitted

fraction is called transmittance, t,, (Incropera et al., 2007). Then:

p1+a1+‘[1=1 (6-33)
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Figure 6-9 Absorption, reflection, and transmission of incident radiation over a
semi-transparent sample

Incidentirradiation, /

Semi-transparent
sample

For the case of current study, the absorbed amount of solar irradiance represents
the incoming energy to the system. This component is responsible for heating up
the semi-transparent sample. Hence the solar irradiance is expressed in terms of
power per unit area, it can be considered as a heat flux boundary condition as
follows:

Qap = ;1 (6-34)

Where q,;, is heat flux boundary condition which applies to the side facing the
concentrated solar power.

6.1.3.2 Rear Lens Geometry

There are three geometries of converging lenses: bi-convex, plano-convex and

positive meniscus lenses (Avison, 1989), as shown in Figure 6-10.

To Focal Point
To Focal Point
To Focal Point

Bi-convex Plano-convex Positive meniscus

Figure 6-10 Different lens geometries ray diagrams
(Serway and Jewett, 2010)

The followed sequence for geometry selection is to start with a randomly selected
material and apply it to the available three geometrical options. The best
geometry is selected via simulating each case under a progressive CR until the
maximum working temperature of the lens material is reached. The
corresponding CR is then defined as the maximum allowable concentration ratio,
CRmax. The lens geometry which can resist the highest CRmax is then selected as

the best geometry. The selected material was SiOz2.
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Boundary conditions applied to each surface are illustrated by Figure 6-7. Table
6-2 summarises the main assumptions used in these calculations. Hence keeping
the focal length of the rear lens minimum is recommended for LLBG system
(Salem, Tawfik and Hamed, 2010; Tawfik and Salem, 2014), lenses with the
minimum available focal length have been selected over the available Thorlabs®
stock for all cases (Thorlabs, 2017a, 2017b, 2017c). All simulated lenses are
25.4mm in diameter and other dimensions are illustrated by Figure 6-11. The
glass transition point of 1200°C is assumed as damage criterion in simulation

process.
@)

b)

- r—k 2.1mm 20
~—| ’-— .0mm

R31.0mm // R31.0mm|

8.2mm:

R16.1mm
7.4mm;

Figure 6-11 Schematic of simulated lenses
(a) bi-convex lens (Thorlabs, 2017b) (b) plano-convex lens (Thorlabs, 2017a)
(c) positive meniscus lens (Thorlabs, 2017c)

Table 6-2 Boundary conditions assumptions

Assumption Value
Location Cranfield, UK (52°N)
Day June 21%
Time Daytime (08.25 hours)
Altitude from sea level Om
Solar insolation calculation safety factor 10%
Tracking system 2-axis
Front lens transmittance 100%
Rear lens transmittance (Geometry selection model) 90%
Rear lens emissivity 0.92
Rear lens initial temperature 25°C
Ambient temperature 25°C
Natural convective heat transfer coefficient (COMSOL / ANSYS) irlo\?vrﬁrr:glﬁontrolled /
Model dimensions (COMSOL / ANSYS) 2D-Axisymmetric / 3D
Incident heat flux Appendix A

Hence thermal behaviour of each case is independent of the CR value, a CR of
100 is assumed for estimating the best geometry. Figure 6-12 shows the
temperature distribution through each lens at solar noon with a concentration ratio
of 100. A comparison between maximum rear lens temperatures for the
investigated geometries versus CRs applied is illustrated in Figure 6-13. While
Figure 6-14 illustrates a comparison of COMSOL and ANSYS models results.
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Figure 6-12 Temperature distribution through lenses (Solar noon, CR=100, SiOy)

(a) bi-convex lens

(b) plano-convex lens (c) positive meniscus lens

(ANSYS model to the left, COMSOL model to the right)
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Figure 6-13 Maximum rear lens temperature for different geometries vs. CR
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Figure 6-14 Comparison of COMSOL and ANSYS models results (Geometry Test)
From Figure 6-13, positive meniscus geometry withstood the highest CR
compared to the other geometries. Therefore, positive meniscus geometry has
been selected for further tests for material selection. Figure 6-14 indicated that
COMSOL and ANSYS models results are in a good agreement. However, the
difference between the results may be attributed to the assumption of the natural
convection heat transfer coefficient. Hence it is assumed to be constant in the
ANSYS model, while COMSOL allow the ability to evaluate its value during an

iterative process, based on the lens surface temperature.

6.1.3.3 Rear Lens Material

There are 14 different materials reviewed in Section 2.3 with data listed in Table
2-8. These materials are investigated except CLEARCERAM-Z, as its density is
unknown. The investigated materials are applied to the selected positive
meniscus geometry. The selection criteria of selecting the optimum material is

not only limited to the ability to withstand the highest CR, but they also include
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the maximum transmittance of the material. The calculated transmittance, from
section 2.3, of each material over the whole solar spectrum was taken into
account as listed in Table 6-3, while the rest boundary conditions as listed in
Table 6-2.

A comparison between maximum rear lens temperatures for the different studied
materials, categorised based on materials types, versus applied CRs is illustrated
in Figure 6-15. While Figure 6-16 shows a comparison of COMSOL and ANSYS
models results. From Figure 6-15, ceramic materials show the highest resistance
to CR, followed by glass-type materials and then the plastics. According to the
followed methodology to select the optimum material, the material transmittance
is required to be considered beside the highest CRmax. Getting back to their
transmittances listed in Table 6-3, it has been found that glass-type materials
including quartz, ULE, Calcium Fluoride and BK7 have transmittance over 90%.
Among this particular group, quartz is found to fulfil both criteria of withstanding
the allowable CR with the maximum transmittance. Therefore, quartz has been
selected as the best rear lens material for the LLBG. Figure 6-16 indicated that
COMSOL and ANSYS models results are in a good agreement. However, the
difference between the results may be attributed to the same reason discussed

previously in the lens geometry investigation model.

Table 6-3 Rear lens materials transmittances over (280-2500nm) bandwidth

Type Material Transmittance
ALON 84.90%
) SiC 58.14%
Ceramics )
Spinel 80.96%
Y,03 82.70%
BK7 90.89%
Borosilicate 81.78%
CaF, 94.09%
Glass Sapphire 86.83%
SiO; 97.27%
ULE 97.85%
Zerodur 87.34%
PC 79.12%
Plastics
PMMA 81.04%
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Figure 6-15 Maximum rear lens temperature for different materials vs. CR
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Figure 6-16 Comparison of COMSOL and ANSYS models results (Material Test)

6.1.3.4 Rear Lens Mount Study

Studying the rear lens model was based on assuming of severe working
conditions through neglecting the lens mount influence. Therefore, in this section
a study is carried out to develop and validate a numerical model simulating the
rear lens under the real mounting conditions to investigate the thermal effect on
such mounting system. The developed model is solved using ANSYS®
Workbench as a heat transfer model through a semi-transparent material
subjected to radiative heat flux at one side. To validate the proposed model,
carried out experiments on transparent windows made from two different
materials subjected to radiative heat flux from the tungsten halogen solar

simulator, with designing and building details discussed in Chapter 5.

A. Model Description

The lens mount detailed geometry is illustrated in Figure 6-17a. As the present
study focuses on the mounting effect on the sample, the mount parts contacting
the sample, i.e. clamping fingers, will be considered in the numerical model while
the rest parts of the mount will be neglected, as shown in Figure 6-17b. The
numerical model has been applied to the simplified lens mount with the tested
windows and solved using ANSYS Workbench 18.2 software as a transient
thermal model. The boundary conditions for the numerical model are like those
applied for the rear lens study with replacing the assumption of insulating sample

tip with applying convection and radiation boundary conditions.
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Mount arm

Clamping finger

Sample —

Figure 6-17 Lens mount geometry
(a) Detailed geometry description (b) Simplified modelled geometry

B. Model Validation

The model is validated against experimental results obtained from the setup
described in Section 5.2.5. The tests carried out on IR fused quartz and BK7
windows, with applied boundary conditions for the numerical model are listed in
Table 6-4. Comparison between the experimental and numerical model results
are plotted in Figure 7-6. Error values are listed in Table 6-5. According to error
comparison, the numerical model showed good agreement with experimental

data for both samples materials.

C. Model Results

The model is applied for a fused silica, 50.8mm-diameter positive meniscus lens
(see Figure 6-18) mounted in the self-centring mount made of Delrin® acetal
(Polyoxymethylene POM). Different parameters have been investigated within

this section.

113



Table 6-4 Model boundary conditions

Category Property (unit) Value Unit
Aperture diameter, D, 0.025 m
Geometry
Window thickness, e 0.002 m

Delrin® acetal

Material (Polyoxymethylene POM) ~
Density, p 1420 kg/m®
Mount Properties Specific heat, C, 1465 Jikg.K
Thermal conductivity, k 0.37 W/im.K
Maximum operating temperature, Tp,q, 120 °C
Coefficient of thermal expansion 110e-06 ect
Initial temperature, T; ) °C
From experimental data
Ambient temperature, T, °C
Convective heat transfer coefficient, h 5.0 W/m?2K
Boundary Emissivity, € 0.75 -
Conditions Window transmittance, t; From Table 6-3 -
Window absorbance, «;, 11 -
Incoming irradiation, I 1600 W/m?
Input heat flux to the sample (effective), qq, a1 W/m?

Table 6-5 RMSE and MAPE values for tested samples

Model IR fused quartz BK7
RMSE (°C) 0.70 0.46
MAPE (%) 2.24 1.38

—-“4— 1.2mm
R30.6mm

Figure 6-18 Rear lens positive meniscus lens geometry (Thorlabs, 2010d)

10.7mm

e Perfect Insulation Assumption Influence

In this part, a comparison between two modelling scenarios is held. In the first
one, the lens tip is assumed to be perfectly insulated as assumed before in
Section 6.1.3. In the second scenario, lens is mounted with direct contact with
the mount clamping fingers. The maximum lens and mounting finger temperature
values are plotted against daytime hours (Cranfield, 52°N on summer solstice) in

Figure 6-19, while temperature distribution over the lens in both scenarios are

shown in Figure 6-20.
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The results show that perfect insulation assumption overestimates the maximum
lens temperature to 447°C compared to 444°C with real mounting assumption,
with an increment of 0.66%. This overestimation is an acceptable error in sizing
and designing process of an LLBG as a kind of safety factor in terms of
determining the maximum allowed temperature of the lens under certain
operating conditions. However, real mounting assumption indicates generation of
lower-temperature local spots in the lens around fixation points. These spots are
quite important to be considered as they are responsible for creating local thermal

stresses that may cause cracks or fractures in the lens.

On the other hand, Figure 6-19b indicates that the mount temperature will exceed
its maximum operating temperature. Therefore, adding patches of an insulating

material is found to be necessary.
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Figure 6-19 Maximum temperature achieved (ANSYS results)
(a) Over the lens (b) Over the mounting finger
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Figure 6-20 Temperature distribution over the lens
(a) Prefect insulation scenario (b) Direct contact mounting scenario (Front View)
(c) Direct contact mounting scenario (Side View)
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¢ Insulating Patch Shape Effect

In this part, output results for three cases of insulating patches inserts, made of
FLEXITALLIC THERMICULITE® 815 material, will be investigated and compared
against direct contact case between the lens and its mount. The patches
dimensions in the cases investigated are listed in Table 6-6, while their properties

are listed in Table 6-7.

Table 6-6 Patches dimensions in investigated cases

Patch #1 Patch #2 Patch #3

Geometry Dimensions 4. 10mm) (20x10mm) (10x20mm)
L (m) 10e-03 20e-03 10e-03
w w (m) 10e-03 10e-03 20e-03
o E (m) 03e-03 03e-03 03e-03

Table 6-7 Gasket material properties (Flexitallic, 2018)

Property (unit) Value Unit
Material FLEXITALLIC THERMICULITE® 815 -
Density, p 1200 kg/m®
Specific heat, C, 500 Jikg.K
Thermal conductivity, k 0.18 Wim.K
Maximum operating temperature, Tp,q» 982 °C

The maximum lens and mounting finger temperature values are plotted against
daytime hours in Figure 6-21, while temperature distribution over the lens in all
investigated cases are shown in Figure 6-22. From Figure 6-21, it is obvious that
adding insulating material inserts between the lens and its mount leads to
lowering down the mount’s maximum temperature to an acceptable level under
its maximum operating point temperature. The maximum lens temperature in both
patches #1 and #3 is found to be nearly the same at 443°C which is found to be
0.4% exceeding its corresponding value for “patch #2” case while it was 0.3%
less than the “no-gasket” case. Moreover, Figure 6-22 indicated that the
temperature distribution through the lens and the gasket patches showed
different patterns with different cases studied. In order to interpret this finding in
addition to studying the influence of gasket material addition on both the lens and

its mount, further investigation and thermal analysis is found to be required.
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Figure 6-21 Maximum temperature achieved with partial insulation of lens
(a) Over the lens (in the full-daytime) (b) Over the lens (detailed around noon-time)

(c) Over the mounting finger
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Figure 6-22 Temperature distribution over the lens with partial insulation
(a) Patch #1 (10x10mm) (b) Patch #2 (20x10mm) (c) Patch #3 (10x20mm)
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Data analysis for the conducted and absorbed heat through the 3-gasket patches
for the cases listed in Table 6-6 is illustrated by Figure 6-23. Based on data plotted
in Figure 6-23a, it is found that the amount of heat flowed by conduction is
approximately the same in both “patch #1” and “patch #3” cases and less than it
in the “patch #2” case. While data illustrated by Figure 6-23b indicated that
patches #1 and #2 absorbed nearly the same amount of heat which is less than
it in the “patch #3” case.

These achieved results may be attributed to energy balance over both the lens
and its mount. From the lens side, the area of heat transfer by conduction is
represented by the lens tip thickness multiplied by the gasket arc length, L. Then
this area is maximum for “patch #2” case, leading to reducing its maximum
temperature (Figure 6-21b) and tip temperature at the points of contact with
gasket material (Figure 6-22) and maximising the amount of heat conducted from
the lens (Figure 6-23a) compared to the other cases. This explain the similar

behaviour of the lens under both patches #1 and #3 conditions.

On the mount side, “patch #3” case provides the maximum covering area which
leads to minimising the mount temperature (Figure 6-21c). On the other hand,
“patch #3” case shows the maximum absorbed amount of heat as a result of
receiving the same amount of heat by conduction as the “patch #1” case but with

less side temperature at the mount contact point (Figure 6-23b).
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Figure 6-23 Analysis of heat transfer through the gasket patches
(a) Conducted heat flow through patches (b) Absorbed heat amount by the patches
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6.1.4 LLBG System Optical Analysis

This section aims to investigate various optical parameters which influence the
LLBG output beam.

6.1.4.1 Front Lens Configuration

For the facets face direction effect, there are two configurations which can be
discussed; grooves-in (Gl) and grooves-out (GO), as illustrated by Figure 6-24.
In the GI configuration, the facets are oriented towards the lens focal point, which
is called the short conjugate. While in the GO configuration, facets face is pointed
towards the side of the collimated beam, which is also known as the long
conjugate (Davis and Kihnlenz, 2007).

(@) —

(b)

Figure 6-24 Fresnel facets face configurations
(a) grooves-in (Gl) configuration (b) grooves-out (GO) configuration

Mathematical derivation to determine the transmittance due to the facet facing
has been carried out by (Davis, 2004) and validated by (Davis, 2009). They found
that using GO configuration enhances the lens transmittance when the incident
rays are collimated. Approximating solar radiation as collimated rays leads to
recommending the GO as the more efficient concentrating configuration.
However, Gl configuration practically in solar concentrators (Sierra and Vazquez,
2005; Xie et al., 2011; Perini et al., 2017) to avoid build-up of debris and dirt within
the facets (Davis and Kuhnlenz, 2007).

In order to evaluate each scenario, a mathematical derivation of spot diameter in
each case is required. General geometry of rays refracted through a Fresnel

prism at a radius, r, for both configurations is illustrated in Figure 6-25.
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Screen at distance (x)

Screen at distance (x)

- [deal collimated rays — Actual ray (at wavelength, 1)

Figure 6-25 Ray geometry for spot diameter derivation
with general geometry (on left) and magnified prism geometry (on right)
(a) grooves-in (Gl) configuration (b) grooves-out (GO) configuration

Generally, when an Ideal collimated ray hits the lens at normal incidence, it is
deflected with a deflection angle, a, to reach the lens optical axis at the focal
length, f distance from the lens plane (approximated to be the front lens plane).
However, when the incident ray hits the plano-surface of the Fresnel at an
incidence angle of, 9;, it is refracted by angle, 6;,. Then the refracted ray impinges
the exit surface of the prism at an incidence angle, 6;,, and refracted by angle,
0:,. The refracted ray is deflected by an angel, a'. In the following derivation of
these angles in both configurations is discussed, applying Snell’s law for a lens
with material refractive index, n, immersed in air. Both CA and SAA effects are

considered in this derivation, with solar aperture cone-half angle,6,, of 0.266°.
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A. For Gl Configuration

01 = sin™! (sin ei)

0i2 = 041 + O
0,, = sin"1(nsin6;,)
(l\ == th - HS

B. For GO Configuration

0, =06s—0,
sin 0;
Htl = Sin_l( l)
0, = 0s — 04y

0,, = sin"1(nsin6;,)

a\ = 91:2

Where 6, is the slope angle of the Fresnel lens prisms.

C. For Both Configurations

(6-35)

(6-36)

(6-37)

(6-38)

(6-39)

(6-40)

(6-41)

(6-42)

(6-43)

(6-44)

Based on previous formulae, the actual refracted ray reaches the lens optical axis

at a distance, f, from the lens plane, which can be determined from:

r

f=

tana’
r

df =(f=f)=f-

tana’

(6-45)

(6-46)

Then the spot diameter, D, on a screen at any general distance, x, from the lens

plane can be obtained by:

Di(r,x) =2|x — f|tana’
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6.1.4.2 Front Lens Buckling

Since the front Fresnel lens is made of PMMA, it is more susceptible to buckling
or under the influence of gravity, wind-load, thermal- or hydro-expansion (Miller
and Kurtz, 2011). Lens buckling was found to shift its focal point (Goto et al.,
1995; Valette, 1995; Rai-Choudhury, 1997). In order to study the effect of the
large Fresnel lens bending, rays can be traced at one prism of the lens which lies
at a distance, r, from the lens centreline. The incident ray is assumed to be
parallel with the lens major axis with an incidence angle, 6;, with the prism
surface. The prism deflects the ray to exit the lens with an angle of deflection, «,
to be directed to the focal point. Assuming the Fresnel lens has been bent with a
radius of curvature, R, and then the studied prism will rotate by an angle of dé,
as shown in Figure 6-26a. Based on geometry of Figure 6-26a, it seems to be
analogous to spherical aberration (SA) geometry shown in Figure 6-26b. Spherical
aberration is produced by rotationally symmetrical surfaces centered and
orthogonal in regard to the optical axis (Mahajan, 1991). In SA, paraxial rays
(denoted by P in Figure 6-26b) are focused at a distance s from the lens (called
paraxial focal length), while marginal rays (denoted by M in Figure 6-26b) are
focused at a distance s° from the lens (called marginal focal length). The
difference between paraxial and marginal focal lengths (is denoted by LA in
Figure 6-26b) represents longitudinal aberration. In both lens buckling and SA
cases, changing of the incidence angle, by either d6 or A, causes changing the
focal point location.

(@) Sy (b)
o I;"f: k_ [

Figure 6-26 Analogy between bended Fresnel lens and spherical aberration
(a) prism geometry of bended Fresnel lens  (b) geometry describing SA (Smith, 2000a)
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Table 6-8 lists and describes the analogous main parameters between lens
buckling and SA geometries.

Table 6-8 Analogy between bended Fresnel lens and SA effect

Bended Fresnel lens (Figure 6-26a) SA effect (Figure 6-26b)
Symbol Description Symbol Description
R Radius of curvature R Radius of curvature
r Distance from optical axis y Distance from optical axis
R Fresnel lens aperture radius R Lens radius
f Focal length (unbent lens) s Paraxial focal length
- New focal length (bent lens) s’ Marginal focal length
af ™ Focus position deviation LA Longitudinal aberration
de Change in incidence angle A Change in incidence angle

Applying the third order theory to a case similar to Figure 6-26b, then the spherical
aberration can be determined from (Pedrotti, Pedrotti and Pedrotti, 2013):

,da/dy
n.y

ILAly—p = s (6-48)

where n and s are the refractive index of the lens material and the paraxial focal
length (see Figure 6-26b), respectively, while a is wave aberration function. The
local curvature, (da/dy), can be expressed as (Pedrotti, Pedrotti and Pedrotti,
2013):
da
=" A (6-49)
Where A represents the change in incidence angle, which can be determined

from geometry of Figure 6-26b as:

A = sin™? (R%) (6-50)

Where R and R, are the lens radius and the radius of curvature of the lens. By
substitution in Eq. ( 6-48) with (y =R), then the longitudinal spherical
aberration, LA, can be determined from:

A
|LA| =|s—s‘|=52§ (6-51)

Where s” is the marginal focal length (see Figure 6-26b). Using analogy between
spherical aberration and focal length deviation, then Eq. ( 6-51 ) can be re-written

in terms of bent Fresnel lens case (Figure 6-26a) as follows:
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“ “ ae
ldf “I=1f—-f |=f2? (6-52)
R
df = sin™?! (R_c) (6-53)

The bending direction affects the location of the new focal point (see Figure 6-27).

Figure 6-27 Buckling direction effect
(a) convex bending (pre-focus) (b) concave bending (post-focus)

From Figure 6-27, it is clear that bending the lens towards the original focal point
in a convex-shape leads to shifting of the focal point nearer to the Fresnel lens
(pre-focus). While bending in a concave-shape shifts the focal point away from
the lens. Therefore, the new focal length achieved due to lens buckling effect, ™,

can be expressed as:
fr=ftdf (6-54)
Which can be re-written as:
- AN (R )]
f —f[li(R>sm 0 (6-55)

Where the (-) sign is for the convex bending (pre-focus) and the (+) sign is for
the concave bending (post-focus). For a generalised form of the last equation, it

can be expressed as:

e (Qont ()
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Where R, will be negative (-) for the convex bending (pre-focus) and positive (+)
for the concave bending (post-focus). Then, in terms of df ™, equations ( 6-52 )

and ( 6-53 ) can be re-written according this sign rule as:
w“=f—f“=—£;mﬂ(5> (6-57)
R R
So that the positive value of df ™ indicates that new focal point is nearer to the
lens plane which corresponds substitution with a negative value of R (convex
bending case, as shown in Figure 6-27a). The spot diameter, Dy, on a screen at

any general distance, x, from the lens plane can be obtained by:
Ds(Re,x) = 2|x — | tana™ (6-58)
6.1.4.3 Configuration-Buckling Combined Effect

The combined effect starts from the fact of shifting the focal point either by f°
amount, in case of configuration effect, or by £, in case of buckling effect

resulting in an average focal length, f, as illustrated by Figure 6-28.

Screen at distance (x)

=

—=-- Under buckling effect
— = Under configuration effect

— Under configuration-buckling effect < x\\\ > ™

K N\ f\.“‘\
B B RN NN

Figure 6-28 Configuration-buckling combined effect

The resulting focal length shift, df, can be approximated as:

df =df " +df " =f-f (6-59)
Where the values of both df * and df ™ are used according to their signs, leading
to a value of df with either positive or negative sign corresponding a new focal
point nearer or further to the lens plane, respectively. This relation allows
considering and neglecting either configuration or buckling effects. Then the rays’
deflection angle can be obtained from:
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r

= -1 L — -1
@ = tan <|f|>—tan [If—O.S(df‘+df“)| (6-60)

Then, the spot diameter, D, on a screen at any general distance, x, from the lens

plane can be determined by:
Dy(r,R¢,x) = 2|x — f|tana (6-61)
Combining Equations ( 6-45 ), ( 6-55 ) and ( 6-60 ) and substituting in ( 6-61 ),

then a more generalised form of spot diameter formula can be expressed as:

X

F—05 [f — %sin‘l (R%)]

Where, the negative and positive signs are for convex bending concave bending

Ds(r,R¢,x) = 2r (6-62)

cases, respectively, while for GI configuration:

a = sin~! {n sin [sin‘l (Sin 9“) +6 ]} -0 (6-63)
n S S

And for GO configuration:
sin(6; — 6
a =sin™?! {n sin {05 —sin™?! lyl}} (6-64)

Equation ( 6-62 ) takes into account CA, SAA and buckling effects, based on
assuming an average focal length combining configuration and buckling effects.

The minimum spot diameter, D; ,,;,, IS achieved when the distance, x, reaches a
critical value, x.,., which can be obtained graphically or mathematically by solving

the following equation for x:

dD
S] =0 (6-65)
dx X=Xcr

6.1.4.4 Generated Beam Diameter

In the previous sections, the front Fresnel lens has been optically investigated
with different parameters that may influence its performance in converging
incident solar rays. In this section, the rear positive meniscus lens, with
nomenclatures illustrated in Figure 6-29, is included in the optical study of the
LLBG system. The aim of this involvement is to give an estimation of the

generated beam diameter.
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Figure 6-29 Positive meniscus lens nomenclatures
(Thorlabs, 2018c)

According to nomenclature shown in Figure 6-29, the focal length, f, is measured
between the focal point (F) to the principal plane. The principal plane refers the
plane defined by a set of intersection points between extended parallel rays the
optical axis entering and emerging from the lens to its focal point (Smith, 2000b).
The surface towards the parallel rays and the focal point are denoted as front and
back surfaces, respectively. The back focal length, f;,, represents the distance

between the point F and the back surface.

The lens-lens optical configuration is assumed to place the back surface of the
rear positive meniscus lens at distance x, from the x-plane, which denotes a
plane at distance x; = x., from the front Fresnel lens, as shown in Figure 6-30.
The deflection angle, &, is obtained from Eq. ( 6-60 ), which is a function of the

distance, r, as the Fresnel prism slope angle, 6,(r).

X =X, ' !

Figure 6-30 The lens-lens optical configuration
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Detailed geometry of the rear lens and a ray tracing through it is illustrated in
Figure 6-31. According to illustrated geometry, the ray hits the back surface of
the rear lens at a vertical height from its optical axis of y with an incidence

angle, 6,3, which obtained by:
03 = |la — B4l (6-66)

Where B, is the angle between the normal to the lens surface tangent and the

horizontal direction.

R Ryl

A P B 0, (2] 9
WO b

||

n,

e

Figure 6-31 Detailed geometry of the rear lens
Hence the back surface of the lens represents a part of large sphere with a radius

of R,, then applying the sphere’s equation:
x2 + y% = R,* (6-67)

Then
dy —-X

s
E—m—tan(g—ﬁl) (6-68)

Which can be re-arranged as:

/A

.81=§_

(6-69)

—X
RZZ - xz

From Eq. ( 6-67 ), the previous can be expressed in terms of the distance, y, as:

T -1
31=§_ tan_1<71/R22—y2> (6-70)
Then by substitution in ( 6-66 ):
T -1
0,3 = &—E+ tan1<7 Rzz—y2> (6-71)




Where y can be approximated by applying Eq. ( 6-62 ) with (x = x,,. + x;,) as:

D.(r,Rc, x) D,
= »YSY (6-72)

X=Xcr+Xy

Then, applying Snell’s law:
B = sin”! (%) (6-73)
Where n, is the refractive index of the rear lens material. The refracted ray within
the rear lens hits its front surface at a vertical distance of (Y = y + Ay) from its

optical axis with an incidence angle, 6;,. The distance Ay can be obtained by

. . +
assuming an average constant lens thickness of (%) as:

Ay = 0.5(e, + e.)tan 65 (6-74)

Where e. and e, are centre and edge thicknesses, respectively. Similarly, to

procedure followed at the back surface, then:
0is = |‘9t3 + B — |,32|| (6-75)
Applying the sphere’s equation for the front lens surface:
X?+Y% =R’ (6-76)

Then
ay —-X

T
i AR (6:77)

Which can be re-arranged as:

T

B =5-—

5 (6-78)

—-X
JR% — X2

From Eqg. (6-76 ), the previous can be expressed in terms of the distance, Y, as:

T -1
Bo=5~ tan™? (7 /Rlz - Y2> (6-79)
Then by substitution in ( 6-75):
T 1 -1 ” 5
0is = 9t3+ﬁl_§+ tan v R" =Y (6-80)
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Where Y can be approximated as:

D
Y =y+05(e, +e)tanb,;, Y < 72 (6-81)
Then, applying Snell’s law:
0.4 = sin"1(n,sin6;,) (6-82)

The deviation angle, §, which represents the deviation of the output ray from
perfect collimation, can be obtained from:

8 =P — 0O (6-83)

Therefore, beam diameter at any distance, [, from the rear lens can be

determined from:
Dg = Dy(r, R, x)]x=x5r+x2 +2ltanéd (6-84)

This equation is valid only if (§ = 0), as illustrated in Figure 6-31. In case of
(6 < 0), the beam shrinks with distance from the rear until the output refracted
rays reaches the optical axis at the delay distance, lg. 4y, as represented in

Figure 6-32.

— Ide!ay

Figure 6-32 Detailed geometry for negative deviation

According to geometry of Figure 6-32, then the beam diameter calculating
formula is depending on the target location with respect to the delay distance, as

follows:
Dg = Dy(r, R, x)]x:xcr+x2 — 2l tan|d], l< ldelay (6-85)
Dp = 2(l - ldelay) tan|d], > ldelay (6-86)
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Where,
laetay = [0-5 * Dg(1, R, x)]x:xcr+x2]/tan|6| (6-87)

6.1.4.5 Optical Analysis MATLAB Code

In order to further study of the generated beam diameter, equations from ( 6-35)
to ( 6-84 ) are employed in a MATLAB code to calculate the beam diameter at
certain wavelength bandwidth. Based on the front lens manufacturer focal length
and GI/GO-configuration design recommendation, the code can estimate the
Fresnel lens prisms slope angles as a function of front lens radius. The code is
developed to consider the CA, SAA and front lens buckling and to calculate the
beam diameter for both Gl and GO-configurations. Moreover, the code gives
estimation of the best location which represents the front lens focal plane and
optimum position for the rear lens to achieve the minimum beam deviation angle.
A flowchart of the code is illustrated in Figure 6-33. The code is available in
Appendix J and validated with experimental test explained in Section 6.3.1, while
the validation test results are plotted in Figure 7-32. Results of this model are
displayed in detail through Section 7.2.3.
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Read Input
- Front lens data (dimensions & spec.).
- Front lens GI/GO design configuration.
- Rearlens data (dimensions & spec.).
- Wavelength bandwidth of concern (A;—4;).
- Selected x; (if known, previously/from experiment).

Write Output
Critical Spot Data:
Doy Xg 0
Write Output
Spectral Beam Data:
Dy(A), 6 (), 1 offictive

Write Qutput
Dy(A), 8 (A), Optimum x;,

o

Figure 6-33 Flowchart of optical analysis MATLAB code
134



6.2 LLBG Design

The methodology followed to design and build the LLBG is to describe the system
firstly and to introduce different design concepts for different major parts of the
system to an experts committee (EC), a group of academic and technical experts
in Precision Engineering Institute, Cranfield University. The discussion with the
EC is carried out based on asking the members to fill in a Pugh Matrix based on
their own opinions. The Pugh Matrix is an evaluation matrix that allows comparing
the proposed design concepts against a number of design requirements, known
as “criteria”. It also provides a degree of quantitative optimisation to select the
optimum concept which meets a set of criteria. The background diversity of the
EC members allows covering different academic/technical perspectives in

making decision.

The selected design concepts out of the Pugh Matrix are then investigated in
more details to specify the dimensions, materials and components specification
to be purchased.

6.2.1 LLBG System Description

According to the LLBG system working principle discussed in section 6.1.1, a
dual-axis tracking system is required to generate the beam. For the control mirror,
the proposed previous model by (Salem, Tawfik and Hamed, 2010) introduced a
linearly moving and rotating control mirror and their design required adding
another mirror for complete control of the generated beam direction. However,
the new system proposed now claims using only one control mirror which rotates

around 2-axes to achieve the same target.

In dual-axis tracking, the system is required to follow the sun’s path in the sky,
which is defined by two main angles: altitude, y, and azimuth, ¢, angles. The
altitude angle is the angle between the horizontal and the line to the sun (Duffie
and Beckman, 2013). It varies from 0°, at sunrise/sunset, to 90° or less, at noon.
The azimuth angle is the angle between the South direction and the projection of

solar beam radiation on the horizontal plane (Duffie and Beckman, 2013). The

135



clockwise direction is defined as the positive measurement direction. Figure 6-34

illustrates the sun’s path and shows the solar angles limits.

Noon
y~90° @=0°

Sun rise
y=0°
@ ~=90°

Figure 6-34 The sun’s path and solar angles
Then, the LLBG can track the sun trough rotating the main arm, which holds the
front and rear lenses, to track the angle y over the range of (0-90°)*, as shown
in Figure 6-35a. In addition, the whole system is required to be rotated, with the
azimuth platform, about the vertical (z-axis) to track the angle ¢ over an
approximate range of (x90°)**, as illustrated by Figure 6-35b. Based on LLBG

description, the basic system motions can be summarised in:

e Main arm rotational motion (about y-axis).
e Azimuth platform rotational motion (about z-axis).

e Control mirror rotational motion (about y —axis and z-axis).

Therefore, the Pugh Matrix introduces distinctive design concepts for each of
these three motions.

* The maximum range for Cranfield location (52°N) on the day of summer solstice is (0-61.44°)
** The maximum range for Cranfield location (52°N) on the day of summer solstice is (+131.75°).
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Figure 6-35 LLBG main components motions
(a) front view (b) top view

6.2.2 The Pugh Matrix Components

The criteria and their weighting were defined, based on their importance, and a
ranking system was defined. Three main design problems and their concepts
were investigated and the Pugh Matrix for each design problem was built to obtain

the best concept in each case.

6.2.2.1 Design Criteria

Design requirements can be categorised in three main categories: construction,

cost and time. Each category will be defined in the following:

A. Construction

- Complexity: Possible difficulties to build the system.

- System weight: The weight of the total system in case of shipping.

- Feedback requirement: Requiring of sensors to feedback the control system.
- Imprecise motion: Lack of system movements’ precision in tracking process.

- System weakness: System instability under harsh environmental conditions,

such as wind, sand storms and high ambient temperatures.

- Assembly problems: The difficulty of assembling and aligning system parts
especially when considering installation in deserts and off-grid locations with the

lack of available instruments.
- Number of elements: The number of required elements to build the system.
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B. Cost
- Building cost: The required capital cost to build the system.

- Operating cost: Spent cost during the operation of the system, including power

consumed to operate the system.

- Depreciation cost: The cost of the system over its lifetime. It implements system

reliability and durability.

- Maintenance cost: The required cost for maintaining the system in harsh
environmental conditions. It includes system cleaning and processing against

corrosion and sand storms.
C. Time
- Design time: The time required to finalise the system design, depending on the

system complexity.

- Building time: The time consumed through providing parts of the system. It

depends on the number of elements and system complexity.
- Assembly time: The time to assembly system parts to start its function.

6.2.2.2 Weighting

Determining the weight of each criterion is required to allow a quantitative judging
on different concepts based on their relative importance. Table 6-9 lists each
criterion weighting. The higher weighting values the higher importance.

Table 6-9 Pugh Matrix criteria and weighting
Category Criteria Weighting (1-5)

(&)]

Complexity
System weight
Feedback requirement
Construction Imprecise motion
System weakness
Assembly problems
Number of elements
Building cost
Operating cost
Depreciation cost
Maintenance cost
Design time
Time Building time
Assembly time

Cost

WO R, wWWAjlWN WA EDN

138



6.2.2.3 Ranking

To compare each concept against all pre-defined criteria, the design concepts
will be ranked from 1 to 5. The lower ranking values stand for the lower effect of
the criterion on the design concept. Table 6-10 explains each rank value. It shows
the effect of each criterion on the design concept.

Table 6-10 Pugh Matrix ranking system explanation

Rank 1 2 3 4 5
Criterion Effect Extremely Low Low Medium High Extremely High

In the Pugh Matrix, summation of the products of rankings and criteria weights

produces a total score for each concept. Good concepts produce lower scores.

6.2.3 The Pugh Matrix Discussion

In this section, information about each motion concepts is displayed and the EC

meeting outcomes are introduced.

Description and comparison between different concepts for the main arm motion
is explained in Table 6-11. While for the azimuth platform and control mirror
motions, different concepts described and compared in Table 6-12 and Table
6-13, respctively. The Pugh Matrix for different motions, as an outcome of the EC

meeting, is displayed in Table 6-14.

According to values listed in Table 6-14, the second and third concepts for the
main arm motion are found to be lower than the rest with very closing evaluation.
Therefore, both of them will be considered in the system compononets sizing
phase later to tip the best solution. For both azimuth platform and control mirror
motions, the first concept in each case showed the minimum rank. Consequently,

the first concept in both cases is adopted.
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Table 6-11 Main arm motion concepts description and comparison

N°. Schematic Diagram Description Benefits Drawbacks
//;;f” - Large number of components.
e/
/'S _ . _ . - Complex.
VAR Motor under the front lens, - High stability against wind - Mechanical losses in gearbox
1 \"/ : linked to driving power storms. Needs regular maintenance |
S{) ~Jo screws via bevel gears. - Low torque is required. ) gt ) ! '
%@ - Design complexity.
) - Long stroke.
//f[_( - Simple.
5 Y Motor linked directly to the - Low number of components. - High torque is required
@ main arm end. - Easy for installation. '
A - Easy for maintenance.
/_jff’/ _ _ - Low torque is required. - Increased Main Arm weight.
a Motor linked to the main - Low number of components. - Low stability of the Main Arm against
3 7 arm end, with constant- for i lati wind storms
™= : mass balancing weights. - Easy for installation. . o
E - Easy for maintenance. - Additional footprint.
. - Increased Main Arm weight.
,{"'/ ) - ) _ - Large number of components.
T Motor linked to the main - High stability against wind - Complex.
4 ' arm end, with variable- storms.

mass balancing weights.

- Low torque is required.

- Needs regular maintenance.
- Additional footprint.
- Pump cost.
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N°. Schematic Diagram Description Benefits Drawbacks
- Increased Main Arm weight.
- Large number of components.
,'ff/ Motor replaced with two - Complex.
5 variable-mass balancing - No motor is required. - Needs regular maintenance.

weights.

- Additional footprint.
- Pump cost.
- Instability against wind storms.

Cylinders-chain-pulley

- High stability against wind
storms.

- Higher cost compared to hydraulic

6 ; - Simple. motors.
mechanism employed. ) _
- Easy for installation. - Long stroke.
- Easy for maintenance.
) - Higher cost compared to hydraulic
- Simple. motors.
7 Hydraulic cylinders used to - High stability against wind - Design complexity.

push/pull the main arm.

storms.
- Low torque is required.

- Long stroke.
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Table 6-12 Azimuth platform motion concepts description and comparison

Ne. Schematic Diagram Description Benefits Drawbacks
f‘\
- Simple.
ﬁﬁ A motor mounted at platform . . . .
1 &) centre drives it directly. - Easy for maintenance. - High torque is required.
L - Low number of components.
TR
o - Low torque is required.
2 \'?3 Motor is linked to the platform - High stability against wind - Mechanical losses in gearbox.
gj via a gearbox. storms.
I_, - Easy for maintenance.
- High stability against wind
A slew drive (worm gear storms.
3 employing) is used to rotate the - Smooth rotation with high - Mechanical losses in gearbox.
platform. precision.

- Easy for maintenance.
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N°. Schematic Diagram Description Benefits Drawbacks
rain
- Low torque is required. - Mechanical losses in belt.
7 1 Motor is linked to the platform . due 1S red . . :
4 %J via a belt - High stability against wind - Maintenance problems especially
' storms. at high ambient temperature.
- Higher cost compared to hydraulic
- High stability against wind motors.
5 Cylinders-chain-pulley storms. - Long stroke.
mechanism is employed. - Easy for installation. - Additional footprint.
, - Easy for maintenance. - Large number of services required
I_. (for hydraulic system).
- Mechanical losses in contact
5 between wheel and platform.
5 C m— Motor with a driving wheel is - Low number of components. - Instability against wind storms, as

used to rotate the platform

- Easy for installation.

the only mechanical stop for the
platform is the friction between it &
the driving wheels.
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Table 6-13 Control mirror motion concepts description and comparison

Ne. Schematic Diagram Description Benefits Drawbacks
: . - More power consumption.
Separate motor used to rotate - Easy for installation. .
1 . ) - Low precision.
the control mirror. - Easy for programming. .
- Maintenance problems.
Gearbox linked the Main Arm - Low power consumption. .
2 ; ; ) - Complex Design.
with the Control Mirror. - More precise.
. - Complex Design.
Cylinder used to pull/push the .
3 y pulrp - Smooth motion. - Higher cost compared to

control mirror.

hydraulic motors.
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Table 6-14 Pugh Matrix for different motions

Main arm motion concepts

Azimuth platform motion concepts

Control Mirror motion

E = concepts
5 Criteria 2
5 = 1 2 3 4 5 6 7 1 2 3 4 5 6 1 2 3
Complexity 5 4 3 3 5 5 4 4 2 3 3 2 5 2 2 5 4
c System weight 2 & 2 4 4 4 3 4 2 3 4 3 4 3 2 4 3
-% Feedback requirement 1 3 3 3 5 5 3 3 2 4 3 4 3 3 4 3 4
= Imprecise motion 4 4 4 4 3 4 3 3 3 4 3 4 3 4 3 4 4
g System weakness 3 3 4 3 4 4 3 3 3 3 2 4 3 4 3 3 4
© Assembly problems 2 4 2 3 4 4 3 3 2 3 2 2 3 3 3 5 4
Number of elements 3 4 2 3 4 4 4 3 2 3 3 3 4 2 2 4 3
Building cost 5 4 3 3 4 4 4 4 3 4 4 3 5 3 3 5 3
& Operating cost 3 3 3 2 3 3 3 3 3 3 4 3 4 3 3 2 2
3 Depreciation cost 3 4 2 3 3 3 3 3 3 3 2 4 4 2 2 2 3
Maintenance cost 4 4 3 3 4 4 4 3 3 3 3 3 5 3 3 4 4
Design time 1 4 2 3 4 4 4 4 2 4 4 3 4 3 3 5 3
E Building time 5 4 3 2 4 4 3 3 3 4 4 3 4 3 3 4 3
a Assembly time 3 4 3 3 4 4 3 3 2 3 3 2 3 2 3 5 3
Total 167 128 130 172 176 150 145 115 148 140 133 177 125 120 176 148
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6.2.4 Main Arm Profile Selection

It is important to select the appropriate profile with minimum deflection to avoid
misaligning of the front lens focal point. Firstly, a deflection limit will be defined,
and then a study of deflection values for different profiles will be carried out.
Selection among acceptable profiles will be done based on the availability, weight

and cost of the profile.

6.2.4.1 Acceptable Deflection Limit

Main arm deflection with an amount of I' leads to shifting the generated beam
centreline by dg, as shown in Figure 6-36. The deflection is assumed to be
occurring at the midpoint of the main arm with an angle 6. This shift results in

losing an area of the beam generated as illustrated in Figure 6-37.

L MA

fi I/

FrontLens

A Ly./2 g

.

SEA -

.

Rear Lens

Figure 6-36 Main arm deflection effect

Shifted beam area -

Area of lost power dj
T A

z

] Original beam area
y

Figure 6-37 Shifted beam and lost power
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Hence the power collected from input solar flux is directly proportional to the
surface area, the beam area can be used as an indication of amount gained or
lost from collected power. Assuming the shifted beam to keep its circular
projected area with the same diameter of the original beam, Dg, then the gained
(preserved) area of the beam, 4,4, which represents the intersection area between
the two circles of original and shifted beams, can be determined as follows
(Ergenc, 2009):

A; =05 [(DBZ cos ™1 (f)—B)) — dg/ (D + dg)(Dg — dB)] (6-88)

B
Then the area of lost power, 4;, can be determined from:
A =4,-4, (6-89)

Where, A, is the original beam surface area. Then, the lost power is:

AP
P, % = (1——)><100
A,

Or (6-90)
o 2 . (dg 2dg
P % =1—|-cos D, + — J(Dg +dp)(Dg —dg) { x 100
Where, dg can be defined from geometry of Figure 6-36:
2r
dg = L_ [(f1 + f2) — 0.5Ly4] (6-91)
MA

Assuming that the values of Dg, Ly, and (f; + f,) are 5.0E-02m, 2.0m and 1.5m,
respectively, then Eq. ( 6-91 ) can be plotted as shown in Figure 6-38.

35

Main assumptions:
3.0 1 D=5.0E-02m
Lya=2.0m

25 1 (f+£) =1.5m

2.0 A

15 A

% Powerlost, P,

1.0 4

0.5 A

0.0

0.0 0.5 1.0 15 2.0 2.5 3.0 35 4.0 45 5.0

Deflection, I' x10-3 (m)
Figure 6-38 Concentrated power lost as a function of deflection
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Assuming a power flux of 1000W/m? falling over the front lens with approximate
aperture area of 1.5m? and neglecting the lens absorbance and reflectance, then
the power of the concentrated beam at the rear lens can be estimated to be
1500W. To avoid damaging the LLBG structure or burning any surrounding
operators or objects, the acceptable limit of power loss can be set to 1%. This
leads to defining a maximum allowable deflection of 1.65E-03m.

6.2.4.2 Aluminium Strut Profile Deflection Study

Deflection in profiles occurs due to the weight of the front lens and its frame.
Moreover, the profile’s own weight is another reason for deflection, as illustrated

in Figure 6-39.

=

Figure 6-39 Causes of main arm deflection

In order to determine the total amount of deflection in an Aluminium profile, I, the
following formula can be applied (Bosch Rexroth AG, 2015):

w*g*Lyst Wy * Ly’
r= g * Lma 4 (21T Ema (6-92)
8xE I, 3xEx]

Where, I' is in (m), I. is moment of inertia in (Mm?), w is the profile mass per unit
length in (kg/m), Ly, is the main arm length of 2.0m and E is the modulus of
elasticity which equals 70E09 Pa. For the front lens weight, W, it can be

calculated from:

m; *g
= *

W, = FS 6-93
L= (6-93)

Where, m, is front lens total mass including lens and its frame, N,,, is the number
of rods used to support the front lens and its frame and FS is a factor of safety.

The mass m, can be calculated based on data listed in Table 6-15.
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Table 6-15 Parameters values for Eq. ( 6-93)

Parameter Value Unit
Profile for lens frame 0.030x0.030 m
Lens frame mass/length 0.9 Kg/m
Lens frame perimeter 4.9624 m
Lens Frame mass 4.46616 kg
Lens mass (PMMA) 5.2479 kg
Factor of safety 1.2 =
Front lens total mass 9.71406 kg
Then
114.353208
W, =—— (6-94)
N MA

Values of the other parameters in Eq. ( 6-92 ) are considered as variables, as
they are dependent on profile type. Appendix E shows these values and results
of Eq.( 6-92 ) for 95 Aluminium profiles at different number of front lens
supporting rods, Ny,. Appendix E includes summarisation and comparison of
accepted profiles in case of using two, four and six supporting rods, respectively.
The comparison is based on the total mass of the main arm in each case,Nm,,
(neglecting rear lens supports), availability status for UK suppliers and price per
meter for available profiles. Based on data listed in Appendix E, using two

supporting rods will be rejected as a result of unavailability of profiles.

Aluminium profile (40x120L), illustrated in Figure 6-40 has been selected, with a
total mass (including front lens and its frame mass) of 43.3kg, with a deflection
of 1.12E-03m and total cost of £200.

@J 24

Figure 6-40 Cross sectlon of main arm Aluminium profile, 40x120L
(Bosch Rexroth AG, 2015)

6.2.4.3 Wood Cross-section Deflection Study

As an alternative to Aluminium strut profiles, wood can insure a lighter and lower
cost solution for the main arm part. In order to calculate deflection in wood cross-
sections, general formula for deflecting cantilevers supported at one end, as
shown in Figure 6-41, is applied. In that case the maximum amount of deflection
can calculated from (Wu, 2006):
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r= (5 - 6-95
_<6EIC( = leg) (6-95)

Figure 6-41 General force affecting a cantilever beam

Back to Figure 6-39, the deflection due to the weight of the front lens and its

frame, W;, can be determined by substitution in Eq. ( 6-95 ) with W, for F and

(lcgw =L= LMA), then:
1
Wy * LMA3
= —= 6-96
Ly, < 3xE 1, ( )

For the deflection occurring due to arm’s own weight, the resulting force for the
triangular distribution of weight force can be determined from (Hall, Archer and
Gilbert, 1999):

L 2
W= (M_M> (6-97)
2
This force acts at:
2% Lyy
lch=( 3 ) (6-98)
From Equations (6-97 ) and ( 6-98) in Eq. ( 6-95), then:
7 W * g * LMA5
Y R Y 6-99
fw (81)( E *1, (6-99)

Then the total deflection can be determined:
_ (Warlma®\ | [(7)) (@29rLma’ i
I= ( 3xE I, ) + [(81)( Exl, )] (6-100)
Where, the moment of inertia for a rectangular cross section with dimensions of

(b X h), as illustrated in Figure 6-42, can be determined from (Gere and Goodno,
2012):
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(%)
IL=(— (6-101)

Figure 6-42 Nomenclature for moment of inertia for a rectangular cross-section

Considering the use of different types of timbers with properties listed in Table
6-16. Then, results of Eq. ( 6-100 ) are obtained and listed for 96 available cross-

sections in Appendix F at different number of front lens supporting rods, Ny4.

Table 6-16 Properties of studied timbers

Timber Type Density, p (kg/m®)  Modulus of Elasticity, E (Pa) Reference
American Ash 675 1.20E+10 (Britton Timbers, 2016a)
American Black Walnut 609 1.10E+10 (Britton Timbers, 2016b)
American Cherry 561 1.10E+10 (Britton Timbers, 2016c¢)
American White Oak 770 1.20E+10 (Britton Timbers, 2016d)
European Beech 725 1.30E+10 (Britton Timbers, 2016e€)
European Oak 695 1.00E+10 (Britton Timbers, 2016f)

According to data listed in Appendix F, the optimum solution is using European
Beech Timber with cross section of 19x222mm with a total mass (including front
lens and its frame mass) of 22kg, a deflection of 0.85E-03m and total cost of £73.

6.2.4.4 Aluminium Extrusion Cross-section Deflection Study

Aluminium extrusion represents also an alternative to Aluminium strut profiles
and wood. In order to calculate deflection in Aluminium extrusions, Eq. ( 6-100 )
can be applied for different available extrusions shown in Figure 6-43 (L.A. Metals
Ltd., 2016).

(@) . 1) I © .
B ;

b=h - h - | h

g = I EE J)
| ey M

Figure 6-43 Nomenclature for moment of inertia of available Aluminium
extrusions
(a) Square Tube (b) Rectangular Tube (c) U-Channel
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Moment of inertia for square and rectangular tubes can be determined from Eg. (
6-101 ), while it can be calculated for the U-Channel from (Gere and Goodno,
2012):

(6-102)

c

hb3 — (h — ¢)(b — 2d)3
12
The density and modulus of elasticity of Aluminium extrusions are 2700 Kg/m?3
and 70 GPa (Aalco Metals Ltd, 2013).

However, the providing company did not allow prices of all accepted extrusions;
a more specific quote was required. Therefore, the minimum mass solution was
selected to be quoted. Based on that, the optimum solution is using Square tube
with cross section of 100x100x2mm with total mass (including front lens and its
frame mass) of 18.2kg, a deflection of 0.36E-03m and total cost of £52.6.
Comparing these results with Wood results obtained in Section 6.2.4.3 leads to

rejecting the Wood solution for the main arm structure.

6.2.4.5 Front Lens Frame Re-design

Based on using timber for the main arm, there is no need any more to use the
30x30mm Aluminium profile for the front lens. It may be replaced by 20x20mm
Aluminium profile or even employing the same timber profile used in the main

arm. Table 6-17 shows comparison between these solutions.

Table 6-17 Comparison between accepted cross-sections (mass and cost)

Profile Material  Perimeter (m) Mass/length (Kg/m) Total mass, ms(kg) Cost/length (E/m) Total cost (£)

30x30  Aluminium 5 0.9 4.5 5.9 29.5
20x20  Aluminium 0.4 2.0 4.0 20.0

According to such comparison the front lens frame profile will be changed to be:
20x20 Aluminium profile. Then, the modified specifications of the main arm can
be listed as shown in Table 6-18.

Table 6-18 Modified specifications of the main arm

Item Material Geometry Mass (Kg)
Front lens PMMA Fresnel 5.25
Front lens frame Aluminium Strut 20x20 2.0
Rear lens support Aluminium Square tube 100x100x2 3.25
Main arm Aluminium Square tube 100x100x2 8.5
Total Mass, mma (kQ) 19.0
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6.2.5 Main Arm Motor Sizing
6.2.5.1 Wind Load

Wind load acting on the front lens is a function of lens orientation, wind direction,
and the lens dimensions (Peterka et al., 1988). Generally, force load caused by
an air flow can be determined from the aerodynamic loads theory as follows
(Burisch et al., 2015):

E, =05 pgy * AxU? % Cy (6-103)
Where, E, is the wind force, p,;, is air density, A is projected area, U is the wind

speed and Cy is the drag coefficient.

Figure 6-44 Wind load on main arm
(a) Wind speed is +U (b) Wind speed is =U

At this stage, torque of the motor at pivot 0, T,;,, to overcome wind effect is
required to be calculated. Therefore, the wind is assumed to be blowing in the
x-z plan horizontally with a speed, U, as shown in Figure 6-44, in two different
cases. In the first one wind is assumed to be blown in positive direction of the x-
axis, Figure 6-44a, while in the second case it was in the opposite direction,
Figure 6-44b. In both cases, two wind force components will generate moments
at the main arm pivot 0. Magnitudes of these components can be determined by

applying the following equations:

153



Fyx=0.5%pgr x Ay x U? % Cy (6-104)
Fuy = 0.5 pair x Ay » U * Cq (6-105)

Where, A, and A, are the projected area of the front lens on y-z and x-y plans,
respectively. Then equations ( 6-104 ) and ( 6-105 ) can be re-written as function

of altitude angle, y, as follows:
Fyx =0.5%pgi xa*b*cosy*U?*Cy (6-106)
Fyy =05 % pgir xaxbxsiny xU? x Cy (6-107)

Then, resulting moment loads can be determined from:

My, = (0.5 % pgir xa* b xcosy = U2 x Cg) * Ly, *siny (6-108)
My y = (0.5 % pgir x @ % b x siny x U2 % Cy) * Ly, * cosy (6-109)
My, = |(Myx — My,y)| =0 (6-110)

Values of parameters in previous equations are listed in Table 6-19.

By substitution in equations ( 6-108 )—( 6-110 ), resulting moment due to wind
load can be plotted as shown in Figure 6-45. Based on these results, the

maximum wind load on main arm motor is 97.5 N.m.

Table 6-19 Parameters values for equations ( 6-108 ) and ( 6-109)

Parameter value®*
Air density, pair 1.27 kg/m?®
Front lens frame length, a 15m
Front lens frame width, b 11lm
Altitude angle, y 0-90°
Wind speed, U 7.0m/s
Drag coefficient, Ca 1.9

Main arm length, Lua 20m

* Assumed values of wind speed and drag coefficient are explained in Appendix H.
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Figure 6-45 Wind load moment on main arm pivot as a function of altitude angle

6.2.5.2 Weight Load
In order to determine the moment at the main arm at pivot O due to its weight, the

main arm centre of gravity is assumed to be located at the front lens centroid, as
illustrated in Figure 6-46.

< a >

Figure 6-46 Weight load on main arm
Then:

My, = myy * g * Lyya * cOSY (6-111)
Where, Mw: is the moment at main arm pivot due to its weight, mma is the main
arm mass and g is the gravitational acceleration. According to calculations carried
out in Table 6-18, the main arm mass is 19.0 kg. Then, the moment at main arm
pivot can be plotted as shown in Figure 6-47, with a maximum value of 373 N.m.
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Figure 6-47 Weight load on main arm pivot as a function of altitude angle
6.2.5.3 Combined Load without Counter Weight
In order to get the maximum probable moment that may affect at the main arm

pivot point, a superposition principle is applied. The combined loads due to wind

force, F,, and main arm weight force, W, are shown in Figure 6-48.

Figure 6-48 Wind and weight loads on main arm pivot without a counter weight

Therefore, the total combined moment, M,, can be calculated as:

The result of Eq. ( 6-112 ) is plotted in Figure 6-49. According to resulting data,

the maximum affecting moment is 413.4 N.m.
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Figure 6-49 Wind and weight combined load on main arm pivot without using a
counter weight, as a function of altitude angle

6.2.5.4 Combined Load with Counter Weight

In order to minimise the torque required for the main arm motor, a counter weight

can be employed in the design, as shown in Figure 6-50.

a

14

ow

Figure 6-50 Wind and weight loads on main arm pivot with a counter weight
Based on geometry illustrated in Figure 6-50, the total combined moment, M,,
can be calculated as:

M, = M, + M,,, — M, (6-113)
Which can be re-written as follows:
M; =M,, + M,,; — (mg,, * g * L, * cosy) (6-114)
Where, m,,, is the counter weight mass and L, is distance between the counter
weight centroid and main arm pivot point with assumed values of 20 kg and
0.5 m, respectively. The result of Eq. ( 6-114 ) is plotted in Figure 6-51. According

to resulting data, the maximum affecting moment is 323.75 N.m.

157



400

350 + Mwt
Mcw
Mt

[ 3] s8] w

[43] (=) 43 =]

=] =] =] =]
! I I I

Load moment, M (N.m)

Jury

(=]

<
L

o
=]
!

=]

10 20 30 40 50 60 70 80 90
Altitude angle, y (°)

(=

Figure 6-51 Wind, weight and counter weight combined load on main arm pivot
with using a counter weight, as a function of altitude angle

According to obtained from Figure 6-51, it is clear that using a counter weight has
a significant effect on total torque required for the main arm swivelling motor.
Therefore, the effect of counter weight mass, m.,,, on the resulting moment at

point O is studied in more details.

6.2.5.5 Counter Weight Effect on Combined Load

Although using a counter weight minimises the total combined load affecting on
the main arm swivelling motor, this advantage is not absolute. The reason for this
lies in Eq. ( 6-113 ), as the wind load, M,,, is variable. Accordingly, when wind
load vanishes due to low wind speed, using a heavy counter weight will form
additional load on the motor. Therefore, the torque range in case of wind load
presence and absence are calculated and plotted in Figure 6-52. In all

calculations, the value of L, is assumed to be fixed at 0.5m.
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Figure 6-52 Combined moment range affecting on main arm pivot in
absence/presence of wind load (Lew=0.5m)

Negative moments appearing in Figure 6-52 represent torque load on the main

arm motor in the opposite direction. Therefore, the absolute values of loads in

Figure 6-52 are plotted in Figure 6-53.
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Figure 6-53 Absolute combined moment range affecting on main arm pivot in
absence/presence of wind load (Lcw=0.5m)

According to Figure 6-53, it is found that optimum counter weight mass is 88.3kg

at 0.5m from the pivot 0. At this condition, the required torque will be 56 N.m.

However, heavy counter weight leads to overload the Aluminium structure as well

as oversizing the azimuth platform swivelling motor. Therefore, further

investigation to control the counter weight mass is carried out by calculating the

absolute values of loads in case of L., is raised to 1m. Results are plotted in

Figure 6-54.
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Figure 6-54 Absolute combined moment range affecting on main arm pivot in
absence/presence of wind load (Lew=1.0m)

Based on results shown in Figure 6-54, the optimum counter weight mass is
reduced to 44.2kg at a distance of 1.0m from the pivot 0, with exactly the same
value of the required torque (56 N.m). Detailed plots of absolute values of loads
in case of L, of 0.5, 0.75, 1.0, 1.25, 1.5 and 1.5m are displayed in Appendix I.
Consequently, the relation between the optimum counter weight mass and length
from the pivot point is plotted in Figure 6-55
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Figure 6-55 Relation between the optimum counter weight mass and length from
the pivot point

In all cases, the optimum torque required at the pivot 0 is 56 N.m. Applying a
factor of safety (FS) of 1.2, the required torque of the motor to drive the main arm
is 67.2 N.m. The counter weight mass and arm length can be selected later,

according to Figure 6-55 through studying its effect on the Aluminium structure.
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6.2.5.6 Counter Weight Effect on Its Arm

Based on using Aluminium extrusion for the main arm part, it is preferred to use
the same material as a counter weight arm with a certain length of L. Figure

6-56 illustrates the effect of the counter weight force, W,,,, on the timber beam.

e
LCW

A
Figure 6-56 Deflection due to static load on Aluminium profile end

Then, total deflection can be determined through rewriting Eq. ( 6-100 ) as

follows:
o (Wew s Lew™\ | (1) w*g*Ley®
3*xEx1, 81 Ex1,
By substitution in Eq. (6-115 ) using values listed in in Table 6-20, results can be
plotted as shown in Figure 6-57.

(6-115)

Table 6-20 Mechanical properties of the 100x100x2 Aluminium Extrusion beam
(Bosch Rexroth AG, 2015; L.A. Metals Ltd., 2016)

Parameter Value
Surface area, A (m?) 7.84E-04
Moment of inertia, I (m*) 8.33E-06
Mass per unit length, w (kg/m) 2.12
Modulus of elasticity, E (Pa) 7.00E+10
Maximum permissible bending stress, obmax (Pa) 1.63E+08
09
—e—Deflection due to counter weight
08 1 —a—Deflection due to extrusion weight
0.7 {4 —+—Total deflection
E o |
3
% 05
=
S04
g
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Counter weightarmlength, L, (m)

Figure 6-57 Calculated deflection due to static load on Aluminium profile end
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However, deflection of the Aluminium profile results in bending stress. In order to
avoid damaging the counter balance arm, the applied bending stress, g;, must
be less than the maximum design bending stress, g, 4, Which takes into account

an FS of 1.2, as follows

op < Ob,d ( 6-116 )
Where
(&)
Opa = bl;";ax (6-117)

According to Table 6-20 and Eq. ( 6-117 ), the applied bending stress must not
exceed 135.42 MPa. Bending stress can be determined through the following
formula (Beer et al., 2012):
M xy

I

op = (6-118)

Where, M is the moment about the neutral axis, y is the perpendicular distance
to the neutral axis and I, is the moment of inertia around the neutral axis. It can

be rewritten as:

B b x h?

Where, b and h for the selected cross section are equal to 100E-03 m. Results of

gy ( 6-119 )

Eq. ( 6-119 ) against different counter weight mass alternatives are plotted in
Figure 6-58.
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Figure 6-58 Bending stress on Aluminium profile
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From Figure 6-58, it seems that none of the available alternatives of counter
weight mass/arm length combinations will lead to structure damage. Although it
is preferred to avoid either higher deflections or bending stresses, the higher
mass of a counter weight will adversely affect the total load subjected to azimuth
platform swivelling motor leading to overestimate its torque. Consequently, this
may dramatically raise the total budget of building the LLBG device. Therefore,
selection of the optimum counter weight mass/arm length combination will be

postponed after studying the load on the azimuth platform motor.

6.2.6 Azimuth Platform Motor Sizing

To calculate the total required torque to rotate the azimuth platform, assume that
the platform is consisting of four main arms, with N-ball transfer units (BUs) per
arm as shown in Figure 6-59 . BUs are equally spaced with a step of AR. Assumed

values are listed in Table 6-21.

~ Ball
__~/Transfer
8/ Units

Figure 6-59 Azimuth platform

Table 6-21 Azimuth platform main assumptions

Parameter Value
R1 (M) 0.3

Ra (M) 0.9
Number of base arms 4.0
Platform mass, mAp(kg)10 40+m,,
Total number of BUs, N (—)11 mypl3

10 This includes the total mass of 19 kg for main arm (see Table 6-18) and 12kg as approximate
mass of a slew drive (SKF, 2003; Alwayse Engineering, 2015) with a FS of 1.2. All these masses
are added the counter weight mass.

11 (SKF, 2003; Shimoda et al., 2004; Bosch Rexroth AG, 2006; Brancati et al., 2013; Alwayse
Engineering, 2015)
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Friction coefficient, Cr (=) (Massa, Pagano and Strano, 2014) 0.01 —0.06

Assuming that the LLBG mass has been distributed homogeneously over the total
number of BUs, then friction force, F, at each BU can be determined as follows
(Alwayse Engineering, 2015):

_ (myp * 9.81) * (¢

A - (6-120)

Where myp is azimuth platform mass loaded on N of BUs rolling with friction
coefficient, Cr. Then the total moment affecting at the azimuth platform swivelling

motor is:

M=) M (6-121)

n
=1
Where n is the number of BUs per arm, which can be calculated from:
(map/3)  myp
= = 6-122
n 1 B ( )
Equation ( 6-121 ) can be rewritten as follows:
n
M =Z(4*Ff*Ri)
i=1

Or (6-123)

45+ mg,,) * C
M=Z<39.24*( NCW) f*Ri>

n
i=1
Where
Ri=R;+({i—1)*AR

Or (6-124)

i—1
Ri =Ry +——= Ry = Ry)

By substitution in Eq. ( 6-123 ) then:

N (45 + mg,) * C; i—1
M = lZl {l3924 * N l * [Rl + m (Rn - Rl)]} ( 6-125 )

Based on data provided by Table 6-21 the total torque calculated from Eq. (6-125

) is plotted in Figure 6-60, in which the minimum and maximum total moments

are corresponding to friction factors of 0.01 and 0.06, respectively.
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Figure 6-60 Moment at azimuth platform motor and total number of BUs vs.

counter weight mass

Figure 6-60 indicates that using the minimum counter weight mass is

recommended to minimise the total system weight and the required number of

BUs. On the other hand, the minimum counter weight mass, the maximum

deflection and bending stress over the counter weight supporting arm as

illustrated in Figure 6-57 and Figure 6-58.

Another limit is the dimension of BU itself compared to the distance between two
successive BUs, AR. Assuming the use of ALWAYSE 3-Hole Flange BU with

specifications listed in Table 6-22, then the limit can be defined as:

Table 6-22 ALWAYSE 3-Hole Flange BU specifications

AR > df

(Gunther, 2012)

Parameter Value
Part number 3006-13
Load Ball Diameter, d» (M) 19E-03
Fixing Holes 3
Maximum dynamic loading (kg) 10.0
Maximum flange diameter, dr(m) 61E-03
Pitch circle diameter of fixing holes centres, PCD (m) 44 5E-03
Required clearance under flange (m) 12E-03

(6-126)

Results of applying this limit is plotted in Figure 6-61, which indicates that the

counter weight mass must not exceed 80.0 kg.

165



220

200 BUs separations

——BU Flange diameter
180 4
160 A
140 4
120 4
100 A

80 A

BUs separations, AR x103 (m)

60

—
40 T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100 110

Counter weight mass, m,, (kg)

Figure 6-61 Allowed BUs separations vs. counter weight mass

Based on previous analysis, a point in midway was selected with a main arm
counter weight mass of 40.0 kg as an optimum case. This alternative has a
flexibility advantage in reacting to the actual carried out design. In other words, it
allows increasing the counter weight mass up to 80.0 kg, in case of appearing
unexpected problems during building phase, without affecting the required
number of BUs. Considering a FS of 1.2, then the required torque for the azimuth
platform swivelling motor is 40 N.m. Then, the summarised design details of the
LLBG system are listed in Table 6-23.
Table 6-23 LLBG design parameters

Part | Parameter Value
Mass, mua (kg) 19.0
Length, Lua (m) 2.0

£ Counter weight mass, may (kg) 40.0
; Counter weight arm length, Lay (M) 1.09
g Approximate deflection in main arm, I'ua (M) <0.36E-03

Approximate deflection in counter weight arm, 'y (M) <0.25E-03

Required torque for main arm motor, Tua (N.m) 67.2
= Distance for the 1% BU, R; (m) 0.3
oS | Distance for the n" BU, R, (m) 0.9
g Number of base arms 4.0
= | Total number of BUs, N (-) 28.0
-E Mass on platform, map(kg) 80.0

Required torque for azimuth platform motor, Tar (N.m) 40.0

Approximate LLBG mass (kg) 90.0
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6.2.7 LLBG Tracking System Design

3-D tracking system is required to be designed to precisely track the sun’s
position of the full-size LLBG system. In this section, features of different tracking

techniques is briefly described.

6.2.7.1 Astronomical Tracking Method

The astronomical method is based on defining the solar tracker location
(longitude and latitude angles), date and time to determine and track the position
of the sun using the astronomical equations. These data are usually provided
through Global Positioning System (GPS) sensor. This method has an advantage
high accuracy in addition to simple programming. However, this method requires
fixing the tracker starting direction at sunrise every day. Details of solar angles
calculations are available in Appendix B. A flowchart of calculating solar angles

algorithm based on GPS data is displayed in Figure 6-62.
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Figure 6-62 Flowchart of calculating solar angles algorithm based on GPS data

6.2.7.2 Optical Tracking Method

The optical method uses several light-intensity sensors, such as Light Dependent
Resistors (LDRs). The sensors output signals are compared within a feedback
loop of adjusting the tracker direction until the condition of minimum shadow on
the sensors is fulfilled. The major drawback of this method is that it cannot

effectively track the sun on a cloudy day without a robust algorithm.
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6.2.7.3 Applied Tracking Design

The tracking system is designed to employ a hybrid technique which combines
using the astronomical and the optical solar tracking methods (Oh et al., 2012).
Combining both methods aims to take the advantage of both methods and
minimise the total drawbacks. In such design, the control system initialises all
motors to their initial positions, then the GPS data is used to direct the system to
the sun’s position and the tracker uses the LDRs feedback for fine adjustment.
Encoders are also used to send feedback of the actual position of the system.
Motors controller deals with feedbacks from both LDRs and encoders through
proportional-integral—derivative (PID) controller, which is a control loop feedback
mechanism that continuously calculates error as the difference between a
desired set-point and a measured process variable. The PID controller applies a
correction based on proportional, integral, and derivative terms, as the controller
output is proportional to the error, the amount of time that the error is present and
the rate of change of the error (Wang, 2017). A flowchart describing the control

process followed in the presented tracking system design is shown in Figure 6-63.
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Figure 6-63 Flowchart of presented solar tracking control system
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The system used Arduino MEGA® with an ATmega 2560 microcontroller as a
core processor to drive and control the motors. In order to create user-friendly
interface for the tracking system, a code developed by LabVIEW® platform to
communicate with the Arduino microcontroller and to process the input and
feedback data from the GPS module and feedback sensors (i.e. encoders, LDRs
and limit switches). A photo of the designed system power block and a snapshot
of the LabVIEW program interface are illustrated in Figure 6-64. However, during
the indoor tracking tests, the safety relay (which is responsible for processing
safety-related signals from the emergency stop) has been damaged. Accordingly,
the tracking system tests have been paused for due to lack of available
technicians within the limited time-scale of the experiments. Therefore, manual

tracking has been employed for experimental testing in Section 6.3.
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Figure 6-64 Solar tracking control system
(a) photo of system power block (b) snapshot of LabVIEW interface
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6.3 LLBG Testing

6.3.1 Optical Analysis Code Validation Test

The aim of this experiment is to validate the developed code (Section 6.1.3.4) for

predicting the generated beam diameter out from an LLBG system.

e Instruments Required

TITAN MK7-15 laser distance measurer (Figure 4-6) and metal measuring tape.

e Experimental Setup

The testing setup is illustrated in Figure 6-65, is consisted of a wooden lens frame
which tracks the sun manually. The used front lens is a PMMA Fresnel lens with
a clear aperture diameter of 0.24m and focal length of 0.6096m, with GO
configuration design (Edmund Optics, 2018a). The rear lens and the mirror are
aligned with the front lens and separated by a distance, [,. The generated beam
is then reflected on a screen, made of FLEXITALLIC THERMICULITE® 815

(properties listed in Table 6-7), separated by variable distance, ;.

e Experimental Procedure

Two groups of tests have been carried out. In the first group, the distance, [, was
set to be fixed to 0.135m, while the distance [;was varying as: 0.5, 1, 1.5, 2 and
3.5m. For the second test group, the 45° mirror was removed and the distance
between the rear lens and the screen, [ = [, was measured directly and was set
to 0.075 and 0.12m. In each case, the generated beam diameter is recorded. All

recorded data are displayed in Figure 7-32.
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Figure 6-65 Optical analysis code validation test setup
(a) side view (b) top view (c) photo of the beam

6.3.2 Prototype-Size LLBG System Test

This test has been carried out using a prototype-scale front lenses with manual

control. This test aims to determine the amount of thermal energy can be obtained

out of the LLBG system at different distances from the control mirror.

¢ Instruments Required

SMP10 pyranometer (Figure 4-4), TC-08 thermocouple data logger (Figure 4-5)

which is connected to K-type thermocouples to detect the receiver's surface

temperature (Figure 4-5). Four thermocouples utilised are miniature ones with a

sheath diameter of 0.75mm, which can withstand up to 800°C.
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e Experimental Setup

The testing setup consists of a wooden lens frame allowed to tilt with altitude
angle and fixed to a rotating wooden base. The incident solar irradiance is
measured by the pyranometer. The rear lens and the mirror are aligned with the
front lens through an aluminium profile assembly. The generated beam is then
reflected on an insulated graphite receiver with geometry drawing illustrated in
Figure 6-66. The receiver has been placed on an adjustable-height table, as
illustrated in Figure 6-67a. The ambient and the receiver temperatures are
monitored through thermocouples connected to the data logger and recorded on
a PC, as shown in Figure 6-67b. The receiver has been insulated with 25mm-
thick Kaowool® Millboards with data listed in Table 6-25, which covers five faces
of the receiver block. The properties of the receiver material are listed in Table
6-24. The front lens utilised is a PMMA Fresnel lens with a clear aperture of
0.24x0.24m? and a focal length of 0.6096m, which is designed for set up with GO
configuration (Edmund Optics, 2018a).
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Figure 6-66 Graphite receiver geometry
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Table 6-24 Receiver material properties

Parameter (unit) Value Reference
Material Fine-Grain Graphite -
Density (kg/m?®) 1897.861 Measured
Specific heat (J/kg.K) 586.1539 (SGL Group — The Carbon Company, 2015)
Thermal conductivity (W/m.K) 105 (SGL Group — The Carbon Company, 2015)
Emissivity (<) 0.85 (Ho, 1988)

Table 6-25 Insulating material properties

Parameter (unit) Value Reference
Material Kaowool® Millboards
Density (kg/m®) 641 ]
o (Morgan Advanced Materials, 2016)
Thermal conductivity (W/m.K) 0.08
Operating temperature (°C) 1093-1760

e Experimental Procedure

The test has been carried out for three times with changing the distance from the
45° mirror to the receiver back surface, denoted as [; in Figure 6-67b. The
distance, [, sit to be 0.25, 0.5 and 1m. During each test, the incident solar
irradiation is measured by the pyranometer, the ambient temperature is recorded.
The receiver surface temperatures are monitored at the beam centre and at radii
of 12.5 and 25mm, using three miniature K-type thermocouples inserted in the
three 2.5mm-deep holes in the back of the graphite block (see Figure 6-66), as
shown in Figure 6-68. Initial and final temperatures of the receiver front surface
have been recorded for each test. The system tracks the sun path manually
through adjusting a simple solar tracking indicator, which fixed to the front lens

frame so that the sun image falls in its proper position (see Figure 6-69).

Between each test, the receiver is left to cool down to the initial temperature.
However, the time required for cooling down is found to be long compared to the
limited availability of the sun shine in the safe area used for testing. Therefore,
the initial temperatures for each test are different from each other. All collected
data are plotted in Figure 7-33.
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6.3.3 Full-Size System LLBG System Test

In this test, a full-scale front lens with manual control has been used. The aim of
this test is to evaluate the output obtainable thermal energy from the LLBG

system.

e Instruments Required

SMP10 pyranometer (Figure 4-4), TC-08 thermocouple data logger (Figure 4-5)
connected to K-type thermocouples to monitor the temperature of the receiver
surface (Figure 4-5). Four miniature thermocouples with a sheath diameter of

0.75mm are used.
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e Experimental Setup

In the first stage, the system was simply built similarly to the prototype-scale test
rig described in detail in Section 6.3.2, with only replacement of the front lens to
utilise the full-scale one, as shown in Figure 6-70. Based on initial tests in real
environment, different issues have been arising and the system setup was

modified to sort them out.

Figure 6-70 Initial full-size LLBG test setup

Initially, as the front lens had a larger size, the more collected power is focused
at the rear lens plane. On the other hand, the design of the rear lens mount results
in falling a part of the highly-concentrated rays on the edges of the mounting
fingers, which have a maximum working temperature of 120°C. This caused initial
signs of mount melting represented in emission of a small amount of smoke from
it within seconds of exposure. In order to sort this out, the theoretical solution
introduced in Section 6.1.3.4, in which insulating patches inserts made of
FLEXITALLIC THERMICULITE® 815 material are assumed to be used at the
point of contact between the rear lens and its mounting fingers. However, this
solution is found to be unsuccessful practically, as the available insulating
material is not providing enough friction force to grip the lens which in turn makes
the lens tends to slip. Therefore, a mask of the same insulating material with an
aperture hole diameter of 32mm is placed in front of the rear lens, as illustrated
by Figure 6-71.
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Aluminium mask:
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Figure 6-71 The insulating gasket mask

Secondly, after sorting out the previous issue and while the test which carried out
in an ambient temperature of 0°C the 2.0mm thick float glass-based 45° mirror
started to crack within approximately 3 minutes of the test as displayed in Figure
6-72. Therefore, the mirror is replaced with a 0.5mm thick Aluminium-based

mirror with detailed description and reflectivity measured in Section 4.2.2.

Figure 6-72 Cracks in the float glass-based 45° mirror

For the receiver, the same design described in Section 6.3.2 is utilised as it is
firstly and then with a 6.5mm-thick uncoated BOROFLOAT® window on its
aperture with properties listed in Table 6-26. This setup in shown in Figure 6-73.

Table 6-26 BOROFLOAT® window properties

Parameter (unit) Value Reference
Material BOROFLOAT® (Borosilicate)
Density (kg/m?) 2200
Design wavelength (nm) 350-2000 (Edmund Optics, 2018b)
Transmittance (-) 90%
Operating temperature (°C) 450°C (continuous)—500°C (1 hour)
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Figure 6-73 Receiver window setup
e Experimental Procedure

The test has been carried out firstly without the use of the receiver window. In
this case, the distance between the 45° mirror to the receiver back surface, l;, is
set to 0.5m. Then, the BOROFLOAT® window is mounted to the receiver window
and the test is repeated twice, at a distance, [;, set to 0.25 and 0.5m. Throughout
each test, the pyranometer is used to measure the incident solar irradiation, while
the ambient and receiver temperatures are recorded. As described in Figure 6-66,
three miniature K-type thermocouples inserted in three 2.5mm-deep holes at the
back of the receiver block to measure its back-surface temperatures at radii of
0.0, 12.5 and 25mm of the beam. As the system tracked the sun manually, the
simple solar tracking indicator shown in Figure 6-69 is used to adjust the front
lens altitude and azimuth angles. The initial temperatures for each test are
different from each other, despite the receiver is left to cool down between each

test, as it requires relatively long time to reach the original temperature.

6.4 Summary

Based on minimising cost criterion, Fresnel lens geometry was selected for the
front lens. From the Fresnel lenses manufacturing methods review, CaFz, PMMA
and PC was selected initially as best material candidates to fabricate the front
lens. Later, this list was refined by eliminating CaF2 to keep down the cost. Then,
PMMA was selected finally as the best material for the front lens through

comparing its optical performance with its competitor, PC, as it showed higher
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optical efficiency. For the rear lens, thermal simulation using a numerical model,
which has been validated against a developed mathematical model and
experimental work from literature, was carried out to select the best geometry.
The simulations indicated that positive meniscus geometry can withstand higher
CRs compared to either plano-convex or bi-convex geometries. For the rear lens
material, the first stage was to run the thermal simulation on the positive meniscus
geometry with 13 different transparent materials to prepare an initial list of
preferred materials that can resist the highest CR. Secondly, materials
transmittance played a role to optimise the selected material. Based on both
stages, SiO2 was found to be the optimum material for such component that
allows reaching high CRs with maximum optical efficiencies. Finally, an optical
assessment of the system has been carried out. In this study, the front lens
direction (GI/GO-configuration) and the front lens buckling effects on the resulting
concentrated spot were covered. Then the generated beam diameter has been
calculated mathematically with considering the previously mentioned effects with

considering both CA and SAA influences.
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7 RESULTS AND DISCUSSION

7.1 Solar Simulator Testing Results

7.1.1 Lamps Spectra Comparison Experiments

For the tungsten halogen lamp, the measured output spectra of each case is
plotted and compared to terrestrial solar spectrum (AM1.5), in Figure 7-1. It also
shows a comparison with 3200K tungsten halogen light source spectrum
(Davidson, 2018). The comparison shows that the used PHILIPS 6994Z 2kW
tungsten halogen lamp delivers nearly the same spectrum given by a 3200K light

source at 100% of its output. While, dimming the output lower down the output

spectrum.
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Figure 7-1 Tungsten halogen lamp spectra comparison with solar spectrum
Figure 7-2 shows the comparison of the measured PHILIPS HPI-T 2kW metal
halide lamp output and Osram HMI® 6kW lamp (Krueger, 2012) and solar
standard (AM1.5) spectra. According to this comparison, the used PHILIPS HPI
metal halide lamp showed good match with solar spectrum over the full spectral
bandwidth.
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Figure 7-2 Metal halide lamp spectrum comparison with solar spectrum

7.1.2 Fresnel Lens Transmittance Measurement Experiment

The measured irradiance in both stages (without and with the tested PMMA lens)
are plotted with the wavelength on the primary axis (to left) in Figure 7-3. Then

the spectral transmittance of the tested lens, 1, ;, can be obtained from:

_ I)l,an stage

Tia= (7-1)

I3, 15t stage
Where I} 15t stage @Nd I 2na stage are the measured irradiance in the first and
second stages, respectively. The results of Eq. ( 7-1 ) are plotted against
wavelength on the secondary axis (on right) in Figure 7-3. According to measured
transmittance of the used PMMA full-size Fresnel lens, it showed much better
behaviour compared to typical PMMA transmittance (plotted in Figure 2-25c)
especially for the IR-zone spectrum. However, the measured values indicates
that the PMMA full-size Fresnel lens has less average transmittance (74.18%)
compared to 81.0% for typical PMMA material (Edmund Optics, 2018a).
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Figure 7-3 Measured transmittance of the front Fresnel lens

7.1.3 Irradiance Measurement Experiments

The measured irradiance in tungsten halogen case without participation of the
initial glass Fresnel lens is plotted in Figure 7-4a. While the case of metal halide
test results with using the initial glass Fresnel lens is shown in Figure 7-4b. The
peak irradiation achieved was 255 W/m? and 479 W/m?for the tungsten halogen
and metal halide cases, respectively. While the average irradiation over an area
of 0.2*0.2 m? is 177.53 W/m? and 209.71 W/m? for the tungsten halogen and
metal halide cases, respectively.
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7.1.4 Thermal Response Evaluation Experiments

The measured temperature over the black screen in cases of tungsten halogen

and metal halide are plotted in Figure 7-5a and Figure 7-5b, respectively.
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Figure 7-5 Temperature over the black screen
(a) tungsten halogen case (b) metal halide case

7.1.5 Lens Mount Model Validation Experiments

The measured clamping fingers average temperatures and changing ambient

temperatures in each test are plotted in Figure 7-6.
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7.2 LLBG Modelling Results

7.2.1 Rear Lens Thermal Modelling Validation

In this section, the proposed mathematical and numerical models in Section 6.1.3
are validated against a selected experimental study carried out by (Piatkowski,
Wieckert and Steinfeld, 2009; Piatkowski and Steinfeld, 2011). In their
experiments, the temperature of a quartz window subjected to concentrated
radiative power has been measured. The details of the experimental study and

model input data are discussed.

7.2.1.1 Experiment Description

The experimental test was carried out on an 8-kW solar reactor used for
thermochemical gasification of carbonaceous waste feedstock. It is designed for
a “pbeam-down” optical configuration of solar towers (Yogev et al., 1998). It
consists of two successive cavities; the upper is used as solar absorber and
sealed with a fused quartz aperture window facing the concentrated solar power,
while the lower cavity represents the reaction chamber (Piatkowski and Steinfeld,
2011). The two cavities were separated by a SiC plate which functions as solar

absorber and radiant emitter, as schematically shown in Figure 7-7.

Concentrated thermal radiation

CPC

Quartz window

Upper cavity

Emitter plate KRG
Lower cavity Outlet port

Insulation

ater

Packed bed

SiC tiles

Injection nozzle

Figure 7-7 Cross-section view of the packed-bed solar reactor (Piatkowski, Wieckert and
Steinfeld, 2009)
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The upper cavity has an aperture diameter of 65mm purged with nitrogen flow at
a flow rate of 2 litre/min. The quartz window has a 3mm thickness. The solar
power has been simulated by a PSI's High-Flux Solar Simulator (HFSS), in which
ten xenon-arc lamps with ellipsoidal reflectors were used to simulate highly
concentrating solar systems. This resulted in subjecting the solar reactor to
radiation fluxes up to 2560 kwW/m?.

7.2.1.2 Models Boundary Conditions

As the point of the present work is to validate the modelling of a transparent
material subjected to high-flux of radiative power, then it will focus on modelling
the quartz window in the experiment carried out by Piatkowski’'s group
(Piatkowski and Steinfeld, 2011). The basic boundary conditions affecting the

quartz window are shown in Figure 7-8.

The upper and lower surfaces of the window are denoted by 1 and 2, respectively.
The upper surface is subjected to free convection to the ambient air, while the
lower surface is affected by forced convection due to the flow of nitrogen purging
gas. The heat transfer coefficients were determined to be 15 and 6 W/m?K for the
upper and lower window surfaces, respectively (Piatkowski and Steinfeld, 2011).
The window was assumed as a semi-transparent disk with spectral absorbance,

transmittance, and reflectance listed in Table 7-1.

Concentrated thermal radiation, /

Ihiddl

4z R

Figure 7-8 Schematic of the reactor upper cavity with boundary conditions
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Table 7-1 Spectral properties of the quartz window??

Spectral Band 0-170nm 170-3500nm 3500 to eonm
Transmittance, 0.0 0.835 0.0
Reflectance, p; 0.094 0.136 0.134
Absorbance, a’ 0.906 0.028 0.866

Hence the solar spectrum lies in spectral range 350-2500nm (ASTM Standard
G173-03, 2012), the absorbance for the window has been assumed to be 0.028.
The initial temperature of the plate was as same as the ambient temperature of
298 K. The emissivity of the window was assumed to be 0.85. The incident power,
Q, is measured over the experiment time by Piatkowski's group (Piatkowski and
Steinfeld, 2011). Whereas the absorbed irradiance represents the heat flux
boundary condition affecting the upper surface of the quartz window, the incident

Irradiation, I, has been calculated:
I =4Q/(mD§) (7-2)

Where, D, is the aperture diameter with a value of 0.065m. The measured and
calculated data of incident power and radiative heat flux are plotted against the
experiment time in Figure 7-9. Input data of numerical and mathematical models

are summarised in Table 7-2.
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Figure 7-9 Measured incident power and calculated power flux versus time
(Piatkowski and Steinfeld, 2011)

12 According to data provided by (Kinematics Manufacturing, 2016).
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Table 7-2 Model input data

Category Property Value Unit
Aperture diameter, D, 0.065 m

Geometry ) )
Window thickness, e 0.003 m
Density, p 2210 Kg/m®

Material Thermal conductivity, k 14 W/mK

Heat capacity, C, 730 J/kgK
Initial temperature, T; 298 K
Ambient temperature, T,, 298 K
Upper surface heat transfer coefficient, h, 15 W/m2K
Lower surface heat transfer coefficient, h, 6 W/m2K

Boundary o

Conditions Emissivity, e 0.85 =
Window absorbance, «; 0.028 -

o Figure

Incoming irradiation, I 7-9 W/m?
Input heat flux to the upper surface (effective) a;l W/m?

7.2.1.3 Mathematical Model Validation

This validation step aims to adjust the numerical model assumptions to minimise
the time cost for calculation. Comparison between the proposed mathematical
models results and the experimental data are held. In Figure 7-10, the calculated
values of T, , are plotted against the values obtained experimentally obtained by
(Piatkowski and Steinfeld, 2011).
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Figure 7-10 Mathematical models validation against experimental data

To evaluate the deviation between results, the RMSE and MAPE are calculated

based on the following formulae:
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N
2
RMSE = j [Z (T jmoa = Tyajex) | /N (7-3)
]:
N
MAPE = (100/N) z 1 |Ts,2,j,mod - Ts,z,j,exl/Ts,Z,j,ex (7-4)
]=

Where T ; moq @aNd Ts 5 o are the model and measured values of window
temperature at a certain time step, j, while N represents the number of data points
studied. Error values are listed in Table 7-3.

Table 7-3 RMSE and MAPE values for mathematical models

Model Simplified Model Steady-state Model Unsteady-state Model
RMSE (K) 66.139 54.273 54.244
MAPE (%) 6.918 4.350 4.347

According to error comparison, both steady- and unsteady-state models showed
good agreement with experimental data obtained by (Piatkowski and Steinfeld,
2011). However, neglecting the window thickness in the simplified model led to
larger deviation from the experimental data. On the other hand, steady- and
unsteady-state models showed nearly the same results with a negligible
difference. Therefore, steady-state model is used in COMSOL software

calculations.

7.2.1.4 Numerical Model Validation

At this stage, a 2-D axisymmetric model with governing equations described in
section 6.1.3.1.C has been solved using COMSOL Multiphysics® software.
Steady-state solver has been applied with performing parametric sweep for the
time variable so that the window temperature can be calculated at each time step.
Numerical and mathematical (steady-state) models results for the lower surface
temperature of the window are plotted against experimental results in Figure

7-11, while error values are listed in Table 7-4.
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Figure 7-11 ANSYS and COMSOL models validation against experimental data

Table 7-4 RMSE and MAPE values for numerical and mathematical models

Model COMSOL Model ANSYS Model Steady-state Model U”Stmddye'lstate
RMSE (K) 51.486 40.232 54.273 54.244
MAPE (%) 3.939 3.077 4.350 4.347

The results shown in Figure 7-11 demonstrates a good agreement between the
present numerical model and experimental data obtained by (Piatkowski and
Steinfeld, 2011). Moreover, applying FEM in simulation, which is represented by
using the COMSOL software, led to improving the obtained solution compared to
mathematical models. However, the difference between the FEM-based and
mathematical solutions is not significant. Therefore, the mathematical model can
be applied for rough estimate calculations, while further adjusting can be

performed using the COMSOL model solution.

7.2.2 Rear Lens Detailed Numerical Model Results

There are different parameters that may affect the maximum allowable CR that a
lens can withstand. They can be categorised in three major categories: location,
geometrical and material-based parameters. In this section numerical results
obtained for simulating the rear lens using COMSOL software has been analysed
to study the probable effects of parameters under each category. All simulations
are based on assuming the day of Summer Solstice.
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7.2.2.1 Location-based Parameters

Hence the location chosen for building the LLBG system affects the input power
of solar radiation, the CRmax for the same lens can be varied. In this investigation,
the simulation is carried on the positive meniscus lens with geometry described
in Figure 6-11c, with quartz material. Simulation is carried out over latitude angles
ranging from O to 60°N. Results shown in Figure 7-12, indicates a clear
relationship between the latitude angle and CRmaxWhich can be approximated by

a fourth order polynomial as follows:

CRmax = a1L4 + a2L3 + a3L2 + a4L + a5 (7'5)

The latitude angle, L, is in (degrees) and polynomial constants are listed in Table

7-5. Results shows that the minimum CRmax occurs at the maximum incident

power on the Cancer Tropic on June 21.
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Figure 7-12 Maximum allowable CR vs. latitude angle of set-up location

Table 7-5 Polynomial constants for CRmax—Latitude relation

Constant Value

a, 3.38807E-04
a, -3.18869E-02
as 1.62184E+00
a, 1.62184E+00

as 1.40370E+04
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7.2.2.2 Geometrical-based Parameters

Positive meniscus lenses can be supplied in different thicknesses. The effect of
lens thickness is to be investigated in this section through assuming lenses with
different thicknesses ranging from 2.2 to 4.0 mm corresponding to available stock
of Thorlabs®. The location is assumed to be at Cranfield, UK location (52°N) and
the quartz material is assumed for all cases. Simulation results are shown in

Figure 7-13, which can be fitted to a third order polynomial as:
CRmax = b183+b262 +b3e+b4 (7'6)

Where, lens thickness, e, is in meters and polynomial constants are listed in Table
7-6. Results indicate that the minimum lens thickness gives the maximum ability
to withstand high CR values. This may be attributed to the better heat dissipation
of heat through the lens thickness due to conduction as well as minimising the

lens material.
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Figure 7-13 Maximum allowable CR vs. positive meniscus lens thickness

Table 7-6 Polynomial constants for CRmax—lens thickness relation

Constant Value
b, -9.96896E+10
b, 1.01728E+09
by -3.84346E+06

b, 1.95755E+04
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7.2.2.3 Material-based Parameters

There are different optical and thermal materials properties that may influence
thermal behaviour of the lens under the highly concentrated solar fluxes. These
properties include: material transmittance, maximum working temperature,
density, thermal conductivity and heat capacity. The investigation of these
parameters is quite complex, as all of them can affect the thermal behaviour
simultaneously. However, in the current study, individual relations for each
property will be investigated separately through analysing the output data of the
simulation process carried out in Section 6.1.3.3.

Material transmittance affects the amount of absorbed power, which is
responsible for heating up the lens material. The simulation results of CRmax of
the studied materials and their transmittances are plotted in Figure 7-14.
However, the plotted data are not providing a clear relation between the
parameters. The reason for this may be due to the influence of other parameters
affecting CRmax.
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Figure 7-14 Maximum allowable CR vs. Transmittance

The effect of the maximum working temperature of materials on CRmax iS shown

in Figure 7-15. It indicates a direct relationship between the studied property and

CRmax-
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Material density can be used as a representation of the lens mass. Although the
more material density indicates more mass of the lens and more heat capture,
but data plotted in Figure 7-16 shows that it is not a general rule. The CRmax

showed a random behaviour against applied materials densities.
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Figure 7-16 Maximum allowable CR vs. material density

Heat capacity is also a measure of heat captured by a certain material. The
relation between heat capacity and CRmax has been showing a random behaviour

as illustrated by Figure 7-17.
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Thermal conductivity is responsible for minimising the temperature difference
between the lens’s surfaces. This effect may help in dissipating more heat from
both sides of the lens. However, it is still unclear relationship between thermal

conductivity of lens material and CRmax, based on data illustrated in Figure 7-18.
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Figure 7-18 Maximum allowable CR vs. material thermal conductivity

The last three properties of materials can be combined under one property,

known as thermal diffusivity, a4, which can be defined as:

aa = k/(pCy) (7-7)
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Thermal diffusivity relation with the CRmax is plotted in Figure 7-19. However,
there is no clear relationship between maximum allowable CR and material

thermal diffusivity.
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Figure 7-19 Maximum allowable CR vs. material thermal diffusivity

7.2.3 Optical Analysis Code Results

In this section, the mathematical formulae derived in Section 6.1.4.1 has been
solved with a MATLAB® software, which is validated in Section 7.3.1, to
investigate the influence of different assumptions and parameters on the LLBG
performance. This investigation is carried on two major stages. In the first stage,
the effects of CA and SAA assumptions on the front lens focal spot diameter. This
study is applied to the full-size LLBG front lens as a case study. For the second
stage, the performance of prototype- and full-size LLBG systems is studied. This
study includes an optical study of the rear lens geometry and positioning effects
as well as the front lens buckling effect on the output beam quality. Two different
circular PMMA-Fresnel lenses are used as front lens for each system, with

design detalils listed in Table 7-7.
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Table 7-7 Technical details of studied front lenses

Property (unit) Prototype-size system Full-size system
Geometry Fresnel Fresnel
Material PMMA PMMA
Focal length, f(m) 0.6096 1.400
GI/GO design configuration GO Gl
Aperture radius, R (m) 0.12 0.525
Refractive index, ns: (-) 1.49 1491
Standard Wavelength, As: (nm) 586.0 586.0
Pitch, P (m) ? 0.33E-03
Slope angle, 6; (°) 0s(r)=? 05(r)="
Draft angle, 64 (°) ? 0.0
Reference (Edmund Optics, 2018a)  (NTKJ, 2007)

As the slope angle of lens prisms are varying with lens aperture radius in an
unknown function, the available data has been utilised to derive the function
mathematically. To achieve this, collimated rays are assumed to fall at normal
incidence, i.e. 6;=0, at a standard wavelength, ny;, to be refracted at the
manufacturer focal length measured from the lens plane. The obtained function

of slope angle, 6, (in degrees) as a function of the front lens radius, r, (in m) is

plotted in Figure 7-20 for both front lenses studied.
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Figure 7-20 Case study Fresnel lenses prisms 8 as a function of r(calculated)

7.2.3.1 CA and SAA Effects on Focal Spot Diameter of Fresnel Lens

In this section, mathematical formulae derived in section 6.1.4.1 are applied for
the full-size front full-size front Fresnel lens, with manufacturer data technical
details listed in Table 7-7. Applying Eq. ( 6-47 ) using the previous data, the
spectral spot diameter at distance (x) equal to the manufacturer focal length of

1.4m can be plotted as shown in Figure 7-21.
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Figure 7-21 Spectral spot diameter at (x = 1.4m) against solar spectrum (AM1.5)

From Figure 7-21, it can be concluded that if the SAA and CA effects are
considered, the spot has an extremely large diameter ranging from 177.2 to
68.7 mm over the whole UV-zone of solar spectrum. While the spot diameter
remains constant at 13.02 mm over a wavelength ranges from 655 to 1439 nm,
and starts to increase slightly through the IR- zone to reach 23.17 mm by the end
of solar spectrum. In order to evaluate the influence of model assumptions on
spectral spot diameter evaluation, Figure 7-22 shows a comparison between the
current model with different assumptions and models proposed by (Cotal and
Sherif, 2005) and (Bobkova et al., 2006). For (Cotal and Sherif, 2005) model, the
SAA has been neglected, while (Bobkova et al., 2006) model neglected the CA

effect.

180

Current Model

Current model, SAA neglected

Current model, CA neglected

140 1 — — (Cotal and Sherif, 2005) model, SAA neglected
= = = (Bobkova et al., 2006) model, CA negelcted

160 4

120 4

100 4

80 4

60

Spectralspot diameter, D, ;,,(2) (mm)

40-\

20 P N N N e ——————

250 500 750 1000 1250 1500 1750 2000 2250 2500

Wavelength, A (nm)

Figure 7-22 Spectral spot diameter with different assumptions and models
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From Figure 7-22, neglecting SAA effect results in decreasing the predicted spot
diameter in the UV-zone and through the VIS bandwidth until a minimum value is
reached at the standard wavelength of 586nm. In the current model, neglecting
the SAA, and (Cotal and Sherif, 2005) model, the spot diameter reaches
5.19E-07 and 0.0EO00 mm, respectively, and tends to increase gradually beyond
the point of standard wavelength. The difference between the results may be
attributed to the neglict of lens geometry effect, including the prisms design and

its aperture diameter.

When the CA is neglected, the spot diameter becomes independent of
wavelength change. Therefore, both the current and (Bobkova et al., 2006)
models with this assumption showed constant spot diameter of 20.92 and
14.85 mm, respectively. The difference between the results can be interpreted as
a result of neglecting the lens material properties in (Bobkova et al., 2006) model.
Results obtained from Figure 7-22 illustrates the importance in considering the

SAA effect in optical designing of Fresnel lens-based solar concentrators.

7.2.3.2 Rear Lens Position Effect on Output Beam

In this section, the influence of rear lens position on spectral beam deviation
angle, 6, is investigated for both prototype- and full-size systems with positive
meniscus (LE4412). Figure 7-23 shows the effect of changing RLPFR around its

optimum value for each system.
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Figure 7-23 indicates that the optimum positioning of the rear lens with respect to
the front lens focal length plays a significant role in minimising and stabilising the
spectral deviation angle of the output beam. The obtained optimum RLPFRs are
used in evaluating beam diameter in both system. The code is applied to
wavelengths of [300, 350nm] (UV), [400, 550, 700nm] (VIS) and [1600, 2500nm]

(IR). The evaluated beam diameter for both systems are illustrated in Figure 7-24.
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Figure 7-24 Spectral beam diameter over distance, [, from the rear lens
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The feasible limit plotted in Figure 7-24 is representing the maximum beam
diameter at which it reaches the original aperture diameter. The longest distance
that generated beam can travel to reach the feasible beam limit, i;.5,. IN €ach
system for different wavelengths are listed in Table 7-8. In order to normalise this
distance, a relative value representing the ratio of the maximum feasible distance

from the rear lens to the feasible beam limit is calculated and listed in Table 7-8.

Table 7-8 Longest distance beam travel to reach the feasible beam limit

Prototype-size Full-size
Spectral | Wavelength, 4 (Feasible Limit= 0.24m) (Feasible Limit= 1.05m)
Zone (nm) Maximum Distance | Relative Distance |Maximum Distance | Relative Distance
(m) (@) (m) ()
UV 300 0.942746386 3.928 2.919375643 2.780
350 1.073784054 4.474 3.083592565 2.937
400 1.222979837 5.096 3.292877597 3.136
VIS 550 1.682872769 7.012 4.01467442 3.823
700 2.061001458 8.588 4.671115615 4.449
1600 2.689966682 11.208 5.261668955 5.011
IR
‘ 2500 2.033252755 8.472 5.156891942 4.911

According to obtained results, positioning the rear lens at the optimum position
leads to generate a more stable, collimated beam over IR-zone compared to VIS
and UV region. This result is due to the less deviation angle for such bandwidth.
In other words, under the optimum rear lens positioning condition, the generated
thermal beam (IR) can be carried out for longer distance compared to shorter

wavelengths.

However, this conclusion is contrary to (Jaramillo, Rio and Huelsz, 1999) results,
who found that thermal effect of concentrated solar rays in a 10m of SiO2-optical
fibre appears only within the first 0.5m of the transmission line compared to visible
light. The main reason for this discrepancy is attributed to adding the rear lens to
the optical configuration of the LLBG system which alternates the spectral

distribution of the concentrated solar rays.

7.2.3.3 Front Lens Buckling Effect on Output Beam

The effect of buckled front lens with radius of curvature, R, has been
investigated. Hence the full-size front lens has a larger aperture area compared

to the prototype-size front lens, the buckling effect will be more significant.
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Therefore, the lens buckling effect is studied for the full-size front lens. According
to measured values of R, listed in Section 4.2.3, the code is applied for 4 different
cases representing radii of curvature of 18.114, 19.711, 27.652m and oo (without
buckling-case) with fixing the rear lens at the its optimum RLPFR of 0.833. For
further investigation, two additional radii of curvature of 10 and 15m has been
assumed. To facilitate representing the non-buckled front lens graphically, all
studied cases are represented in terms of corresponding radius of curvature
reciprocal, R.~*. The buckling effect on the spectral output beam deviation angle
(for wavelengths selected in Section 7.2.3.1) is illustrated in Figure 7-25a, while
the average deviation angle over the VIS—IR spectral zones are plotted
against R.~* in Figure 7-25b.
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Figure 7-25 Extended front lens radii of curvature effect study
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Although Figure 7-25a shows low sensitivity of deviation angle with respect to
front lens curvature, the results in IR zone tend to be more sensitive. For all
investigated wavelengths, the more front lens curvature (less R.), the less
deviation angle occurs. However, a step in the 2500nm behaviour appears
between radii of curvature of 19.711 and 15m. Within the same range of radii of

curvature, a step is also observed in the average deviation angle (Figure 7-25b).

7.2.3.4 Front Lens Geometry Effect on Output Beam

In this section, the effect of using Fresnel geometry for the front lens on the output
beam deviation is investigated through comparison with an experimental case
study (Salem, Tawfik and Hamed, 2010). They introduced a small LLBG model

using two bi-convex lenses of 50mm in diameter. Their front and rear lenses had
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focal lengths of 0.2 and 0.1m, respectively. The generated beam had a diameter
of 0.02m at receiver aperture. In the present investigation, a virtual Fresnel front
lens is assumed to have a focal length and clear aperture diameter of 0.2 and
0.05m, respectively, while the rear lens is assumed to be the bi-convex lens
LB4821 (Thorlabs, 2010b), with technical details listed in Table 7-9. Then the
MATLAB code is applied for the Fresnel-bi-convex configuration to calculate and
compare the output beam deviation angle and its diameter at the corresponding

distance from the rear lens of Salem’s group case.

However, (Salem, Tawfik and Hamed, 2010) did not measure the ray path length
from their rear lens to the receiver. Therefore, it has to be worked out through the
available information provided by their raw data. A schematic diagram illustrating
the path of the generated beam in their test rig is shown in Figure 7-26. The
known values are Z, [, and [; corresponding 0.4, 0.15 and 0.85m, respectively.
According to this, determining the initial altitude angle, y,, is required to calculate
the rest of unknowns. As (Salem, Tawfik and Hamed, 2010) took their
measurements on June 24" by 10:50 AM (Egypt local time), then the altitude
angle at this time for the given coordinates of 31.04°N and 31.36°E can be figured

out. From sun’s position calculator (Figure 7-27), the altitude angle was 73.27°.
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Figure 7-26 Schematic diagram of the generated beam path
(Salem, Tawfik and Hamed, 2010)
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Based on that the total path travelled by the generated beam is 1.25m. Applying
the MATLAB code for the Fresnel /bi-convex lenses configuration, then evaluated
beam diameter for wavelengths of [300, 350nm] (UV), [400, 550, 700nm] (VIS)
and [1600, 2500nm] (IR) are as plotted in Figure 7-28.
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Figure 7-28 Spectral beam diameter over distance, [, from the rear lens
The obtained results show a beam diameter ranging from 0.0398 to 0.1323 m at
wavelengths of 2500 and 300nm with an average visible beam diameter of 0.05m.
This indicates that using Fresnel geometry for the front lens led to increasing the

beam diameter by 150%.
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7.2.3.5 Rear Lens Geometry Effect on Output Beam

The LLBG beam generation ability is evaluated by calculating the beam deviation
angle for prototype- and full-size systems. For both systems, five different SiO2—
rear lenses have been employed, with technical details available in Table 7-9.
For all studied rear lenses, the standard refractive index and wavelength are

1.458 and 587.6nm, respectively, and all have the same diameter of 0.0508m.

Table 7-9 Technical details of studied rear lenses

Lens part number
Property (unit)

LE4412 LE4125 LE4560 LA4545 LB4821
Geometry Positive meniscus Positive meniscus Positive meniscus  Plano-convex Bi-convex
Focal length, f(m) 0.100 0.150 0.200 0.100 0.100
Edge thickness, ee (m) 0.0012 0.0027 0.0030 0.0031 0.0030
Centre thickness, ec (m) 0.0107 0.0078 0.0066 0.0106 0.0103
Front surface radius of curvature, R1 (m) 0.0306 0.0465 0.0630 0.0460 0.0904
Back surface radius of curvature, R2 (m) 0.0809 0.1353 0.1934 0 -0.0904
Reference (Thorlabs, 2010d) (Thorlabs, 2010c) (Thorlabs, 2010e) (Thorlabs, 2010a) (Thorlabs, 2010b)

Most of the thermal radiation is carried by IR spectrum (Xu, 2016), therefore VIS
and IR (400-2500nm) are chosen as the spectral zones of concern to evaluate
the optimum location of the rear lens with respect to the front lens focal point.
This location can be expressed in a nondimensionalised form as the rear lens
position focal ratio (RLPFR), which is defined as the ratio of rear lens position, x,,
to its focal length, f,. According to the applied code results, the optimum RLPFR
is found to be as listed in Table 7-10. These values are obtained to match the
minimum average deviation angle of the output beam over the spectral zone of
concern (400-2500nm). The calculated average output beam deviation angle,

d.v, Over the spectral zone of concern in each case is listed also in Table 7-10.

Table 7-10 Optimum rear lens position, RLPFR and average deviation angle

Prototype-size system Full-size system
Lens part Optimum Optimum Average Optimum Optimum Average
number | position, xz,, RLPFR deviation, 8,,| position, x; ,, RLPFR deviation, &,,
(m) 0 @) (m) @) ©)
LE4412 0.0873333364 0.8733 2.76 0.0833333358 0.8333 6.08
LE4125 0.1389999986 0.9267 1.41 0.09099999815 0.6067 9.90
LE4560 | 0.02800000086 0.1400 3.68 0.03333333507 0.1667 9.20
LA4545 | 0.09399999678 0.9400 1.70 0.0886666700 0.8867 4.88
LB4821 | 0.04466666654 0.4467 2.59 0.04600000009 0.4600 7.17

The spectral beam deviation angle for both prototype- and full-size systems with
different rear lenses is plotted in Figure 7-29.
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Figure 7-29 Spectral deviation angle for different rear lenses
(a) prototype-size system

From Figure 7-29, it can be found that scaling-up the front lens aperture diameter
by 338% led to the increase of the deviation angle by an average of 247% over
all studied rear lenses. The prototype-size system has a larger front lens aperture
by 380% compared to the system proposed by (Salem, Tawfik and Hamed,
2010). This may explain the ability of (Salem, Tawfik and Hamed, 2010) to
generate and carry the beam efficiently over 1m, compared to the limited ability
to the present experimental design with the positive meniscus rear lens. Hence
the relation between the rear lens geometry and the LLBG output beam quality is

still unclear to be inferred from Figure 7-29, further investigation is carried out

from Figure 7-30.
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7.2.3.6 Front—Rear Lenses Combination Effect on Output Beam Deviation

In this section, different combinations of front—rear lens have been examined to
infer a relationship between the LLBG optical components specifications and the
output beam average deviation angle, §,,. To define a parameter that merge
down different front-rear lenses geometrical details, a dimensionless number,

called as LLBGH#, is defined as follows:

LLBG# = (g—:) (l];i ij;zz) (7-8)

Where, D, f1, D,, f, are the aperture diameter and focal length of the front and
rear lenses, respectively, while R, and R, are the radii of curvature of the front
and back surfaces of the rear lens, respectively. According to data provided by
the manufacturer (Edmund Optics, 2018c), the specifications of different front
PMMA-Fresnel lenses, which designed for GO configuration, can be combined
with the 5 rear lenses studied in Section 7.2.3.4, with technical data available in
Table 7-9. These combinations can create 110 LLBG#s, as listed in Table 7-11,
ranging from O to 66.65.

In order to examine the relation between the LLBG# and average beam deviation
angle, the first 6 front lenses among the list of Table 7-11 have been selected to
generate a popularity of 30 cases, covering the full available range of LLBG# (0—
66.65), to be studied. The MATLAB code is then applied for each combination to
determine the optimum RLPFR and average deviation angle, §,,, (over VIS—IR)
corresponding to each LLBG#. Results obtained are listed in Table 7-12 and the
relation between LLBG# and §,, of the has been plotted and fitted with Fourier
series formula with different number of terms to select the optimum fit, as

illustrated in Figure 7-31.
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Table 7-11 Probable front-rear lenses combinations

Front Rear LLBG|Front Rear LLBG|Front Rear LLBG|Front Rear LLBG]|Front Rear LLBG
Lens#lens# # |lens#lens# # |lens#lens# # |Jlens#lens# # |lens#lens# #
32-601 40.41 [32-691 66.65 |32-691 0.00 [32-691 20.33 |32-691 18.54
32-690 33.66 [32-690 54.72 |32-690 0.00 [32-690 24.73 |32-690 15.22
43-019 32.30 [43-019 52.33 |43-019 0.00 [43-019 23.81 |43-019 14.56
43-018 26.63 |43-018 42.31 [43-018 0.00 [43-018 19.95 43018 11.77
32-508 20.41 |32-598 31.34 |32-598 0.00 [32-508 15.71 |32-598 8.72
32-597 19.06 |32-597 28.96 |32-597 0.00 [32-507 14.79 |32-597 8.06
32-681 3.90 [32-681 5.64 [32-681 0.00 [32-681 3.13 [32-681 1.57
32682 5.92 [32-682 8.97 [32-682 0.00 [32-682 4.61 [32-682 2.49
32-590 3.65 [32-590 4.95 [32-590 0.00 [32-590 3.06 [32-500 1.38
43-011 3.95 [43-011 5.48 [43-011 0.00 43011 3.26 [43-011 1.53
43-012 & 408 |[43012 o 571 [43012 F o000 [43012 3 335 |43012 § 159
32501 I 382 [s2591 I 525 |32501 X 000 [s2591 L 318 [s251 & 146
32-502 4.21 32592 5.94 [32-502 0.00 |32-502 3.44 (32502 1.65
46-614 7.08 [46-614 10.02 |46-614 0.00 [46-614 5.78 [46-614 2.79
32-683 6.23 [32-683 8.50 [32-683 0.00 [32-683 5.20 [32-683 2.37
32-684 7.80 [32-684 11.28 |32-684 0.00 [32-684 6.27 [32-684 3.14
43-013 11.37 |43-013 17.59 |43-013 0.00 [43-013 8.70 [43-013 4.89
32-503 8.52 [32-503 11.72 |32-503 0.00 [32-503 7.09 [32-503 3.26
32-504 11.40 |32-594 16.79 |32-594 0.00 [32-504 9.04 [32-504 4.67
32-685 15.22 |32-685 23.55 |32-685 0.00 [32-685 11.65 |32-685 6.55
32-686 17.14 |32-686 26.93 |32-686 0.00 [32-686 12.95 |32-686 7.49
43-015 29.06 |43-015 47.08 [43-015 0.00 [43-015 21.42 |43-015 13.10

Table 7-12 MATLAB code output for different investigated combinations

Front Lens # Rear Lens # LLBG# (-) Optimum RLPFR (-) Average deviation, &,y (°)
32-691 LE4125 40.41 0.9267 1.41
32-690 LE4125 33.66 0.7533 3.40
43-019 LE4125 32.30 0.7133 4.25
43-018 LE4125 26.63 0.1133 4.24
32-598 LE4125 20.41 0.1000 4.20
32-597 LE4125 19.06 0.1000 4.09
32-691 LE4412 66.65 0.8733 2.76
32-690 LE4412 54.72 0.8333 2.52
43-019 LE4412 52.33 0.8067 2.53
43-018 LE4412 42.31 0.7267 3.61
32-598 LE4412 31.34 0.1000 5.88
32-597 LE4412 28.96 0.1000 6.56
32-691 LA4545 0.00 0.9400 1.70
32-690 LA4545 0.00 0.9133 1.53
43-019 LA4545 0.00 0.8867 1.51
43-018 LA4545 0.00 0.7800 2.78
32-598 LA4545 0.00 0.1267 4.46
32-597 LA4545 0.00 0.1267 4.45
32-691 LE4560 29.33 0.1400 3.68
32-690 LE4560 24.73 0.1267 3.64
43-019 LE4560 23.81 0.1267 3.66
43-018 LE4560 19.95 0.1133 3.40
32-598 LE4560 15.71 0.1133 3.10
32-597 LE4560 14.79 0.1133 3.33
32-691 LB4821 18.54 0.4467 2.59
32-690 LB4821 15.22 0.4333 2.35
43-019 LB4821 14.56 0.4200 2.36
43-018 LB4821 11.77 0.4067 2.05
32-598 LB4821 8.72 0.3933 1.78
32-597 LB4821 8.06 0.3800 1.69
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Figure 7-31 Average deviation angle at different LLBG#s
The applied Fourier series trigonometric form is (Serov, 2017):

T

Oav =@

n
{ao + z [a; cos(i *w *x LLBG#) + b; sin(i * w * LLBG#)]} (7-9)
i=1

Where §,, in degrees, while a,, a;, b; are constants, w is the frequency and n is
the number of terms in the series. In order to check the accuracy of each fit is
evaluated through determining the RMSE and MAPE for each fit. Moreover, a
random combination is selected (32-686/LE4125, LLBG# =17.14) and studied
through the MATLAB code and the resulting 6,, is compared against the
predicted value from Eq. ( 7-9 ) for each fit. The obtained results are listed in
Table 7-13. These results indicate that 5-term Fourier series best fits the studied
data with a total MAPE of 17.86% and minimum error of the random combination
studied of 3.92%. However, data listed and plotted in Table 7-12 and Figure 7-31
show that all combinations that use the plano-convex lens as a rear lens have
LLBG# of 0.0. This fact leads to a relatively high MAPE of 50.15% for the
corresponding 5 combinations. Therefore, the MAPE calculated over the rest 25
combinations of the studied popularity shows less MAPE of only 9.79% for the 5-
term Fourier series fit. According to this, 5-term Fourier series fit, with coefficients
available in Table 7-13, is valid for (LLBG#s > 0.0) to give an estimation of
average beam deviation angel, §,,, over VIS—IR spectrum of corresponding

front—rear lenses combination, if the front lens is designed for GO-configuration.
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Table 7-13 Fourier series fits coefficients and evaluation

2-terms 3-terms 4-terms 5-terms 6-terms
a, 0.052490 0.052520 0.051730 0.0629600 0.036850
a, -0.012880 -0.012280 -0.017260 -0.0008480 -0.027880
by 0.005681 0.005695 0.001730 -0.0170800 0.021640
a, 0.007783 0.008414 -0.001656 -0.0054850 -0.010230
‘% b, -0.012950 -0.013970 -0.007159 -0.0239100 0.012880
E a; —_— -0.001506 0.006322 0.0105100 0.010550
§ b, —_— -0.001010 0.010060 -0.0016690 0.035910
'g a, —_— —_— 0.009078 -0.0002283 0.011990
'g b, _— _— -0.008290 -0.0321800 0.008011
E as _— _— — -0.0190300 0.009034
bg — — — 0.0018590 0.024780
a — — — —_— 0.017460
bg —_— —_— — —_— -0.002509
w 0.094300 0.094270 0.094270 0.094270 0.094270
< RMSE (°) 0.995 0.889 1.023 0.761 0.756
% MAPE (%) 24.59 24.71 23.80 17.86 17.89
i A 11.56 11.13 7.02 3.92 8.81

7.3 LLBG Testing Results

7.3.1 Optical Analysis Code Validation Test

The measured beam diameters against different total distance from the rear lens
to the screen, [, is plotted in Figure 7-32 and compared to the code output results.
Hence the experimental measurement is taken by naked eyes covered with
safety glasses, then the only VIS bandwidth (400—700nm) can be detected. Due
to the lack of clarity of some certain wavelengths compared to others, the
collected values may involve uncertainty. However, the experimental data is
found to be in good agreement with the code results at some certain wavelengths
with an average RMSE and MAPE of 2.52E-05m and 4.78% over 400—700nm
bandwidth, which represents the clearest visible light can be observed.
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Figure 7-32 Beam diameter against rear lens—screen distance
7.3.2 Prototype LLBG System Test

The measured ambient temperature and the average receiver back surface
temperatures are plotted in Figure 7-33 for the three tests carried out, with a
sampling rate of one reading/second. The disturbance in readings collected in
Figure 7-33 is attributed to system vibration during the rotation of the system over
the extremely rough and bumpy ground during the tracking process. In addition
to the time lag in recognising that the system is required to modify its position to
follow the sun’s path in the sky. The average incident irradiance over tests periods
are 700, 1100 and 1000 W/m? for tests 1, 2 and 3, respectively.

35
L1=0.25m, Average receiver temperature
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Figure 7-33 Receiver and ambient temperatures recorded (LLBG Prototype Test)
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7.3.3 Full-Size LLBG System Test

The ambient temperature and the average receiver back surface temperature are
recorded and plotted in Figure 7-34a for the receiver without window test, while
for the receiver with the window they are plotted besides the average window
temperature in Figure 7-34b. As the prototype-size test, instability in recorded
readings is attributed to the lack of ability to trace the sun over the test period.
The average measured solar irradiation for the receiver without window test is
measured to be found to be 750 W/m2. While it has been recorded as 400 W/m?

for the other two tests with windowed receiver tests.
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Figure 7-34 Receiver, window and ambient temperatures recorded
(LLBG full-size Test)
(a) without window (b) with window
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7.4 Prototype-Size LLBG System Evaluation

The data obtained in Section 6.3.2 is analysed within this section to evaluate
performance of the prototype-size LLBG system. This evaluation includes:
determination of system efficiency, the amount of reduction in Carbon footprint
and the amount of fuel saved due to utilising unit area of the system aperture.

7.4.1 System Efficiency Evaluation

The electromagnetic solar energy incident on the LLBG system passes through
an optical system consisting of the front and rear lenses and the control mirror.
Lenses transmittances and mirror reflectance represent the major components in
calculating the optical efficiency of the LLBG system. In order to convert the
electromagnetic energy passed through the optical system into thermal energy,
thermal losses comprised within the system, e.g. heating up the lenses and the
control mirror, causes a thermal efficiency. The total field efficiency of the LLBG
system includes both optical and thermal efficiencies. The flow of the energy

through the LLBG system can be illustrated as shown in Figure 7-35.

LLBG Field

|
rConcentrator-\ r ?ece_iveT -]
I | (775) |

Incident (n"!’t) Captured (7¢n) Useful the
irradiation, I, -Frontlens t; irradiation, I, - Thermal losses Power, g,
- Rear lens 1,

I to surroundings I
- Control mirror p,
e e e el e — — —

Thermal Elements

Optical Elements

. | | . | | .
Electromagnetic v Electromagnetic \/ Thermal
Energy Energy Energy
Optical losses Thermal losses

Figure 7-35 Energy flow within the LLBG system

The optical efficiency, n,,., due to optical losses within the LLBG system can be

determined from:
Nopt = Tr1 * T2 * Prcm (7-10)

Where 7; 1, 7;, and p, ¢y are the front and rear lens transmittances and control

mirror reflectance, respectively, with neglecting lenses reflectance and mirror
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absorbance. The total field efficiency, n, of the LLBG system can be calculated

as follows:

Q
Me = Nope *Nen = 7 7 (7-11)
mn a

Where I;,,, Q,, and A, are the input solar irradiation, the useful output thermal
power and the front lens clear aperture area, respectively. Thermal efficiency, 1,
represents converging the captured electromagnetic energy into thermal energy.
As the aim is to evaluate the LLBG ability to convert the incident solar energy into
useful thermal energy, regardless the design of the receiver, the gained useful
thermal power is monitored by including the receiver thermal losses to

surroundings in different forms, as illustrated in Figure 7-36.

__—7 Heatloss by convection
/

P
/

/N

—

LLBG _
( SYSTEM UsefulThermalEn}( RECEIVER | 7} Heat Absorbed
A
>A

Figure 7-36 Energy flow within the receiver

Heat loss by radiation

From Figure 7-36, the useful thermal energy output from the LLBG system can

be obtained from:
Qu = [mC,(T; — T;)/t] + [RA(Ts — Too)] + [edA(Ts* — Too*)] (7-12)

Where m, C,, T;, Tr and ¢t are the receiver mass, heat capacity, initial and final

temperatures and the time, respectively. While h, &, A, T, and T, are the
convective heat transfer coefficient, receiver emissivity, surface area
(uninsulated), surface and ambient temperatures, respectively. Applying
Equations ( 7-11 ) and ( 7-12 ) with using experimental data collected in Section
6.3.2, then the LLBG system thermal can be determined and plotted as shown in
Figure 7-37 indicating that increasing distance from the mirror is accompanied
with decreasing field efficiency. This is due to distributing and attenuating the
beam over a larger area, which increases the losses over the path from the mirror

to the receiver.
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Figure 7-37 Prototype-size LLBG system field efficiency

The 2" degree polynomial trend line that passes through field efficiency points
indicates that the system field efficiency will reach 0.0% at 1.453m from the
mirror, which means that after this distance, the beam is carrying only light without

useful heat.

Assuming a limitation of keeping the receiver within 0.5m from the mirror, then
the average field efficiency will be 17.30%. This value will be utilised later in
evaluating process in the upcoming section. In order to investigate the reason
behind this lower number, compared to literature, the system optical efficiency is
calculated, and then thermal efficiency of the system can be derived.

For the front lens transmittance, it can be assumed to be 81.0%, as the spectral
transmittance curve provided by the manufacturer is similar to the PMMA curve
plotted in Figure 6-4 (Edmund Optics, 2018a). While the rear lens manufacturer
spectral transmittance curve over solar spectral bandwidth (280-2500nm) is
plotted in Figure 7-38, with an average transmittance of 91.83%. The mirror
reflectance is measured using Condor Reflectometer (see Figure 4-7). The output
data listed in Table 4-2. Then the average solar weighted reflectance is 78.75%.

Based on these data, the prototype-scale LLBG optical efficiency, 1oy, is

58.58%, and then its thermal efficiency, n,, is 29.53% within 0.5m from the

mirror.
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Figure 7-38 Rear lens manufacturer spectral transmittance (280-2500nm)
7.4.2 Reduction in Carbon Footprint and Fuel Consumption

In this section an evaluation model is developed out based on assuming 1m? of
aperture is used to replace different prime movers (i.e. steam generator, gas
turbine and combined cycle) working fossil fuels (i.e. natural gas and petroleum).
The model assumes that the system is receiving an average incident power of
1000W/m? over 5-hours a day, with 330 days of operation per year. The LLBG
average field efficiency of 17.30% is utilised to evaluate the amount of thermal
energy gained annually for each 1m? of LLBG aperture, E;,. It has been
calculated through:

Ei, = Qe * (3600s * 5h * 330days) = 5940000  np * I;,, x (1m?) (7-13)

Where Q,; is the thermal power gained from incident irradiation, I;,, with unit
aperture area. It has been found to be 1027.62 MJ/year.

Net calorific value (NCV) of a fuel can be defined as “the quantity of heat evolved
by the complete combustion of a unit mass (or unit volume) of the and the
products of combustion are let off into the atmosphere” (Palanna, 2009). These
values for natural gas and power station petroleum are 35.7 MJ/m® and
40.7 MJ/kg, respectively (Department for Business Energy Strategy & Industrial,
2017). According to these values, building 1m? of LLBG aperture can save

28.78m?3/year and 25.25kg/year of natural gas and petroleum, respectively.

To evaluate the equivalent amount of electrical energy can be produced out of
thermal power gained from the LLBG, the Heat Rate term is required to be

defined. Heat rate (HR) is a common measure of heat engines efficiency in
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converting the energy content of the fuel into power. It can be defined as the
amount of thermal energy needed to generate 1 kWh of electricity, which is
expressed typically in Btu/kWh (Eydeland and Wolyniec, 2003). However, HR
depends on both fuel and prime mover types (EIA, 2017), as listed in Table 7-14.

Table 7-14 Average HRs by fuel and prime mover (EIA, 2017)

Fuel Natural Gas (Btu/kWh) Petroleum (Btu/kWh)
o5 Steam Generator 86.7 87.2
€32 Gas Turbine 87.4 87.7
&E Combined Cycle 87.7 87.8

According to these data, the annual electric power can be substituted by utilising

1m? of LLBG aperture is as illustrated in Figure 7-39.
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Figure 7-39 Annual electric energy can be generated from 1m?2 of LLBG aperture
Carbon footprint can be defied as: “the total amount of greenhouse gases
produced to directly and indirectly support human activities, usually expressed in
equivalent tons of carbon dioxide (CO2)” (Idowu et al., 2015). Considering Carbon
footprints for natural gas and petroleum as 0.1836 and 0.2674 kgCO2/kWh,
respectively (Carbon Trust, 2011), then each unit area of LLBG aperture can

reduce Carbon footprint annually by the amounts shown in Figure 7-40.
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Figure 7-40 Annual Carbon footprint reduction for 1m? of LLBG aperture

7.5 Full-Size LLBG System Evaluation

In this section, the full-size LLBG system performance is evaluated through
analysing experimental data to determine the field efficiency, reduction in Carbon

footprint and saved amount of fuel per unit aperture area.

7.5.1 System Efficiency Evaluation

Following the same procedure in evaluating the prototype-size LLBG system,
experimental data obtained in Section 6.3.3 are used in calculating the full-size
LLBG system field efficiency applying Eq. ( 7-11 ). However, using the insulating
gasket material (illustrated in Figure 6-71) affects the value of front lens clear
aperture area, A,, as part of the incident radiation on the front lens is already
blocked by the mask before affecting the system. Therefore, it is required to
evaluate the equivalent effective aperture diameter, D.,, which indicates the
diameter that receives all incident solar radiation that can pass through the
masking material to the rear lens and generates the beam. According to geometry

illustrated in Figure 7-41, D.,4,can be obtained from:

Deq = Dpote + 2x1 tan @& = Dpgje + D1 — Ds(x1) (7-14)
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Figure 7-41 Schematic diagram of geometry explaining equivalent diameter
Where Dy, Dy, and Dy(x,) are front lens, gasket mask hole diameters and spot
diameter at certain distance, x;, respectively. To calculate spot diameter, Dg(x;),
the MATLAB code developed in Section 6.1.4 is applied for the front lens, with an
average R, of 18.11m (corresponding measured 45°—inclined lens radius of
curvature measured in Section 4.2.3). The results are illustrated in Figure 7-42,
where the mask is placed at 1.22m from the front lens plane. From Eq. ( 7-14),
the equivalent effective aperture diameter, D, is found to be 0.890339m, leading

to an effective clear aperture area, 4,, of 0.623m? to be used in Eq. ( 7-11).
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Figure 7-42 MATLAB code output predicting spot diameter at x4
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The system field efficiency is then calculated for each test, as plotted in Figure
7-43, which indicates higher efficiency of 26.14% for windowed receiver located
at a 0.25m from the control mirror. While pushing the receiver further away drops
down the field efficiency to record 17.65% at 0.5m. Moreover, using non-
windowed receiver showed lower efficiency when placed at the same position, as
it showed 12.89% for 0.5m away from the control mirror. The reason behind this
may be attributed to unaccounted thermal losses within the receiver when the
window is removed compared to the windowed case as more heat is captured

and can be monitored.
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Figure 7-43 Full-size LLBG system field efficiency
To allow comparison with the prototype-size system, the receiver is assumed to
be located at 0.5m from the control mirror, with field efficiency of 17.65%. This
value will be used later in evaluating process in the upcoming section. In order to
neutralise the effect of optical efficiency of the system components, thermal
efficiency is required to be calculated for the full-size system and to be compared

with the prototype-size case.

For the front lens transmittance, from measurements recorded in Section 7.1.2
which is found to be 74.18%, as the spectral transmittance curve provided by the
manufacturer is similar to the PMMA curve plotted in Figure 6-4. While the rear
lens manufacturer spectral transmittance curve over solar spectral bandwidth
(280-2500nm) is plotted in Figure 7-38, with an average transmittance of

91.83%. The mirror reflectance is measured using Condor Reflectometer (see
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Figure 4-7). The output data listed in Table 4-2. Then the average solar weighted
reflectance is 87.68%. Based on these data, the prototype-scale LLBG optical
efficiency, 1oy, is 59.73%, and then its thermal efficiency, 7, is 29.54% within
0.5m from the mirror. This value is approximately the same as the one obtained
for the prototype-size system (29.53%). This indicates that employing Fresnel
geometry leads to internal thermal losses leading to lowering down the system

thermal efficiency, regardless the system size.

7.5.2 Reduction in Carbon Footprint and Fuel Consumption

Using the same model applied in Section 7.4.2, using the same assumptions, an
evaluation of using 1m? of aperture to replace different prime movers (i.e. steam
generator, gas turbine and combined cycle) working fossil fuels. Considering
LLBG having a field efficiency of 17.65% and by substitution in Eq. ( 7-13), then
the amount of thermal energy gained annually for each 1m? of LLBG
aperture, Ey,, is found to be 1048.41 MJ/year.

According to NCV values of considered fuels (i.e. natural gas and petroleum),
building 1m? of LLBG aperture can save 29.37md/year and 25.76kg/year of
natural gas and petroleum, respectively. From values of HR listed in Table 7-14,
the annual electric power can be substituted by utilising 1m? of LLBG aperture is
as illustrated in Figure 7-44.
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Figure 7-44 Annual electric energy can be generated from 1m? of LLBG aperture
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Based on Carbon footprints of considered fuels, as mentioned in Section 7.4.2,
then each unit area of LLBG aperture can reduce Carbon footprint annually by

the amounts shown in Figure 7-45.
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Figure 7-45 Annual Carbon footprint reduction for 1m? of LLBG aperture

7.6 Summary

Results of numerical and experimental work introduced in chapters 5 and 6 are
displayed and discussed in this chapter. For solar simulators, using the metal
halide lamp showed better match with solar spectrum over the full spectral
bandwidth compared to tungsten halogen light source. Moreover, the average
irradiation over an area of 0.2x0.2 m? is 209.71 W/m? and 177.53 W/m? for the
metal halide and tungsten halogen cases, respectively. The solar simulator has
been used to measure the full-size LLBG front lens transmittance and to validate
the numerical model introduced in Chapter 6 of the rear lens mount in the LLBG

system.

Tests on the LLBG system has been carried out to investigate the performance
of both prototype- and full-size LLBG systems. Through these tests, the optical
analysis code developed by MATLAB has been experimentally validated. This
validated code is then applied for further investigation of the key parameters
influencing the LLBG system performance. In both prototype- and full-size LLBG
systems, field, optical and thermal efficiencies have been calculated and thermal
conversion efficiency of both systems was around 29.5%. Thermal efficiency is

used to compare the two systems as it neutralises the influence of optical
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components efficiency in generating and transferring the beam. The reason
behind such low conversion efficiency is attributed to using Fresnel geometry for
the front lens of the system, according to results obtained in Section 7.2.3.4.
These results indicated that a beam diameter is increased by 150% for identical
case tested experimentally by (Salem, Tawfik and Hamed, 2010) but with
replacing the front bi-convex lens in their experiment with an identical Fresnel
lens geometry. Therefore, the beam generated with both prototype- and full-size
LLBG systems is found to be thermally efficient within a short distance of
approximately 0.5m. However, detailed investigation of Fresnel-based LLBG
system has been carried out to determine different probable ways to minimise the
deviation of the output generated beam. Positioning the rear lens at the optimum
position is found to be critical in generating a more stable, collimated beam over
IR-zone compared to VIS and UV region, due to less deviation angle for such
bandwidth. Despite, beam deviation angle showed low sensitivity to front lens
curvature due to its buckling effect, results indicated that the more front lens
curvature, the less deviation angle occurs. Moreover, a dimensionless number,
named as LLBG#, merging down front—rear lenses geometrical details, is defined
in Section 7.2.3.6. A relation between this number and the beam deviation angle
was developed, allowing estimation of average beam deviation angle for front—
rear lenses combinations with LLBG#s > 0 over VIS—IR spectrum, if the front lens

is designed for GO-configuration.

According to thermal performance tests carried out using the prototype- and full-
size LLBG systems, it has been found that using such systems is more feasible
in replacing combined cycles compared to steam generators or gas turbines.
Each 1m? of LLBG aperture was found to save up to 26.95 and 23.84 kgCO:
annually for combined cycle prime movers that are fuelled by petroleum and
natural gas, respectively. In terms of annual fuel consumption savings, employing
LLBG can save up to 25.76 kg/year and 29.37m3/year of petroleum and natural
gas, respectively, for unit aperture area of the LLBG system. These values are
based on assuming the LLBG system receiving an average incident power of

1kW/m? over 5-hours a day, with 330 days of operation per year.
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8 CONCLUSIONS AND FURTHER WORK

The present study aimed to reduce the Carbon footprint of currently existing
fossil-fuelled power plants through hybridising them with solar energy. The first

section in this chapter covers conclusions related to each objective of the study.

8.1 Conclusions

In this section, the basic objectives discussed in Section 3.2 are displayed to

explain how they covered within the thesis.

8.1.1 Design and build a sun simulator device

This objective is covered and tested in Chapter 5, and results are displayed in
Chapter 7 (Section 7.1). Using a metal halide lamp shows better match with solar
spectrum over full spectral bandwidth compared to tungsten halogen light source.
However, for thermal testing, it is more recommended to use a dimmable
tungsten halogen lamp as it gives a good controllable output spectrum over the

IR zone.

8.1.2 Build and validate numerical models to design an LLBG solar
concentrator

Chapter 6 dealt with this objective, while the numerical and experimental results
are presented in Chapter 7 (Section 7.2). To achieve this objective, the LLBG
design phase included investigation of different front and rear lenses geometries
and materials through a series of studies, including thermal, optical, cost and
manufacturing studies. According to these studies, PMMA-Fresnel geometry was
approved to be used for the front lens as it represented the most cost-effective
option for large-size aperture, with enhanced transmittance, compared to usage
of PC. For the rear lens, based on thermal study, it has been found that using
positive meniscus geometry allows higher CRs, compared to both plano- and bi-
convex geometries. Based on both thermal and optical studies of transparent
materials, it has been found that SiO2 represents the optimum material for the

rear lens.
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8.1.3 Design and build an LLBG solar concentrator

The details of the procedure followed in designing and sizing the full-size LLBG
system is introduced in Section 6.2. It showed how various design concepts are
refined through a Pugh matrix and how components are sized. It also covers the

tracking system design to control the full-size system.

8.1.4 Assess the performance of this concentrating technology

This objective was covered through a series of experiments designed and
described in Section 6.3, while their results are discussed in Section 7.3.
According to these results, the prototype- and full-size LLBG systems showed
average field efficiencies of 17.30% and 17.65%, respectively, at 0.5m from the
control mirror. By neutralising the effect of different optical efficiencies of systems
components, it has been found that a thermal conversion efficiency of 29.5% was
recorded for both systems. According to these values, that building unit aperture
area of the LLBG system can save up to 25.76 kg/year and 29.37m3/year of
petroleum and natural gas, respectively, which used in producing electric power
through conventional power generation systems. This can lead to reducing
annual Carbon footprint by 26.95 and 23.84 kgCO: for of such power generation
systems that use combined cycles as prime movers powered by petroleum and

natural gas, respectively.

8.1.5 Assess performance limitations and system implementation
obstacles
Through building, testing and investigating the Fresnel-based LLBG, the following

obstacles and limitations have been faced:

e Using large front Fresnel lens can lead to its buckling under either its weight
load or due to thermal expansion (Section 4.2.3). This can cause changes in
the front lens focal length position (Section 6.1.4.2). Using supporting ribs or
dividing the aperture into sub-lenses is recommended.

¢ Using a glass-based control mirror is found to be a problem, especially in cold

weather as it can be damaged due to thermal stresses (Section 6.3.3).
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Therefore, it is recommended to replace it with Aluminium-based reflector
which can withstand high thermal stress with acceptable level of reflectance.

e Material and design of the rear lens mount is found to be critical, as it can be
targeted by the high concentrated power causing its damage (Section 6.3.3).
Using more robust material (such as ceramic) and ensuring avoidance of
blocking the concentrated rays’ path are highly recommended.

e Using a Fresnel geometry for the front lens bounds the optical efficiency of the
LLBG system due to its optical losses, such as reflection losses. For example,
the ideal optical efficiency of a typical PMMA Fresnel lens is found to be
74.16%, considering only material transmittance and the first-stage reflection
losses (Section 6.1.2.2).

e Another drawback of using a Fresnel front lens is the increase deviation angle
of the generated beam, as beam diameter is increased by 150% at some stage
compared to literature (Section 7.2.3.4). Consequently, this limits the distance
that the generated beam can travel effectively. Moreover, this obstacle

reduces the system efficiency.

8.2 Further Work

Based on current study, the following further work is recommended to be covered:

e Study the degradation of the front Fresnel lens in the real environment.
e Make a robust design for the rear lens mount.
e Make an optical design for the front Fresnel lens to minimise the generated

beam deviation.
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Appendix A Rear Lens Thermal Model MATLAB Cod

function[T2]=full temperature (e, k,Ta,hl,h2,epsilon,gabsorb,D, roh
,Cp,dt, Ti)

%$This function is to calculate the lower surface temperature of
a window

% (the surface which is not subjected to concentrated solar
power)

$with diameter (D), thickness (e), density (roh), heat capacity
(Cp),

%emissivity (epsilon),thermal conductivity (k)

% hl,h2: are the convective heat transfer coefficients for the
upper (facing the sun)surface and the lower surface

% Ta: i1s the ambient temperature in (K)

% Ti: is the initial temperature in (K)

% dt: is the time step of calculations in (seconds)

% gabsorb: is the amount of absorbed solar power by the window
material

% which is calculated as: (gabsorb=absorbance*incident solar
flux)

% gabsorb is supplied to the function as a vector with values
corresponding

o)

% the value of absorbed solar power at each time (t).
% In this code, all variables has been considered

% p is the polynomyal coefficients vector
% segma is Stefan-Boltzmann Const.
n=length (gabsorb) ;

m=roh* (pi*0.25*D"2*e) ;

C=m*Cp/dt;

Tav = zeros(n,1l);
Tl = zeros(n,1l);
T2 = zeros(n,1l);
Tav (1)=Ti;
T1(1)=T1i;

T2 (1)=T1i;

p = [0;0;0;0;0];
segma=5.67e-8;

p(l)=2*epsilon*segma;
p(4)=hl+h2+C;

for i=2:n
p(5)=-
(((hl+h2)*Ta)+ (2*epsilon*segma* (Ta"4) ) +gabsorb (i) +(C*Tav(i-1)));
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49 T full=roots (p);

50

51 T real=real (T full);

52 T img=imag (T full);

53 % scaning to select the real solution only
54 for j=1:4

55 if (T img(j)==0)

56 Tav(i)= T real(Jj);

57 end

58 end

59 end

60 % Now the Average Temperature has been calculated
61 % Next step is to calculate T1

62

63 ©p(l)=e*epsilon*segma/k;

64 p(4)=2+(e*hl/k);

65 for i=2:n

66 p(5)=-

67 (((e/k) * (gabsorb (i) +Ta+ (epsilon*segma* (Ta”4))))+(2*Tav (i))) ;
68 T full=roots (p);

69

70 T real=real (T full);

71 T img=imag (T full);

72 % scaning to select the real solution only
73 for j=1:4

74 if (T img(j)==0)

75 Tl(i)= T real(J);

76 end

77 end

78 end

79 for i=2:n

80 T2 (1)=(2*Tav (i))-T1 (1),

81 end

82 end
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Appendix B Incident Heat Flux Boundary Condition

B.1 Incident Heat Flux

Solar insolation calculations are based on assuming the location of Cranfield, UK
at a latitude angle of 52°N and on the day of summer solstice. The sky is assumed
to be clear for all the day time. The device is assumed to track the sun in three-
dimension all the daytime. The transmittance of the front lens is assumed to be
100%. The solar irradiance can be determined by the empirical formula presented
by (Laue, 1970):

I;n = 1.353.[(1 — 0.14H)0.74"**" 4 (0.14Z/1000)] (B-1)

Where, I, is direct solar irradiation in W/m?, Z is the location altitude above sea
level and AM is the Air Mass and H is the hour angle. By neglecting the location
altitude above sea level and including a calculation safety factor of 10%, then Eq.

( B-1) can be rewritten as:
I, = 1.1 % [1.353 x (0.74M)0-678] (B-2)

Air Mass is the path length of solar light through the atmosphere normalized to
the shortest possible path length. It quantifies the lost solar power dissipated
through the atmosphere due to air and dust. This value can be calculated by the
following equation which incorporates the curvature of the earth (Kasten and
Young, 1989):

AM = [cos(z) + 0.50572(96.07995 — z)~16364]~1 (B-3)

Where, z is the zenith angle, which can be determined from the following relation
(Jacobson, 2005):

cos(z) = sin(L) sin(8) + cos(L) cos(d;) cos(H) (B-4)

Where, L is the location latitude angle, 4 is the declination angle of the sun, while

H is the hour angle.
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B.2 Solar Angles

B.2.1 Declination angle, &,

There are simplified equations that can be applied to get the declination angle
(Cooper, 1969; Perrin, 1975). These equations are quite accurate (Igbal, 2012).
In these equations, Earth's orbit is treated as being round rather than its true
elliptical shape. In order to get more accurate results, the following equation takes
into account the eccentricity of the Earth's orbit around the Sun and the true
length of a year (365.24 days). This equation is introduced by (REUK, 2014) as

follows:

o

— cin—1lcinl— o
ds = sin™! [sin(—23.44°). cos <365.24 (DN + 10)
(B-5)
+ i 0.0167 si 360° (DN - 2)
i T
By evaluating constants, it can be simplified to:
8s = —sin"1{0.39779 cos[0.98565(DN + 10)
(B-6)

+1.9145in(0.98565(DN — 2))]}

Where, DN is the day of the year beginning with N = 1 on January 1. Equation

( B-6) is applied in calculation of declination angle in this thesis.
B.2.2 Hour angle, H
The following formula is applied to calculate the hour angle (Ballast, 1988):
H = +0.25(Number of minutes from local solar noon) (B-7)
Where, + for PM and - for AM solar time.

B.2.3 Altitude angle, y

The altitude angle is the angle between the horizontal (x-axis) and the line to the
sun (Duffie and Beckman, 2013). It varies from 0°, at sunrise/sunset, to 90° or

less, at noon, as illustrated in Figure B-1.
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Figure B-1 Altitude angle range

z

L.

X

\_
\
Q

B.2.4 Azimuth angle, ¢

The azimuth angle is the angle between the South direction and the projection of
solar beam radiation on the horizontal (x-z) plane (Duffie and Beckman, 2013).
The clockwise direction is defined as the positive measurement direction. Figure

B-2 shows the azimuth angle definition.

Figure B-2 Azimuth angle definition

Its range is more than £90°, at summer solstice, £90°, at fall/spring equinox, and

less than +90°, at winter solstice, as illustrated in Figure B-3.

y \\V\/’,/ \\\k_//// \\V\\//,’
I—'x S s S
Summer Solstice Fall/Spring Equinox Winter Solstice

Figure B-3 Azimuth angle range

However, all of the previous solar angles are programmed in an Excel file to
obtain a complete record of different angles at any time. Figure B-4 illustrates a

snap shot from this program.
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Input Data Output (Calculated) Data

0.409104178 t [min]} Solar Time|t [sec]| cos(z) | aldeg] Hg, Air Mass Hg, [W/m?] Global Hg, [W/m’] (On Clear Day)
or o 03:31:11 o 0 0 3378.74424 7.73044E-36 8.50348E-36

23.43994276 03:41:04 | 593.8| 0.020577 | 1.179053 | 0.052061| 47.90930313 | 9.916946109 10.50864072
03:50:57 | 1188 | 0.0417 | 2.389919] 8.008604| 23.81200711 | 63.43061934 69.77368127
04:00:50 | 1781 | 0.063329 | 3.630942 | 42.91955] 15.71706064 134.443111 147.8874221
General Input Data 2.159087053 04:10:43 | 2375 | 0.085425 | 4.90049 | 99.01315| 11.66575659 205.1321853 225.6454038
or 04:20:36 | 2969 | 0.107947 | 6.196956 | 163.2000| 9.238561671 | 270.3211418 297.3532559
No. of Steps = 100 | 123.7065757 04:30:29 | 3563 | 0.130851 | 7.518759 | 227.462 | 7.625084026 | 329.0232081 361.9255289
04:40:22 | 4157 | 0.154096 | 8.864342 | 287.9898| 6.477074687 | 381.5394741 419.6934216
04:50:15 | 4750 | 0.177637| 10.23217| 343.4171| 5.620112238 | 4283.5208783 471.3729661
1086.925047 05:00:08 | 5344 | 0.201432 | 11.62073 | 393.4877| 4.957186816 | 470.6584239 517.7242663
0.204666995 05:10:01 | 5938 | 0.225436 | 13.02854 | 438.4463| a.430049593 | s08.5847717 559.4432489
0.134063518 05:19:54 | 6532 | 0.249604 | 14.4541 | 478.7326| 4.001616557 | 542.8497307 597.1347587

Lens #1 Dia = 05:29:47 | 7125 | 0.273891 | 15.89596 | 514.8378| 3.647159815 573.921769 631.3139459

Lens #1 Area = N° of Points = 05:39:40 | 7719 | 0.298252 | 17.35266 | 547.2396| 3.349559977 | 602.1968487 662.4165336
Lens #1 Transmissivity = 05:49:33 | 8313 | 0.322641 | 18.82274| 576.3758| 3.006591183 628.0098177 690.8107994
Ah= 0.043181741 rad 05:59:26 | 8907 | 0.347014 | 20.30476 | 602.6355] 2.879291116 | 651.6443133 716.8087446
Lens #2 Dia = Step | Ah= 2474131515 degree 06:09:19 | 9501 | 0.371323 | 21.79724 | 626.3597| 2.690941755 673.3415564 740.675712
Lens #2 Area = ! At= 0.896526058 minutesq 06:19:12 | 10094 0.395525 | 23.2937 | 647.8447| 2.5264096 693.3076276 762.6383903
06:29:05 | 10688| 0.419573 | 24.80766 | 667.347 | 2.381705671 | 711.7194318 782.891375

Concentration Ratio = 330 H Max. = 1008.283111 W,d'rn2 188 00:38:58 | 11282 0.443424 | 26.32257 | 685.0883| 2.2530684380 728.7295591 801.602515
Bn

Avg.= 776.4876809 W/m?® 197.9| 06:48:51 |11876| 0.467033 | 27.84186 | 701.2606| 2.139832734 744.4702411 818.9172652
207.8| 06:58:44 |12470] 0.450355] 29.36391 | 716.0303| 2.038119672 759.0565788 834.9622367
Daylength| D.L = 16.4942101 hours 217.7| 07.08:37 |13063| 0.513347| 30.88706 | 729.542 | 1.946886583 772.5891831 B849.8481014
2 hours 227.6| 07:18:30 | 13657| 0.535967| 32.40952 | 741.9212| 1.86476632 785.1563443 863.6719787

0.5D.1= 14 min 237.5| 07:28:23 | 14251| 0.558172 | 33.92948 | 753.2779| 1.7906224%4 796.8358228 876.5194051
889.5781754 sec 247.4| 07:38:16 | 14845| 0.579921 | 35.44497 | 763.708 | 1.723503338 807.6963351 B88.4659686

257.3| 07:48:09 |15439] 0.601173 ] 36.95393 | 773.2958| 1.662606231 817.7987905 899.5786696
267.2| 07:58:02 |16032| 0.621888 | 38.45415 | 782.1153| 1.607250121 B827.1973279 909.9170607
277.1| 08:07:55 |16626] 0.642029 ] 39.94326 | 790.2317| 1.556853864 835.9401869 919.5342056
287 | 08:17:48 |17220] 0.661557 | 41.41869 | 797.7028| 1.510913064 844.0704438 928.4774882
296.9| 08:27:41 |17814| 0.680435 | 42.87768 | 804.5794| 1.469016349 851.6266361 936.7892997
306.8| 08:37:34 | 18408| 0.698063 | 44.31721| 810.3069| 1.430774331 858.6432937 944.507623

Half-
Daylength

Figure B-4 Snap shot from solar angles calculator programme
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Appendix C TESA-VISIO 300 DCC Report

This report for the solar simulator spot light back reflector diameter and radius of

curvature:
(‘ (_ ("l -~ b oy PART NAME : Light Mimror May 16, 2017 11:42
\ o
REV NUMBER : SER NUMBER : STATS COUNT : 1
# | Mm |loc2-spH2  Murio
AX NOMINAL +TOL -ToL MEAS DEV OUTTOL
X 0.00000 0.05000 -0.05000 -0.01066 -0.01066 0.00000 i |
Y 0.00000 0.05000 -0.05000 -0.10937 -0.10937 0.05937 o 3
z 79.50000 0.05000 -0.05000 79.16276 -0.33724 0.28724 - i
D 242.00000 0.05000 -0.05000 242.65636 0.65636 0.60636 i -
D) 12100000  0.05000 -0.05000 €21,32818) 032818 0.27818 3 . )
FEATURE HITS  MEAS X V7 Z VECTORI 3 K DEV
SPH2 X 0 -0.01066 -0.10937 79.16276 1.00000 0.00000 0.00000 -0.01066
Y 0 -0.01066 -0.10937 79.16276 0.00000  1.00000  0.00000 -0.10937
z 0 -0.01066 -0.10937 79.16276 0.00000 0.00000 1.00000 -0.33724
# IMM |L0c1 -CcR1 Rlack Ring
AX NOMINAL +TOL -TOoL MEAS DEV OUTTOL
|p 16486934  0.05000 005000 (TEAS633D  0.00000 0.00000 | ;
FEATURE HITS  MEAS X Y Z VECTORI ] K DEV
CIR1 D 0 1.64428 -0.04694 -1.78883 0.00000 -0.00000 1.00000  0.00000
FCFCIRT...I MM |
Feature NOMINAL  +TOL -ToL MEAS DEV OUTTOL
SPH2 0.00000 0.01000 0.57148 0.57148 0.56148 (RN
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Appendix D LLBG Design

D.1 Solar Angles

The sun path in the sky can be defined by two main angles: altitude, y, and

azimuth, ¢ , angles.

D.2 LLBG Design Assumptions

D.2.1 Main Arm Length
The Main Arm consists of two aluminium rails carrying front lens, its aluminium

frame, and the rear lens at their ends. The front lens has specifications listed in
Table D-1.

Table D-1 Front lens specifications

Parameter Value
Lens Geometry Fresnel
Supplier Nihon Tokushu Kogaku Jushi Co., Ltd., Japan
Part Number CF1200-B3
Focal length (f;) 1.4m
Dimensions 1.4x1.05m
Thickness 3E-3m
Perimeter (P) 49m
Material PMMA

Approximate mass (m.;) 8.3 kg

While the rear lens is a positive meniscus lens has specifications listed in Table
D-2.

Table D-2 Rear lens specifications

Parameter Value
Lens Geometry Positive Meniscus
Supplier Thorlabs Inc., USA
Part Number LE4173
Focal length () 0.1m
Diameter 0.0254 m
Thickness 4E-3m
Material UV Fused Silica

Approximate mass (my,) 0.02 kg

286



Based on data provided in tables C-1 and C-2, the minimum Main Arm length, Iva
IS:

ddmin =f1 + f2 (D-8)
From Eq. ( D-8 ), the Main Arm Length total length can be assumed to be 1.5m.

D.2.2 Front Lens Holder Weight

The aluminium profile used for the lens frame is shown in Figure D-5. All profile

specifications are listed in Table D-3.

A

/pf 3 !
& I
Lt

Figure D-5 Aluminium profile used

Table D-3 Aluminium profile specifications

Parameter Value
Profile Geometry 30x30 Profile
Supplier Bosch Rexroth Ltd., UK
Part Number KJIN990720
Maximum Length 6m
Slot Size 8E-03 m
mass/I (w) 0.8 kg/m

The total mass of lens holder can be calculated as:

Mg totar = (P * @) +myy (D-9)
Substituting P with 5m, then the front Lens Holder weight including the lens will

be 12.3 kg. It can be assumed to be 13 kg.

D.2.3 Main Arm Weight

The main arm weight, excluding the front Lens Holder weight, is determined by:
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Muya = 2(lya * ) (D-10)

As the aluminium profile used as rails have the same specifications mentioned
before in Table D-3, then the outcome of Eq. ( D-10 ) is 2.4 kg. Therefore, the

main arm weight can be assumed as 2.5 kg.

D.2.4 Torque at Main Arm Hinge

Based on the free body diagram shown in Figure D-6, the torque at the Main Arm

hinge can be calculated by:

Where
F1:mMA*g (D-12)
F,=my*g (D-13)

Then the torque outcooking is 228.1 N.m. So, it can be assumed to be 230 N.m.
F F1

v l s

| : 79

I /2 —>
N Iua >

X

Figure D-6 Free body diagram of the Main Arm

D.2.5 Main Arm Angular Speed

As the Main Arm rotates to track the altitude angle, o, then it will rotate by a
maximum angle of 90° within the half-day length. For rough calculations, let we
assume that the day length* is 12 hours. In other words, the Main Arm will rotate

90¢ for 6 hours, which means an angular speed of £0.25°/min.

* Day length stands for the time from sunrise to sunset. This period is bisected by noon time into
two equal halves.
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D.2.6 Control Mirror Stroke
The LLBG do not start to collect and concentrate solar rays at sun rise. As this

means that the concentrated beam will be received by the Control Mirror at a very
far point at the infinity. Therefore, the altitude angle at which the LLBG stars to
catch sunlight and generate the beam is called as catching altitude angle, y,.
Then, the Control Mirror stroke, I;; can be defined as the distance between the
Control Mirror position at angle y, to its position at the maximum altitude
angle, ¥max- This definition is shown in Figure D-7, in which it can be noted that

the distance [ depends on the Main Arm hinge height, Z,, and the angle y,.

Mainarm

i Control
N y Mirror

ls: >

Figure D-7 Control Mirror stroke definition
From the geometry of Figure D-7, the Control Mirror stroke can be calculated as:

_Z
~ tan Yo
Assuming H to be 0.75m and «, to be 25°, then Lst will be 1.6m. Therefore, the

Lse (D-14)

stroke, L, can be assumed to be 2m.

D.2.7 Control Mirror Linear Speed

The Control Mirror sweeps its stroke within the half-day length. Based on a day

length of 12 hours, then the approximate Control Mirror will be £5.5mm/min.
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Appendix E Aluminium Profile Deflection Study

In this Appendix, the results of Eq. ( 6-92 ) are listed in tabular form for available

Aluminium profile supplied by Bosch Rexroth® for different numbers of front lens

supporting rods, Nma. As derived in Section 6.2.4, a limiting deflection of 1.65x10

3 m has been applied. Deflections under this limit has been coloured in green fill.

Table E-4 Profile deflection study for Nya = 2.0

Nma= 2.0

Profile Slot A(m? Ik(cm* I, (cm%) Wy (cm® Wy (cm3® w (kg/m)
20x20 6 1.6 0.7 0.7 0.7 0.7 0.4
20x20 1N 6 1.9 0.8 0.8 0.8 0.8 0.5
20x20 2N 6 1.8 0.7 0.8 0.7 0.8 0.5
20x20 2NVS 6 1.8 0.7 0.7 0.7 0.7 0.5
20x20 3N 6 1.7 0.7 0.8 0.7 0.7 0.5
20x20 R 6 1.6 0.6 0.6 0.5 0.5 0.4
20x40 6 29 4.6 1.2 2.5 1.4 0.8
20x60 6 3.5 14.2 1.7 4.7 1.7 0.9
20x40x40 6 4.2 6 6 2.6 2.6 1.1
10x40 6 2.1 3.2 0.2 1.6 0.4 0.6
30x30 8 3.1 2.8 2.8 1.8 1.8 0.9
30x30 1N 8 3.7 3.1 3.5 2 2.3 1
30x30 2N 8 3.5 2.8 3.5 2.1 2.7
30x30 2NVS 8 3.5 3.1 3.1 2 2
30x30 3N 8 3.3 3.1 2.8 2.3 2.2 0.9
30x30, 8 3.7 3.5 3.6 2 1.9 1
30x45, 8 4 3.6 5.1 2.1 2.3 1.1
30x60, 8 3.6 3.1 4.1 1.7 1.9 1
30x30 R 8 2.9 2.3 2.3 1.4 1.4 0.8
30x60 8 5.5 19.6 5.1 7 3.9 1.5
30x60 4N 8 5.8 20.2 8.2 6.7 3.8 1.6
30x60x60 8 8.2 26.2 26.2 7.6 7.6 2.2
30x90 8 7.7 60.7 7.3 13.5 4.9 2.1
30x120 8 9.9 136.3 9.6 22.7 6.4 2.7
30x45 8/10 4 8.1 3.9 3.9 2.9 1.1
60x60 8N 8 9.8 39.7 39.7 13.2 13.2 2.6
11x20 8 1 0.5 0.1 0.7 0.3 0.3
15x120 8 9 110.4 2.2 18.4 2.7 2.4
40x40L 10 5.6 9.1 9.1 4.5 4.5 1.5
40x40L ON 10 6.3 10.4 10.4 5.2 5.2 1.7
40x40L 1N 10 6.1 9.8 10.4 4.8 5.2 1.7
40x40L 2N 10 6 9 10.3 4.5 5.2 1.6
40x40L 2NVS 10 6 9.7 9.7 4.9 4.9 1.6

5, x10%  §,x10%
(m) (m)
327.18 327.18
289.79 289.79
331.19 289.79
331.19 331.19
331.19 289.79
381.71 381.71
52.23 200.20
17.12 142.97
41.44 41.44
73.32 1173.17
86.80 86.80
79.31 70.24
87.80 70.24
79.31 79.31
78.40 86.80
70.24 68.29
69.07 48.75
79.31 59.96
104.45 104.45
13.26 50.95
13.00 47.76
10.67 10.67
4.56 37.90
2.15 30.57
30.70 63.76
7.32 7.32
45245  2262.26
2.58 129.58
28.56 28.56
25.53 25.53
27.09 25.53
20.18 25.50
27.08 27.08
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Profile

40x40L 3N
40x30,
40x45,
40x60,
40x40L R
40x40 HR
40x80L
40x80L 4N
40x80L 3NVS
40x80x80L
40x120L
40x160L
80x80L
80x80L 4NVS
80x80L 6N
40x120x120L
80x120L
80x160L
45x45L
45x45L ON
45x45L 1N
45x45L 2N
45x45L 2NVS
45x45L 3N
45x30,
45x45,
45x60,
45x45L R
45x45HR
45x45

45x60
45x90SL
45x90L
45x90L 2N
45x90L 3NVS
45x90
45x180
45x270
45x90x90L
45x90x90L 4 N
90x90SL
90x90L
90x90L 4N

Slot

10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10

A (cm?)

5.8
6.2
6.8
6.3

5.5

9.9

10.4
10.6
15.4
15.5
20.5
18.2
19.3
18.8
24.6
25.6
32.9

6.7
6.5
6.4
6.4
6.2
6.9
7.6
6.8
4.9
6.6
7.5
11

11.3
12
11.8
15.4
25.5
61.9
21.2
22.1
14.1
24.1
24.2

Ik (cm*)

9.7
9.4
9.9
8.7
7.2
8.1
63.4
65.2
67.8
96.6
203.2
466.7
132.1
142.5
134.1
318
389.2
850.7
11.7
13.5
12.6
11.6
12.6
12.6
12.7
13.4
11.4
8.6
11
13.8
37.2
73.4
82
85.6
87.2
124.6
766.7
3962
152.1
160.8
130.2
2111
227.4

NMA =2.

ly (cm?)

11.8
16.6
13.1
7.2
7.6
17.3
19.1
19
96.6
27.8
37.2
132.1
142.5
140.9
318
192.8
253.4
11.7
13.5
13.5
13.5
12.6
11.7
15.2
21.4
16.9
8.6
10.7
13.8
22.7
18.1
23.6
26.9
25.2
32.8
57.3
118
152.1
160.8
130.2
2111
214.7

0

Wy (cm®) W,y (cm® w (kg/m)

4.8
4.7

4.3
3.6

15.9
16.3
17
24.2
33.9
58.3
33
35.6
33.5
42.2
64.9
106.3
5.2

5.5
5.2
5.6
5.4

5.2
4.4

4.4

6.1
12.4
16.3
18.2
38.1
38.8
21.7
85.2

300.2

19.1
30.6
28.9
46.9
50.5

4.5
5.9
8.3
6.5
3.6
3.6
8.7
9.9
©.5
24.2
13.9
18.6
33
35.6
36.2
42.2
48.2
63.4
5.2

5.6
5.2
5.8
6.4
5.2

4.8
6.1
10.1

10.5

5.6
14.6
255
61.6
32.6
30.6
28.9
46.9
47.7

1.6
1.7
1.8
1.7
13
15
2.7
2.8
2.9
4.2
4.2
5.5
4.9
5.2
5.1
6.7
6.9
8.9
1.6
1.8
1.8
17
1.7
1.7
1.9

1.8
1.3
1.8

2.4

3.2
3.2
4.2
6.9
16.7
5.7
5.95
3.8
6.5
6.5

5, x10% &, x10%
(m) (m)
27.08 29.18
28.24 22.50
27.10 16.16
30.51 20.26
35.31 35.31
32.08 34.19
4.63 16.96
454 15.51
4.41 15.74
3.47 3.47
1.65 12.07
0.80 10.00
2.69 2.69
2.55 2.55
2.69 2.56
1.28 1.28
1.06 2.13
0.55 1.84
22.45 22.45
19.87 19.87
21.29 19.87
22.88 19.66
21.07 21.07
21.07 22.69
21.34 17.83
20.44 12.80
23.53 15.87
29.56 29.56
24.39 25.07
19.85 19.85
8.12 13.30
3.88 15.75
3.68 12.79
3.59 11.43
3.53 12.20
2.69 10.23
0.54 7.18
0.17 5.81
2.48 2.48
2.39 2.39
2.49 2.49
1.89 1.89
1.76 1.86
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NMA =2.

0

Profile Slot A (cm?) L em?) Wy cm®) W, (em®) w (kg/m) [ (an?m 5 z‘nf?m
90X90L 4NVS 10 242 2209 2209 492 492 6.5 1.81 181
90x90 10 384 2998 2998 667 667 10.4 1.70 1.70
90x180L 10 428 1380 401 1533 891 116 0.39 1.35
90x180 10 636 21383 5443 2376 121 17.2 0.33 1.29
90x360 10 902 14065 710 7814 1577 244 0.06 1.27
15%22.5 10 13 0.8 0.3 0.9 0.6 0.3 28278 754.09
15x180 10 116 3217 32 35.7 42 31 0.95 95.22
22 5x45 10 47 71 2.9 3.2 26 13 35.81 87.67
22.5x180 10 216 581 118 668 147 5.8 0.65 32.24
50X50L 10 93 212 212 85 8.5 25 13.58 13.58
50x100L 10 172 1628 426 326 17 46 2.13 8.14
50x150L 10 258 540 64.2 72 25.7 6.9 0.76 6.41
100x100L 10 299 3183 3183 637 637 8.1 1.40 1.40
100x200L 10 54 21331 6021 2133 1204 146 0.29 1.04
60X60L 10 96 324 324 108 108 95 8.97 8.97
60x60 10 144 522 522 174 174 3.9 6.27 6.27
60x90 10 258 2142 905 476 302 7 1.93 457
g?;‘égg;ﬁe 10 9.7 88.8 9.2 17.8 6 2l 3.27 31.60
SP 4R 10 261 222 955 849 164 35 1.42 3.31
Table E-5 Summary of accepted profiles for Nua=2.0
Profile Slot ‘ 5, x10% (m) 5, X107 (m) My (KQ) AV{’;‘I'J";‘J?I'Q'S)(UK Price (£/m)
40x160L 10 0.8 10 3171 X -
40x120x120L 10 1.28 1.28 36.51 X -
80x120L 10 1.06 2.13 37.31 X -
80X160L 10 0.55 1.84 45.31 X -
45x180 10 0.54 7.18 37.31 X -
45x270 10 0.17 5.81 76.51 X -
90x180L 10 0.39 1.35 56.11 X -
90x180 10 0.33 1.29 78.51 X -
90x360 10 0.06 1.27 107.31 X -
15x180 10 0.95 95.22 22.11 X -
22 5x180 10 0.65 32.24 32.91 X -
50x150L 10 0.76 6.41 37.31 X -
100x100L 10 14 14 4211 X -
100x200L 10 0.29 1.04 68.11 X -
SP 4R 10 1.42 3.31 23.71 X -
Table E-6 Profile deflection study for Nua = 4.0
Nua= 4.0
Profile Slot  A@©m?) L (cm? I (cmY) W (cm?) W, (cm?) w (kg/m) IR (ﬁ?m “ (Xn%;’m
20x20 6 16 0.7 0.7 0.7 0.7 0.4 171.60  171.60
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NMA =4.0

Profile Slot  A@Em?) h(em?) I (em?) W, (cm) W, (cm?) w (kg/m) (an?m & (Xn%;)'os
20x20 IN 6 19 0.8 0.8 0.8 0.8 05 15365 15365
20x20 2N 6 18 0.7 0.8 0.7 0.8 05 17560 15365
20x20 2NVS 6 18 0.7 07 0.7 0.7 05 17560 17560
20x20 3N 6 17 0.7 0.8 0.7 0.7 05 17560 15365
20x20 R 6 16 0.6 0.6 05 05 04 20020 20020
20x40 6 29 46 12 25 14 08 2855 10944
20x60 6 35 142 17 47 17 0.9 9.45 78.90
20x40%40 6 42 6 6 26 26 11 23.29 23.29
10x40 6 21 32 02 16 0.4 0.6 3920 62863
30x30 8 31 258 258 18 18 0.9 47.01 47.01
30x30 IN 8 37 31 35 2 23 1 44.17 39.12
3030 2N 8 35 258 35 Al 27 1 48.91 39.12
30x30 2NVS 8 35 31 3.1 2 2 1 44.17 44.17
3030 3N 8 33 3.1 258 23 22 0.9 43.27 47.91
30x30, 8 37 35 36 2 19 1 39.12 38.04
30x45. 8 4 36 5.1 Al 23 11 38.82 27.40
30x60. 8 36 31 a1 17 19 1 44.17 33.40
30x30 R 8 29 23 23 14 14 0.8 57.10 57.10
30x60 8 55 196 51 7 3.9 15 7.70 29.60
30x60 4N 8 58 202 55 6.7 38 16 7.61 27.96
30X60%60 8 82 262 262 76 7.6 22 6.51 6.51
30x90 8 77 607 73 135 49 2l 2.76 22.98
30x120 8 99 1363 96 227 64 27 135 19.23
30x45 810 4 8.1 3.9 3.9 2.9 11 17.25 35.83
60x60 8N 8 98 397 397 132 132 26 458 458
11x20 8 1 05 0.1 0.7 0.3 03 23463 117317
15x120 8 9 1104 22 184 27 24 160 80.08
40x40L 10 56 9.1 9.1 45 45 15 16.59 16.59
40x40L ON 10 63 104 104 52 5.2 17 15.05 15.05
40x40L 1N 10 61 08 104 48 5.2 17 15.98 15.05
40x40L 2N 10 6 9 103 45 5.2 16 17.08 14.93
40X40L 2NVS 10 6 9.7 9.7 49 49 16 15.85 15.85
40x40L 3N 10 58 9.7 9 48 45 16 15.85 17.08
40x30, 10 62 94 118 47 5.9 17 16.66 13.27
40x45, 10 68 09 166 5 8.3 18 16.10 9.60
40x60, 10 63 87 131 43 6.5 17 18.00 11.95
40x40L R 10 5 72 7.2 356 3.6 13 20.19 20.19
40x40 HR 10 55 8.1 7.6 4 36 15 18.64 19.86
40x80L 10 99 634 173 159 87 27 2.91 10.67
40x80L 4N 10 104 652 191 163 9.9 258 2.87 9.81
40x80L 3NVS 10 106 678 19 17 95 2.9 281 10.01
40x80xB0L 10 154 966 966 242 242 42 2.35 2.35
40x120L 10 155 2032 278 339 139 42 112 8.15
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NMA =4.0

&, x10% &, x10

Profile Slot A(m? Ik(cm%) Iy(cm%) Wy (cm® Wy (cm?® w (kg/m)

(m) (m)
40x160L 10 20.5 466.7 37.2 58.3 18.6 5.5 0.56 7.07
80x80L 10 18.2 132.1 132.1 33 33 4.9 1.86 1.86
80x80L 4NVS 10 19.3 142.5 142.5 35.6 35.6 5.2 1.79 1.79
80x80L 6N 10 18.8 134.1 140.9 33.5 36.2 5.1 1.88 1.79
40x120x120L 10 24.6 318 318 42.2 42.2 6.7 0.93 0.93
80x120L 10 25.6 389.2 192.8 64.9 48.2 6.9 0.78 1.57
80x160L 10 32.9 850.7 253.4 106.3 63.4 8.9 0.42 141
45x45L 10 6 11.7 11.7 5.2 5.2 1.6 13.14 13.14
45x45L ON 10 6.7 135 135 6 6 1.8 11.80 11.80
45x45L 1N 10 6.5 12.6 135 5.5 6 1.8 12.65 11.80
45x45L 2N 10 6.4 11.6 13.5 5.2 6 1.7 13.50 11.60
45x45L 2NVS 10 6.4 12.6 12.6 5.6 5.6 1.7 12.43 12.43
45x45L 3N 10 6.2 12.6 11.7 5.4 5.2 1.7 12.43 13.38
45x30, 10 6.9 12.7 15.2 5 5.8 1. 12.77 10.67
45x45, 10 7.6 13.4 21.4 5.2 6.4 2 12.31 7.71
45x60, 10 6.8 11.4 16.9 4.4 5.2 1.8 13.98 9.43
45x45L R 10 4.9 8.6 8.6 5 5 1.3 16.90 16.90
45x45HR 10 6.6 11 10.7 4.4 4.8 1.8 14.49 14.89
45x45 10 7.5 13.8 13.8 6.1 6.1 2 11.95 11.95
45x60 10 11 37.2 22.7 12.4 10.1 3 5.19 8.50
45x90SL 10 © 73.4 18.1 16.3 8 2.4 2.40 9.73
45x90L 10 11.3 82 23.6 18.2 10.5 3 2.35 8.18
45x90L 2N 10 12 85.6 26.9 38.1 6 3.2 2.32 7.38
45x90L 3NVS 10 11.8 87.2 25.2 38.8 5.6 3.2 2.28 7.88
45x90 10 15.4 124.6 32.8 21.7 14.6 4.2 1.82 6.91
45x180 10 25.5 766.7 57.3 85.2 25.5 6.9 0.39 5.28
45x270 10 61.9 3962 118 300.2 61.6 16.7 0.15 4.89
45x90x90L 10 21.2 152.1 152.1 19.1 32.6 5.7 1.77 1.77
45x90x90L 4 N 10 22.1 160.8 160.8 30.6 30.6 5.95 171 1.71
90x90SL 10 141 130.2 130.2 28.9 28.9 3.8 1.65 1.65
90x90L 10 24.1 2111 211.1 46.9 46.9 6.5 1.38 1.38
90x90L 4N 10 24.2 227.4 214.7 50.5 47.7 6.5 1.28 1.36
90x90L 4NVS 10 24.2 220.9 220.9 49.2 49.2 6.5 1.32 1.32
90x90 10 38.4 299.8 299.8 66.7 66.7 10.4 1.34 1.34
90x180L 10 42.8 1380 401 153.3 89.1 11.6 0.31 1.08
90x180 10 63.6 2138.3 544.3 237.6 121 17.2 0.28 1.09
90x360 10 90.2 14065 710 781.4 157.7 24.4 0.06 1.12
15x22.5 10 1.3 0.8 0.3 0.9 0.6 0.3 146.65 391.06
15x180 10 11.6 321.7 3.2 35.7 4.2 3.1 0.61 61.19
22.5x45 10 4.7 7.1 2.9 3.2 2.6 1.3 20.47 50.12
22.5x180 10 21.6 581 11.8 66.8 14.7 5.8 0.47 23.01
50x50L 10 9.3 21.2 21.2 8.5 8.5 2.5 8.44 8.44
50x100L 10 17.2 162.8 42.6 32.6 17 4.6 1.46 5.58
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NMA =4,

0

Profile Slot  A@Em?) h(em?) I (em?) W, (cm) W, (cm?) w (kg/m) (an?m & (Xn%;)m
50x150L 10 258 64.2 72 25.7 6.9 0.56 4.71
100x100L 10 299 3183 637 637 8.1 1.06 1.06
100x200L 10 54 21331 6021 2133 1204 146 0.24 0.86
60x60L 10 96 324 108 108 2.6 5.61 5.61
6060 10 144 522 174 174 3.9 4.18 4.18
60x90 10 258 905 476 302 7 1.42 3.37
30x100 pL|/a R 10 97 9.2 17.8 6 2.6 2.05 19.76
SP 4R 10 261 955 849 164 35 0.93 2.17
Table E-7 Summary of accepted profiles for Nys=4.0
&, x107% (m) 5, x10° (m) My (kg) A""’;il'j%';il'igg’s)(UK Price (€/m)
30x120 8 1.35 19.23 31.31406 X -
15x120 8 16 80.08 28.91406 X -
40x120L 10 1.12 8.15 43.31406 v 25
40x160L 10 0.56 7.07 53.71406 x -
40x120x120L 10 0.93 0.93 63.31406 x -
80x120L 10 0.78 1.57 64.91406 X _
80X160L 10 0.42 1.41 80.91406 X _
45x180 10 0.39 5.28 64.91406 X _
45x270 10 0.15 4.89 143.3141 X _
90x90L 10 1.38 1.38 61.71406 v 37
90x90L 4N 10 1.28 1.36 61.71406 x -
90x90L 4NVS 10 1.32 1.32 61.71406 x -
90x90 10 1.34 1.34 92.91406 X -
90x180L 10 0.31 1.08 102.5141 X _
90x180 10 0.28 1.0 147.3141 X _
90x360 10 0.06 112 204.9141 X _
15x180 10 0.61 61.19 34.51406 X _
22.5x180 10 0.47 23.01 56.11406 X -
50x100L 10 1.46 5.58 46.51406 v 26.55
50x150L 10 0.56 4.71 64.91406 x -
100x100L 10 1.06 1.06 74.51406 x -
100x200L 10 0.24 0.86 126.5141 X _
60x90 10 1.42 3.37 65.71406 v 535
SP 4R 10 0.93 2.17 37.71406 X -
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Table E-8 Profile deflection study for Nua = 6.0

N = 6.0
Profile Slot  A(Em?)  L(cm®) I, cmY Wy (emd) W, (cm?) w (kg/m) R (an?m ‘SV(X;;)'DS
20x20 6 16 0.7 0.7 0.7 0.7 0.4 119.74 11074
20x20 1N 6 1.9 0.8 0.8 0.8 0.8 05 10827 10827
20x20 2N 6 18 0.7 0.8 0.7 0.8 05 12374 10827
20x20 2NVS 6 18 0.7 0.7 0.7 0.7 05 12374 12374
20x20 3N 6 17 0.7 0.8 0.7 0.7 05 12374 10827
20x20 R 6 16 0.6 0.6 05 05 0.4 139.70 13970
20x40 6 2.9 46 1.2 25 1.4 0.8 20.66 79.19
20x60 6 35 14.2 17 47 17 0.9 6.89 57.55
20x40x40 6 42 6 6 26 26 11 17.24 17.24
10x40 6 21 3.2 0.2 16 0.4 0.6 27.94 447.11
30x30 8 31 2.8 28 18 18 0.9 34.94 34.94
30x30 IN 8 3.7 3.1 35 2 2.3 1 32.46 28.75
30x30 2N 8 35 2.8 35 2.1 2.7 1 35.04 28.75
3030 2NVS 8 35 3.1 3.1 2 2 1 32.46 32.46
30x30 3N 8 33 3.1 2.8 23 2 0.9 31.56 34.94
30x30. 8 3.7 35 3.6 2 1.9 1 28.75 27.95
30x45, 8 4 3.6 5.1 2.1 2.3 11 28.73 20.28
30x60. 8 36 3.1 41 17 1.9 1 32.46 24,54
30x30 R 8 2.9 23 23 1.4 14 0.8 41.32 41.32
30x60 8 55 196 5.1 7 3.9 15 5.85 2248
30x60 4N 8 5.8 20.2 55 6.7 3.8 1.6 5.81 21.35
30x60X60 8 8.2 26.2 26.2 76 7.6 2.2 5.12 5.12
30x90 8 7.7 60.7 7.3 135 49 2.1 2.17 18.01
30x120 8 9.9 1363 96 227 6.4 2.7 1.09 15.45
30x45 810 4 8.1 3.9 3.9 2.9 11 12.77 26.52
60x60 8N 8 9.8 39.7 39.7 132 132 26 3.66 3.66
11x20 8 1 05 0.1 0.7 0.3 0.3 16203 810.14
15x120 8 9 1104 22 18.4 2.7 24 1.27 63.58
40x40L 10 56 9.1 9.1 45 45 15 12.60 12.60
40x40L ON 10 63 104 10.4 5.2 5.2 17 11.56 11.56
40x40L 1N 10 61 9.8 10.4 4.8 5.2 17 12.27 11.56
40x40L 2N 10 6 9 103 45 5.2 16 13.05 11.40
40x40L 2NVS 10 6 9.7 9.7 4.9 4.9 16 12.11 12.11
40x40L 3N 10 58 9.7 9 4.8 45 16 12.11 13.05
40x30, 10 62 9.4 11.8 47 5.9 17 12.79 10.19
40x45, 10 68 9.9 16.6 5 8.3 18 12.43 7.41
40x60. 10 63 8.7 13.1 43 6.5 17 13.82 9.18
40x40L R 10 5 7.2 7.2 3.6 3.6 13 15.14 15.14
40x40 HR 10 55 8.1 76 4 3.6 15 14.15 15.09
40x80L 10 99 63.4 173 15.9 8.7 2.7 2.34 8.57
40x80L 4N 10 104 652 19.1 16.3 9.9 2.8 2.32 7.91
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NMA= 6.0

&, x10% &, x10

Profile Slot A(m? Ik(cm%) Iy(cm%) Wy (cm® Wy (cm?® w (kg/m)

(m) (m)
40x80L 3NVS 10 10.6 67.8 19 17 ©.5 2.9 2.27 8.10
40x80x80L 10 15.4 96.6 96.6 24.2 24.2 4.2 1.97 1.97
40x120L 10 15.5 203.2 27.8 33.9 13.9 4.2 0.94 6.85
40x160L 10 20.5 466.7 37.2 58.3 18.6 5.5 0.49 6.10
80x80L 10 18.2 132.1 132.1 33 33 4.9 1.59 1.59
80x80L 4NVS 10 19.3 142.5 142.5 35.6 35.6 5.2 1.53 1.53
80x80L 6N 10 18.8 134.1 140.9 33.5 36.2 5.1 1.61 1.53
40x120x120L 10 24.6 318 318 42.2 42.2 6.7 0.82 0.82
80x120L 10 25.6 389.2 192.8 64.9 48.2 6.9 0.68 1.38
80x160L 10 32.9 850.7 253.4 106.3 63.4 8.9 0.38 1.27
45x45L 10 6 11.7 11.7 5.2 5.2 1.6 10.04 10.04
45x45L ON 10 6.7 13.5 13.5 6 6 1.8 9.12 9.12
45x45L 1IN 10 6.5 12.6 13.5 5.5 6 1.8 9.77 9.12
45x45L 2N 10 6.4 11.6 13.5 5.2 6 1.7 10.37 8.91
45x45L 2NVS 10 6.4 12.6 12.6 5.6 5.6 1.7 9.54 9.54
45x45L 3N 10 6.2 12.6 11.7 5.4 5.2 1.7 9.54 10.28
45x30, 10 6.9 12.7 15.2 5 5.8 1. 9.91 8.28
45x45, 10 7.6 13.4 21.4 5.2 6.4 2 9.60 6.01
45x60, 10 6.8 11.4 16.9 4.4 5.2 1.8 10.79 7.28
45x45L R 10 4.9 8.6 8.6 5 5 1.3 12.68 12.68
45x45HR 10 6.6 11 10.7 4.4 4.8 1.8 11.19 11.50
45x45 10 7.5 13.8 13.8 6.1 6.1 2 9.32 9.32
45x60 10 11 37.2 22.7 12.4 10.1 3 4.21 6.90
45x90SL 10 9 73.4 18.1 16.3 8 2.4 191 7.73
45x90L 10 11.3 82 23.6 18.2 10.5 3 191 6.64
45x90L 2N 10 12 85.6 26.9 38.1 6 3.2 1.90 6.03
45x90L 3NVS 10 11.8 87.2 25.2 38.8 5.6 3.2 1.86 6.44
45x90 10 15.4 124.6 32.8 21.7 14.6 4.2 1.53 5.80
45x180 10 25.5 766.7 57.3 85.2 25.5 6.9 0.35 4.64
45x270 10 61.9 3962 118 300.2 61.6 16.7 0.14 4.58
45x90x90L 10 21.2 152.1 152.1 19.1 32.6 5.7 1.53 1.53
45x90x90L 4 N 10 22.1 160.8 160.8 30.6 30.6 5.95 1.49 1.49
90x90SL 10 141 130.2 130.2 28.9 28.9 3.8 1.38 1.38
90x90L 10 24.1 211.1 211.1 46.9 46.9 6.5 1.21 1.21
90x90L 4N 10 24.2 227.4 214.7 50.5 47.7 6.5 1.12 1.19
90x90L 4NVS 10 24.2 220.9 220.9 49.2 49.2 6.5 1.15 1.15
90x90 10 38.4 299.8 299.8 66.7 66.7 10.4 1.21 1.21
90x180L 10 42.8 1380 401 153.3 89.1 11.6 0.29 0.99
90x180 10 63.6 2138.3 544.3 237.6 121 17.2 0.26 1.02
90x360 10 90.2 14065 710 781.4 157.7 24.4 0.05 1.07
15x22.5 10 1.3 0.8 0.3 0.9 0.6 0.3 101.27 270.05
15x180 10 11.6 321.7 3.2 35.7 4.2 3.1 0.50 49.84
22.5x45 10 4.7 7.1 2.9 3.2 2.6 1.3 15.36 37.60
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NMA= 6.

0

Profile Slot  A@Em?) h(em?) I (em?) W, (cm) W, (cm?) w (kg/m) (an;)m & (an;)m
22.5x180 10 21.6 581 11.8 66.8 14.7 5.8 0.40 19.93
50x50L 10 9.3 21.2 21.2 8.5 85 25 6.73 6.73
50x100L 10 17.2 1628 426 326 17 4.6 1.24 473
50x150L 10 25.8 540 64.2 72 25.7 6.9 0.49 4.14
100x100L 10 29.9 3183 3183 63.7 63.7 8.1 0.94 0.94
100x200L 10 54 21331 6021 2133  120.4 14.6 0.23 0.80
60X60L 10 9.6 32.4 32.4 10.8 10.8 2.6 4.49 4.49
60x60 10 14.4 52.2 52.2 17.4 17.4 3.9 3.49 3.49
60x90 10 25.8 214.2 90.5 476 30.2 7 1.25 2.97
e 10 9.7 88.8 9.2 17.8 6 2l 1.64 15.81
Slotted plate
SP 4R 10 26.1 222 955 84.9 16.4 35 0.77 1.79
Table E-9 Summary of accepted profiles for Nys=6.0
Profile ‘ Slot ‘ &, 10 (m) 5, x10 (m) Mua (k) Avagbizil'igg’s)(w Price (€/m)
30x120 8 1.09 15.45 42.11 X -
15x120 8 1.27 63.58 38.51 X -
40x120L 10 0.94 6.85 60.11 v 25
40X160L 10 0.49 6.1 75.71 X -
80X80L 10 1.59 1.59 68.51 v 32
80x80L 4NVS 10 153 153 72.11 % -
80X80L 6N 10 1.61 153 70.91 X -
40x120x120L 10 0.82 0.82 90.11 X -
80x120L 10 0.68 1.38 92.51 X -
80X160L 10 0.38 1.27 116.51 x -
45%90 10 153 5.8 60.11 v 25
45x180 10 0.35 4.64 92.51 x -
45x270 10 0.14 4.58 210.11 x -
45x90X90L 10 153 153 78.11 % -
45x90x90L 4 N 10 1.49 1.49 81.11 X -
90x90SL 10 1.38 1.38 55.31 X -
90x90L 10 1.21 1.21 87.71 v 37
90x90L 4N 10 112 1.19 87.71 x -
90x90L 4NVS 10 1.15 115 87.71 % -
90x90 10 121 121 134,51 % -
90x180L 10 0.29 0.99 148.91 X -
90x180 10 0.26 1.02 216.11 x -
90x360 10 0.05 1.07 302.51 X -
15x180 10 05 49.84 46.91 X -
22.5x180 10 0.4 19.93 79.31 X -
50x100L 10 1.24 473 64.91 v 26.55
50x150L 10 0.49 4.14 92.51 x -
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Profile ’ S8 5 x10° (m) 5, x10 (m) Mua (Kg) A""’;il'j%';il'iie?’s)(UK Price (€/m)
100x100L 10 0.94 0.94 106.91 X -
100x200L 10 0.23 0.8 184.91 X -
60x90 10 1.25 2.97 93.71 v 53.5
30x100 L/R 10 1.64 15.81 40.91 X -

SP 4/R 10 0.77 1.79 51.71 X -

Table E-10 Comparison between accepted profiles for Nys= 4.0 and 6.0

‘ Profile Slot &, X107 (m) &, X103 (m) mua (Kg) Nma Price (£/m) Total Price (£)
40x120L 10 1.12 8.15 43.31406 4 25 200
90x90L 10 1.38 1.38 61.71406 4 37 296
50x100L 10 1.46 5.58 46.51406 4 26.55 212.4
60x90 10 1.42 3.37 65.71406 4 53.5 428
80x80L 10 1.59 1.59 68.51 6 32 384
45x90 10 1.53 5.8 60.11 6 25 300
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Appendix F Wood Cross-section Deflection Study

Table F-11 Wood cross-section deflection study for Nus = 2.0

Nua= 2.0
T-i@s:r Cross-section () B X102 ()
b(mm) h(mm)
25 25 3.3E-08 4.34E-01 556.33
25 32 6.8E-08 5.56E-01 270.61
25 44 1.8E-07 7.65E-01 107.61
25 70 7.1E-07 1.22E+00 28.62
25 95 1.8E-06 1.65E+00 12.18
25 121 3.7E-06 2.10E+00 6.26
25 146 6.5E-06 2.54E+00 3.76
25 171 1E-05 2.97E+00 2.47
25 197 1.6E-05 3.42E+00 1.70
25 222 2.3E-05 3.86E+00 1.24
25 230 2.5E-05 4.00E+00 1.13
32 32 8.7E-08 7.12E-01 216.74
32 44 2.3E-07 9.79E-01 86.89
~ 32 70 9.1E-07 1.56E+00 23.47
8 32 95 2.3E-06 2.11E+00 10.12
% 32 121 4.7E-06 2.69E+00 5.26
§ 32 146 8.3E-06 3.25E+00 3.20
w 32 171 1.3E-05 3.80E+00 2.11
44 44 3.1E-07 1.35E+00 66.71
44 70 1.3E-06 2.14E+00 18.46
44 95 3.1E-06 2.91E+00 8.11
44 121 6.5E-06 3.70E+00 4.29
44 146 1.1E-05 4.46E+00 2.64
57 57 8.8E-07 2.26E+00 26.79
57 70 1.6E-06 2.77E+00 15.41
57 95 4.1E-06 3.76E+00 6.89
57 121 8.4E-06 4.79E+00 3.70
70 70 2E-06 3.41E+00 13.49
70 95 5E-06 4.62E+00 6.13
70 121 1E-05 5.89E+00 3.33
19 19 1.1E-08 2.78E-01 1624.48
19 25 2.5E-08 3.66E-01 723.72
3 19 32 5.2E-08 4.68E-01 351.00
,?_J, 19 44 1.3E-07 6.44E-01 138.91
= 19 70 5.4E-07 1.02E+00 36.59
S 19 95 1.4E-06 1.39E+00 15.45
% 19 121 2.8E-06 1.77E+00 7.88
E 19 146 4.9E-06 2.14E+00 4.71
19 171 7.9E-06 2.50E+00 3.07
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Cross-section

NMA= 2.0

Timber Smax X103 (M)
Type b(mm)  h(mm)
19 197 1.2E-05 2.88E+00 2.10
19 222 1.7E-05 3.25E+00 1.53
19 19 1.1E-08 2.20E-01 1608.47
19 25 2.5E-08 2.89E-01 714.47
19 32 5.2E-08 3.70E-01 345.36
19 44 1.3E-07 5.09E-01 135.93
= 19 70 5.4E-07 8.10E-01 35.41
= 19 95 1.4E-06 1.10E+00 14.81
2 19 121 2.8E-06 1.40E+00 7.49
= 19 146 4.9E-06 1.69E+00 4.44
g 44 44 3.1E-07 1.18E+00 65.11
5 44 70 1.3E-06 1.88E+00 17.83
g 44 95 3.1E-06 2.55E+00 7.77
44 121 6.5E-06 3.24E+00 4.08
44 146 1.1E-05 3.91E+00 2.50
19 19 1.1E-08 2.44E-01 1615.04
19 25 2.5E-08 3.21E-01 718.27
19 32 5.2E-08 4.10E-01 347.67
19 44 1.3E-07 5.64E-01 137.15
19 70 5.4E-07 8.98E-01 35.90
c 19 95 1.4E-06 1.22E+00 15.07
< 19 121 2.8E-06 1.55E+00 7.65
§ 19 146 4.9E-06 1.87E+00 455
2 44 44 3.1E-07 1.31E+00 66.34
< 44 70 1.3E-06 2.08E+00 18.31
44 95 3.1E-06 2.82E+00 8.03
44 121 6.5E-06 3.59E+00 4.24
44 146 1.1E-05 4.34E+00 2.61
19 19 1.1E-08 2.03E-01 1603.70
19 25 2.5E-08 2.66E-01 711.72
19 32 5.2E-08 3.41E-01 343.68
19 44 1.3E-07 4.69E-01 135.04
19 70 5.4E-07 7.46E-01 35.06
> 19 95 1.4E-06 1.01E+00 14.61
£ 19 121 2.8E-06 1.20E+00 7.37
< 19 146 4.9E-06 1.56E+00 4.36
£ 44 44 3.1E-07 1.09E+00 64.22
£ 44 70 1.3E-06 1.73E+00 17.48
44 95 3.1E-06 2.34E+00 7.58
44 121 6.5E-06 2.99E+00 3.96
44 146 1.1E-05 3.60E+00 2.42
19 19 1.1E-08 2.62E-01 1620.01

301




NMA= 2.0

Cross-section

Timber
Type b(mm)  h(mm)
19 25 2.5E-08
19 32 5.2E-08
19 44 1.3E-07
19 70 5.4E-07
19 95 1.4E-06
< 19 121 2.8E-06
§ 19 146 4.9E-06
§ 19 171 7.9E-06
S 19 197 1.2E-05
i 19 222 1.7E-05
44 a4 3.1E-07
44 70 1.3E-06
44 95 3.1E-06
44 121 6.5E-06
44 146 1.1E-05

3.44E-01
4.41E-01
6.06E-01
9.64E-01
1.31E+00
1.67E+00
2.01E+00
2.36E+00
2.71E+00
3.06E+00
1.40E+00
2.23E+00
3.03E+00
3.86E+00
4.66E+00

Smax X109 (m)

721.14
349.42
138.08
36.26
15.27
7.77
4.63
3.01
2.06
1.50
67.26
18.68
8.23
4.37
2.69

Timber Type

American White Oak

Cross-section

b(mm)
19

h(mm)
222

European Beech 19 222
25 222
European Oak
25 230

I (m*)

1.7E-05
1.7E-05
2.3E-05
2.5E-05

Table F-12 Summary of accepted cross-sections for Nys=2.0

Smax X103 (M)
3.25E+00 1.53
3.06E+00 1.50
3.86E+00 1.24
4.00E+00 1.13

Table F-13 Wood cross-section deflection study for Nya = 4.0

Nma= 4.0
TiTr;sgr Cross-section T,
b(mm) h(mm)
25 25 3.3E-08
25 32 6.8E-08
25 44 1.8E-07
25 70 7.1E-07
< 25 95 1.8E-06
(e} 25 121 3.7E-06
§ 25 146 6.5E-06
= 25 171 1E-05
W 25 197 1.6E-05
25 222 2.3E-05
25 230 2.5E-05
32 32 8.7E-08
32 44 2.3E-07

4.34E-01

5.56E-01
7.65E-01
1.22E+00
1.65E+00
2.10E+00
2.54E+00
2.97E+00
3.42E+00
3.86E+00
4.00E+00
7.12E-01
9.79E-01

Smax X107 (m)

298.12
147.49
60.25
16.85
7.47
3.98
2.47
1.66
117
0.87
0.80
120.55
49.89
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Nma=4.0

Cross-section

Timber

4 -03
TPe by e (Mm% Smax X109 (m)
32 70 9.1E-07  1.56E+00 14.28
32 95 2.3E-06  2.11E+00 6.44
32 121 47E-06  2.69E+00 3.48
32 146 8.3E-06  3.25E+00 2.18
32 171 1.3E-05  3.80E+00 1.48
44 44 3.1E-07  1.35E+00 39.80
44 70 13E06  2.14E+00 11.77
44 95 3.1E-06  2.91E+00 5.44
44 121  6.5E-06  3.70E+00 3.00
44 146 11E05  4.46E+00 1.91
57 57 8.8E-07  2.26E+00 17.23
57 70 16E06  2.77E+00 10.25
57 95 41E-06  3.76E+00 4.83
57 121 84E-06  4.79E+00 2.70
70 70 2E-06  3.41E+00 9.29
70 95 5E-06  4.62E+00 4.44
70 121 1E-05  5.89E+00 2.52
19 19 11E08  2.78E-01 850.52
19 25 25E-08  3.66E-01 383.97
19 32 52E-08  4.68E-01 189.00
19 44 1.3E-07  6.44E-01 76.59
g 19 70 5.4E-07  1.02E+00 21.12
2 19 95 1.4E-06  1.39E+00 9.25
= 19 121 28E-06  177E+00 4.88
g 19 146 4.9E-06  2.14E+00 3.00
; 19 171 7.9E-06  2.50E+00 2.01
19 197 12E05  2.88E+00 141
19 222 17E05  3.25E+00 1.05
19 19 11E08  2.20E-01 834.51
19 25 2.5E-08  2.89E-01 374.72
19 32 52E-08  3.70E-01 183.35
2 19 44 13E07  5.09E-01 73.61
s 19 70 54E-07  8.10E-01 19.94
E 19 95 14E06  1.10E+00 8.61
= 19 121 2.8E-06  1.40E+00 4.49
g 19 146 4.9E-06  1.69E+00 2.73
£ a4 a4 3.1E-07  1.18E+00 38.20
44 70 1.3E06  1.88E+00 11.14
44 95 3.1E-06  2.55E+00 5.10
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Timber
Type

American Ash

American Cherry

European Beech

b(mm)

44
44
19
19
19
19
19
19
19
19
44
44
44
44
44
19
19
19
19
19
19
19
19
44
44
44
44
44
19
19
19
19
19
19
19
19
19
19
19

Cross-section

h(mm)

121
146
19
25
32
44
70
95
121
146
44
70
95
121
146
19
25
32
44
70
95
121
146
44
70
95
121
146
19
25
32
44
70
95
121
146
171
197
222

Nma=4.0

I(m*%)

6.5E-06
1.1E-05
1.1E-08
2.5E-08
5.2E-08
1.3E-07
5.4E-07
1.4E-06
2.8E-06
4.9E-06
3.1E-07
1.3E-06
3.1E-06
6.5E-06
1.1E-05
1.1E-08
2.5E-08
5.2E-08
1.3E-07
5.4E-07
1.4E-06
2.8E-06
4.9E-06
3.1E-07
1.3E-06
3.1E-06
6.5E-06
1.1E-05
1.1E-08
2.5E-08
5.2E-08
1.3E-07
5.4E-07
1.4E-06
2.8E-06
4.9E-06
7.9E-06

1.2E-05 2.71E+00
1.7E-05 3.06E+00

3.24E+00
3.91E+00
2.44E-01
3.21E-01
4.10E-01
5.64E-01
8.98E-01
1.22E+00
1.55E+00
1.87E+00
1.31E+00
2.08E+00
2.82E+00
3.59E+00
4.34E+00
2.03E-01
2.66E-01
3.41E-01
4.69E-01
7.46E-01
1.01E+00
1.29E+00
1.56E+00
1.09E+00
1.73E+00
2.34E+00
2.99E+00
3.60E+00
2.62E-01
3.44E-01
4.41E-01
6.06E-01
9.64E-01
1.31E+00
1.67E+00
2.01E+00
2.36E+00

Smax X10°%3 (M)

2.79
1.76
841.07
378.51
185.67
74.83
20.42
8.88
4.65
2.84
39.42
11.63
5.36
2.95
1.87
829.74
371.97
181.67
72.72
19.59
8.42
4.37
2.65
37.31
10.79
4.90
2.67
1.68
846.05
381.39
187.42
75.76
20.79
9.08
4.77
2.93
1.95
1.36
1.01
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Nma=4.0

Cross-section

Timber

Type bem) homm) I(m*%) w (kg/m) Smax X102 (m)
44 44  3.1E-07 1.40E+00 40.35
44 70 1.3E-06 2.23E+00 11.99
44 95 3.1E-06 3.03E+00 5.56
44 121 6.5E-06 3.86E+00 3.07
44 146 1.1E-05 4.66E+00 1.96

Table F-14 Summary of accepted cross-sections for Nys=4.0

Cross-section

Timber Type I (m#) Smax X109 (m)
b(mm) h(mm)
) ) 19 197 1.2E-05 2.88E+00 1.41
American White Oak
19 222 1.7E-05 3.25E+00 1.05
19 197 1.2E-05 2.71E+00 1.36
European Beech
19 222 1.7E-05 3.06E+00 1.01
25 197 1.6E-05 3.42E+00 1.17
25 222 2.3E-05 3.86E+00 0.87
European Oak
25 230 2.5E-05 4.00E+00 0.80
32 171 1.3E-05 3.80E+00 1.48

Table F-15 Wood cross-section deflection study for Nus = 6.0

Nma= 6.0
T-irrcgeer Cross-section | () B X10% (1)
b(mm) h(mm)
25 25 3.3E-08 4.34E-01 212.05
25 32 6.8E-08 5.56E-01 106.44
25 44 1.8E-07 7.65E-01 44.46
25 70 7.1E-07 1.22E+00 12.93
25 95 1.8E-06 1.65E+00 5.90
25 121 3.7E-06 2.10E+00 3.22
25 146 6.5E-06 2.54E+00 2.03
~ 25 171 1E-05 2.97E+00 1.39
8 25 197 1.6E-05 3.42E+00 0.99
§ 25 222 2.3E-05 3.86E+00 0.75
g 25 230 2.5E-05 4.00E+00 0.69
u 32 32 8.7E-08 7.12E-01 88.49
32 44 2.3E-07 9.79E-01 37.55
32 70 9.1E-07 1.56E+00 11.22
32 95 2.3E-06 2.11E+00 5.21
32 121 4.7E-06 2.69E+00 2.89
32 146 8.3E-06 3.25E+00 1.85
32 171 1.3E-05 3.80E+00 1.27
44 44 3.1E-07 1.35E+00 30.83
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Timber

Type b(mm)

44
44
44
44
57
57
57
57
70
70
70
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
44
44
44
44
44
19
19
19
19
19
19
19

American White Oak

American Black Walnut

American Ash

Cross-section

h(mm)

70
95
121
146
57
70
95
121
70
95
121
19
25
32
44
70
95
121
146
171
197
222
19
25
32
44
70
95
121
146
44
70
95
121
146
19
25
32
44
70
95
121

NMA= 6.0

1.3E-06
3.1E-06
6.5E-06
1.1E-05
8.8E-07
1.6E-06
4.1E-06
8.4E-06
2E-06
5E-06
1E-05
1.1E-08
2.5E-08
5.2E-08
1.3E-07
5.4E-07
1.4E-06
2.8E-06
4.9E-06
7.9E-06
1.2E-05
1.7E-05
1.1E-08
2.5E-08
5.2E-08
1.3E-07
5.4E-07
1.4E-06
2.8E-06
4.9E-06
3.1E-07
1.3E-06
3.1E-06
6.5E-06
1.1E-05
1.1E-08
2.5E-08
5.2E-08
1.3E-07
5.4E-07
1.4E-06
2.8E-06

2.14E+00
2.91E+00
3.70E+00
4.46E+00
2.26E+00
2.77E+00
3.76E+00
4.79E+00
3.41E+00
4.62E+00
5.89E+00
2.78E-01
3.66E-01
4.68E-01
6.44E-01
1.02E+00
1.39E+00
1.77E+00
2.14E+00
2.50E+00
2.88E+00
3.25E+00
2.20E-01
2.89E-01
3.70E-01
5.09E-01
8.10E-01
1.10E+00
1.40E+00
1.69E+00
1.18E+00
1.88E+00
2.55E+00
3.24E+00
3.91E+00
2.44E-01
3.21E-01
4.10E-01
5.64E-01
8.98E-01
1.22E+00
1.55E+00

Smax X102 (m)

9.55
4.55
2.57
1.66
14.05
8.53
4.14
2.37
7.89
3.88
2.25
592.53
270.72
134.99
55.82
15.96
7.19
3.89
2.43
1.65
1.18
0.88
576.52
261.47
129.35
52.84
14.78
6.55
3.49
2.16
29.23
8.92
4.20
2.36
1.52
583.09
265.26
131.66
54.06
15.26
6.81
3.65
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Nma= 6.0
T-il-n;:;sr Cross-section P, B X107 ()
b(mm) h(mm)
19 146 4.9E-06 1.87E+00 2.27
44 44 3.1E-07 1.31E+00 30.45
44 70 1.3E-06 2.08E+00 9.40
44 95 3.1E-06 2.82E+00 4.47
44 121 6.5E-06 3.59E+00 2.52
44 146 1.1E-05 4.34E+00 1.63
19 19 1.1E-08 2.03E-01 571.75
19 25 2.5E-08 2.66E-01 258.72
19 32 5.2E-08 3.41E-01 127.67
19 44 1.3E-07 4.69E-01 51.95
19 70 5.4E-07 7.46E-01 14.43
> 19 95 1.4E-06 1.01E+00 6.36
% 19 121 2.8E-06 1.29E+00 3.37
S 19 146 4.9E-06 1.56E+00 2.08
§ 44 44 3.1E-07 1.09E+00 28.34
E 44 70 1.3E-06 1.73E+00 8.56
44 95 3.1E-06 2.34E+00 4.01
44 121 6.5E-06 2.99E+00 2.24
44 146 1.1E-05 3.60E+00 1.44
19 19 1.1E-08 2.62E-01 588.06
19 25 2.5E-08 3.44E-01 268.14
19 32 5.2E-08 4.41E-01 133.42
19 44 1.3E-07 6.06E-01 54.99
19 70 5.4E-07 9.64E-01 15.63
19 95 1.4E-06 1.31E+00 7.01
5 19 121 2.8E-06 1.67E+00 3.78
§ 19 146 4.9E-06 2.01E+00 2.36
§ 19 171 7.9E-06 2.36E+00 1.60
g 19 197 1.2E-05 2.71E+00 1.13
Lﬁ 19 222 1.7E-05 3.06E+00 0.85
44 44 3.1E-07 1.40E+00 31.38
44 70 1.3E-06 2.23E+00 9.77
44 95 3.1E-06 3.03E+00 4.67
44 121 6.5E-06 3.86E+00 2.64
44 146 1.1E-05 4.66E+00 1.71

Table F-16 Summary of accepted cross-sections for Nys=6.0

Cross-section
Timber Type I (m*%) w (kg/m) Smax X103 (m)

b(mm) h(mm)

American Ash 44 146 1.1E-05 4.34E+00 1.63
American Black Walnut 44 146 1.1E-05 3.91E+00 1.52
American Cherry 44 146 1.1E-05 3.60E+00 1.44
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Cross-section

Timber Type 1 (m*) Smax X102 (m)
b(mm) h(mm)
19 197 1.2E-05 2.88E+00 1.18
American White Oak
19 222 1.7E-05 3.25E+00 0.88
19 171 7.9E-06 2.36E+00 1.60
European Beech 19 197 1.2E-05 2.71E+00 1.13
19 222 1.7E-05 3.06E+00 0.85
25 171 1E-05 2.97E+00 1.39
25 197 1.6E-05 3.42E+00 0.99
European Oak 25 222 2.3E-05 3.86E+00 0.75
25 230 2.5E-05 4.00E+00 0.69
32 171 1.3E-05 3.80E+00 1.27

Table F-17 Comparison between accepted cross-sections (mass and cost)

Cross-section

Timber Type Nwva Smax X100 (m) mua (kg) Total Price (£)
b(mm) h(mm)

American Ash 44 146 6 1.63 61.75 222.96

American Black 44 146 6 1.52 56.66 465.24

Walnut

American Cherry 44 146 6 1.44 52.96 357

American White 19 197 4 1.18 32.77 137.92

Oak 19 222 2 0.88 35.70 621.12
19 171 6 1.6 37.98 149.16

European Beech 19 197 4 1.13 31.42 124.32
19 222 2 0.85 21.95 73
25 171 6 1.39 45.37 168.36
25 197 4 0.99 37.10 180

European Oak 25 222 2 0.75 25.14 101.68
25 230 2 0.69 25.70 105.36
32 171 4 1.27 40.14 167.04
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Appendix G Aluminium Extrusion Deflection Study

Table G-18 Aluminium extrusion deflection study for Nus = 2.0

Nma= 2.0
Extrusion Cross- G AR 0
section ] t (or c) d Omax X10% (m)
(mm) (mm) (mm)

12.7 12.7 1.6 - 2.2E-09 1.92E-01 1.04E+03

15.8 15.8 1.6 - 5.2E-09 2.45E-01 4.38E+02

19 19 1.6 - 1.1E-08 3.01E-01 2.11E+02

19 19 3.3 - 1.1E-08 5.60E-01 2.21E+02

25.4 25.4 1.6 - 3.5E-08 4.11E-01 6.74E+01

25.4 25.4 3.3 - 3.5E-08 7.88E-01 7.16E+01

28.6 28.6 1.6 - 5.6E-08 4.67E-01 4.23E+01

30 30 2 - 6.8E-08 6.05E-01 3.57E+01

31.8 31.8 1.6 - 8.5E-08 5.22E-01 2.79E+01

31.8 31.8 3.3 - 8.5E-08 1.02E+00 3.02E+01

40 40 2 - 2.1E-07 8.21E-01 1.17E+01

44.5 44.5 3.3 - 3.3E-07 1.47E+00 8.41E+00

5 50 50 2 - 5.2E-07 1.04E+00 4.95E+00
g 50.8 50.8 1.6 - 5.5E-07 8.50E-01 4.52E+00
§ 50.8 50.8 3.3 - 5.5E-07 1.69E+00 5.11E+00
a 50.8 50.8 6.35 - 5.5E-07 3.05E+00 6.05E+00
55 55 2 - 7.6E-07 1.14E+00 3.44E+00

60 60 2 - 1.1E-06 1.25E+00 2.47E+00

63.5 63.5 3.30 - 1.4E-06 2.15E+00 2.22E+00

70 70 6 - 2E-06 4.15E+00 1.89E+00

76.2 76.2 3.3 - 2.8E-06 2.60E+00 1.13E+00

76.2 76.2 6.35 - 2.8E-06 4.79E+00 1.44E+00

89 89 3.6 - 5.2E-06 3.32E+00 6.63E-01

100 100 2 - 8.3E-06 2.12E+00 3.60E-01

101.6 101.6 3.3 - 8.9E-06 3.50E+00 3.98E-01

101.6 101.6 6.35 - 8.9E-06 6.53E+00 5.30E-01

150 150 3 - 4.2E-05 4.76E+00 9.54E-02

150 150 4 - 4.2E-05 6.31E+00 1.10E-01

30 20 2 - 4.5E-08 6.05E-01 5.36E+01

38.1 19 1.6 - 8.8E-08 6.31E-01 2.77E+01

38.1 19 3.3 - 8.8E-08 1.24E+00 3.04E+01

8 38.1 25.4 1.6 - 1.2E-07 6.31E-01 2.07E+01
E 38.1 25.4 3.3 - 1.2E-07 1.24E+00 2.27E+01
f_é: 40 20 2 - 1.1E-07 8.21E-01 2.34E+01
E 50.8 25.4 3.3 - 2.8E-07 1.69E+00 1.02E+01
é 50.8 31.7 3.3 - 3.5E-07 1.69E+00 8.18E+00
50.8 38.1 3.3 - 4.2E-07 1.69E+00 6.81E+00

50 30 S - 3.1E-07 1.52E+00 8.86E+00

63.5 25.4 3.3 - 5.4E-07 2.15E+00 5.55E+00
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Extrusion Cross-

section b Omax X107 (M)
(mm)

63.5 38.1 3.3 - 8.1E-07 2.15E+00 3.70E+00

76.2 25.4 3.3 - 9.4E-07 2.60E+00 3.40E+00

76.2 38.1 3.3 - 1.4E-06 2.60E+00 2.27E+00

76.2 44.5 3.3 - 1.6E-06 2.60E+00 1.94E+00

76.2 50.8 3.3 - 1.9E-06 2.60E+00 1.70E+00

76.2 50.8 6.35 - 1.9E-06 4.79E+00 2.15E+00

101.6 50.8 6.35 - 4.4E-06 6.53E+00 1.06E+00

101.6 50.8 3.3 - 4.4E-06 3.50E+00 7.96E-01

101.6 25.4 3.3 - 2.2E-06 3.50E+00 1.59E+00

101.6 44.5 3.3 - 3.9E-06 3.50E+00 9.09E-01

101.6 76.2 3.3 - 6.7E-06 3.50E+00 5.31E-01

114.3 44.4 3.2 - 5.5E-06 3.84E+00 6.64E-01

120 60 4 - 8.6E-06 5.01E+00 4.77E-01

127 44.5 3.3 - 7.6E-06 4.41E+00 5.12E-01

152.4 44.5 3.3 - 1.3E-05 5.31E+00 3.23E-01

152.4 50.8 3.3 - 1.5E-05 5.31E+00 2.83E-01

6.4 9.5 1.3 1.3 1.7E-10 0.080028 1.30E+04

10 10 1.5 1.5 5.9E-10 0.10935 3.76E+03

12.7 12.7 1.6 1.6 1.4E-09 0.150768 1.63E+03

12.7 12.7 3.2 3.2 2E-09 0.273888 1.16E+03

12.7 15.9 3.2 3.2 2.4E-09 0.329184 9.41E+02

15.9 15.9 1.6 1.6 2.9E-09 0.19224 7.81E+02

15.9 15.9 3.2 3.2 4.4E-09 0.356832 5.24E+02

19 12.7 1.6 1.6 3.6E-09 0.177984 6.22E+02

19 12.7 3.2 3.2 5.7E-09 0.32832 4.06E+02

19 19 1.6 1.6 5.1E-09 0.232416 4.41E+02

19 19 3.2 3.2 8.2E-09 0.437184 2.85E+02

5 22.2 22.2 3.2 3.2 1.4E-08 0.520128 1.70E+02
% 25.4 12.7 3.2 3.2 1.2E-08 0.383616 1.95E+02
5' 25.4 19 3.2 3.2 1.7E-08 0.49248 1.40E+02
> 25.4 25.4 1.6 1.6 1.3E-08 0.31536 1.77E+02
25.4 25.4 3.2 3.2 2.2E-08 0.603072 1.10E+02

25.4 38.1 3.2 3.2 3.2E-08 0.822528 7.78E+01

25.4 50.8 3.2 3.2 4.2E-08 1.041984 6.12E+01

28.6 19 3.2 3.2 2.3E-08 0.520128 1.05E+02

28.6 25.4 3.2 3.2 2.9E-08 0.63072 8.28E+01

31.8 12.7 3.2 3.2 2.1E-08 0.438912 1.12E+02

31.8 19 3.2 3.2 2.9E-08 0.547776 8.15E+01

31.8 25.4 3.2 3.2 3.8E-08 0.658368 6.45E+01

31.8 31.8 3.2 3.2 4.6E-08 0.76896 5.36E+01

31.8 31.8 4.8 4.8 6.1E-08 1.111968 4.31E+01

31.8 50.8 3.2 3.2 7.1E-08 1.09728 3.66E+01
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Extrusion Cross-
section

34.9
38.1
38.1
38.1
38.1
38.1
38.1
44.5
44.5
50.8
50.8
50.8
50.8
50.8
50.8
50.8
50.8
50.8
57.2
63.5
63.5
76.2
76.2
76.2
76.2
76.2
88.9
101.6
101.6
101.6
101.6
101.6
127
152.4
152.4
152.4

b

25.4
12.7
19
25.4
38.1
38.1
38.1
25.4
44.5
12.7
19
25.4
25.4
25.4
38.1
38.1
50.8
50.8
31.8
254
38.1
254
38.1
38.1
50.8
50.8
38.1
25.4
50.8
50.8
50.8
50.8
50.8
50.8
76.2
76.2

4.7E-08
3.3E-08
4.6E-08
5.8E-08
8.3E-08
1.1E-07
1.3E-07
8.4E-08
1.4E-07
6.9E-08
9.2E-08
1.2E-07
1.6E-07
1.9E-07
1.6E-07
2.7E-07
2.1E-07
3.5E-07
2.5E-07
2E-07
3.8E-07
3.1E-07
4.2E-07
7.3E-07
5.2E-07
9.3E-07
1.2E-06
6.2E-07
1E-06
1.5E-06
1.8E-06
2.1E-06
3.2E-06
5.6E-06
8.7E-06
1.1E-05

0.685152
0.493344
0.602208
0.7128
0.932256
1.356912
1.75392
0.768096
1.098144
0.603072
0.711936
0.822528
1.19232
1.534464
1.041984
1.973376
1.26144
2.412288
1.441152
0.932256
1.686096
1.041984
1.26144
2.412288
1.480896
2.8512
2.888514
1.26144
1.700352
2.509056
3.290112
3.649752
3.729024
4.527576
6.214212
8.483346

Smax X10°% (m)

5.18E+01
7.11E+01
5.29E+01
4.22E+01
3.06E+01
2.43E+01
2.15E+01
2.94E+01
1.91E+01
3.47E+01
2.66E+01
2.16E+01
1.68E+01
1.45E+01
1.60E+01
1.08E+01
1.28E+01
8.85E+00
1.08E+01
1.29E+01
7.48E+00
8.40E+00
6.42E+00
4.26E+00
5.25E+00
3.53E+00
2.75E+00
4.28E+00
2.79E+00
2.17E+00
1.87E+00
1.71E+00
1.15E+00
7.08E-01
5.29E-01
4.93E-01
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Table G-19 Summary of accepted extrusion cross-sections for Nys=2.0

. Cross-section
Extrusion Cross-

section b t(orc) d Binex X107 (m)
(mm) (mm) (mm)
76.2 76.2 3.3 - 2.8E-06 2.60E+00 1.13E+00
76.2 76.2 6.35 - 2.8E-06 4.79E+00 1.44E+00
89 89 3.6 - 5.2E-06 3.32E+00 6.63E-01
Square Tube 100 100 2 - 8.3E-06 2.12E+00 3.60E-01
101.6 101.6 3.3 - 8.9E-06 3.50E+00 3.98E-01
101.6 101.6 6.35 - 8.9E-06 6.53E+00 5.30E-01
150 150 3 - 4.2E-05 4.76E+00 9.54E-02
150 150 4 - 4.2E-05 6.31E+00 1.10E-01
101.6 50.8 6.35 - 4.4E-06 6.53E+00 1.06E+00
101.6 50.8 3.3 - 4.4E-06 3.50E+00 7.96E-01
101.6 25.4 3.3 - 2.2E-06 3.50E+00 1.59E+00
101.6 44.5 3.3 - 3.9E-06 3.50E+00 9.09E-01
Rectangular Tube 101.6 76.2 3.3 - 6.7E-06 3.50E+00 5.31E-01
114.3 44.4 3.2 - 5.5E-06 3.84E+00 6.64E-01
120 60 4 - 8.6E-06 5.01E+00 4.77E-01
127 44.5 3.3 - 7.6E-06 4.41E+00 5.12E-01
152.4 44.5 3.3 - 1.3E-05 5.31E+00 3.23E-01
152.4 50.8 3.3 - 1.5E-05 5.31E+00 2.83E-01
127 50.8 6.4 6.4 3.2E-06 3.729024 1.15E+00
U-Channel 152.4 50.8 6.4 7.9 5.6E-06 4.527576 7.08E-01
152.4 76.2 6.4 9.5 8.7E-06 6.214212 5.29E-01
152.4 76.2 9.5 12.7 1.1E-05 8.483346 4.93E-01

Table G-20 Aluminium extrusion deflection study for Nma = 4.0

Nua= 4.0
. Cross-section
Extruss;gtrinocr:]ross- = Toro) I Srmax X103 (M)
(mm) (mm) (mm)

12.7 12.7 1.6 - 2.2E-09 1.92E-01 5.37E+02

15.8 15.8 1.6 - 5.2E-09 2.45E-01 2.28E+02

19 19 1.6 - 1.1E-08 3.01E-01 1.11E+02

19 19 853 - 1.1E-08 5.60E-01 1.20E+02

25.4 25.4 1.6 - 3.5E-08 4.11E-01 3.60E+01

g 25.4 25.4 3.3 - 3.5E-08 7.88E-01 4.02E+01
% 28.6 28.6 1.6 - 5.6E-08 4.67E-01 2.28E+01
(/é; 30 30 2 - 6.8E-08 6.05E-01 1.96E+01
31.8 31.8 1.6 - 8.5E-08 5.22E-01 1.52E+01

31.8 31.8 3.3 - 8.5E-08 1.02E+00 1.74E+01

40 40 2 - 2.1E-07 8.21E-01 6.60E+00

44.5 44.5 3.3 - 3.3E-07 1.47E+00 5.07E+00

50 50 2 - 5.2E-07 1.04E+00 2.86E+00
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Extrusion Cross-

section b Omax X107 (M)
(mm)

50.8 50.8 1.6 5.5E-07 8.50E-01 2.56E+00

50.8 50.8 3.3 5.5E-07 1.69E+00 3.14E+00

50.8 50.8 6.35 5.5E-07 3.05E+00 4.09E+00

55 55 2 7.6E-07 1.14E+00 2.01E+00

60 60 2 1.1E-06 1.25E+00 1.46E+00

63.5 63.5 3.30 1.4E-06 2.15E+00 1.42E+00

70 70 6 2E-06 4.15E+00 1.35E+00

76.2 76.2 3.3 2.8E-06 2.60E+00 7.46E-01

76.2 76.2 6.35 2.8E-06 4.79E+00 1.05E+00

89 89 3.6 5.2E-06 3.32E+00 4.54E-01

100 100 2 8.3E-06 2.12E+00 2.29E-01

101.6 101.6 3.3 8.9E-06 3.50E+00 2.76E-01

101.6 101.6 6.35 8.9E-06 6.53E+00 4.08E-01

150 150 3 4.2E-05 4.76E+00 6.96E-02

150 150 4 4.2E-05 6.31E+00 8.38E-02

30 20 2 4.5E-08 6.05E-01 2.94E+01

38.1 19 1.6 8.8E-08 6.31E-01 1.52E+01

38.1 19 3.3 8.8E-08 1.24E+00 1.79E+01

38.1 25.4 1.6 1.2E-07 6.31E-01 1.14E+01

38.1 25.4 3.3 1.2E-07 1.24E+00 1.34E+01

40 20 2 1.1E-07 8.21E-01 1.32E+01

50.8 25.4 3.3 2.8E-07 1.69E+00 6.29E+00

50.8 31.7 3.3 3.5E-07 1.69E+00 5.04E+00

50.8 38.1 3.3 4.2E-07 1.69E+00 4.19E+00

50 30 3 3.1E-07 1.52E+00 5.37E+00

63.5 25.4 3.3 5.4E-07 2.15E+00 3.54E+00

3 63.5 38.1 3.3 8.1E-07 2.15E+00 2.36E+00
E 76.2 25.4 3.3 9.4E-07 2.60E+00 2.24E+00
z_% 76.2 38.1 3.3 1.4E-06 2.60E+00 1.49E+00
E 76.2 44.5 3.3 1.6E-06 2.60E+00 1.28E+00
E 76.2 50.8 3.3 1.9E-06 2.60E+00 1.12E+00
76.2 50.8 6.35 1.9E-06 4.79E+00 1.57E+00

101.6 50.8 6.35 4.4E-06 6.53E+00 8.16E-01

101.6 50.8 3.3 4.4E-06 3.50E+00 5.51E-01

101.6 25.4 3.3 2.2E-06 3.50E+00 1.10E+00

101.6 44.5 3.3 3.9E-06 3.50E+00 6.29E-01

101.6 76.2 3.3 6.7E-06 3.50E+00 3.67E-01

114.3 44.4 3.2 5.5E-06 3.84E+00 4.66E-01

120 60 4 8.6E-06 5.01E+00 3.51E-01

127 44.5 3.3 7.6E-06 4.41E+00 3.68E-01

152.4 44.5 3.3 1.3E-05 5.31E+00 2.40E-01

152.4 50.8 3.3 1.5E-05 5.31E+00 2.10E-01
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NMA= 4.0

Cross-section

Extrusion Cross-

section b t(orc) d Bmax X10°%* (m)
(mm) (mm) (mm)

6.4 9.5 1.3 1.3 1.7E-10  0.080028 6.59E+03

10 10 15 15 5.9E-10 0.10935 1.92E+03

12.7 12.7 1.6 1.6 1.4E-09  0.150768 8.35E+02

12.7 12.7 3.2 3.2 2E-09 0.273888 6.07E+02

12.7 15.9 3.2 3.2 2.4E-09  0.329184 4.97E+02

15.9 15.9 1.6 1.6 2.9E-09 0.19224 4.03E+02

15.9 15.9 3.2 3.2 44E-09  0.356832 2.78E+02

19 12.7 1.6 1.6 3.6E-09  0.177984 3.21E+02

19 12.7 3.2 3.2 5.7E-09 0.32832 2.14E+02

19 19 1.6 1.6 5.1E-09  0.232416 2.29E+02

19 19 3.2 3.2 8.2E-09  0.437184 1.53E+02

22.2 22.2 3.2 3.2 1.4E-08  0.520128 9.22E+01

25.4 12.7 3.2 3.2 1.2E-08  0.383616 1.04E+02

25.4 19 3.2 3.2 1.7E-08 0.49248 7.57E+01

25.4 25.4 1.6 1.6 1.3E-08 0.31536 9.33E+01

25.4 25.4 3.2 3.2 2.2E-08  0.603072 6.01E+01

25.4 38.1 3.2 3.2 3.2E-08  0.822528 4.39E+01

25.4 50.8 3.2 3.2 42E-08  1.041984 3.54E+01

28.6 19 3.2 3.2 2.3E-08  0.520128 5.70E+01

- 28.6 25.4 3.2 3.2 2.9E-08 0.63072 4.56E+01
% 31.8 12.7 3.2 3.2 2.1E-08  0.438912 5.98E+01
5 31.8 19 3.2 3.2 2.9E-08  0.547776 4.44E+01
> 31.8 25.4 3.2 3.2 3.8E-08  0.658368 3.56E+01
31.8 31.8 3.2 3.2 4.6E-08 0.76896 3.00E+01

31.8 31.8 48 48 6.1E-08  1.111968 2.51E+01

31.8 50.8 3.2 3.2 7.1E-08 1.09728 2.13E+01

34.9 25.4 3.2 3.2 47E-08  0.685152 2.87E+01

38.1 12.7 3.2 3.2 3.3E-08  0.493344 3.84E+01

38.1 19 3.2 3.2 46E-08  0.602208 2.90E+01

38.1 25.4 3.2 3.2 5.8E-08 0.7128 2.35E+01

38.1 38.1 3.2 3.2 8.3E-08  0.932256 1.75E+01

38.1 38.1 48 48 1.1E-07  1.356912 1.45E+01

38.1 38.1 6.4 6.4 1.3E-07 1.75392 1.33E+01

445 25.4 3.2 3.2 8.4E-08  0.768096 1.65E+01

445 445 3.2 3.2 1.4E-07  1.098144 1.11E+01

50.8 12.7 3.2 3.2 6.9E-08  0.603072 1.90E+01

50.8 19 3.2 3.2 9.2E-08  0.711936 1.48E+01

50.8 25.4 3.2 3.2 1.2E-07  0.822528 1.22E+01

50.8 25.4 4.8 4.8 1.6E-07 1.19232 9.85E+00

50.8 25.4 6.4 6.4 1.9E-07  1.534464 8.83E+00

50.8 38.1 3.2 3.2 1.6E-07  1.041984 9.23E+00

50.8 38.1 6.4 6.4 2.7E-07  1.973376 6.83E+00
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Extrusion Cross-
section

50.8
50.8
57.2
63.5
63.5
76.2
76.2
76.2
76.2
76.2
88.9
101.6
101.6
101.6
101.6
101.6
127
152.4
152.4
152.4

b
(mm)
50.8
50.8
31.8
25.4
38.1
25.4
38.1
38.1
50.8
50.8
38.1
25.4
50.8
50.8
50.8
50.8
50.8
50.8
76.2
76.2

12.7

2.1E-07
3.5E-07
2.5E-07
2E-07
3.8E-07
3.1E-07
4.2E-07
7.3E-07
5.2E-07
9.3E-07
1.2E-06
6.2E-07
1E-06
1.5E-06
1.8E-06
2.1E-06
3.2E-06
5.6E-06
8.7E-06
1.1E-05

1.26144
2.412288
1.441152
0.932256
1.686096
1.041984

1.26144
2.412288
1.480896

2.8512
2.888514

1.26144
1.700352
2.509056
3.290112
3.649752
3.729024
4.527576
6.214212
8.483346

Smax X10°% (m)

7.59E+00
5.75E+00
6.51E+00
7.34E+00
4.60E+00
4.86E+00
3.80E+00
2.77E+00
3.17E+00
2.36E+00
1.84E+00
2.53E+00
1.72E+00
1.42E+00
1.28E+00
1.19E+00
8.02E-01
5.12E-01
4.03E-01
3.95E-01

Extrusion Cross-

Cross-section

Table G-21 Summary of accepted extrusion

cross-sections for Nua=4.0

section b t (or c) d Snax X10° ()
() () ()
76.2 76.2 3.3 - 2.8E-06 2.60E+00 1.13E+00
76.2 76.2 6.35 - 2.8E-06 4.79E+00 1.44E+00
89 89 3.6 - 5.2E-06 3.32E+00 6.63E-01
Square Tube 100 100 2 - 8.3E-06 2.12E+00 3.60E-01
101.6 101.6 3.3 - 8.9E-06 3.50E+00 3.98E-01
101.6 101.6 6.35 - 8.9E-06 6.53E+00 5.30E-01
150 150 3 - 4.2E-05 4.76E+00 9.54E-02
150 150 4 - 4.2E-05 6.31E+00 1.10E-01
101.6 50.8 6.35 - 4.4E-06 6.53E+00 1.06E+00
101.6 50.8 3.3 - 4.4E-06 3.50E+00 7.96E-01
101.6 25.4 3.3 - 2.2E-06 3.50E+00 1.59E+00
Rectangular Tube 101.6 44.5 3.3 = 3.9E-06 3.50E+00 9.09E-01
101.6 76.2 3.3 - 6.7E-06 3.50E+00 5.31E-01
114.3 44.4 3.2 - 5.5E-06 3.84E+00 6.64E-01
120 60 4 - 8.6E-06 5.01E+00 4.77E-01
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Extrusion Cross-

Cross-section

section b t (orc) Snax X10° (M)
(mm) (mm)

127 44.5 3.3 = 7.6E-06 4.41E+00 5.12E-01

152.4 44.5 3.3 = 1.3E-05 5.31E+00 3.23E-01

152.4 50.8 3.3 = 1.5E-05 5.31E+00 2.83E-01

127 50.8 6.4 6.4 3.2E-06 3.729024 1.15E+00

U-Channel 152.4 50.8 6.4 7.9 5.6E-06  4.527576 7.08E-01
152.4 76.2 6.4 9.5 8.7E-06 6.214212 5.29E-01

152.4 76.2 9.5 12.7 1.1E-05 8.483346 4.93E-01

Table G-22 Aluminium extrusion deflection study for Nys = 6.0

Extrusion Cross-
section

12.7
15.8
19
19
254
25.4
28.6
30
31.8
31.8
40
445
50
50.8

Square Tube

50.8
50.8
55
60

63.5

70
76.2
76.2

89
100

101.6

NMA: 60

Cross-section

b
(mm)
12.7
15.8
19
19
25.4
25.4
28.6
30
318
31.8
40
445
50
50.8
50.8
50.8
55
60
63.5

70
76.2
76.2

89
100

101.6

t (or c)
(mm)

1.6
1.6
1.6
3.3
1.6
3.3
1.6

1.6
3.3

3.3

1.6

3.3
6.35

3.30

3.3
6.35
3.6

3.3

d
(W)

316

2.2E-09
5.2E-09
1.1E-08
1.1E-08
3.5E-08
3.5E-08
5.6E-08
6.8E-08
8.5E-08
8.5E-08
2.1E-07
3.3E-07
5.2E-07
5.5E-07
5.5E-07
5.5E-07
7.6E-07
1.1E-06

1.4E-06
2E-06
2.8E-06
2.8E-06
5.2E-06
8.3E-06
8.9E-06

1.92E-01
2.45E-01
3.01E-01
5.60E-01
4.11E-01
7.88E-01
4.67E-01
6.05E-01
5.22E-01
1.02E+00
8.21E-01
1.47E+00
1.04E+00
8.50E-01
1.69E+00
3.05E+00
1.14E+00
1.25E+00

2.15E+00

4.15E+00
2.60E+00
4.79E+00
3.32E+00
2.12E+00
3.50E+00

Srmax X103 (M)

3.69E+02
1.58E+02
7.76E+01
8.68E+01
2.55E+01
2.97E+01
1.63E+01
1.42E+01
1.09E+01
1.31E+01
4.89E+00
3.96E+00
2.17E+00
1.90E+00
2.49E+00
3.44E+00
1.53E+00
1.12E+00

1.15E+00

1.17E+00
6.17E-01
9.19E-01
3.85E-01
1.86E-01
2.35E-01




NMA= 6.0

Cross-section

Extrusion Cross-

section ) t (or c) d Bmax X10 ()
(mm) (mm) (mm)

101.6 101.6 6.35 - 8.9E-06 6.53E+00 3.67E-01

150 150 3 - 4.2E-05 4.76E+00 6.10E-02

150 150 4 - 4.2E-05 6.31E+00 7.52E-02

30 20 2 - 4.5E-08 6.05E-01 2.13E+01

38.1 19 1.6 - 8.8E-08 6.31E-01 1.11E+01

38.1 19 3.3 - 8.8E-08 1.24E+00 1.38E+01

38.1 25.4 1.6 - 1.2E-07 6.31E-01 8.29E+00

38.1 25.4 3.3 - 1.2E-07 1.24E+00 1.03E+01

40 20 2 - 1.1E-07 8.21E-01 9.79E+00

50.8 25.4 3.3 - 2.8E-07 1.69E+00 4.98E+00

50.8 31.7 3.3 - 3.5E-07 1.69E+00 3.99E+00

50.8 38.1 3.3 - 4.2E-07 1.69E+00 3.32E+00

50 30 3 - 3.1E-07 1.52E+00 4.21E+00

63.5 25.4 3.3 - 5.4E-07 2.15E+00 2.87E+00

2 63.5 38.1 3.3 - 8.1E-07 2.15E+00 1.92E+00
'§ 76.2 25.4 3.3 - 9.4E-07 2.60E+00 1.85E+00
‘_gUD 76.2 38.1 3.3 - 1.4E-06 2.60E+00 1.23E+00
§ 76.2 44.5 3.3 - 1.6E-06 2.60E+00 1.06E+00
& 76.2 50.8 3.3 - 1.9E-06 2.60E+00 9.25E-01
76.2 50.8 6.35 - 1.9E-06 4.79E+00 1.38E+00

101.6 50.8 6.35 - 4.4E-06 6.53E+00 7.34E-01

101.6 50.8 3.3 - 4.4E-06 3.50E+00 4.69E-01

101.6 25.4 3.3 - 2.2E-06 3.50E+00 9.39E-01

101.6 44.5 3.3 - 3.9E-06 3.50E+00 5.36E-01

101.6 76.2 3.3 - 6.7E-06 3.50E+00 3.13E-01

114.3 44.4 3.2 - 5.5E-06 3.84E+00 4.01E-01

120 60 4 - 8.6E-06 5.01E+00 3.09E-01

127 44.5 3.3 - 7.6E-06 4.41E+00 3.21E-01

152.4 44.5 3.3 - 1.3E-05 5.31E+00 2.12E-01

152.4 50.8 3.3 - 1.5E-05 5.31E+00 1.86E-01

6.4 9.5 1.3 1.3 1.7E-10 0.080028 4.45E+03

10 10 1.5 1.5 5.9E-10 0.10935 1.30E+03

5 12.7 12.7 1.6 1.6 1.4E-09 0.150768 5.71E+02
% 12.7 12.7 3.2 3.2 2E-09 0.273888 4.22E+02
6. 12.7 15.9 3.2 3.2 2.4E-09 0.329184 3.48E+02
> 15.9 15.9 1.6 1.6 2.9E-09 0.19224 2.77E+02
15.9 15.9 3.2 3.2 4.4E-09 0.356832 1.96E+02

19 12.7 1.6 1.6 3.6E-09 0.177984 2.20E+02
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NMA =6.0

Cross-section

Extrusion Cross-

section ) t (or c) d Bmax X10 ()
(mm) (mm) (mm)

19 12.7 3.2 3.2 5.7E-09 0.32832 1.50E+02

19 19 1.6 1.6 5.1E-09 0.232416 1.59E+02

19 19 3.2 3.2 8.2E-09 0.437184 1.09E+02
22.2 22.2 3.2 3.2 1.4E-08 0.520128 6.63E+01
25.4 12.7 3.2 3.2 1.2E-08 0.383616 7.34E+01
25.4 19 3.2 3.2 1.7E-08 0.49248 5.42E+01
25.4 25.4 1.6 1.6 1.3E-08 0.31536 6.53E+01
25.4 25.4 3.2 3.2 2.2E-08 0.603072 4.36E+01
25.4 38.1 3.2 3.2 3.2E-08 0.822528 3.26E+01
25.4 50.8 3.2 3.2 4.2E-08 1.041984 2.68E+01
28.6 19 3.2 3.2 2.3E-08 0.520128 4.10E+01
28.6 25.4 3.2 3.2 2.9E-08 0.63072 3.32E+01
31.8 12.7 3.2 3.2 2.1E-08 0.438912 4.26E+01
31.8 19 3.2 3.2 2.9E-08 0.547776 3.20E+01
31.8 25.4 3.2 3.2 3.8E-08 0.658368 2.60E+01
31.8 31.8 3.2 3.2 4.6E-08 0.76896 2.22E+01
31.8 31.8 4.8 4.8 6.1E-08 1.111968 1.91E+01
31.8 50.8 3.2 3.2 7.1E-08 1.09728 1.62E+01
349 25.4 3.2 3.2 4.7E-08 0.685152 2.10E+01
38.1 12.7 3.2 3.2 3.3E-08 0.493344 2.75E+01
38.1 19 3.2 3.2 4.6E-08 0.602208 2.10E+01
38.1 25.4 3.2 3.2 5.8E-08 0.7128 1.72E+01
38.1 38.1 3.2 3.2 8.3E-08 0.932256 1.31E+01
38.1 38.1 4.8 4.8 1.1E-07 1.356912 1.12E+01
38.1 38.1 6.4 6.4 1.3E-07 1.75392 1.06E+01
44.5 25.4 3.2 3.2 8.4E-08 0.768096 1.22E+01
44.5 44.5 3.2 3.2 1.4E-07 1.098144 8.44E+00
50.8 12.7 3.2 3.2 6.9E-08 0.603072 1.38E+01
50.8 19 3.2 3.2 9.2E-08 0.711936 1.09E+01
50.8 25.4 3.2 3.2 1.2E-07 0.822528 9.04E+00
50.8 25.4 4.8 4.8 1.6E-07 1.19232 7.55E+00
50.8 25.4 6.4 6.4 1.9E-07 1.534464 6.93E+00
50.8 38.1 3.2 3.2 1.6E-07 1.041984 6.99E+00
50.8 38.1 6.4 6.4 2.7E-07 1.973376 5.50E+00
50.8 50.8 3.2 3.2 2.1E-07 1.26144 5.85E+00
50.8 50.8 6.4 6.4 3.5E-07 2.412288 4.72E+00
57.2 31.8 4.8 4.8 2.5E-07 1.441152 5.07E+00
63.5 25.4 3.2 3.2 2E-07 0.932256 5.50E+00
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NMA= 6.0

Cross-section

Extrusion Cross-

section ) t (or c) d Bmax X10 ()
(mm) (mm) (mm)

63.5 38.1 4.8 4.8 3.8E-07 1.686096 3.65E+00
76.2 25.4 3.2 3.2 3.1E-07 1.041984 3.68E+00
76.2 38.1 3.2 3.2 4.2E-07 1.26144 2.92E+00
76.2 38.1 6.4 6.4 7.3E-07 2.412288 2.27E+00
76.2 50.8 3.2 3.2 5.2E-07 1.480896 2.48E+00
76.2 50.8 6.4 6.4 9.3E-07 2.8512 1.97E+00
88.9 38.1 6.4 7.9 1.2E-06 2.888514 1.54E+00
101.6 25.4 3.2 3.2 6.2E-07 1.26144 1.95E+00
101.6 50.8 3.2 3.2 1E-06 1.700352 1.36E+00
101.6 50.8 4.8 4.8 1.5E-06 2.509056 1.17E+00
101.6 50.8 6.4 6.4 1.8E-06 3.290112 1.08E+00
101.6 50.8 6.4 7.9 2.1E-06 3.649752 1.02E+00
127 50.8 6.4 6.4 3.2E-06 3.729024 6.87E-01
152.4 50.8 6.4 7.9 5.6E-06 4.527576 4.47E-01
152.4 76.2 6.4 9.5 8.7E-06 6.214212 3.62E-01
152.4 76.2 9.5 12.7 1.1E-05 8.483346 3.62E-01

Table G-23 Summary of accepted extrusion cross-sections for Nys=6.0

Extrusion Cross Cross-section
Smax X109 (m)

section h b t(orc) d
(mm) (mm) (mm) (mm)
55 55 2 - 7.6E-07 1.14E+00 1.53E+00
60 60 2 - 1.1E-06 1.25E+00 1.12E+00
63.5 63.5 3.30 - 1.4E-06 2.15E+00 1.15E+00
70 70 6 - 2E-06 4.15E+00 1.17E+00
76.2 76.2 3.3 - 2.8E-06 2.60E+00 6.17E-01
Square Tube 76.2 76.2 6.35 - 2.8E-06 4.79E+00 9.19E-01
89 89 3.6 - 5.2E-06 3.32E+00 3.85E-01
100 100 2 - 8.3E-06 2.12E+00 1.86E-01
101.6 101.6 3.3 - 8.9E-06 3.50E+00 2.35E-01
101.6 101.6 6.35 - 8.9E-06 6.53E+00 3.67E-01
150 150 3 - 4.2E-05 4.76E+00 6.10E-02
150 150 4 - 4.2E-05 6.31E+00 7.52E-02
76.2 38.1 853 - 1.4E-06 2.60E+00 1.23E+00
76.2 44.5 3.3 - 1.6E-06 2.60E+00 1.06E+00
76.2 50.8 853 - 1.9E-06 2.60E+00 9.25E-01
Rectangular Tube 76.2 50.8 6.35 - 1.9E-06 4.79E+00 1.38E+00
101.6 50.8 6.35 - 4.4E-06 6.53E+00 7.34E-01
101.6 50.8 3.3 - 4.4E-06 3.50E+00 4.69E-01
101.6 25.4 3.3 - 2.2E-06 3.50E+00 9.39E-01
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Cross-section

Extrusion Cross-

secon . h b tlro d it )
(mm) (mm) (mm)

101.6 44.5 3.3 3.9E-06  3.50E+00 5 36E-01

101.6 76.2 3.3 - 6.7E-06  3.50E+00 3.13E-01

114.3 44.4 3.2 - 55E-06  3.84E+00 4.01E-01

120 60 4 - 8.6E-06  5.01E+00 3.09E-01

127 44.5 3.3 - 7.6E-06 4.41E+00 3.21E-01

152.4 445 3.3 - 1.3E-05  5.31E+00 2. 12E-01

152.4 50.8 3.3 - 1.5E-05  5.31E+00 1.86E-01

88.9 38.1 6.4 7.9 1.2E-06 2.888514 1.54E+00

101.6 50.8 3.2 3.2 1E-06 1.700352 1.36E+00

101.6 50.8 438 438 15E-06  2.509056 1.17E+00

101.6 50.8 6.4 6.4 1.8E-06 3.290112 1.08E+00

U-Channel 101.6 50.8 6.4 7.9 2.1E-06 3.649752 1.02E+00
127 50.8 6.4 6.4 3.2E-06 3.729024 6.87E-01

152.4 50.8 6.4 7.9 5.6E-06  4.527576 4.47E-01

152.4 76.2 6.4 9.5 8.7E-06 6.214212 3.62E-01

152.4 76.2 9.5 12.7 1.1E-05 8.483346 3.62E-01
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Appendix H Selecting Wind Speed

Wind speed depends on location to set up the LLBG test facility. Egypt and UK
are the most probable candidates to test it. Therefore, wind speed data in different
Ications of both countries were collected based on the assesment of New and
Renewable Energy Authority, the Egyptian Meteorological Authority, Risg
National Laboratory (Mortensen et al., 2006) and UK national wind speed
database, which is known as Numerical Objective Analysis Boundary Layer
(NOABL) (RenSMART, 2016). Based on data listed Table H-24, a wind speed of

7.0m/s is selected in calculating wid loads on the LLBG.

Table H-24 Wind speeds at different locations in Egypt and UK

>
% City Latitude Angle Longtude Angle Wind(i;/)f)ed, U
@]
Abu Simbel 22.336823°N 31.625532°E 4.8
Alexandria 31.205753°N 29.924526°E 2.9
(E,.; Aswan 24.978548°N 32.875820°E 3.8
N
_s Farafra 27.061529 °N 27.970091 °E 2.0
g Hurghada 27.192505°N 33.781710°E 5.4
g Mansoura 31.050000°N 31.383300°E 5.0
% Nuweiba 29.123453°N 34.899583°E 4.0
i’_ Port Said 31.265300°N 32.301900°E 1.6
|§ Shark El-Ouinat 22.582900°N 28.707300°E 5.5
Suez 29.964200°N 32.505600°E 3.9
Zafarana 29.1152°N 32.6575°E 7.0
Aberdeen 57.155342°N 2.092676°W 6.1
Blackpool 53.811225 °N 3.024646°W 5.8
s Cambridge 52.199533°N 0.118069°E 4.7
§ Cardiff 51.469955°N 3.167908°W 4.7
e Cranfield 52.076407°N 0.628563°W 55
é Edinburgh 55.949661°N 3.181751°W 6.2
% Liverpool 53.388570°N 2.987293°W 4.8
s’ London 51.509159°N 0.130332°W 4.7
> Milton Kynes 52.024816°N 0.756848°W 5.1
Oxford 51.740438°N 1.248081°W 4.6
Plymouth 50.359276°N 4.142759°W 4.8
Maximum wind speed, U (m/s) 7.0




Appendix | Counter Wight Arm Length Effect

In this appendix, the effect of counter wight arm length, Lcw, is studied in different
cases. The distance L., will be varied from 0.5m to 1.75m with a step of 0.25m
forming six different alternatives. In each alternative, the optimum mass of the
counter wight will be determined. It is the mass corresponding to the intersection
point between maximum and minimum absolute combined torques in case of
wind presence and absence, respectively.

I.1 Alternative #1

=== aximum (Wind presence) =de=Minimum (Wind presence)

=l—=Maximum(Wind absence) =e=Minimum (Wind absence)

400

N

g &
7
e

Absolute combined torque at main arm pivot (N.m)
i
8

A— i
0 10 20 30 40 50 60 70 80 90 100 110 120 130
Counter weight mass, m, (kg)

Figure I-8 Absolute combined moment range affecting on main arm pivot in presence/absence of
wind load (Lew=0.50m)

From Figure 1-8, the optimum counter wight mass is 88.3 kg.
[.2 Alternative #2

—=Maximum (Wind presence) =de=Minimum (Wind presence)

== Maximum(Wind absence) === Minimum (Wind absence)

ok /f
- '\\ /

Absolute combined torque at main arm pivot (N.m)
i
8

4
0 10 20 30 40 50 60 70 80 90 100 110 120 130
Counter weight mass, m, (kg)

Figure I-9 Absolute combined moment range affecting on main arm pivot in presence/absence of
wind load (Lcw=0.75m)
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From Figure 1-9, the optimum counter wight mass is 58.8 kg.

|.3 Alternative #3

e [V aximum (Wind presence) s=fe=Minimum (Wind presence)
=l=Maximum(Wind absence) ==fe=Minimum (Wind absence)

450

-X /
350 \

. \\ /
NN /

200

150 \ {/
AN/

50 /\

1] 10 20 30 40 50 60 70 80 a0 100 110 120 130
Counter weight mass, m,,, (kg)

Figure 1-10 Absolute combined moment range affecting on main arm pivot in presence/absence of
wind load (Lew=1.0m)

el
R

Absolute combined torque at main arm pivot (N.m)

0

From Figure I-10, the optimum counter wight mass is 44.2 kg.

[.4 Alternative #4

== NMaximum (Wind presence) == Minimum (Wind presence)
il Maximum(Wind absence) == Minimum (Wind absence)

. fr17
NUEE AN

=
o
=]

Absolute combined torque at main arm pivot (N.m)
= o
8 8

w
=1

0 10 20 30 40 50 60 70 80 90 100 110 120 130
Counter weight mass, m., (kg)

Figure I-11 Absolute combined moment range affecting on main arm pivot in presence/absence of
wind load (Lew=1.25m)

From Figure I-11, the optimum counter wight mass is 35.26 kg.
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|.5 Alternative #5

== NMaximum (Wind presence) =e=Minimum (Wind presence)

~f=Maximum({Wind absence) =e=Minimum (Wind absence)
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Figure 1-12 Absolute combined moment range affecting on main arm pivot in presence/absence of
wind load (Lew=1.50m)

From Figure I-12, the optimum counter wight mass is 28.86 kg.

|.6 Alternative #6

== NMaximum (Wind presence) =e=Minimum (Wind presence)

~f=Maximum({Wind absence) =e=Minimum (Wind absence)
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Figure 1-13 Absolute combined moment range affecting on main arm pivot in presence/absence of
wind load (Lew=1.75m)

o

From Figure 1-13, the optimum counter wight mass is 25.1 kg.
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Appendix J Optical Analysis MATLAB Code

function [T1,T2,T3,T74,T6,T7,T9,T1l6,T17,TEST] =

beam diameter GI GO complete (

lamda concern,r,n_st,f,GIGOindicator,Rc_1,
D2,f2,tc,te,R12,R22,L22,%x2 )

tic

%$This function calculates the BEAM DIAMETER based on incident
wavelength (lamda),

% for PMMA-Fresnel FRONT LENS, with refractive index (n) as a
function of wavelength (lamda),

% and Si02-Positive Meniscus REAR LENS, with refractive index
(n2) as a function of wavelength (lamda),

o°

Assuming solar rays coming with angular aperture of cone angle
9.3mrad, this angle is
% assumed to be between two "envelope RED and Blue rays"
%$NOTE: The optimum position of the rear lens (x2cr) is selected

for both GI/GO configurations based on the MINIMUM DB GI avg or
MINIMUM DB GO avg, respectively, at (L=0), i.e. based on minimum
beam diameter if the screen is placed directly after the rear
lens.
3==== This distance is called (L2) and can be adjusted from
Line#52

$INPUTS:

)

%— lamda concern= Wavelength bandwidth of concern[nm] (i.e. 400
to 2500nm for Visible & IR)

o)

$— r= FRONT LENS radius (ranges from 0 to R1) [m]

o)

%— n_st= Standard refractive index at which the manufacturer
calculated(f) for the FRONT LENS (-)

$— xf= Certain distance from the FRONT LENS plane [m]
- f= Manufacturer focal length of the FRONT LENS (at
wavelength of "n st") [m]

)

%— GIGOindicator= An integer indicator has a wvalue of (0) if the
Fresnel is designrd for GI-configuration, or (1) if designed for
GO-configuration, according to the manufacturer data.

%— Rc_1= Reciprocal of the Bended FRONT LENS radius of
curvature, i.e. Rc_1=(Rc"-1)=(1/Rc)

% NOTE#1l: Rc 1= -ve for the convex (pre-focus) bending (i.e.
bended around/towards its focal point)

% NOTE#2: Rc 1= +ve for the concave (post-focus) bending (i.e.
bended away from its focal point)

$— D2= REAR LENS diameter [m]

- f2= Manufacturer focal length of the REAR LENS (at design
wavelength) [m]

- tc= REAR LENS centre thickness [m]

- te= REAR LENS edge thickness [m]

%— R12= REAR LENS radius of curvature, on the output beam side
[m]
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%- R22= REAR LENS radius of curvature, on the FRONT LENS side
[m]

- L22= Screen distance from the REAR LENS to receive the
beam [m]

$OUTPUTS:

- Tl= Summary of critical values for FRONT LENS ONLY

- T2= Table of avergae/maximum/minimum spot diameters at
different (xfv) from the FRONT LENS ONLY

%— T3= Table of slope angle (s) of Fresnel prisms (FRONT LENS)
as a function of lens radius(r) [rad]

$— T4= Table of refractive indices (nl and n2) of the FRONT

LENS (PMMA) and REAR LENS (Si0O2) as a function of
wavelength (lamda)

$— To= Table of spectral Beam diameter (m) and deviation angle
(Delta) for each wavelength at each x2 (distance of the Rear lens
location measured from the focal length of the Front lens)

$— T7= Table of critical data (i.e. minimum delat and
corresponding DB and x2 at each wavelength) deviation angle
(Delta) for each wavelength at the selected x2 (distance of the
Rear lens location measured from the focal length of the Front
lens)

$— T1l7= Table of critical data (i.e. minimum delat and
corresponding DB and x2 at each wavelength) for optimum x2 of
concern

%- xfv= Variable (xf) distance from the lens plane [m] (0 to
2*f)

lamda=lamda concern;

%$Defining the distance from REAR LENS to obtain (x2cr) (@which
minimum DB occurs)

L2=0.0;

xfv=(0.1*f) : (2*£/500) : (2*£f) ;
xfv=x£fv';

if (x2==0)
x2fv=(0.1*f2): (2*£2/150) : (2*£2) ;
x2fv=x2fv';

else
x2fv=x2;

end

L= length(lamda) ;
R=length(r);

Xfv=length (xfv) ;
X2fv=length (x2fv) ;
KJI=X2fv*L;

TTT STORE GI=zeros(KJ,5);
TTT STORE GO=zeros (KJ,5);
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Rl=max (r) ;

% Calculating Slope angle, S(r)*********************
if (GIGOindicator==0)
for i=1:R

a(i)=atan(r(i)/f);
myfun = @(x,b,n_st) x-asin((sin(b+x))/n_st);
b=a(i);
fun=@ (x)myfun (x,b,n st);
x=fzero(fun,0.01);
s(i)=x;
end
end

if (GIGOindicator==1)
for i=1:R

a(i)=atan(r(i)/f);

myfun = @(x,b,n st) asin(n st*sin(x-asin(sin(x)/n_st)))-b;
b=a (1) ;

fun=@ (x)myfun(x,b,n st);

x=fzero (fun,0.01);

s (1)=x;

end

end

if (GIGOindicator~=0 && GIGOindicator~=1)
error ('Error...GIGOindicator must be an integer indicator
has a value of (0) if the Fresnel is designrd for GI-
configuration, or (1) if designed for GO-configuration,
according to the manufacturer data')

end

s=s';

%*****************************************************

% Calculating refractive index, n(lamda) [for the FRONT LENS]
% Calculating refractive index, n2(lamda) [for the REAR

LENSJ KAk A A A KA KAk kkkkkk

o)

% Using Sellmeier’s Dispersion Equation (SDE)
for j=1:L

%as lamda in Sellmeier’s Dispersion Equation in (microns), then:
l=lamda (J)/1000;

% Constants for SDE-6Coefficients for PMMA

Al1=1.185;

A2=0.01116;

A3=0.04079;

A4=34.48;

A5=-0.001914;

A6=0.01895;
% Constants for SDE-6Coefficients for Si02: source: raw data in
(https://refractiveindex.info/?shelf=main&book=Si0O2&page=Malitso
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157 n) exracted from H. Malitson. "Interspecimen comparison of the
158 refractive index of fused silica", J. Opt. Soc. Am. 55, 1205-
159 1208 (1965)

160 A12=0.6962;

161 A22=0.004679;

162 A32=0.4079;

163 A42=0.01351;

164 A52=0.8975;

165 A62=97.93;

166

167 % For the FRONT LENS (PMMA)

168 n(j)=sqrt (1+ ((A1*172)/ (172-A2) )+ ((A3*1"2)/(1"2-
169 24))+ ((A5*172)/(1"2-A6)));

170

171 % For the REAR LENS (Si02)

172 n2 (j)=sqgrt (1+ ((A12*172)/ (1"2-A22) )+ ((A32*1"2)/ (1"2-
173 242))+ ((A52*172)/ (1"2-RA62))) ;

174

175 end

176 n=n';

177 n2=n2"';

178 %*****************************************************
179

180 $========== GI = Grooves-In Configuration ==========%
181

182 % calculating Spot diameter at each lamda, Ds GI (r)***
183 N

184 % Let solar aperture cone-half angle(?a=Theta a)

185 Theta a=9.3e-03/2; $In case of assuming SAA effect

186 Theta a=0; $In case of neglecting SAA effect
187 2 Nomenclatures:

188 % 2tl r GI = Theta tl r GI (For the red ray)

189 % ?2i2 r GI = Theta i2 r GI (For the red ray)

190 % ?t2 r GI = Theta t2 r GI (For the red ray)

191 % ?° r GI = Alpha r GI (For the red ray)

192 $ f° r GI = f dash r GI (For the red ray)

193 - N -

194 % 2tl b GI = Theta tl b GI (For the blue ray)

195 % 2i2 b GI = Theta i2 b GI (For the blue ray)

196 % 2t2 b GI = Theta t2 b GI (For the blue ray)

197 % 2" b GI = Alpha b GI (For the blue ray)

198 ¢ £ b GI = f dash b GI (For the blue ray)

199 - N -

200 hl = waitbar(0,'Step 1/7: Grooves In-Ds(x) Calculation
201 Progress....');

202 for k=1l:Xfv
203 for j=1:L

204 nj=n(j) ;

205 for i=1:R

206 Theta i GI=Theta a;

207 S N

%88 Theta tl r GI=asin(sin(Theta i GI)/nj);
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211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262

Theta i2 r GI=Theta tl r GI+s(i);

if ((nj*sin(Theta i2 r GI))<1.0)
Theta t2 r GI=asin(nj*sin(Theta 12 r GI));

Alpha r GI=Theta t2 r GI-s(i);

f dash r GI=r(i)/tan(Alpha r GI);

df dash r GI=f- f dash r GI;

$Front Lens Buckling/Bending Effect*****%

% df ddash r GI= df double dash for GI configuration
Alpha ddash GI= Alpha double dash for GI

o°

configuration

% df bar GI= Average shift of focal length for GI
configuration (combining configuration & buckling/bending
effects of the Front Lens)

% £ bar GI= Average focal length for GI
configuration (combining configuration & buckling/bending
effects of the Front Lens)

df ddash r GI=((-1*£"2)/(R1l))*asin(R1*Rc_1);

df bar GI=(df dash r GI+df ddash r GI);
f bar GI= f-df bar GI;

%$Average Spot Diameter at cetain wavelength (Jj) an certain lens
radius (1) at distance (xf)
xf=xfv (k) ;

Dsr GI(i)=2*r(i)*abs(xf-f bar GI)/abs(f bar GI);

else
Dsr GI(i)=0;
end
end
Dsr GI=Dsr GI';
Ds GI (j)=max (Dsr GI);

end
% Then the list of (Ds GI) at a certain (xfv) as a function of
wavelengths (lamda) can be listed as follows:

Ds GI=Ds GI';

Ds GI avg=mean (Ds GI);

Ds GI max=max (Ds_ GI);

Ds GI min=min (Ds GI);

T GI(k,:,:,:)=[xfv(k),Ds GI avg,Ds GI max,Ds GI min];
wailtbar (k / Xfv)

end
close (hl)
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263

264 [value GI, index GI]=min(T GI(:,2,:,:));

265 xcr GI=xfv(index GI);

266 Ds cr GI=value GI;

267

268 toc;

269 time Elapsed Step 1 = toc;

270 TIME=['Time elapsed for step#l="

271 num2str(time Elapsed Step 1),'s'];

272 disp(TIME)

273 tic

274  S++++++++++++[Rear Lens on Configuation GI]++++++++++
275 h2 = waitbar(0, 'Step 2/7: Grooves In-Beam Diameter [DB (x2+xcr) ]
276 Calculation Progress....');

277 Beam data GI=zeros (R,3);

278 for k=1:X2fv

279 for j=1:L

280 nj=n(j);

281 n2j=n2 (j) ;

282 % nj=1.490761121; % (refractive index at 586nm), activate

283 if chromatic aberration (CA) is wanted to be neglected

284 ° n23=1.460; % (refractive index at 588nm), activate if
285 chromatic aberration (CA) is wanted to be neglected

286 for i=1:R

o\

287 Theta i GI=Theta a;

288 Theta tl r GI=asin(sin(Theta i GI)/nj);

289 Theta i2 r GI=Theta tl r GI+s(i);

290

291 if ((nj*sin(Theta i2 r GI))<1.0)

292 Theta t2 r GI=asin(nj*sin(Theta i2 r GI));

293 Alpha r GI=Theta t2 r GI-s(i);

294 f dash r GI=r(i)/tan(Alpha r GI);

295 df dash r GI=f- f dash r GI;

386 $Front Lens Buckling/Bending Effect*x***xx%x*
7

298 df ddash r GI=((-1*£"2)/(R1))*asin(R1*Rc 1);

299 df bar GI=(df dash r GI+df ddash r GI);

300 f bar GI= f-df bar GI;

301

302 if (r(i)==0)

303 Alpha bar GI=0.0;

304 else

305 Alpha bar GI=atan(r(i)/abs(f bar GI));

306 end

307

308 xf=x2fv (k) +xcr GI;

309

%%2 Dsr GI2(i)=2*r(i)*abs(xf-f bar GI)/abs(f bar GI);

312 if (Dsr_GI2(i)<=D2)

313 y (1)=Dsr GI2(i)/2;

314

315 beta 1(i)=(0.5*pi)-abs (atan((-1/y(i))*sqrt (R22°2-y(i)"2)));
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Theta i3 (i)=abs (Alpha bar GI-beta 1(i));
Theta t3(i)=asin(sin(Theta i3(i))/n2j);
Y(1)=y(i)+(0.5* (tctte) *tan(Theta t3(1)));

1f (Y (1)<=(D2/2))
beta 2(1)=(0.5*pi)-abs (atan (( -1/Y (1)
Theta i4(i)=abs (Theta t3(i)+beta 1(i)-abs(beta 2 (i)
Theta t4(i)=asin(n2j*sin(Theta i4(i)));

) *sqrt (R127°2-Y (1) "2)));
));

[)

% Deviation angle (Delta):
Delta(i)=beta 2(i)-Theta td4(i);
Delta Degrees (i)=Delta(i)*180/pi;
%Beam diameter for incident ray on FRONT LENS at (r)
if (Delta(i)>=0)
DBr GI(i)=Dsr GI2(i)+(2*L2*tan(Delta(i)));
else
L_delay=0.5*Dsr_GI2(i)/tan(abs(Delta(i)));
1f (L2<=L delay)
DBr GI(i)=Dsr GI2(i)-
(2*L2*tan (abs (Delta(i))));
else
DBr GI (i)=2* (L2-
L delay) *tan (abs (Delta(i)));

end
end
Beam data GI(i,:)=[DBr GI(i),Delta Degrees(i),r(i)];
else
Dsr GI2(1)=0;
DBr GI (i)=0;
end
else
DBr_ GI (i)=0;
Delta (i)=0;
end
else
Dsr GI2(i)=0;
DBr GI(i)=0;
end
end
$Refining “Beam data GI” from (Zero delta’s) rows
act=1;
active Beam data GI=[0,0,0];
for i2=1:R
if (Beam data GI(i2,2)~=0)
active Beam data GI(act, :)=Beam data GI(iZz,:
act=act+1;
end
end

$Refining “Beam data GI” from (Zero delta’s) rows..END
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Dsr GI2=Dsr GI2';

DBr GI=DBr GI';

Ds GI2(j)=max(Dsr GIZ2);
DB_GI (j)=max (DBr_ GI);

[value MAX Delta GI,
index MAX Delta GI]=max(abs (active Beam data GI(:,2)));
Spectral delta degrees GI(j)=value MAX Delta GI;

Spectral beam diameter GI (j)=active Beam data GI(index MAX Delta
_GI,1);

Spectral effective radius GI(j)=active Beam data GI (index MAX De
lta GI,3);

Spectral beam data GI(j,:)=[Spectral beam diameter GI(Jj), Spectra
1 delta degrees GI(j),Spectral effective radius GI(Jj)];
Wavelength nm(j)=lamda(Jj) ;
X2 (3)=x2fv (k) ;

TT GI=table(X2',Wavelength nm', Spectral beam diameter GI', Spectr
al delta degrees GI', Spectral effective radius GI', 'VariableName
s',{'GI x2 m' 'GI lamda nm' 'GI DB m' 'GI Delta degree'
'GI Spectral effective Front Lens radius'});

TTT GI=tableZarray(TT GI);

Row number=(k*L) - (L-3);
TTT STORE GI1 (Row number, :)=TTT GI(J,:);

TTT STORE GI=arrayZtable (TTT STORE GI1, 'VariableNames', {'GI x2 m
' 'GI lamda nm' 'GI DB m' 'GI Delta degree'
'GI Spectral effective Front Lens radius'});

T6 GI=single(tableZarray (TTT STORE GI));

end
Spectral average delta degrees GI(k,:)=[x2fv(k),mean (Spectral de
lta degrees GI)];
xf2 (k)=x2fv (k) +xcr GI;

wailtbar (k / X2fv)
end
close (h2)

[value GIZ,
index GIZ]=min (Spectral average delta degrees GI(:,2));
x2cr GI=Spectral average delta degrees GI (index GIZ2,1);

toc;

time Elapsed Step 2 = toc;
TIME=['Time elapsed for step#2="
numZ2str (time Elapsed Step 2),'s'];
disp (TIME)
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422 tic

423  $========= GO = Grooves-Out Configuration ========%
424 % Calculating Spot diameter at each lamda,

425 DS Go(r)‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*

426 B

427 % Let solar aperture cone-half angle(?a=Theta a)
428 Theta a=9.3e-03/2; %$In case of assuming SAA effect

429  %Theta a=0; %In case of neglecting SAA effect
430 % Nomenclatures:

431 % 2tl r GO = Theta tl r GO (For the red ray)
432 % 2i2 r GO = Theta i2 r GO (For the red ray)
433 % ?t2 r GO = Theta t2 r GO (For the red ray)
434 % 2" r GO = Alpha r GO (For the red ray)
435 % £ r GO = f dash r GO (For the red ray)
436

437 % ?tl b GO = Theta tl b GO (For the blue ray)
438 % 2i2 b GO = Theta i2 b GO (For the blue ray)
439 % 2t2 b GO = Theta t2 b GO (For the blue ray)
440 % 2" b GO = Alpha b GO (For the blue ray)
jj% $ £ b GO = f dash b GO (For the blue ray)

443 h3 = waitbar (0, 'Step 3/7: Grooves Out-Ds(x) Calculation

444  progress....');

445 for k=1:Xfv

446  for j=1:L

447 nj=n(j);

448 ¢ nj=1.490761121; % (refractive index at 586nm), activate if
449 chromatic aberration (CA) is wanted to be neglected

450 for i=1:R

451 Theta i r GO=s(i)-Theta a;

452 Theta tl r GO=asin(sin(Theta i r GO)/nj);

453 Theta 12 r GO=s(i)-Theta tl r GO;

454 if ((nj*sin(Theta i2 r GO))<1.0)

455 Theta t2 r GO=asin (nj*sin(Theta i2 r GO));
456 Alpha r GO=Theta t2 r GO;

457 f dash r GO=r (i)/tan(Alpha r GO);

458 df dash r GO=f- f dash r GO;

459

460 $Front Lens Buckling/Bending Effect*****x*xx
461 % df ddash r GO= df double dash for GO configuration
462 $ Alpha ddash GO= Alpha double dash for GO Config.
463 % df bar GO= Average shift of focal length for GO config.

464 (combining configuration & buckling/bending effects of the Front
465 Lens)

466 % £ bar GO= Average focal length for GO config. (combining
467 configuration & buckling/bending effects of the Front Lens)
468 df ddash r GO=((-1*£~2)/(R1))*asin (RL*Rc 1) ;

469 df bar GO=(df dash r GO+df ddash r GO);

470 f bar GO=f-df bar GO;

471

472 %Average Spot Diameter at cetain wavelength (j) an certain lens
473 radius (i) at distance (xf)
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xf=xfv (k) ;
% In case of combined configuration & buckling/bending effects
of the Front Lens

Dsr GO (i)=2*r (i) *abs (xf-f bar GO)/abs(f bar GO);

else
Dsr GO (1)=0;
end
end
Dsr GO=Dsr GO';
Ds GO (j)=max(Dsr GO);

end

Ds GO=Ds GO';

Ds_ GO_avg=mean (Ds_GO) ;

Ds GO max=max (Ds_GO) ;

Ds GO min=min (Ds_GO) ;

T GO(k,:,:,:)=[xfv(k),Ds GO avg,Ds GO max,Ds GO min];
wailtbar (k / Xfv)

end

close (h3)

[value GO, index GO]=min(T GO(:,2,:,:));
xcr GO=xfv(index GO);
Ds cr GO=value GO;

toc;
time Elapsed Step 3 = toc;
TIME=["'Time elapsed for step#3="'
num2str (time Elapsed Step 3),'s'];
disp (TIME)
tic
S+++++++++++++++++++++++ [Rear Lens on
Configuation GOJ]+++++++++++++++++++++++
h4 = waitbar (0, 'Step 4/7: Grooves Out-Beam Diameter [DB(x2+xcr) ]
Calculation Progress....');
Beam data GO=zeros (R, 3);
for k=1:X2fv
for j=1:L
nj=n(j);
n2j=n2(j);
nj=1.490761121; % (refractive index at 586nm), activate
f chromatic aberration (CA) is wanted to be neglected

o

-

% n23=1.460; % (refractive index at 588nm), activate
if chromatic aberration (CA) is wanted to be neglected
for i=1:R

Theta i r GO=s(i)-Theta a;

Theta tl r GO=asin(sin(Theta i r GO)/nj);
Theta i2 r GO=s(i)-Theta tl r GO;

if ((nj*sin(Theta 12 r GO))<1.0)
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527 Theta t2 r GO=asin(nj*sin(Theta 12 r GO));
528 - -

529 Alpha r GO=Theta t2 r GO;

530 - -

531 f dash r GO=r(i)/tan(Alpha r GO);

532 df dash r GO=f- f dash r GO;

533 B - B -

534 $Front Lens Buckling/Bending Effect******x*x*

535 % df ddash r GO= df double dash for GO configuration
536 % Alpha ddash GO= Alpha double dash for GO config.

537 % df bar GO= Average shift of focal length for GO config.

538 (combining configuration & buckling/bending effects of the Front
539 Lens)

540 % f bar GO= Average focal length for GO config. (combining

541 configuration & buckling/bending effects of the Front Lens)
542

543 df ddash r GO=((-1*£"2)/(R1))*asin(R1*Rc 1);
544 df bar GO=(df dash r GO+df ddash r GO);

545 f bar GO= f-df bar GO;

546 if (r(i)==0)

547 Alpha bar G0=0.0;

548 else

549 Alpha bar GO=atan(r(i)/abs(f bar GO));
550 end

551 xf=x2fv (k) +xcr GO;

552 N

ggi Dsr GO2(i)=2*r(i)*abs(xf-f bar GO)/abs(f bar GO);
555 if (Dsr_GO2 (i)<=D2)

556  y(i)=Dsr GO2(i)/2;

557 beta 1(i)=(0.5*pi)=-abs(atan((-1/y(i))*sqrt(R22"2-y(i)"2)));
558 Theta i3 (i)=abs (Alpha bar GO-beta 1(i));

559 Theta t3(i)=asin(sin(Theta i3(i))/n2j);

560 Y (i)=y (1) +(0.5* (tc+te) *tan (Theta t3(i)));
561 if (Y(i)<=(D2/2))

562 beta 2(i)=(0.5*pi)-abs(atan((-1/Y(i))*sqrt(R12°2-Y(i)"2)));
563 Theta 14 (i)=abs (Theta t3(i)+beta 1(i)-abs(beta 2(i)));

i

564 Theta t4(i)=asin(n2j*sin(Theta i4(i)));

565 $ Deviation angle (Delta):

566 Delta(i)=beta 2(i)-Theta t4(i);
567 Delta Degrees (i)=Delta(i)*180/pi;
568 %Beam diameter for incident ray on FRONT LENS at (r)
569 if (Delta (i)>=0)

570 DBr GO(i)=Dsr GO2(i)+(2*L2*tan (Delta(i)));

571 else

572 1L delay=0.5*Dsr GO2 (i) /tan(abs(Delta(i)));

573 if (L2<=L delay)

574 DBr GO(i)=Dsr GO2(i)-(2*L2*tan (abs(Delta(i))));

575 else

576 DBr GO(i)=2*(L2-L delay) *tan (abs (Delta(i)));

577 end

578 end

579
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580

gg% Beam data GO (i,:)=[DBr GO (i),Delta Degrees (i), r(i)];
583 else

584 Dsr GO2 (i)
585 DBr GO (i)=
586 end

587 else

588 DBr GO (i)
589 Delta(i)=
590 end

591 else

592 Dsr GO2 (i)
593 DBr GO (i)=
594 end

595 end

596 % Refining “Beam data GO” from (Zero delta’s) rows

597 act=1;

0;

=0;
0;

0;

598 active Beam data GO=[0,0,0];

599 for i2=1:R

600 if (Beam data GO(i2,2)~=0)

601 active Beam data GO (act,:)=Beam data GO(i2,:);
602 act=act+1;

603 end

604 end

605 Refining “Beam data GI” from (Zero delta’s) rows..END
606 N N

607 Dsr GO2=Dsr GO2';

608 DBr GO=DBr GO';

609 Ds_GO2 (j)=max (Dsr_ GO2) ;

610 DB GO (j)=max (DBr_GO) ;

611

612 [value MAX Delta GO,

613 index MAX Delta GO]=max (abs (active Beam data GO(:,2)));
614 Spectral delta degrees GO(j)=value MAX Delta GO;
615

616 Spectral beam diameter GO(j)=active Beam data GO (index MAX Delta
617 Go,1);

618

619 Spectral effective radius GO (j)=active Beam data GO (index MAX De
620 1lta GO, 3);

621

622 Spectral beam data GO(j,:)=[Spectral beam diameter GO(Jj),Spectra
623 1 delta degrees GO(j),Spectral effective radius GO (j)];

624 Wavelength2 nm(j)=lamda (J) ;

625 XX2 () =x2fv (k) ;

626

627 TT GO=table (XX2',Wavelength2 nm',Spectral beam diameter GO', Spec
628 tral delta degrees GO',Spectral effective radius GO', 'VariableNa
629 mes',{'GO x2 m' 'GO lamda nm' 'GO DB m' 'GO Delta degree'

630 'GO Spectral effective Front Lens radius'});

631 TTT GO=table2array (TT_GO) ;
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Row number=(k*L) - (L-J);
TTT STORE GOl (Row number, :)=TTT GO(Jj, :);

TTT STORE GO=arrayZtable (TTT STORE GOl1, 'VariableNames', {'GO x2 m
' 'GO _lamda nm' 'GO DB m' 'GO Delta degree'
'GO Spectral effective Front Lens radius'});

T6 GO=single (tableZarray (TTT STORE GO));
end

Spectral average delta degrees GO(k, :)=[x2fv(k),mean (Spectral de
lta degrees GO)];

xf2 (k) =x2fv (k) +xcr GO;
wailtbar(k / X2fv)
end

close (h4)

[value GO2,

index GO2]=min (Spectral average delta degrees GO(:,2));
x2cr GO=Spectral average delta degrees GO (index GO2,1);
% PRINTING THE SUMMARY OUTPUT TABLE

KAKK AR A AR A A AR AR KA A I ARk A Ak A kA A AR A Kk %k

Rc=1/Rc_1;

Tl=table (Rc,xcr GI,Ds cr GI,xcr GO,Ds cr GO,
'VariableNames', { 'Front Lens radius of curvature m'

'GI Calculated Front Lens focal length fl1 m'

'GI Min Spot Diameter at foca point m'

'GO Calculated Front Lens focal length f1 m'

'GO_Min Spot Diameter at foca point m'});

T2 array=horzcat(T GI,T GO);

T2=array2table (T2 array, 'VariableNames', {'GI Distance from Front
_Lens x1 m' 'GI Average spot diameter m'

'GI Maximum spot diameter m' 'GI Minimum spot diameter m'
'GO Distance from Front Lens x1 m' 'GO Average spot diameter m'
'GO Maximum spot diameter m' 'GO Minimum spot diameter m'});

T3=table(r,s, 'VariableNames', { '"Front Lens Radius m'
'"Prisms Caluclated Slope Angle rad'});
T4=table(lamda,n,n2, 'VariableNames', { 'Wavelength nm'
'"Front Lens PMMA Refractive index nl'

'Rear Lens Quartz Refractive index n2'});

T6 temp=horzcat (T6 GI,T6 GO);
T6=array2table (T6 temp, 'VariableNames', {'GI x2 m'

'GI Wavelength nm' 'GI DB m' 'GI Delta degree'
'GI_Spectral effective Front Lens radius m' 'GO x2 m'
'GO Wavelength nm' 'GO DB m' 'GO Delta degree'
'GO_Spectral effective Front Lens radius m'});

T6 lamda table = sortrows (T6, 'GI Wavelength nm', "ascend');
T6 lamda array=tableZarray(T6_ lamda table);

T6 lamda array(:,[1,2])=T6 lamda array(:,[2,1]);

T6 lamda array(:,[6,7])=T6 lamda array(:,[7,6]);
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KJ=L*X2fv;

spectral critical data GI=zeros(L,5);

spectral critical data GO=zeros(L,5);

T6 lamda array GI=T6 lamda array(:,1:5);

T6 lamda array GO=T6 lamda array(:,6:10);

spectral critical data GI(1l,:)=T6 lamda array GI(1l,:);
spectral critical data GO(1l,:)=T6 lamda array GO(1,:);

Frxxxxkkx For GI-Configuration *xxxkxkkx

ji=1;

for kj=2:KJ

if (T6 lamda array GI(kj,1)==T6 lamda array GI(kj-1,1))

J3=337
if

(abs (T6_lamda array GI(kj,4))<abs(spectral critical data GI(jj,4

)))

spectral critical data GI(jj,:)=T6 lamda array GI(kj,:);
end
else
JjJj=3j+1;
spectral critical data GI(jj,:)=T6 lamda array GI(kj,:);
end
end
FrHxFxxxEx For GO-Configuration ***xxxkkx
JJ=1;
for kj=2:KJ
if (T6 lamda array GO(kj,1)==T6 lamda array GO(kj-1,1))
J3=33+
if
(abs (T6_lamda array GO (kj,4))<abs(spectral critical data GO(jj,4
)))

spectral critical data GO(jj,:)=T6 lamda array GO (kj,:);
end
else
JJ=33+1;
spectral critical data GO(jj,:)=T6 lamda array GO (kj,:);
end
end
T7 array spectral=horzcat (spectral critical data GI,spectral cri
tical data GO);
T7 array L=zeros(L,1);
T7 array L(1:L,1)=L2;
T7 array=horzcat (T7 array L,T7 array spectral);
$T7 array=[1,T7 array];
T7=array2Ztable (T7 array, 'VariableNames', {
'Distance from the rear lens m' 'GI Wavelength nm'
'GI x2 Critical m' 'GI DB Critical m' 'GI Delta min degree'
'GI Spectral effective Front Lens radius Critical m'
'GO Wavelength nm' 'GO x2 Critical m' 'GO DB Critical m'
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'GO_Delta min degree'

'GO Spectral effective Front Lens radius Critical m'});

% PRINTING THE SUMMARY OUTPUT TABLE

R b b b A b I b b b b A b b b b b b b b b b A b I b i b 4

toc;

time Elapsed Step 4 = toc;

TIME=['Time elapsed for step#4="

num2str (time Elapsed Step 4),'s'];

disp (TIME)

tic

% Now it is required to fix the position of x2 to its optimum
position (according to "lamda concern”

% To take the distance (L) into account to measure DB & Delta:
L2=L22;

J33=1;
h5 = waitbar (0, 'Step 5/7: Defining Optimum x2 for Wavelength of
Concern Progress....');

x2 optimum GI=x2cr GI;
x2_ optimum GO=x2cr GO;

if GIGOindicator==
x2=x2 optimum GI;

else
x2=x2 optimum_ GO;
end
TO9=table (x2,x2 optimum GI,x2 optimum GO,
'VariableNames', { 'Optimum x2 m' 'Optimum x2 GI m'
'Optimum x2 GO m'});
x2fv=x2;
X2fv=length (x2fv) ;
close (hb)
toc;

time Elapsed Step 5 = toc;
TIME=['Time elapsed for step#5="'
num2str (time Elapsed Step 5),'s'];
disp (TIME)
tic
SVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVV
%++++++++[Rear Lens on Configuation GI]++++++++++
h6 = waitbar (0, 'Step 6/7: Grooves In-Beam Diameter [DB (x2+xcr) ]
Calculation Progress....');
Beam data GI=zeros(R,3);
for k=1:X2fv
for j=1:L
nj=n(Jj);
n2j=n2(j);
nj=1.490761121; % (refractive index at 586nm), activate
f chromatic aberration (CA) is wanted to be neglected
n23=1.460; % (refractive index at 588nm), activate
if chromatic aberration (CA) is wanted to be neglected

H- o°

o
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789 for i=1:R

790 Theta i GI=Theta a;

791 Theta tl r GI=asin(sin(Theta i GI)/nj);

792 Theta i2 r GI=Theta tl r GI+s(i);

793 if ((nj*sin(Theta i2 r GI))<1.0)

794 Theta t2 r GI=asin(nj*sin(Theta i2 r GI));
795 Alpha r GI=Theta t2 r GI-s(i);

796 f dash r GI=r(i)/tan(Alpha r GI);

797 df dash r GI=f- f dash r GI;

798 B - B o

799 $Front Lens Buckling/Bending Effect***xatrrkkkdttrx

800 % df ddash r GI= df double dash for GI configuration

801 % Alpha ddash GI= Alpha double dash for GI config.

802 % df bar GI= Average shift of focal length for GI config.

803 (combining configuration & buckling/bending effects of the Front
804 1Lens)

805 &% f bar GI=Average focal length for GI configuration (combining
806 config. & buckling/bending effects of the Front Lens)

807 df ddash r GI=((-1*£"2)/(R1))*asin(R1*Rc 1);
808 df bar GI=(df dash r GI+df ddash r GI);

809 f bar GI= f-df bar GI;

810 if (r(i)==0)

811 Alpha bar GI=0.0;

812 else

813 Alpha bar GI=atan(r(i)/abs(f bar GI));
814 end

815 xf=x2fv (k) +xcr GI;

816

817 Dsr GI2(i)=2*r (i)*abs(xf-f bar GI)/abs(f bar GI);
818 - -

819 if (Dsr_GI2(i)<=D2)

820 y(i)=Dsr GI2(i)/2;
821 B

822

823 beta 1(i)=(0.5*pi)-abs(atan((-1/y(i))*sqrt(R22"2-y(i)"2)));
824  Theta i3(i)=abs (Alpha bar GI-beta 1(i));
825 Theta t3(i)=asin(sin(Theta i3(1))/n2j);

826
827 Y (i)=y(i)+(0.5* (tc+te)*tan(Theta t3(i)));
828 if (Y (i)<=(D2/2))

829 Dbeta 2(i)=(0.5*pi)-abs(atan((-1/Y (1)) *sqrt (R12"2-Y(1)"2)));
))

i)
830 Theta i4(i)=abs(Theta t3(i)+beta 1(i)-abs(beta 2(i)))
831 Theta t4(i)=asin(n2j*sin(Theta i4(i)));
832 % Deviation angle (Delta):
833 Delta (i)=beta 2(i)-Theta t4(i);
834 Delta Degrees (i)=Delta(i)*180/pi;
835 3%Beam diameter for incident ray on FRONT LENS at (r)
836 if (Delta(i)>=0)
837 DBr GI(i)=Dsr GI2(i)+(2*L2*tan(Delta(i)));
838 else
839 L delay=0.5*Dsr GI2(i)/tan(abs(Delta(i)));
840 if (L2<=L_delay)

841 DBr GI(i)=Dsr GI2(i)-(2*L2*tan(abs(Delta(i))));
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else

DBr GI(1i)=2*(L2-L delay) *tan(abs(Delta(i)));

end
end

Beam data GI(i,:)=[DBr GI(i),Delta Degrees(i),r(i)];

else
Dsr GI2 (i)
DBr GI(i)=
end
else
DBr_ GI (i)
Delta(i)=
end
else
Dsr GI2 (1)
DBr GI(i)=
end
end

=0;
0;

0;

=0;
0;

o)

act=1;
active Beam data GI=[];
for i2=1:R
if (Beam data GI(i2,2)~=0)
active Beam data GI (act, :)=Beam data GI(iZz,
act=act+1l;
end
end
Dsr GI2=Dsr GI2';
DBr GI=DBr GI';
Ds GIZ(J)=max(Dsr GIZ2);
DB GI(Jj)=max(DBr GI);
[value MAX Delta GI,

% Refining "“Beam data GI” from (Zero delta’s)

2

% Refining “Beam data GI” from (Zero delta’s)

rows

rows .END

index MAX Delta GI]=max(abs (active Beam data GI(:,2)));
Spectral delta degrees GI(j)=value MAX Delta GI;

Spectral beam diameter GI(j)=active Beam data GI(index MAX Delta

_GI,1);

Spectral effective radius GI(j)=active Beam data GI (index MAX De
lta GI,3);

Spectral beam data GI(j,:)=[Spectral beam diameter GI(J), Spectra

1 delta degrees GI(J),Spectral effective radius GI(J)];

Wavelength nm(j)=1lamda (j);
X2 (J)=x2fv (k) ;

TT GI=table(X2',Wavelength nm', Spectral beam diameter GI', Spectr
al delta degrees GI', Spectral effective radius GI', 'VariableName

s',{'GI x2 m' 'GI lamda nm' 'GI DB m' 'GI Delta degree'

'GI Spectral effective Front Lens radius'});

TTT GI=tableZarray(TT GI);
Row number=(k*L) - (L-Jj);

TTT STORE GI1 2 (Row number, :)=TTT GI(J,:);
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TTT STORE GI 2=array2table(TTT STORE GI1 2, 'VariableNames', {'GI
x2 m' 'GI lamda nm' 'GI DB m' 'GI Delta degree'
'GI Spectral effective Front Lens radius'});
T66 GI=single(tableZarray(TTT STORE GI 2));

end
% Then the list of (Ds GI) at a certain (x2fv) as a function of
wavelengths
% (lamda) can be listed as follows:
Ds GI2=Ds GI2';
Ds GI avg2=mean (Ds GIZ2);
DB_GI=DB GI;
DB GI avg=mean (DB GI);
Delta GI degree=(180/pi)*atan(abs (DB _GI avg-Ds GI avg2)/(2*L2));
TB GI22(k,:)=[x2fv(k),DB GI avg,Delta GI degree];
Ds GI avgZ=mean (Ds GI2);
Ds GI maxZ2=max(Ds GIZ);
Ds GI minZ2=min(Ds_GIZ2);
xf22 (k)=x2fv (k) +xcr GI;
wailtbar (k / X2fv)
end

[value GI2, index GIZ2]=min(TB GI22(:,2));
x2cr GI=x2fv(index GIZ2);

DB cr GI=value GIZ;

Delta cr GI degree=TB GI22 (index GIZ, 3);

close (ho)
toc;
time Elapsed Step 6 = toc;
TIME=['Time elapsed for step#6="
num2str (time Elapsed Step 6),'s'];
disp (TIME)
tic
3======= (GO = Grooves-Out Configuration ==========%
$t+++++++++++++++++[Rear Lens on Configuation GOJ+++++
h7 = waitbar (0, 'Step 7/7: Grooves Out-Beam Diameter [DB (x2+xcCr) ]
Calculation Progress....');
Beam data GO=zeros (R, 3);
for k=1:X2fv
for j=1:L
nj=n(Jj);
n2j=n2(j);
nj=1.490761121; % (refractive index at 586nm), activate
f chromatic aberration (CA) is wanted to be neglected

o°

-

% n23=1.460; % (refractive index at 588nm), activate
if chromatic aberration (CA) is wanted to be neglected
for 1i=1:R

Theta i r GO=s(i)-Theta a;

Theta tl r GO=asin(sin(Theta i r GO)/nj);

Theta i2 r GO=s(i)-Theta tl r GO;
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944 if ((nj*sin(Theta i2 r GO))<1.0)

945 Theta t2 r GO=asin (nj*sin(Theta i2 r GO));

946 Alpha r GO=Theta t2 r GO;

947 f dash r GO=r(i)/tan(Alpha r GO);

948 df dash r GO=f- f dash r GO;

949 $Front Lens Buckling/Bending Effect***x*xxx*

950 % df ddash r GO= df double dash for GO config.

951 % Alpha ddash GO= Alpha double dash for GO config.

952 % df bar GO= Average shift of focal length for GO config.
953 (combining configuration & buckling/bending effects of the Front
954  Lens)

955 % f bar GO=Average focal length for GO configuration

956 (combining config. & buckling/bending effects of the Front Lens)
957 df ddash r GO=((-1*£~2)/(R1))*asin (R1*Rc_1);

958 df bar GO=(df dash r GO+df ddash r GO);

959 f bar GO= f-df bar GO;

960 if (r(i)==0)

961 Alpha bar G0=0.0;

962 else

963 Alpha bar GO=atan(r(i)/abs(f bar GO));

964 end

965 xf=x2fv (k) +xcr GO;

966 Dsr GO2(i)=2*r (i) *abs (xf-f bar GO)/abs (f bar GO);

967 if (Dsr_GO2 (i)<=D2)

968 y(i)=Dsr GO2(i)/2;

969 Dbeta 1(i)=(0.5*pi)-abs(atan((-1/y (1)) *sqrt(R22"2-y(1)"2)));
970 Theta 13 (i)=abs (Alpha bar GO-beta 1(i));

971 Theta t3(i)=asin(sin(Theta i3(i))/n2j);

972 Y(1)=y (i) +(0.5*% (tc+te) *tan(Theta t3(i)));
973 if (Y(i)<=(D2/2))

974 beta 2(i)=(0.5*pi)-abs(atan((-1/Y(i))*sqrt(R12°2-Y(i)"2)));
975 Theta 14 (i)=abs (Theta t3(i)+beta 1(i)-abs(beta 2(i)));

976 Theta t4(i)=asin(n2j*sin(Theta i4(i)));

977 % Deviation angle (Delta):

978 Delta (i)=beta 2(i)-Theta t4(i);
979 Delta Degrees (i)=Delta(i)*180/pi;
980

981 $Beam diameter for incident ray on FRONT LENS at (r)
982 if (Delta (i)>=0)

983 DBr GO(i)=Dsr GO2(i)+(2*L2*tan(Delta(i)));

984 else

985 L delay=0.5*Dsr GO2(i)/tan(abs(Delta(i)));

986 if (L2<=L_delay)

987 DBr GO (i)=Dsr GO2(i)-

988 (2*L2*tan (abs (Delta(i))));

989 else

990 DBr GO (i)=2* (L2-

991 L delay)*tan(abs(Delta(i)));

992 end

993 end

994 Beam data GO(i,:)=[DBr GO(i),Delta Degrees (i), r(i)];
995 else
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996 Dsr GO2 (i)=0;

997 DBr GO (i)=0;

998 end

999 else

1000 DBr GO (i)=0;

1001 Delta(i)=0;

1002 end

1003 else

1004 Dsr GO2 (i)=0;

1005 DBr GO (i)=0;

1006 end

1007 end

1008 % Refining “Beam data GI” from (Zero delta’s) rows
1009 act=1;

1010 active Beam data GO=[];

1011 for i2=1:R

1012 if (Beam data GO(i2,2)~=0)
1013 active Beam data GO (act,:)=Beam data GO(i2,:);
1014 act=act+1;

1015 end

1016 end

1017 %Refining “Beam data GI” from (Zero delta’s) rows..END
1018 Dsr_ GO2=Dsr GO2';

1019 DBr GO=DBr_ GO';

1020 Ds_GO2 (j)=max (Dsr_GO2) ;

1021 DB_GO (j)=max (DBr_GO) ;

1022 [value MAX Delta GO,

1023 index MAX Delta GO]=max (abs (active Beam data GO (:,2)));
1024 Spectral delta degrees GO(j)=value MAX Delta GO;

1025 Spectral beam diameter GO (j)=active Beam data GO (index MAX Delta
1026  Go,1);

1027 Spectral effective radius GO(j)=active Beam data GO (index MAX De
1028 1ta GO,3);

1029 Spectral beam data GO(Jj,:)=[Spectral beam diameter GO(j),Spectra
1030 1 delta degrees GO(j),Spectral effective radius GO(Jj)];

1031 Wavelength2 nm(j)=lamda(J) ;

1032 XX2 (§)=x2fv (k) ;

1033 TT GO=table (XX2',Wavelength2 nm',Spectral beam diameter GO', Spec
1034 tral delta degrees GO', Spectral effective radius GO', 'VariableNa
1035 mes',{'GO x2 m' 'GO lamda nm' 'GO DB m' 'GO Delta degree'

1036 'GO Spectral effective Front Lens radius'});

1037 TTT GO=table2array (TT_GO) ;

1038 Row number= (k*L) - (L-3) ;

1039 TTT STORE GOl 2 (Row number, :)=TTT GO(j,:);

1040 TTT STORE GO 2=array2table (TTT STORE GOl 2, 'VariableNames', {'GO
1041 x2 m' 'GO lamda nm' 'GO DB m' 'GO Delta degree'

1042 'GO_Spectral effective Front Lens radius'});

1043 T66_GO=single (table2array (ITT_STORE GO 2));

1044 end

1045

1046 % Then the list of (Ds GO) at a certain (x2fv) as a function of
1047 wavelengths
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1048 ¢ (lamda) can be listed as follows:
1049 Ds GO2=Ds GO2';

1050 Ds GO avg2=mean (Ds_GO2) ;

1051 DB GO=DB GO;

1052 DB GO avg=mean (DB GO) ;

1053

1054 Delta GO degree=(180/pi)*atan(abs (DB GO avg-Ds GO avg2)/(2*L2));
1055 TB G022 (k,:)=[x2fv(k),DB GO avg,Delta GO degree];

1056

1057 Ds GO avg2=mean (Ds_GO2) ;

1058 Ds GO max2=max (Ds GO2) ;

1059 Ds GO min2=min (Ds GO2);

1060 xf22 (k)=x2fv (k) +xcr GO;

1061 waitbar(k / X2fv)

1062 end

1063

1064

1065 [value GO2, index GO2]=min (TB G022 (:,2));
1066 x2cr GO=x2fv(index GO2);

1067 DB cr GO=value GO2;

1068 Delta cr GO _degree=TB G022 (index_ GO2, 3);

1069

1070 close (h7)

1071

1072 % PRINTING THE SUMMARY OUTPUT TABLE
1073 Ak hkhkhkhkhkhkhkhkrrrkhkhhhhhkkhkhkrrrhkhkhkhkkkkhkkkxxx*k*

1074 T16 temp=horzcat(T66 GI,T66 GO);

1075 Tle6=array2table(T16 temp, 'VariableNames',{'GI x2 m'
1076 'GI Wavelength nm' 'GI DB m' 'GI Delta degree'

1077 'GI Spectral effective Front Lens radius m' 'GO x2 m'
1078 'GO Wavelength nm' 'GO DB m' 'GO Delta degree'

1079 'GO_Spectral effective Front Lens radius m'});

1080 T16 lamda table = sortrows(T16,'GI Wavelength nm', 'ascend');
1081 T16 lamda array=tablel2array(T1l6 lamda table);

1082 T16 lamda array(:,[1,2])=T16 lamda array(:,[2,1]);

1083 T16 lamda array(:,[6,7])=T1l6 lamda array(:,[7,6]);

1084

1085 KJ=L*X2fv;

1086  spectral critical data GI=zeros(L,5);

1087 spectral critical data GO=zeros(L,5);

1088

1089 T16 lamda array GI=T16 lamda array(:,1:5);

1090 T16 lamda array GO=T16 lamda array(:,6:10);

1091 spectral critical data GI(1l,:)=T16 lamda array GI(1l,:);
1092 spectral critical data GO(1l,:)=T16 lamda array GO(1,:);
1093  gx**xx*xx*xx For GI-Configuration **x*xkxx

1094  §3=1;

1095 for kj=2:KJ

1096 if (Tl6_lamda array GI(kj,1)==T16 lamda array GI(kj-1,1))
1097 33=337

1098 if

1099 (abs (T16 lamda array GI(kj,4))<abs (spectral critical data GI(3jj,
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spectral critical data GI(jj,:)=Tl6 lamda array GI(kj,:);

end
else
33=33+1;
spectral critical data GI(jj,:)=Tl6 lamda array GI(kj,:);
end
end
grrxkxxxEx For GO-Configuration **x*xxkxxx
JJ=1;

for kj=2:KJ
if (Tl6_lamda array GO(kj,1)==T16 lamda array GO(kj-1,1))
33=337
if
(abs (T1l6 lamda array GO(kj,4))<abs(spectral critical data GO(jj,
4)))

spectral critical data GO(jj,:)=T16 lamda array GO (kj,:);
end
else
J3=33+1;
spectral critical data GO(jj,:)=Tl6 lamda array GO (kj,:);
end
end
T1l7 array spectral=horzcat (spectral critical data GI,spectral cr
itical data GO);
T1l7 array L=zeros(L,1);
T17 array L(1:L,1)=L2;
T17 array=horzcat (T1l7 array L,T17 array spectral);
$T17 array=[1,T17 arrayl;
Tl7=array2table(T17 array, 'VariableNames', {
'Distance from the rear lens m' 'GI Wavelength nm' 'GI x2 m'
'"GI DB Critical m' 'GI Delta min degree'
'GI Spectral effective Front Lens radius Critical m'
'GO_Wavelength nm' 'GO x2 m' 'GO DB Critical m'
'GO_Delta min degree'
'GO_Spectral effective Front Lens radius Critical m'});
% PRINTING THE SUMMARY OUTPUT TABLE
R b b b b b b b b b b I b b b b b b b b b b b b b b (b b b b b b b b b i b b4
toc;
time Elapsed Step 7 = toc;
TIME=['Time elapsed for step#7="
numZ2str (time Elapsed Step 7),'s'];
disp (TIME)

Total time Elapsed Step minutes =

(time Elapsed Step 1+time Elapsed Step 2+time Elapsed Step 3+tim
e Elapsed Step 4+time Elapsed Step 5+time Elapsed Step 6+time El
apsed Step 7)/60;

TIME=['Total Time elapsed="

num2str (Total time Elapsed Step minutes), 'minutes'];

disp (TIME)
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Appendix K Rear Lens Different Geometries

Dimensions of all geometries below are derived from Thorlabs® web site. The part

number of each lens is shown in figures captions.

K.1 Bi-Convex Geometry

|——A

@25.4mm 2.Jmm

(1.00in] ~—‘ [O.g?li:n]

R31.0mm
[1.22in]

R31.0mm
[1.22in]

e AT
|——-A [0.29in]
Figure K-14 Schematic of bi-convex lens (Part number: LB4879)

K.2 Plano-Convex Geometry
[0.08]
(254 ] {REF}

[0.32]
8.2

[0.63]
|—>A R16.1

SECTION A-A

Figure K-15 Schematic of plano-convex lens (Part number: LA4052)

* www.thorlabs.com
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K.3 Positive Meniscus Geometry
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Figure K-16 Schematic of positive meniscus lens (Part number: LE4173)
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Figure K-17 Schematic of positive meniscus lens (Part number: LE4197)
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Figure K-18 Schematic of positive meniscus lens (Part number: LE4467)
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Figure K-19 Schematic of positive meniscus lens (Part number: LE4329)
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Figure K-20 Schematic of positive meniscus lens (Part number: LE4484)
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Figure K-21 Schematic of positive meniscus lens (Part number: LE4950)
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