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Dedication

This thesis is dedicated to the memory of my mate Bart Burgess. A fellow St.
Andrews Graduate, a bloody American and a great guy, he will be sadly
missed by all who were lucky enough to know him.

Remember me when I am gone away,

Gone far away into the silent land;

When you can no more hold me by the hand,
Nor I half turn to go yet turning stay.
Remember me when no more day by day
You tell me of our future that you planned:
Only remember me; you understand

It will be late to counsel then or pray.

Yet if you should forget me for a while

And afterwards remember, do not grieve:
For if the darkness and corruption leave

A vestige of the thoughts that once I had,
Better by far you should forget and smile
Than that you should remember and be sad.

Remember, Christina Rossetti (1830- 94)

For all the beers and the good times my friend.
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Abstract

Daylighting is the use of natural light to replace artificial light. In traditional rooms
sunlight will only i1lluminate the area closest to the window due to the high solar angle.
The rear of the room appears gloomy and occupants will use electric lighting even

though there 1s sufficient daylight to illuminate the interior.

The first section of this thesis reports on the application of micro-prisms to glazing.
Such systems could 1mprove the penetration of the light and reduce the energy bill.

Fig 1: (Left): A traditional window. (Right) A window with the top third coated in
microprisms.

The aim of the work is to develop suitable structures than can be easily and cheaply
mass produced using an industrial UV embossing process. Whenever possible the
requirements of this process dictate the physical characteristics of the microstractures.

The development process includes all the stages from design to full-scale testing of the
prototypes in an office. Several different mechanical methods are used to produce

prismatic arrays that conform to an initial design calculation. Each sample is evaluated
in terms of its physical characteristics, its optical properties and finally its ability to
improve illumination within a room. The latter aspect is determined, not only by
measurement, but also the subjective assessment of occupants.

The second micro-textured surface to be examined is the microlens. Three systems are
investigated:

e A controlled diffuser incorporating cylindrical lenses to improve the distribution of
the daylight.

e An afocal pair of lenses to improve the penetration of daylight through beam-
steering.

e An angular filter to exclude direct sunlight while admitting diffuse light.

Most of the research is concerned with the third system. On sunny days windows can
cause sufficient glare that occupants will pull the venetian blinds. Not only will this
exclude the direct sunlight but also the diffuse daylight, cause darkening of the room
and leading to the use of artificial light. The angular filter or 'solar shade' uses
microlenses to image the direct sunlight which can then be blocked by circular
obturations. The diffuse sunlight is not focused and therefore transmitted so the room 1s
not darkened.



Daylighting Applications of Micro-textured Optical Surfaces

The research i1s based on experimentation with small-scale systems and computer

modelling to optimise the system. The results show potential improvements over new
'smart’ windows although mechanical tolerances are high.
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Preface

Criteria for a Doctorate in Environmental Technology (EngD)

To qualify for a doctorate the work must meet two fundamental criteria: it must have an
environmental theme and provide a contribution to knowledge.

Environmental Themes

e The principal theme of this thesis is the investigation of daylighting devices.
Daylighting is the use of natural light to illuminate an interior and thus reduce the use
of artificial light and the energy bill. As the production of electricity will normally
cause the emission of greenhouse gases (9%of Carbon dioxide emissions are due to
lighting') there is a strong environmental imperative for reducing electricity
consumption

e The second theme of this thesis examines the potential to save energy by excluding
sunlight. On sunny days, direct sunlight can cause glare discomfort for room
occupants. Traditional solutions such as venetian blinds cause darkening of the room
by excluding direct and diffuse illumination, resulting in the use of artificial lighting.
This thesis investigates a transparent solar shade that excludes the direct but still

admits the diffuse sunlight and could avoid such energy expenditure.

Contribution to knowledge

Most of the research in this thesis is aimed at exploiting existing industrial process and
developing a daylighting system that could be cheaply mass-produced. There have been
many innovative daylighting systems developed over the years but it would appear than
few have reached commercial exploitation. If the bank of knowledge that has been
generated by research is not used in the manufacture of a commercial system, then all
that has been created is the environmental impact of the scientific investigation. By
using the criteria for mass production as a starting point it is hoped to highlight a new
approach to the manufacture of daylighting devices.

In addition there are several original aspects to the scientific investigations:

e The investigation of mechanical techniques for producing high spatial frequency
(<100 pm period) saw-tooth structures, that can be used for daylighting when
embossed 1n transparent polymers. The process includes:

. Design.

. Characterisation of physical properties.

. Application to windows for evaluation as daylighting devices.

The characterisation process involves reflection measurements from a relatively large
area of the microtextured surface. The results determine if prior measurements on the
physical characteristics of single features are representative of the whole array.

o [nvestigation into the use of microlenses to deviate direct sunlight.

e Investigation of microlenses with obturations as excluders of direct sunlight.

® L N m
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Introduction

Daylighting and Modern Environmental Issues

"Daylighting is the use of daylight to avoid or reduce the use of electric lighting in
buildings"

A. Goetzberger."

Ideally all buildings would have the use of daylight as a fundamental design
consideration. However, the convenience of electric lighting means that most buildings
have failed to use natural light effectively. The aim of this research work is develop a

system that can be applied to such buildings.

Environmentally orientated products or services can be thought of in two categories:
clean technologies or clean-up technologies. The latter consists of the application of a

device to a polluting system to reduce its environmental impact, for example a catalytic
converter. The former involves avoiding the pollution in the first instance, for example

cycling to work instead of using the car and its catalytic converter. In choosing a
technology, the further up-stream the environmental impacts are considered (for
example in the design rather than the use phase) the greater the savings that can be

made.

Lighting and energy should be an integral part of the building design process: not an
afterthought” and should also address the concept of sustainability. Guzowski" sets out
the nine principles that should govern the application of daylighting to buildings:

Principle One: Take a Bioregional Approach

Daylighting design should include the local environment conditions such as the climate,
sun path and sky conditions.

Principle Two: Do more with less

Daylighting can serve many purposes apart from lighting such as heating and electricity
generation.

Principle Three: Design for Evolution, Flexibility and Adaptability.

By planning for the future, building obsolescence and waste can be reduced.

Principle Four: Shape form to guide flow

Using architectural design can influence the quantity and quality of daylight as well as
its functionality.

Principle Five: Use technology that is appropriate dependable and durable

Priniciple Six: Take an integrated approach

Blending design, technology and mechanical equipment provides a more effective
integrated daylighting system.

Principle Seven: Address Health and Well-being

Daylighting plays a strong role in the psychological well-being of the of building
occupants by addressing complaints such as Seasonal Affective Disorder.

Principle Eight: Consider Quality of Life

The aesthetics of the lighting affect the experience of the occupants

Principle Nine: Reveal Processes to Educate.

1V
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Morrison” enthusiastically embraces the sustainable theme, though on a more superficial
level. However, she emphasises that sustainable buildings need not cost money but sees
it as an opportunity to resolve ‘the historic conflict between economic progress and
environmental safeguards’. Reducing the use of resources not only benefits the
environment but it also reduces the financial cost to the purchaser.

Unfortunately, reducing the environmental impact of a building has not always been the
prime concern of architects and many use lighting poorly. As there is a low turn-over of
buildings in the UK there is not always the opportunity to redesign the structure to
accommodate the new environmental concepts. Consequently there is a need for ‘clean-
up’ daylighting that can be retro-fit to the glazing. The majority of this thesis addresses
this whilst trying to provide new tools to be used in Principle six of the sustainable
approach to daylighting.

Daylighting: Basic Principles

The use of solar energy by man is not a novel concept. It is believed by some that
priestesses in ancient Mesopotamia ignited the temple fires by concentrating the sun's
rays with polished golden vessels. Mythology even suggests that Archimedes (287-212
BC) used sunlight to burn an invading Roman fleet". The uses of natural light described
in this paper are much more benign than those mentioned in legend, however it is easy
to forget how much energy is available from sunlight and how much we waste. At
present lighting accounts for up to 60% of the energy consumed in commercial
buildings in the UK" and is extremely inefficient. It is especially wasteful considering
the large amount of unused natural light that is incident on the external glazing. Most
modern windows allow the sunlight to merely illuminate the floor (see Fig 2) and as this
has a low reflectance, only a small proportion subsequently lights the room. Daylighting
techniques attempt to redistribute the sun's rays to produce an even illumination of the
interior (see Fig 3).

Fig 2:Traditional windows allow sunlight to merely illuminate floor closest to
window.

Fig 3: Daylighting systems re-distribute sunlight for a more even illumination.




Daylighting Applications of Micro-textured Optical Surfaces

With the increase in multi-story office blocks the need for daylighting devices is
especially acute*™ as the available area for collecting sunlight is small and many areas
are remote from the apertures.

Daylighting is the cheapest and most efficient application of solar energy, requiring no
conversion into another form. In addition, the logarithmic sensitivity of the eye means

that major losses (say 50%) are hardly noticeable in a daylit room, whereas such
inefficiency would by intolerable in other solar energy systems. The converse though 1s
that light levels in the room should be ideally doubled to be appreciable to the observer.

Apart from the reduction of electricity for lighting, other less obvious advantages exist:
1) Reduction in cooling equipment

Artificial lighting acts as a source of heat as well as illumination and can lead to the use
of cooling equipment during the summer months. Daylighting has a much higher
luminous efficacy™ (that is light to heat ratio) than electric lighting which means that it
can reduce this secondary load. The table below shows typical values’

Luminous efficacy

(lumens/watt)

102-116
110-134
63

Sunlight
Total daylight

White fluorescent lamp

2) Improvement of the working or living environment

- Admission of natural light into the workplace can provide lighting similar to that
experienced outdoors, and informal surveys of employees' opinions have shown that
daylit areas are well liked. Moreover, it has been supposed that daylighting has been
directly responsible for dramatic increases in productivity that have dwarfed the
financial gains made from the energy savings. Already companies that have harnessed
this source have seen some dramatic results. A case in point is “Building 157"
constructed for Lockheed in 1987, In its first year of operation the building saved 50%
in energy bills and also increased productivity by 15%, resulting in a further saving of
$2 million. Considering that the cost of installation was $2 million, it can be seen that it
is financially as well as environmentally sound. Equivalent energy savings are possible
with merely controlled lighting®® because daylighting systems invariably need
supplementary artificial light at certain times of the year. As a consequence the
improved interior environment represents one of the strongest arguments for
daylighting.

However there are certain unwanted effects caused by intense, direct sunlight and these
are particularly problematic for south fagades of buildings in the northern hemisphere:

1) Overheating of interior during summer.

During the winter, daylight can act as a passive source of heat, yet during the summer

overheating can occur (despite its low luminous efficacy) and some form of shading 1s
often required.
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2) Glare® (high illumination in an otherwise low illumination field)

Direct sunlight can cause discomfort if it is not diffused, therefore some form of sun
protection is often needed. Traditional methods of limitation (for example venetian
blinds) cause complete darkening of the room and are therefore unsuitable.

Of the two forms of sunlight (direct and diffuse) direct solar radiation is the easiest to
manipulate but its availability is limited. It forms a parallel beam of high intensity light,
with an angle of incidence that varies with the movement of the sun. Consequently,
many systems that utilise direct sunlight involve tracking systems that are complex and
costly.

Using diffuse sunlight, which is more readily available, is more technically difficult
because it cannot be concentrated nor can it be redirected by lenses. However, it 1s less
likely to cause glare and as a result many daylighting techniques are designed to convert
direct into diffuse sunlight (although a bright diffuse source can still produce significant
discomfort). Often additional shading may be required in conjunction with the novel
glazing system because even a ten-fold reduction in transmission can still cause

problems with glare. This is a particularly significant issue because of the proliferation
of VDU's™ that are easily obscured by relatively low light levels.

Intuitively one would think that daylighting systems would increase the transmission of
light into the room, however the addition of any optical component onto existing
glazing significantly reduces the transmission™. The increased losses are due to fresnel
reflections, absorption and scatter. Fresnel reflections occur at the boundary between
two media and increase significantly with the angle of illumination until total internal
reflections occurs at the critical angle. Fresnel losses are particularly significant in the
case of daylighting, where the source (that is the sun) can be at an oblique angle of
incidence.

However, the occupant's perception of brightness is not based only on the light level. In
fact the darkness, not the lightness, of the interior (and the contrast between the two)
governs whether an individual will use artificial lighting. Consequently, attaining a
more even illumination will reduce the energy bill. Simple measures such as painting
the walls and ceiling white, or by shading the front of the room, can help to achieve this.

Another consideration is the view out of the window. Some surfaces such as a prismatic
array, obscure or distort the view for the occupants and in many situations this would be
unacceptable. As a result, in offices and homes such structures would only be cover the
top part of the window. The percentage of the window that needs to be covered 1s
described in the British Standard 'Lighting for Buildings: Part 2*.” Yet there are many
situations where the view is not important: for example high windows in factories and
sports halls™" or places where people do not linger, such as shopping centers. In these
places it would be possible to cover the whole glazing with the microstructures.

In summary, the Building Research Establishment™" has identified several situations
where daylighting systems would be appropriate:

o Visual requirements within the space are especially stringent, e.g. in a room with
visual display units.

o There are large external obstructions outside.

Vil



Daylighting Applications of Micro-textured Optical Surfaces

* Much sunlight is available, typically a south-facing window wall in a sunny
location.

o The space is too deep to give adequate uniformity of lighting with conventional
windows.

o Conventional windows or rooflights would give unacceptable, gloomy areas within a
space.

The methods that are to be investigated for daylighting involve the use of microtextured
optical surfaces (or more specifically micro-lenses and micro-prisms) with high spatial
frequencies. The advantage of such structures is that they can be embossed in large
volume and therefore cheaply. The company that would produce the any successful
systems from this thesis would be Autotype UK, which has had a long-standing,
working relationship with NPL. Their process requires that the dimensions of any
surface features on the structure to be embossed, must be less that 100um. In addition to
be commercially viable the finished product must be cosmetically appealing and
therefore a seamless continuous structure is required. To achieve this, any structure
deemed suitable for commercial purposes, would be mechanically cut into a roller that is

used as a master in the embossing process. Therefore, whenever possible, the small scale
prototypes investigated in this thesis are manufactured using mechanical techniques.

vili



X1

aorJal]

Pensqy

‘s)nsai [eondwd se [[am se suonenuils 13ndwod sapnjoul
pue sasud[-ox1wu Suikojdwa swdsAs d|qissod a1y sassnosip 19)deyd [euy Ay ¢ Ideyo ay) Jo pud Y} je UOISNIUOD B IM ‘s191deyd
221} 1SI1J AU} Ul PAISPISUOD JIB JOULIOJ Y °SISUS[OIOIW pue SWSLIdOIOIW :SISAY) SIY) Ul PIISPISUOD IMdNAs JO sadA) om) a1e 1Y

a1moni}s sisayl

saoepng [eondQ pamxa1-0IA Jo suonedijddy Sunysiieq



Daylighting Applications of Micro-textured Optical Surfaces

1 Raynham P, 'Candle' Proc. National Lighting Conference 1998 pp102-109.

11. Goetzberger A 'Optical and Boundary Conditions for Daylighting' Proc. EuroSun '96,
Vol. 3, pp1230-1236 (1996).

i1 Krug N, Energy and Daylighting: A correlation between quality of light and energy
consciousness’ Proceedings of the National Passive Solar Energy Conference 1997, vol.
22, pp 105 to end.

1v Guzowski M, ‘Daylighting and Ecology: A Theoretical Framework for a Sustainable
Approach to Daylighting’ Proceedings of the National Passive Solar Conference 1996,
vol. 2, 335 to end.

v Morrison D R ‘New Sustainable Mindset Needed’, NIST Special Publication 908:
Third International Green Building Conference Exposition, p 1-3 (1996).

vi. Meinel A.B, Meinel M.P 'Applied Solar Energy: An Introduction' Addison-Wesley
Publishing Company (1977).

vii. Littlefair P J 'Predicting Annual Lighting Use in Daylit Buildings' Building and
Environment, Vol. 25, No. 1, pp43-54 (1990).

viii Howard T C, Place W, Andersson B, Couiter P 'Variable area, light-reflecting
assemblies’, International Daylighitng Conference, Long Beach 1986, pp306-309.

1Xx. Liam J C, Li D H W 'Luminous Efficacy of Daylight Under Different Sky
Conditions' Energy Conserv. Mgmt Vol. 37 No. 12, pp1703-11 (1996).

X Ruck N C, 'Letting in the Daylight', Building Rescarch and Practice, pp294- 300,
Sept/Oct 986.

x1.Thayer B. M 'Daylighting and Productivity at Lockheed' Solar Today, May/June 1995
pp26-29.

xii.Rubinstein F, Siminovitch M, Verderber R, 'Fifty Percent Energy Savings with
Automatic Lighting Controls' IEEE Transactions on Industry Applications, Vol. 29,
No.4, pp768-773 July/ August 1993.

xiil, Boubekri M 'Thermal loads, discomfort glare and emotions: a multifold problem
for designing windows fully exposed to sunlight'.

xiv. Fontoynont M 'Daylighting Performance of Buildings: 60 European Case Studies'
National Lighting Conference Proceedings, pp321-330, April 5-8 1998.

xv. Littlefair P.J, Roche L, 'Lighting Implications of Advanced Glazings' National
Lighting Conference Proceedings, pp292-300, April 5-8 1998.

xvi British Standards Institution 'Lighting for Buildings Part2: Code of Practice for
Daylighting' (BS 8206: Part 2: 1992).

xvii Clemo A, Wilson M, Dubiel J '"Visualisation of Daylit Sports Halls' National
Lighting Conference Proceedings, pp307-320, April 5-8 1998.

xviii Littlefair P. J, 'Designing with Innovative Daylighting’, Building Research
Establishment Report (1996).




Daylighting Applications of Micro-textured Optical Surfaces

1. The Design and Manufacture of Microprism Arrays

1. THE DESIGN AND MANUFACTURE OF MICROPRISM ARRAYS 1-1
1.1 INTRODUCTION 1-2
1.1.1 PRISMS AND SUNLIGHT: A REVIEW ]1-2
1.2 DESIGN OF MICROPRISM STRUCTURE 1-7
1.2.1 CALCULATION OF PRISM ANGLES 1-7
1.3 COMMERCIALLY AVAILABLE MICROPRISMS 1-11
1.4 MANUFACTURE OF PRISMATIC SAMPLES 1-14
1.4.1 GENERATION OF MASTER SURFACES: OPTICAL TECHNIQUES 1-14
1.4.2 GENERATION OF MASTER SURFACES: MECHANICAL TECHNIQUES 1-14
1.5 REPLICATION OF MICRO-TEXTURED SURFACES 1-18
1.6 MICROSTRUCTURES FROM AUTOTYPE 1-20

1.7 SUMMARY 1-20

1-1



Daylighting Applications of Micro-textured Optical Surfaces

1.1 Introduction

The first structure to be investigated is the microprism. The application of microprisms to
windows could increase the penetration of daylight into a room and provide an
environmentally friendly way of improving lighting It may also form a commercially viable
product. This chapter describes the first steps towards that goal. The first stage is to assess the
work of others, before designing and manufacturing an original structure whose performance
is assessed in the following chapter. Before addressing the design and manufacture of the
structure, it is useful to describe the context in which the work is set.

1.1.1 Prisms and Sunlight: A Review

The use of prisms to re-direct sunlight is not a new idea. As early as the 1950’s’ prisms were
installed in schools to improve the lit environment. Since then a series of geometries have
been explored. N C Rodgers" for example suggests using two prism arrays to re-direct the
light and install them inside double glazing to maintain their cleanliness and therefore
effectiveness (see Fig 1-1). Results show increases in the penetration of sunlight with solar
altitude with the greatest improvement occurring during the summer months™.

Fig 1-1: Re-directing direct sunlight with two prismatic arrays.

The use of a prismatic panel within double glazing is also advocated by Ruck™ but with the
glazing hinged to the frame (see Fig 1-2).
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Fig 1-2: Beam sunlighting with hinged array




Daylighting Applications of Micro-textured Optical Surfaces

If the prism angles do not provide sufficient deviation of sunlight, then tilting the windows
can compensate and glare can be reduced. Ruck reports that by covering only a small area of
the glazing, light levels of 500 lux (the recommended" illuminance for general offices) can be
achieved at a depth of 10 metres from the window.

lllll

One of the most interesting devices that employs prisms is the 'Serraglaze' product™ ™. It is

manufactured by combining two arrays of prisms with sub-millimeter dimensions (see Fig
1-3).

Fig 1-3: Production of Serraglaze.

The prisms do not match perfectly, and voids are left in the structure that are a few
micrometers thick and 0.3 mm in length. Light from high solar altitudes is total internally
reflected from these voids to the back of the room. However the view-out is not compromised

as light at lower altitudes is transmitted between the gaps.

Prisms may only be useful for deviating sunlight into a room, but can also act as excluders
during periods of very hot weather. In winter, it is useful to have a building heated by the sun,
although during the summer excessive solar radiation may cause problems. Fenestration with
seasonally dependent transmission properties would therefore be desirable. D. Christoffers™
has developed a seasonal shade using prismatic panes (see Fig 1-4) which utilise the variation
in solar altitude.

Fig 1-4: High altitude summer rays are totally internally reflected while low altitude
rays are transmitted.

The prism angles are calculated so that during the summer the rays are totally internally
reflected (because of their high angle of incidence) but during the winter, when the sun is
lower, they are transmitted. The Building Research Establishment has also evaluated prisms

as a daylighting device and as an excluder of direct sunlight* (see Fig 1-5) in experimental
rooms.
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Fig 1-5: Prismatic excluder.

The film™ did provide some protection from direct sunlight in some areas but only modestly
increased the light levels in others, especially at the back. It would probably also require
additional glare protection from blinds.

Prismatic arrays generally obscure the view-out but I Edmonds™" has produced an array of
rectangular prisms that overcome this difficulty (see Fig 1-6). Occupants can still see out, but
direct sunlight is transmitted deep into the room by total internal reflection. To account for
variations in solar altitude, the window is tilted and, while this reduces the transparency, a
clear view is still afforded.

e e et
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Fig 1-6: Deflection of light by rectangular prismatic array.

The main disadvantage of this system is the cost incurred in its production. The individual
elements are cut from acrylic using a laser, which is initially expensive and also labour
intensive (as it requires constant supervision) so the retail price is estimated at 4-5 times that
of glass.

Prisms have been used in light pipes to transport daylight to poorly illuminated parts of a
building. The light pipe system normally consists of three major components: a heliostat, a
pipe and an emitter. From the roof the heliostat (which is a device that tracks the sun across
the sky) collects solar rays and condenses them into a pipe. The light is then conveyed to
another part of the building where it is distributed by a separate emitter. Originally the pipes
consisted of a hollow metal tube containing a system of confocal lenses to maintain the
concentration of the light. However, Whitehead et al*" have developed a prismatic light guide
that transports the light more efficiently using total internal reflection (see Fig 1-7).
Furthermore, as the pipe is made of acrylic (and not metal) absorption losses are greatly
reduced, so that the major reduction in transmission is as a result of light escaping from the
guide. Hence there 1s no need for a separate emitter as the guide acts as its own light source.

1-4
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Fig 1-7: Prismatic light guide

It is desirable to be able to use a light pipe system without the expensive and complex
heliostat, but this would not be practicable as (for low angles of solar elevation) the effective
aperture of the pipe is very small. However, collection can be improved by the application of
laser cut panels™ (Fig 1-6) that also reduce the number of reflection losses (see Fig 1-8). The
result is that light levels are enhanced in the room beneath the pipe.

Fig 1-8: (Left) Low elevation light entering the light pipe suffers multiple reflections.
(Right) Inserting the laser cut panel reduces reflections and therefore the losses.

Laser cut panel reduces the number of reflections. If the panes are fixed, then an improvement
only occurs during the winter; but if made to track the sun, then a more constant interior
illumination is possible during all the hours of daylight. Although significantly cheaper than
the heliostat, the laser cut panels cannot match its performance.

Improving the transmission of daylight can also have benefits for agriculture. In the winter,
the effectiveness of a greenhouse is limited by poor natural light levels, but in the summer
overheating can occur, giving rise to crop damage. K. Kurata has demonstrated that by
applying a fresnel prism' to a single span grec—:-nhouseWi (see Fig 1-9), more favourable
conditions can be achieved.

T A Fresnel prism is a flat sheet of transparent material, with one side cut as a saw-
tooth profile. In fig.6, the whole of the south facing roof is the fresnel prism, consisting of an
array of smaller prisms.

1-5
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North A Summer sun

prisms

Fig 1-9: Fresnel prism applied to the south side of a greenhouse roof.

Winter conditions may also be improved by using the prisms in a venetian blind assembly as
proposed by Critten™" (see Fig 1-10). The system consists of a series of alternating tilted and
vertical prismatic panes, to redistribute light that would otherwise pass straight through the
greenhouse. Light incident on the tilted sections suffers total internal reflection and
illuminates the southern half of the greenhouse; while the vertical sections deviate the light
onto the northern half. It has been predicted that up to 25% light enhancement could be

possible.

Fig 1-10: Venetian blind arrangement of prismatic panes.

The aim of the work described below is to produce a microprismatic structure, (pertod

<100pm) that can be embossed onto thin (<250 um) polycarbonate or melinex film. This
could then be applied to new and existing glazing to improve the distribution of natural light
in a room. Normally it is not desirable to exactly translate a specific daylighting system from
one building to the next because changes in climate and facade orientation. However, as the

retail price is expected to be less than £10/m? a cost/benefit analysis may justify the use of
microprisms in a variety of situations.
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1.2 Design of Microprism Structure

Rooms appear gloomy when the solar altitude is high and concentrated close to the window
with little towards the rear. Examining the solar path for the latitude of the NPL site™" shows
that the solar altitude, 0 varies between 0° and 60°. It was mentioned in the introduction that
occupants are more likely to use electric lighting when the room is not evenly lit. An
imbalance is most likely to occur at the higher altitudes, say between 40° and 60°, The design
criteria therefore took an 'average' of 50° and calculated the prism angles such that light was
deviated on to 10° above the horizontal and therefore to the back of the room. For this profile

the angles of emergence were then calculated for light incident at 40° and 60° and the fresnel
losses at each surface. Although there were concerns about glare, the prisms were considered
to be controlled diffusers and may reduce the discomfort caused by solar illumination at

angles other than 50°,

1.2.1 Calculation of Prism Angles

We assume for practical reasons that one face of the prism is vertical and that the prisms are
on the inside of the window. Applying Snell’s law to the first interface:

0,=sin" [ny(sin50)/ ny]= 29.27°

if we assume a value of 1.567 (that of epoxy resin) for the refractive index of the prism.

By simple geometry the angle of incidence on the second surface 0; is given by:

93=9-92
Where 0 is the prism angle.
91=50° l
0, 90-(0,-0;)
93 /
- 10
90-0 0,=0
0

Fig 1-11: The geometry of the transmission of light through the prism
so by applying Snell’s law
1.567 (sin 6-29.27) = sin (0 + 10)
from which we derive that 0 =67.87°:
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Fig 1-12: Reflection losses and transmission angles through the prism.

The upper angle 1n Fig 1-12 is simply the angle of emergence of the light at the first interface:

500 |
dir 30° resin

60°

Thus all of the light i1lluminating the first surface follows the path shown in Fig 1-12.
Transmission Angles

The table below summarizes the transmission of light through the prism for light incident at
40°, 50° and 60°. The significance of the 'Area Illuminated' column is explained in Fig 1-13.

Angle of Area Transmission Total Total

incidence | Illuminated Transmission

T . . Output
ransmission Angle

(%) (relative to
(unpolarised) | horizontal)
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A

Fig 1-13: Area Illuminated A is the proportion of the first interface over which the
transmission angle is constant for a given angle of incidence.

The angles of emergence for incident angles of 40° and 60° were also calculated using Snell’s

Law. The losses due to reflection at each interface were calculated according to the Fresnel
formulae:

Rs= [sin(0-0")/sin(6+6")}° R,= [tan(0-0’)/tan(6+0")]?

and  t=1- (R, t,= 1- (Rp)?

The overall transmission factor is the product of the vignetting factor and the transmission

factors at the two prism surfaces. The total transmission factor is then the product of the

illuminated area and the transmission factor at each surface. Fig 1-14 shows the deviation of
light by the prism array.
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Fig 1-14: Deviation of light through the zone 3 prismatic array for light incident at
(clockwise from top left) 30°, 40°, S0° and 60°.

The diagrams show that light is transmitted above the horizontal at 50° and just below at 60°.
The latter may be tolerable for occupants in a room with high windows as the prisms will

only cover the top third in practice, so as not to obscure the view. At 30° and 40° the light is
inefficiently transmitted below the horizontal and therefore the prisms may provide glare
protection at these solar altitudes.

When using prismatic structures for daylighting techniques, a source of concern is the
dispersion and production of coloured bands against the wall or ceiling. The high spatial
frequency of the micrprisms should produce sufficient diffusion to obscure most of the colour
effectis. Some colouration may be still visible at the borders of the deviated light, but
provided it is not projected on to the working plane, this should not cause significant

XI1X

discomfort™ .
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1.3 Commercially Available Microprisms

Microprismatic structures are already available from 3M however they are not designed for
daylighting techniques but are used to enhance computer displays (see Appendix B). Samples
of these structures have been obtained and their efficiency at deviating light measured using a

collimated white light source and integrating sphere (see Fig 1-15). Shown below 1s data
obtained from 3M’s BEFII product

Integrating
: sphere \‘

S — . S— . — | — T T  a—

prism array

Fig 1-15: Measurement of transmission properties with collimated white light source.

Transmission of white light through BEFIl prisms at 40
degress incidence

0.7

o

0.5 |
04 |
0.3
0.2
0.1

Transmittance

0 T————=——" A+
48 -43 -38 -33 -28 -23 -18 -16 -13 11 -9 -7 -5 -3 -1 1

Angular deviation

Transmission of white light through BEFII prisms at 50
degrees incidence

0.7 .
06 |
05 |
04 |
03 |
02 |
0.1 |

Transmittance

0 | : + — } - ¢ ¢ 4

-48 -43 -38 -33 -28 -23 -8 -6 -13 11 9 -7 -5 -3 -1 1

Angular deviation
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Transmission of white light through BEFII prisms at 60
degrees incidence

03 _
025 |
02 |
015 |

0.1}
0.05

0 Y G W VU W VN — fre————————— —

-77 -73 -69 -64 -99 -91 44 -40 -36 -32 -26
Angular deviation

Transmittance

The array was then inverted and the same measurements repeated to determine the correct
orientation for daylighting applications

Transmission of white light through inverted BEFII
prisms at 40 degrees incidence

1
0.9
0.8
0.7
0.6
0.5
04
0.3
0.2
0.1

0 el Y

-42 -37 -33 27 -23 -19 -14 10 4 -2 0 4 8 10 12
Angular deviation

Transm ttance

Transmission of white light through inverted BEFII
prisms at 50 degrees incidence

1

r

08 |

0.6
0.4
0.2

Transmittance

0

-

69 -61 -57 .53 .46 .36 -26 -16 -14 -12 -10 -6 -3 -1 2

—

Angular deviation
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Transmission through inverted BEFI| prisms at 60
degrees incidence

06 |
05 |
04 |
03 |
0.2 .
0.1
0 & _‘A-._ - A ~

-83 -79 -76 -72 -70 -66 -56 -51 -46 -41 -36 -28 -16 -9 -4 0 4 8

Transmittance

Angular deviation

Given below is a comparison between the desired properties of the microprisms (as
determined in this thesis) and the 3M products.

Daylighting Microprisms

Angle of light incidence Desired Transmission Angles and
Efficiencies for Microprisms

-10.5° (11%)/ 85° (11%)
50° 10° (60%)/ 81° (38%)
-3.5° (83%)

3M Microprisms

Angle of incidence | BREF II prisms BREF II prisms
(inverted)

40° -5° (63%) 2° (98%)

50° -9° (60%) -8° (90%),

-55° (20%)
-68° (26%), 0° (69%)

-58° (10%) -72°

(30%)

The transmission angles provided by the 3M samples do not match the properties determined
in section 1.2. Consequently prototypes were manufactured to test the calculated structure as

a possible daylighting device.
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1.4 Manufacture of Prismatic Samples

At NPL there are the facilities for only the small scale manufacture of prism arrays. The
process used involved two stages:

1. The creation of a master sample, with the desired saw-tooth profile cut into the surface of a
normally opaque material. Due to cost or technical restrictions, the masters normally
covered only a small area (typically< 100cm?).

2. Replication of the structure into a transparent resin to form a micro-prismatic surface on a
transparent substrate. The substrate thus simulated a window covered with microprisms.

There are various methods available for the production of a saw-tooth profile, either by

optical or mechanical methods. It is not essential that the facets be of high optical quality as
the prisms are to be diffusers and therefore even relatively crude techniques may be

acceptable.

1.4.1 Generation of Master Surfaces: Optical techniques™

A saw-tooth profile can be produced by photosculpture in photoresist. A similar process is
described in Chapter 5 for the production of microlenses. There are technical difficulties in
using such a method to produce refractive prisms, primarily in achieving sharp edges to
features. Diffractive optics though do not suffer the same rounding as the period of the

structures 1s typically < 1um For the sake of completeness, given below is a list of possible
optical techniques that are used in photosculture:

1. Direct laser writing.

2. Electron Beam writing
3. The LIGA process (Lithographie, Galvanotechnik und Abformung)

4. Optical Exposure through a Grating Slit Mask

5. Fourier Synthesis from Sinusoidal Interference Fringes

The manufacture of master surfaces by any one of these methods would be expensive and
complex and unrepresentative of the final mechanically-cut structure required for the
embossing process. Consequently processes of the latter nature were pursued instead.

1.4.2 Generation of Master Surfaces: Mechanical techniques

There are basically two approaches to the mechanical production of prism-shaped grooves on

a surface. Either a tool of the appropriate shape cuts or burnishes the groove in a single pass
or a very fine tool carves out the desired shape in a large number of passes. These processes
determine the shape of the prism. Described below are the processes that have been

investigated.

The Merton Process™

A single helical groove is cut in one pass on the surface of a cylinder using a diamond tool of
the appropriate shape. The process was developed and operated at NPL in the 1950s. Several
gratings of this nature were available but none deviated the light sufficiently for daylighting

purposes.

1-14
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Fig 1-16: Merton Grating (30 um pitch)

Flat samples generated on a shaping machine.

On discussion with the NPL workshop staff, it was decided that it would be possible to cut
fine rulings into a flat surface, that on replication in transparent material would form a
prismatic structure. Initially small-area prototypes (2.5 cm x 2.5 ¢m) were manufactured.

A fly cutting process was attempted in perspex and in delrin but was not successful because
machines of sufficient quality were not available. Therefore grooves were cut using a shaping
tool that was ground to the required profile (see Fig 1-17). The delrin proved to machine
better than the perspex and resin replicas of the structure were made using the method
described 1n section 1.5. Preliminary measurements showed that the prisms had a peak
transmittance at approximately 10° for a source at 50° incidence. As this matched the design
criteria, larger samples were manufactured (10cm x 30cm).

shaping tool

=

PN NS

substrate

Fig 1-17: A shaping tool, ground to the correct profile is dragged along the substrate to
form the groove profile.
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Fig 1-18: Grating cut with shaping tool (100 pm period).
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Graph 1-1: Transmission of white light through prisms created using shape cutter and
source at 50°.

Echelle diffraction gratings

Echelle diffraction are efficiently blazed gratings that are produced on a ruling engine which
is an extremely precise version of a workshop shaper. Consequently, the gratings are
extremely expensive. However, a grating was already available at NPL and its performance
assessed but we were not fortuitous enough to find one that matched our specifications.

Fig 1-19: Echelle Grating (25 um pitch)

Single point diamond turning

As neither the Echelle nor the Merton grating matched the desired specifications, an
alternative, precisely-manufactured structure was sought. A sample was purchased that had
been manufactured on a high precision lathe by single point diamond turning. The
specifications for the structure were S0um period and facet angles as described on in section
1.2.1. The manufacturing method involved cutting the structure into a rotating face-plate,
resulting in concentric circular grooves. The face-plate was then divided into 4 equal squares
containing grooves with 100mm radius of curvature. Unlike the structures cut by the shaping
tool, the facets of these prisms are of high optical quality (see Fig 1-20) with sharp apexes.
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Fig 1-20: Diamond turned grating (100 um period)
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1.5 Replication of Micro-textured Surfaces

Most micro-textured surfaces are produced on opaque materials and therefore have to be
replicated into transparent media for daylighting purposes. Furthermore, the production of
micro-textured surfaces is technically demanding and therefore expensive, so small area
masters have to be manufactured and many replicas combined to form a mosaic.

The replication process involves two stages:
[. A liquid rubber is applied to the original and hardened to produce a negative copy.

2. A resin cast is made of the rubber which is a positive copy of the original.

These stages are now described in more detail.
Stage 1 (see Fig 1-21)

A silicone-based elastomer 1s mixed with its curing agent and degassed. The mixing of the
liquids should not be too vigorous because air becomes trapped in the liquid and leads to
lengthy degassing times. The degassing process occurs in an evacuated bell jar that expands
the bubbles in the liquid and bursts them (any bubbles left in the copy could produce
imperfections in the profile). The elastomer is then poured directly onto the master (which is
surrounded by a mould) and hardens at room temperature over 24 hours or at 90°C for one
hour. Drying the liquid over a longer period produces a flatter back surface on the hardened
rubber. Once solid, the rubber can be simply peeled from the master, giving a negative of the

original profile. The process is very gentle and does not appear to harm the master at all.

Elastomer
and curing
agent

Micro-textured
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