w Unive[sitg of
Nottingham

P
UK | CHINA | MALAYSIA

Switchable ETFE facades:
A study on theherno-optical, daylighting and energyerformance of

climateadaptive building envelopes

by
JanFrederik Flor

Thesis submitted to the University of Nottingham
for thedegree of Doctor of Philosophy, June 2020



Acknowledgements

It has been an exciting and challenging academic journey. | received much support

and guidance from many of whom | am now expressing my gratitude for:

Faculty of Engineering in the University dfottingham- for awarding the PhD
studentship and for funding living expenses throughout all 4yeae study duration in the
U.K.

Architen Landrell - The collaborative industry partnership with Christopher
Rowell, its Managing Director. Highest appremat for lending the expertise of his
company and team. Without the generous provision of material samples andiaefull
mock-up, my experiments would not have been possible.

My team of supervisorsA's s 0 C . Prof. Dr Yupeng Wu 06Jc¢
Beccarelli, Research Fellow Dr Yanyi Sun and Emeritus Professor Dr John Clolton
whom have all guided this academic journey with their collective expertise and knowledge.
| am deeply grateful for them in supporting me at all stages of this PhD. Totldack:
you for entrusting me with the freedom of doing independent experimentation work, yet
still challenge the quality and depth of my results. For creating research opportunities and
relationships into the deeper networks of science. Paolo: the mamsddp for my
recruitmentand initiation into the research team at UoN, also a personal advisor for
academic life while navigating the PhD. Yanyi: pdsbc and fdbig sister
insightful technical advice, guidance on simulations and lab work wéstlted in several
fruitful publishing collaborations. One to organise epic research group barbecues as well
as that conference in Chengdu, these times will always be remembered. Last but not least,
to John: for the many hours of inspiring lunchtime cogsatons. These were precious and
treasured times. John kept me focussed and relaxed even when things got complicated or
fuzzy, whose wisdom channelled and shaped towards my scientific writing style. His

rigorous checking of my English is impeccable andimoeededThank you so much.



To technical personnel and managers of the ETB on Jubilee Campus: a special
shoutout to Karl, Mick and Andy, for keeping the safety of the research work in the labs.

The great friendships and collaborations with my colleagkie® and Xiu, for the
times in the labs until late. Dingming and Haomin for excellerautiored papers. VR
project with Fedaa and Marina, as well as for hosting our conference in Adelaide. Also big
thank you, participants, collaborators and voluntegh® made it possible to conduct all
my experiments.

| am most grateful to my loving parents Bernd and Brigitte, brother and sister, Philli
and Zissi: for supporting my adventures and endeavours, always. The visits, the messages
and memories from home, apen ear in times of happiness or trouble were strong anchors
to keep me grounded. To my love, my grumpy wife, Najah. Without her pulling me out of
the lab, feeding me homecooked meals, and seeing over esodifdwork balance, my
PhD experience andfdéi would not be as exciting and colourful. Thank you for being a
supportive partner, lighting my travel motivations and for all thetptqs when things

were slow. Most importantly, for making me feel at home, with you. Thank you.



Abstract

The development of transparent, light, flexible, and resistant materials like ethylene
tetrafluoroethylene (ETFE) foil allows rethinking the function of the building envelope as
an interactive and moderating membrane between the internal andaéx@vironment.

Air inflated ETFE foil constructions, forming pneumatic cushions, are structurally efficient
and have increasingly been used in stdtthe-art architecture. However, the prediction

of the thermeoptical behaviour of ETFE structures inilding facadess achallenge for
designers and manufacturers. The proposal of adaptive or switchable systems, which can
be modified on demand to respond to changing climate conditions, is a recent technological
answer to that challeng@levertheless, the understanding of the impact of switchable
ETFE facades on the energy and daylighting performance of buildings, as well as on
comfort and user experience, is still limited and represents a barrier to large scale
implementation. In this resrch switchable multayer ETFE cushions were investigated
through a series of independent but interrelated studies, usingacayy, energy
simulations and virtual reality, to assedaylighting qualities, energy performance and
view perception of spgas enclosed with switchable ETFEddes.The main findings of

the conducted studies revealed the superior energy and daylighting performance of spaces
enclosed by switchable ETFE cushions. In comparison to static ETFE cushions and
standard double glazinglimate adaptiveswitchable systemactively redue solar gains

and improwve the environmental performance of the building envelope. Implicatons
energy consumption and natural daylightofgthe enclosed spacese of relevance for
future applicationgn building fagadesGlare reductios of 59% and an increase of useful
daylight illuminance of 58%vith annualenergysavings of up t®6% were predicted in

this thesisHowever,the study revealed thatew clarity offoils, print inks, and patterns

of current switchable ETFEushimsis not yetsatisfactoryand remains a challenge for
future research and development. It is expected that the outadnt@s research will
contribute to advancements HETFEfoil facade technlogy, that may leado energy

savings in the building sectandsupportthe agenda against climate change.



Preamble

The presenthesiscollectsthe work ofthree yeas of researcltonducted during a
PhD programin the laboratoriesof the Department ofArchitecture andthe Built
Environmentat the University of Nottingham.This thesis is not a single, monolithic
research project. Instedaticontains most of the diverse resegoobjectsaiming to answer
a set of questions surrounding the environmental performahcavitchable ETFE
cushions in climate adaptive buildingzéales.lnasmuch as this dissertation has a central
theme,each of tle projects presented ithe individual chaptershas its own aims and
objectives It is through the findingsf each studyhatestablishethe connections between
the chapterand leachaturally towardsnexpansion bknowledgeon the topic.

Largeparts of the work presented in this thesigelaeen published iscientific
conference papers and journal artictesing the PhD programThese publications are
based upon original research projects undertaken by the thesis author between 2016 and
2019. Parts of text, graphs and images from these publicati@ne adapted to fit the
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initiation, design, conduct and direction of the projects and the consbgpebtished
work. The thesis authohas contributed substantially tbe co-authored publicatics)
which build up mainly on the previous wk of theapplicant.Collaboration with androm
other PID candidates, researchers andustry partners has been the normdibthe here
presented workleading with the contribution of different skillsetand resourceso
research outcomes whielne more than the sum of the individual parts
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Chapter 1: Introduction

1.1.Introduction to chapter one

Membrane and foil structures have become over the last decades an attractive
alternative to conventional materials and building systems with increasing implementation
in different typologies and scale. The development of transparent, light, flexible and
resistant materials like Ethylene Tetrafluoroethylene (ETFE) has triggered a rethinking of
the building envelope in the building industry towards lightweight systems. ETFE foll
cushions have proven to fulfil the design requirements in terms of structicedrefy and
aesthetic valued-Hdowever,the strategies to satistyre increasing demands of energy
efficiency and comfort conditions are still under development. The prediction and
manipulation of the thermoptical behaviour of ETFE foil cushion structu@srently
remain as one of the main challenges for designers and manufacturechapiereviews
ongoing research regarding the control of the theoptacal performance of ETFE cushion
structures and highlights challenges and possible improvements:ekview of different
dynamic and responsive environmental control mechanisms nfolti-layer foil
constructions is provided and state of the art in building application outlined by the
discussion of case studies.

This chapter section further outling® state of the art of the theories and technical
aspects oadaptiveenvironmental control mechanism fowlti-layerfoil constructionsy
an extensive literature revieand sets the theoretic background knowledge for the further
investigation Researchaims, objectivesof the thesis are stated in this chapterd an
overview of the thesis structure amethodical approach is providdearts of thecontent
of this chapter is basexh a paper published by theplicantduring his PhD courseThe

title page and authoontributiondeclaration can be found in the appendices Q and R

Flor, J-F., Wu, Y., Beccarelli, P., Chilton, J., Dynamnganvironmental control

mechanisms for pneumatic foil constructions. E3S Web Conf., 2017. 22.
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1.1.1.Environmental adaptation of building envelopesand the role of ETFE

The energy performance of the building envelope is becoming increasingly
important since thduilding sector is held responsible for more than-iirel of the
worldwide energy consumption, according to the International Energy Adentg]
Dynamic environmental control mechanisms in building envelopes are a common strategy
to balance the reduon of solar heat gains and achievsagisfactorynaturaldaylighting
while reducing energy consumption for cooling and artificial lighting at the same time. The
integration and automatization of these mechanisms into complex fenestration systems and
high-tech building fgades hae become a reality and opens possibilities for further
optimisation of the energy performance and improvement of comfort conditions in the built
environment. Responsive building envelopes can adapt to changing environmental
conditons, or user demanded requirements and enhance the performance of the building.
The developments in mechatronics, sensors and computer technology during the last
decades, have made possible miniaturisation, mass production and successive cost
reduction, vihich have allowed designers to integrate sensors and actuators into building
elements making thetnuly responsive to the environment and occupant needs.

Pressurised multayered cushions of thin Ethylene Tetrafluoroethylene (ETFE)
foil are increasinghapplied in building envelopes and are now considered state of the art
since the contributions of Frei Otto initiated the evolution of lightweight building over sixty
years agdOtto, 1954 Otto et al., 197B Lightweight and transparent materials play an
essentialrole in this developmenand ETFE is probably one of the most outstanding.
ETFE has becomenaffectivealternative to glass and other transparent materials mainly
because of its excellent material characteristics like low weight, flexibility, high
translucency, tensile strength amaellentweathering performance. However, the thermal
and optical behaviouof ETFE multi-layer cushions is somehow still a topic of ongoing
research, and the difficulty of predicting their energy performance has led in the past to
reported problems of overheating of indoor spaces during summeime, 2016)
Dynamic enviromental control systems, including responsive shading mechanisms, could

be a possible solution for ttalvere effects of overheating and glat¢éowever,despite
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their broad application in complex fenestration systems, they have not yet arrived at the
samelevel of development in membrane and foil constructions. Advances in controlling
the optical and thermal properties of the cushion system through, mainly, static adaptation
measures are nowtandardpractice in the industry. Currently, the most widely used
techniques are frit prints of reflective inks and combinations of different layer type
compositions. However, these techniquesaddiren not sufficientunder changing climate
conditions and the integration of dynamic environmental control mechanismauite

layer ETFE cushions remains a design objective alongside multiple approaches from the
past. Inthesearch for technical solutions to respond to pressing environmental issues, new
building techniques and materials are under constant developmenbri@refficient and
betterperforming building envelopgs#iausladen, 20QMonticelli et al.; 2015 Shahin

2019. A conceptual drawing showing an adaptive ETFE facade is shown in Figure 1.1.

Ewvironwmental Desiggn 4—._ - S NN P
— —~— LS Y\

of Membrave Structuces & Q) ‘—'\’;(---3". fﬁ./
Veiveesidy of Mebligglunm 0K 2046 \ A / v. : -

I

Figure 1. 1. Dynamicshadingmechanisms for the environmental controhuflti-layer
ETFE cushions in building envelop@ep right diagram abbreviations read as follows:
Sl Solar IrradiationOL, ML, IL i Outer, Middle and Inner Layer, P IPressurg
(image by the thesis authampublished)
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1.1.2.Building envelopes of ETFE

ETFE foil has been increasingly employed as a building material for building
envelopes over the past decadésrezGonzalez et al., 2011Although used initially
because of its high transparency only for temporagricultural coverings and
greenhouses, ETFE is now a recognised alternative for conventional transparent building
materials such as glagsdnke, 201B The acceptance of the material among designers and
the building industry can be attributethinly to its excellent properties like transparency,
flexibility, tensile strength and robustness towards weathefiagro, 199} Since the
first application of ETFE foil in a permanent building for the Mangrove Hall project in
Bur ger sd Z dhe Nethélandsie 198fRobinsorGayle, 200], substantial
technological advances have been made. New -foring methods and simulation
software, as well as automated production and manufacturing processes together with a
highly specialised design indugtrhave contributed to its widespread use in building
envelopes. The absence of homogenised design codes and standardised testing methods
remain as an obstacle, but ETFE coverings are now considered to be a reliable and safe
solution for performancerientated building envelopes$il et al., 201} Iconic building
projects like the Eden Project in St. Austell, UK (2088pwn inFigure 1.2, the Allianz
Arena in Munich Germany (2005) and the Water Cube swimming pool in Beijing China
(2008) exemplify the outahding performance and architectural attractiveness of ETFE as
a building materiallleCuyer, 2008Chilton, 2013.

Figure 1. 2. Eden Project, St. Austell, United Kingdp&000
(photoby thethesis athor, published in: Floet al., 201
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ETFE as a material for building envelopetycally employed as an extruded thin
foil in multi-layer cushions which are pneumatically stabilised structural systems. The
cushions can be composed of various layers of foil with air chambéetween. These
foils are cut and welded together according teqaleulated optimal shapes of equilibrium
state. The foil cushion is clamped into a rigid frame system, typically of extruded
aluminium profiles, inflated with air and maintained by meaha blower system at a
predetermined pressure which enables the system to withstand external loads and maintain
geometric stiffness. The number of layers of the cushion can vary in order to improve the
structural or thermal resistance of the system. Tihé&hfoknesses may also vary, according
to the expected loads. Different tints or printed patterns can be applied, in response to the
thermal and optical requirementsnippers, 2011

Different building systems for ETFE foil are currently in use, but abng to a
case study from Moritz in 200 Moritz, 2007, ETFE is most commonly employed in
pressurisednulti-layercushions systems (87%) and significantly less in mechanicaHy pre
stressed single layer systems (10%), which however are getting usedftanra oecent
years. According to the studi¢TFE is generally used in buildings related to occupancy
for offices and housing (28%), swimming pools (18%), exhibition spaces and pavilions
(15%). The building elements usually covered by ETFE are atria (3&@b)oofs (33%),
canopies (14%) and building gades (8%) among others, ranging in a covered area
between 100 and 10000 m2. The predominant cushion geometry found in the analysed
projects was reported as rectangular (60%) within a range of lmtlkagonal, triangular,
circular or rhombic geometries. A comprehensive study by Schien2@®§ [about the
structural behaviour of ETFE foils proposed a classification of cushion systems according
to the layer number and configuration which also is of@sieto the understanding of the
building physics regarding optical and thermal performamben appliedas a second
building skin, as proposetty Grunwald[2007 in an extensive studyn mechanically
prestressed ETHBIl facades Several experimental dgas with different layer buildips
and combinations of materials have been carried out s&Kéawhth, 201; Maxa et al.
2013, including novel doubldayer ETFE panels which are prensioned by heat
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shrinking and dmot require an internal apressurejlartin et al. 201p Nevertheless, few
of these novel systems have been tested in any commercial construction so far.

Even though the majority of studies on ETFE have focused in the past on the
structural efficiency of the buildingystem, recently the interest in current research has

been shifted increasingly towards the energy performance of ETFE envelopes.

1.1.3.Responsiveness in textile building envelopes

Active or responsive building envelopes are commonly referred to as shelter
sysems which can adapt autonomously, using sensors and actuators, to changing
environmental conditions, or user and activity demanded requireriépnt&inans, 200b
While the concept is not entirely new, as can be learned from several historical examples,
like the Roman velarium or Venetian blinds, the idea of autonomouskadsgiting
buildings has emerged only recent®afozzi et al., 2016 fulfilling the technological
innovations envisioned by modernist scholars like Sigfried Ebeling almost a century ago
[Ebeling,2016/1926. The development of environment responsive membrane structures
with automated mechanisms is indeed very recent and although several projects are
reported irtheliterature most of them are prototypes or of an experimental n&arddso
et al., 2007F.

Mainini et al. [2016] showed witthe experimental design oh&ETFE panel with
two parallel ETFE layerand integrated water spray nozzles thatapplication of a water
film on the internaETFE surfaces enhances the therpgformance by reducing solar
gains and surface temperaturBseliminary experimental results of this study showed a
reduction of solar gains of up to 10% while simultaneously reducing the ETFE surface
temperature by 10°C. In both effects potential was seemtance comfort conditions in
indoor spaces during summer time. In another stidyas been demonstratedth a
experimental prototype and computer simulatitmet circulating tinted fluids in é8D
formedchannelled ETFE layenhances the thermal asmlarperformancef a triple layer
ETFE cushionfHanke, 2016] The circulating fluid in the middle layer wasversibly
tinted on demand with dark pigments sbhade interior building spaceabsorb solar
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radiationandremove the alar gains with a pump from the ETFE cushion doitsolar
thermal applications such as the support of the heating system or warm water generation
using a heat exchangdihe conducted experiments with a solar simulataral m x 1 m
demonstrator unishowed that the solar heat gain coefficient (SHGCETFE cushions

could be reduced from 0.67 to 0.56 when switching the fluid from clear to black tinted
The fluid temperature correspondingly increased from 37°C to 56°allowing to extract heat
gains of45W and200W , respectivelypf an total incident radiation of 900 W#m

More conventional applications of integrated shading lamellas and retractable
textile schading screens inside the ETFE cushions had been proposed previously [Hopfner,
2002; Sinnesbichler, 2015] for practical applications in the building indugtiyhough
limited information on the thermoptical performance of these systems in combination
with ETFE is available, extensive research has been conducted for integrated sdar lame
parallel shading slats and translucent insulation materiadowble glazed windows
showing enhanced performance for daylight and insulation properties [Sun et al., 2016;
Sun et al., 2017; Sun et al., 2018]

All of the studies reviewed here support biypothesis that thihermal and optical
performance of a building envelope can be reversibly adaptezhticlimate comfort
condtions and reduce energy consumptiona responsive way, heneoeodifying with
actuaors the structure omaterial propertiesvith the reattime input of environmental
sensorsAs an illustration, for the abovedescribed principlea schematiduilding section
of the functional relations of a responsive building envelope incorporating a dynamic
shading mechanism withinraulti-layer ETFE cushion is showim Figure1.3. A floor to
ceiling facade is replaced with a trigkeyer ETFE foil cushion, inflated withraby an air
blower unit. All ETFE layers are transparent with reflective frit print applied to the middle
and outer layer. The middle layer can be moved back and forth by air pressure, shading the

internal spacdight-sensor controlled.
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Figure 1. 3. Schematisectionof a responsive building envelope incorporating a dynamic
shading mechanism withinraulti-layer ETFE cushion
(image by the thesis author, published in: Flor et al., 2017)

The principle of a switchable ETFE facade, as described in the previous section and
depicted in Figure 1.3 corresponds to the category of Climate Adaptive Building Shells
(CABS) whichhave evolved as flexible ardjhtweight building enclosures aiming to
respond dynamically to changing weather condititmgmprove building performance,
rather than withtending environmental pressemith static robustnessf building mass
[Loonen, 2013]A multitude of materials and mechanisms have been explored based on
different principles of physics, applied at different scales, such as theomo
electrochromic windows, phashanging insulation materials, kinetic origaimspired
shadings and flexibleorm changing facade elements among others. The common feature
of CABS is the ability to change reversibly from one state to the other, with an electrical,
chemical or kinetic mechanism which is triggered either passively by environmental
vectors or actiely through environmental sensing with an operator or automated actuator.
Meaning, the light transmittance, thermal conductivity or shading angle of a facade element
can be changed actively according to indoor comfort requirements or varying outdoor
climate conditions. The adaptive capacity of a building envelope provides theoretically a

large potential for saving energy in lighting, heating and cooling appliances in buildings
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allowing to improve the indoor comfort conditions at the same time. Howevertedtsp

variety and advanced stage of product developments, few buildings exist were CABS have
been applied, and their superior performance has been proven. An early example is the
Arab World Institute, by architect Jean Nouvel, built in Paris, Franc@d8,incorporating
mechanical mechanisms in the facade, similar to a camera lens shutter, being able to
moderate the incoming light. One of the most recent examples CABS application is the Ed
Kaplan Family Institute for Innovation and Tech Entrepreneurattpe lllinois Institute

of Technology inChicago, U&, designed by John Ronan Architects, finalized in 2018,
which incorporates a switchable ETFE cushion system similar to the diagram presented in
Figure 1.3. Other examples emploring different mechasiamd materials have been
documented in the literature and are discussed in the following chapter 2. The interrogative
that remains is the quantification of the enhanced building performance that CABS promise

and the search for tools that provide answetbat questiofKunwar & Bhandari, 2020]

1.2.Motivation and Justification for the study

A variety of environmental control mechanisms fioulti-layer foil constructions
has been outlinedand their function and application in building envelopegehaeen
discussed through a range of case studfesn this first overview of the statd-the-art,
it can be concluded that besides the perceived fascination in the public opinion about
adaptive building envelopes and enesgying facade systems the topic of tymamic
shading mechanisms fanulti-layer cushions appears to be neglectedhe literature
opening a gap for researdiven though mentioned in several studies, the building physic
aspects of dynamic foil constructions have not been addressed thordugidytheless,
they continue to be applied in new construction despite the vagueness of understanding of
their influence on the energy performance of buildings. There haver&eankaby few
published reports directly addressing the problem oflteamal and optical behaviour of
these systems. Only 10 out of over 120 reviewed scientific articles on ETFE reported useful
information on the thermoptical propertiesas will be discussed in detail in thterature
review presented in chapter 2. Cumttg, the thermaoptical effecs of ETFE building
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envelope®n the energyand daylightingperformance of buildings remaias uncertainty

in the building industry ana research question in sciencEhis represents a risk and
opportunity at the same timehich needs to be addressed and which bears great potential
for improving the system performance of both building and envelope. It is believed that a
thorough understanding of the systemsd opt
predict and asssstheir effectiveness in controlling the climatic factors, enhancing
occupant comfortonditions,and improving the energy performance of the building.
Literature provides only limited information on the effectiveness of the reviewed systems.
An explicit description of their optical and thermal properties and the complex physical
mechanisms of light and heat transfer are available only to a limited extentnitibls

review can only be the first step towards a broader understanding of dynamic
environmenthcontrol mechanisms famulti-layer ETFE cushions. More data frothe
monitoring of operating buildings is required as well as new approaches towards the
simulation of their dynamic behaviour wishmplified numerical calculation methodsd
advanced comyger simulation. Development of adapted testing methods to determine the
thermoeoptical properties of multilayer ETFE cushions and further validation of
computational methods is perceived as a necessity to advance the understanding of the
effects on buildig performanceGreat potential is seen inetbetasksproposed for this

thesis from a scientific point of view but also from an industry perspective

1.3. Aimsof the thesis

In congruence with thédentified knowledge gap in the preliminaliyerature
review the overall aim of this thesis i® investigate the new developments in the
environmental design of buildirenvelopes incorporating structural membranes, focusing
primarily on thethermooptical, energy and daylighting performance of switchable multi

layer ETFE foil cushions. The thesis further aims to:
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1 Gain more insights into the building physics of switchable ETFE fagades
understanding dominating principles and identifying primary perfocaan
parameters.

1 Contribute to the unlocking of potential for energfyicient buildings providing
knowledge on the characteristics and performance of switchable ETFe cushions.

1 Develop a methodologyhich alignsa set of tooleind methods a workflowable
to analyze, predia@nd improve the environmental performance of dynamic

membranenvelopes and their influence on the whole building.

1.4.Objective and sub-objectivesof the thesis

More specifically he overall objective of this thesis is to investigatelhigding
physcs of switchable ETFE cushionsconcerning multiple aspects ofdesign and
environmental parameters in ordeingoprove the system performance and evaluate if their
application couldsignificantly improve the energy performance of buildings in comparison
to conventional static cushion systems.

Furthermore, gecific sub-objectives were deived from the overall objective:

1. Review the currendtate of the adf environmental control mechsm forETFE
foil building envelopes.

2. Investigate thehysical processeasvolved in the environmental behauio
of ETFE foil building envelopes and identify therincipal optical and
thermaltransmittance mechanisms multi-layer ETFE cushions which have
asignificant impact on the energy performance of buildings.

3. Compare and evaluate thaergy performancef dynamic shadinghechanisms for
multi-layer ETFE cushions irtomparison to conventiongystemsincluding the
influence of design parameters like frit pattern, cush@ometry and solar

orientation.
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4. Develop avorkflow scheme with a set of tools which allowaealuate, predict and
optimize the environmental behaur dynamicmulti-layer ETFE cushions and the
influence on the whole building performance.

5. Analyze thestrengthsand weaknesses of curremstwitchable ETFE cushions
identify the potential for optimizatiorandpropose novel concepts for advanced

envirommental control systems.

1.5.Research questions

This section outlines the research questions of this thesis. The research questions
emerge as interrogative, along with the aims and objectives, from the preliminary literature
review and challenge the idea of a climate adaptive building envelope asa lngh

performing technology, like commonly portrayed. This thesis asks critically:

T To whi ch l evel can adaptive mul til aye
environment al performance of fa-ades a

daylighting, and how eéfctively, in comparison to conventional, static systems?

Furthermore:

1 Would it be viable to apply adaptive ETFE structures as a second building skin and
measure of retrofit to reduce the energy consumption and improve the daylighting
performance obutdated multistory buildings?

1 What are the influencing parameters on performance, and in which climates
integration of adaptive ETFE systems into building envelopes would generate the
most significant benefits?

1 Which are the effects of an ETFE doulken that are to be expected to affect the

user experience and acceptance of building occupants?
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To provide answers to these questions, a set of research campaigns were designed to
investigate with simulations and experimental methods, different asp&cisBfbuilding
envelopes connected to the interrogative formulated in this thesis. On continuation, the
individual study outlines and proposed methods presented within the thesis chapters will
be laid out and discussed. Conclusive remarks providing anseére here formulated

guestions are summarized in the final chapter nine.

1.6. Structure of the thesis

This section outlines the structure of the theslse thesis is composed ofine
chapters several of whichincorporate work reporteth publishedarticlesor submitted
manuscripts. Thereforeye work contained ithemain body of the thesis presented in a
classical paper style structure with sectidivédedinto introduction, methodsesults and
discussion, and conclusions. Tbeven chaptersof the main body ardound by a
introductory chaptesinda cnclusion chapters shown ifilow-chart inFigurel.4. It must
be disclaimed thaeven though the chapters are structured and aligogitally and
constructivelyto form aunified piece of work theycan be considered aslividual pieces
of work, making it possible to éreadon its ownwithout further introductionOn
continuationthe content of each chapter is summsetiand thenterrelaion betweereach

of themhighlighted and linkedo the overall thesispic:

Ch.1  Chapter2 Chapter 3 Chapter 4 Chapter 5 Chapter 6 Chapter 7 Chapter 8 Ch. 9

Literature General Optical Thermal Lighting Energy View
Review Methods Characterisation || Characterisation Performance Performance Perception

=] i =
= - - — £
2 Research Critical Ray- Climate Daylight Building Virtual Z
3 Survey Review Tracing Chamber Simulation Simulation Reality S
=] T N =]
= | : ©

* case study * comprehensive|| * module scale || * module scale ||* building scale || building scale ||+ building scale

* theoretical || analytical * computational || * experimental ||* computational || * computational || * experimental

Figure 1. 4. Flow-chart of the thesis structurghowing the inteelationshipbetweenrnthe
chaptersnaintopics and methosd
(flow-chartby the thesis author, unpublished)



Switchable ETFE facade€hapter 1: Introduction 55

1.6.1.Chapter oneoutline

Chapter oneconstitutesthe introductionto the thesisgcoveringwith a classic
structurethegeneral backgroundf switchableETFE fagades The brief introduction to
the topids followed by anoutline of the current state of knowledge and highlight problems
and challenges related to the technology of switchable haykr foil constructions
includingthestate of thartof the technology, idadingabroadoverview of historical
developments, materials, mechanisms and buildpgications. The introduction
furthersesthe main focus of thproposedesearch and justdésthe need to investigate the
performance of these structures from a diog physics perspectivepllowed by
thecurrent research in ETFE and research dapsingto the original researchopicsof

the thesis, aim®bjectivesandanoutline of the methodology.

1.6.2.Chapter two outline

This chapteroutlinesthe current body of knowledge of thailding physic aspects
of membrane building envelopesth ETFE. Information from the literature regarding
material propertiexptical performance, in terms dhe transmittance, reflectance,
absorptace of ETFE foil with different surface treatments (inks, frits, proasatings are
discussed as well as the overall transmittance, reflectance of the ETFE stAisturie
thermal performance, in terms of thevdlue, indootoutdoor temperature inagt are
addressed, concluding with a critical analysis of recent technological advances in the
context of previous development for ETFE constructions and tensioned membrane

structures in general.

1.6.3.Chapter three outline

In chapter three a general methods revewarried out based on literature findings
providing a comprehensive overview of methods used in research on the-thrcah

energy and daylighting performance of tensioned membrane structures and in particular
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ETFE foil. The chapter critically reviewsethods relevant to the topics of each chapter
and links to the specific method selected for the research work presented in the individual

chapters. The applied methods are detailed and specified in each particular study.

1.6.4.Chapter four outline

This chaper exploreghe optical performance of switchabtaulti-layer foll
constructions and evaluatée influencing parameters of design and environment. The
overall transmittance and reflectance of the ETFE cusdmesimulated using rajracing
techniques. Bferent parameters affecting the performance, likesther u cgeametry,6 s
orientation,solar incidence anglesfrit patternsand also materialgariations are
analyzedThe outcomes of this chapter are linked to the daylighting study carried out in

chapter six, providing input for the simulations and informing the result interpretation.

1.6.5.Chapter five outline

Chapterfive reports on the thermal performance of ETFE cushions in general and
provides ingjht into the unique characteristics of switchable cushions. In a series of
comparative performance tests different cushion samples with design variations, including
switchable cushionsare exposed to different climate scenarios in a climate chamber.
Different parameters, He the heatflux, ambient air and surfacgemperatureare
measuregdand the thermal resistance determined for different temperature conditiens.
influence & airflow on the cushiod sthermal performances testedn a second
experimental settingiontolling the airpressure and temperaturgll results from this
series of testareused to feed into the energy simulation in chapéenand provide, as
a transferrable useful outcome, a thermal characterization profile for switchable ETFE

cushions.
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1.6.6.Chapter six outline

This chapteraddresses the natural daylighting qualities of spaces enclosed by
multi-layer foil constructions with ETFE and fooes on the effectsthe adaptive
mechanism has on the performance in terms of useful daylighgl comfort and lighting
quality. The study build on the analysis of the optical performance from chepéerd
introducesthe obtained results into daylighting simulation software (Radiance). BSDF data
of different cushion desigrevederived and symrt the parametric simulation process of
different building and climate scenarioResults of the simulations inform about the
daylight performance of office spaces retrofitted with a double skin facade of ETFE,
delivering values of the daylight factordadynamic daylight metrics, likeiseful daylight
illuminance (UDI) daylight illuminance uniformity ratio (UR)and daylight glare
probability (DGP)

1.6.7.Chapter sevenoutline

Based onthe experimental work inthe previouschapters acalibratedenergy
simulation, using=nergyPlusis conductedn chapter avento determine thenfluenceof
switchablemulti-layer foil constructions on the energy performance of
buildings.Theoutcomesf the simulationare further compared and validatadth
theresults from the experimentalork andset inthecontextof the built environment with

a series of case studies where switchable ETFE cushions have been incorporated.

1.6.8.Chapter eight outline

Chaptereight investigates the user perception of ETFE cushions in dakiole
building fagades. The view clarity and emotional response to window views through ETFE
facade systems were evaluated within immersive environments, using virtual reality
equipment and a deloped questionnaire applied to a sample of volunteering participants.

Chapter eight discusses and summarizes the research results.
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1.6.9.Chapter nine outline

Chaptemine, summarizes the main research findirdfgwsthe conclusiorof the
thesis as a wholeliscusses limitationanddrafts an outloolon the futuredevelopments
of switchable ETFE cushiorend the application in the built environmeifihe chapter
furtherhighlightslinked topics of interestwhich have not been covered in the thesis, poses

someunanswered questioasd provides suggestiofa future research projects.
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Chapter2: LiteratureReview

2.1.Introduction to chaptertwo

This chaptempresentssystematic literatureeview covering therole of ETFE in
context of the built environmenggeneral material characteristicsof ETFE, and the
application as a building material ipneumatic multi-layer constructios, structural
principlesand componeniandmechanisms and strategiesenhancehe environmental
performancein building envelope apigations The chapter further covertd system
componentsof switchable ETFE cushigrexplaining in detail the relevant functigns
emphasizing orstructureand controlsneeded totransformthe systeminto a climate
adaptive building envelope Several case studies of biti examplesincorporating
switchable ETFE cushions are presented throughouthifyger. The chapter concludes
with an overviewof thethermal and opticgderformance of ETFE foil constructipand a
detailed discussion on thavestigativemethods usetbased orthe current knowledge
retrieved from the literatur&dhe chapter idased orextensive and systemaliterature
researclctarried outat different stages dheresearchstudy, covering thestateof-the-art
researchcarried out onan international levelon the topic Additional information on
material and system characteristics iartuded frompublished conference pagday the
applicant listed below The title page and a a u t & declaration detailing the
contibutiors to the papes isattached irtheappendtesl, J,Q and R.

Flor, J.-F., Sun, Y., Beccarelli, P., Wu, Y., Chilton, J., Switchable ETFE cushion:
designing and building a model for experimeneating, 2019. In Proceedings of
the IASS Annual Symposium 201Structural Membranes 2019, C. Lazaro;U.
Bletzinger, and E. Ofate, Editors. 2019: Barcelona, Spain.

Flor, J.-F., Wu, Y., Beccarelli, P., Chilton, J., Dynamic environmental control
mechaimsms for pneumatic foil constructions. E3S Web Conf., 2017. 22.
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2.2.Adaptive and energyefficient building envelopes with ETFE

The building sector currently consumes -ohied of the global final energy [UN
Environment and International Energy Agency, 2017; Singh, 2016; Zhang et al., 2016;
Berger & Mendes, 2017]. Increasing energy demands for commercial and residential
buildings wth an expected growth of up to 1.9%l/year [US Energy Information
Administration, 2017], raises the concern for the improvement of the energy performance
of buildings. Buildings also contribute significantly to the global CO2 emissions
responsible for clima change. According to the World Energy Outlook, 2019 by the
International Energy Agency buildings account for-goarter of the total CO2 emissions
and consume one half of the globally consumed electric energy [IEA, 2019]. While the
goal of the Paris agement of 2015 is to limit global temperature rise below an average of
1.5- 2°C [United Nations, 2016] the latest International Energy Outlook by the U.S. Energy
Information Administration [EIA, 2019] shows that energy consumption in the building
sectoris rising by a rate of 1.3% per year, a trend moving in the opposite direction of what
is needed to reach the global climate goals. Building energy consumption in developing
nonOECD countries is projected to grow even faster, with a two per cent anciegise
due to economic growth and changing lifestyles.

Most of the energy consumed in buildings during the operation and maintenance
period is for space conditioning (approx. 50%) and lighting (approx. 25%) [Penelzard
et al., 2008]. The building envgde, which is the interface between the external and internal
environment, is, therefore, a crucial element of the building unit [Lin et al., 2016; Lei et al.
2016; Peng et al., 2016]. It has enormous potential to impact the indoor comfort conditions
and toimprove the overall energy performance of the building by up to 40%, considering
only savings in heating and cooling [International Energy Agency, 2013; Peng et al., 2013;
Wang et al., 2017; Peng & Yang, 2013]. Much attention has been paid, over reaeigsje
to passive strategies, which aim to maximize the thermal damping effects of the building
mass, while increasing insulation of walls and windows, and reducing thermal bridging of
building elements [Pacheco et al., 2012; Chen & Yang, 2017; Wang209Hb]. However,
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the general tendency in architectural design moves towards light and transparent structures,
such as membrane and foil structures, which offer high flexibility in form and function
[RobinsonGayle et al., 2001]. Although challenging imrtes of energyefficient design,
this solution is often adopted for widespan canopies because of its reduced weight and
resulting cose f f ecti veness [Jones, 2000] . A case
project in Singapore evaluated the influence ofdjaeamic operation of shading screens
on the hygrethermal performance of a dome structure covering a botanical garden. It was
found that the retractable textile membranes are able to control the incident solar irradiation
on the glass envelope, lower thisks of overheating and reduce cooling loads while
maintaining stable natural lighting conditions for the plants throughout the year [Davey et
al. 2010].

Although these results are promising for the development of more eskiignt
building envelopewith woven textile membrane materials, few studies have evaluated the
potential of adaptable muliayer ETFE (ethylene tetrafluoroethylene) foil constructions.
Modifying the properties of surface coatings and print inks rather than changing the ETFE
materal or structure has been in the focus of recent research. Energy savings for cooling
demands using a novel ETFE foil with inired absorbing coatings were calculated to
range between, 58% for double and tripidayer cushions [Cremers & Marx, 2016].
Innovative 3D printing techniques applied to the middle layer of ttggler ETFE foil
construction were predicted to reduce the solar gains and achieve even higher energy
savings for cooling load of 69% to 87%, compared to conventional ETFE cushions
[Cremas & Marx, 2017]. While these techniques are mainly passive, the technological
trend in the development of building envelopes is moving towards adaptive solutions which
respond dynamically to the changing weather conditions, effectively control daylighting
and reduce energy demands for cooling [Boer et al., 2011; Wang et al., 2012; Loonen et
al., 2013; Perino & Serra, 2015; Attia et al., 2015; Konstantoglou & Tsangrassoulis, 2016,
Sun et al., 2017; Sun et al., 2018]. The most widely reported strategy factihe control
of ETFE foil constructions is the switchable mudtyer shading mechanism [Forster &
Moellert, 2004; LeCuyer, 2008; Jeska, 2008; Knippers et al., 2011; Huntington, 2013].
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Recent technological advances in control systems, and miniatomizatti sensors and
actuators, have made the development of actively adaptable building envelopes possible
[Vlasceanu et al., 2013]. Moveable parts and transforming elements are fully integrated
into the building system and are able to react instantly togesain the environment or the

user demands [Biloria & Sumini, 2009]. These technologies create great opportunities for
the optimization of the thermal and optical performance of the building envelope and
improve the energy efficiency of membrane strucyoia et al. 2010WWhile adaptable
shading mechanisms for textile membranes rely mainly on mechanically retractable
systems, which have been applied in many stadia and amphitheatres, the pneumatically
controlled mechanisms for inflated foil constructisnrelatively new. The concept was

first introduced by Robbin in 1996 [Robbin, 1996], based on a design concept study by
David Geiger from 1977, and more recently, literature has emerged that offers specific
project applications incorporating switchabl@ RE cushions [Knippers et al., 2011;
Poirazis, 2009; Schmid, 2009; Gorr@pnzalez et al., 2011; Chilton, 2013; Maywald &
Riesser, 2016]Studies suggest that integrating such elements into dsulriebuilding
facades may reduce heating and cooling loadsimprove the indoor lighting conditions
[Shameri et al., 2011]. A theoretical study calculated the energy consumption for a building
with a transformable membrane DSF facade in comparison to a standard glass facade
finding an overall reduction in energgnsumption between 7% and 18% across different
climates [Chiu, 2015], while another project related report predicted a 55% reduction of
CO2 emissions for a building with switchable ETFE DSF facade [cited in Juaristi and
MongeBarrio, 2016]. ETFE foil, arinsparent, light and resistant material have been used
increasingly over the past decade as a cladding material in building envelopes [Monticelli,
2015; Houtman, 2015], either as a single, double or triple layer construction [Paech, 2016;
Srisuwan, 201 7]nflated with air ETFE foil cushions provide structural integrity, excellent

thermal and lighting performance and are yet very lightweight [Chilton, 2013].
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2.3.Material properties of ETFE

ETFE or ethylene tetrafluoroethylene is a minebalsed polymeric material
consisting of carbon, fluorine and hydrogéras a high tensile strengthis a chemically
inert andresistant toUV radiation with a very high translucenocgomparable to glass.
[Beccarelli, 2015 Wypych, 201%. The main applicatiorof ETFE is as a insulation
material in the electrical and aerospace industry, but alsoladding and roofing material
in building envelopeslhis high performingnaterial can be extruded into foils, of typically
2 50 thickmessETFE foils are at the same time very thin, with a resulting very low
thermal mass, and highly translucent to a wide range of radiation wavelength, diverging
largely in their thermapptical behaviourfrom traditional building materialfChilton &
Lau, 2015]. The most relevant energy exchange mechanisms for membrane structures are
convectionand thermal radiation. Du® the transparency and thinness of tinaterial
radiation is the climatic element which is higltevant to their energy performanck
ETFEas a building materiglCremers& Marx, 201§. Due to thisuniqueconditionand
the complex thredimensional geometries of standgeiformance evaluation nietds,
like for exampleU-value calculationapplyonly to a limited extetriDevulderet al, 2007.
Environmental adaptation mechanishimsconsequenceamaot be simply transferrefilom
other building systems and materials but must be customized agtptditheindividual
requirementdt can be summarized that ETFE can be considered as a versatile and highly
performative material for many building envelope applications regardfabe specific
structural system in uselowever,the main benefits may relate to the following material
characteristicfAGC, 2016}

Lightweight
High transparency tawide spectrum
UV Resistant and long lifeycle

Dirt repellentand good agng andsoiling performance

== =2 4 A -2

Outstandingnechanical performance
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1 Weldable
M Printable
1 Flexible

2.4.Characteristics of pneumatic ETFE foil construction: static and switchable

This sectionprovides a general description @feumaticETFE foil construction,
covering its main componenamdstructural principleTechnicaljustificationis outlined
for theuse of foil construction in doubiekin fagadesfocusing on environmental aspects
and its potential for enhancing daylighting asmergy performance whesguipped with
reflective prints andswitchablemechanismsThe switching mechanisntd adaptive, or
switchable, ETFE cushiorasedescribed brieflywith a focus on theontrols, air spply
andswitching process.

ETFE cushions function as a pneumatic system and are structurally stabilized by
air pressure which is provided by an external air blower unit. ThEressure (in the range
of 300600 Pa) keeps the foil tensioned and allows to withstand external fokeesjrid
and snow. The ETFE cushions are connected thru a piping system to an air blower which
provides a constant lopressure airflowTrue adaptabilityand responsiveness of building
envelopeso indoor requirements and outdoor climate conditrepsegnta relatively new
approach for ETFE cushion systemsnsidering the advances which have been made with
other materials or building systems like, for example, redtde textiie membrane
structures, glass and complex fenestration systems.cohld beowing to the fact that
ETFE has been in use for only a relatively short period as a construction material, but it is
also related to its very distinctive physical characteristics which are still in the process of
being investigated. A variety of differemnvironmental control strategies have been
developed formulti-layer foil constructions as can be seenHigure 25. All these
strategies loolt different ways on how tonodify the solar and thermal transmission of
the ETFE cushion in eeversibly way using different mechanisms includingection of
soap bubbles, or nitrogen gasrculating tinted fluids, internalwater spray, rotating

lamellas and retraablescreensSome of these mechanisms h&eendescribed in great
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detailin theliterature however,very few systems haveassed beyonthe experimental
prototypephase, and even less hdezn tested so far acommercial buildingpplication

The most relevant systems are discussed later in this section.
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Figure 2. 5. Environmental control mechanisms foulti-layerfoil construction
(images by the thesis author, published in: Flor et al., 2017)

The currently most widely used active mechanism for ETFE cushions is a triple
layer system which employs positive and negative, reflective printing patterns on the
middle layer and the inner or outer layer. These primatternsfit exactly when
overlapped, covering 100% of the cushion surface. The middle layer position can be moved
by the control of the air pressure within the cushion chambers, making it geometrically
overlap, either with the inner or outer layer. This allowsstijient to achieve a partial
percentage of light translucence or total coverage, depending on the layer position, as can

be seen in the diagrams and schematic sectiofigofe2.6.
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Figure 2. 6. Dynamic triplelayer shading mechanism for pneumatic foil constructions,
functional diagram and rendering@$ection in perspective view

(image by the thesis author, published in: Flor et al., 2017)

The ETFE cushion assembly comprises three foil layers,-inmé&idle- and outerlayer

(IL, ML, OL), which are welded aitight and clamped to a structural frame on the perimeter
edge, forming the shape of a rectangular cushion, when fully inflated with air. The cushion
becomes a preensioned structural system through #ir pressure inside the cushion, able

to carry external loads. The middle layer divides the cushion into two air chambers, C1
(between the ML and OL) and C2 (between the ML and IL), with individualedwes. All

three layers have the same but symmalisicmirrored, threadimensional synclastic
geometry. The position of the middle layer within the boundaries of the cushion can be
changed by inflating one chamber and deflating the other. The middle layer overlaps
geometrically either on the inside of timmer or the outer layer. The middle layer and the
outer layer are printed with a reflective frit ink. The pattern of the frit is a geometry which
covers approximately 50% of the surface area of the middle and outer layer. The pattern is
shifted in a wayhat when the foils overlap, the unprinted areas of the inner foil are covered
with the printed areas of the outer foil and vice versa, arriving at a 100% covered or
Acl osedd position. When chamber C1 is 1infl
changes its position and moves from the geometric position of the outer layer to the inner
layer. While it does so, the geometry of the middle layer flips over from a convex to a
concave shape. When the external air chamber C1 arrives at the maximum @resslire

air is evacuated from the inner chamber C2 the middle layer is geometrically overlapping
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with the inner | ayer and has arrived at

functional components is shownHkigure2.7.

[switchable] pneumatic multi-layer
foil construction
system
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Membrane stress

Frit print

Perspective view Clamping profile

Boundary perimeter

Figure 2. 7. System overview of a pneumatic me#iyer foil construction (switchable)
(image by the thesis author, unpublished)

The light transmittance of the foil cushion changes when the fritted middle layer is moved
from one position (open/closed) to the other. This movement is achieved by redirecting the
air supply and changing the internal pressure of chamber C1 and C2r Sinepdy for the

foil cushion is generated by an air blower which connects to valves at chamber C1 and C2
of the foil cushion. The air blowaperates with a highir volumebut at low pressure.
Based on a case study building applicatiamg tifferent sclkemes for the airflow control

of the shading mechanism of trigeeyer ETFE cushions were identified and explofidte
diagrams inFigure 2.8 A and B show the two alternative air supply system and the

switching process as a step by step working iohemean Figure2.9.

t
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Figure 2. 9. Function flow chart of pneumatic switchable trifdger foil cushion
(image by the thesis author, published in: Flor et al., 2019)
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This mechanism has been reported in several stuBi@sakis, 2009 Gémez
Gonzalezt al, 2011;Knippers et al., 2011IXie, 2011;Chilton, 2013;Juaristi & Monge
Barrio, 2016 Shahin, 201Pand was first employed in a building for the World Exposition
pavilion ADual es System DIidanrtower ®Germany d 200 S D)
[Forster & Mollaert, 2004L.eCuyer, 2008 The project comprised an 1800 m? active
shading facade composed of a triple layer system with positive/negative frit patterns. In the
same year another innovative building complexjfifee st o Technol ogy Cen
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building with a 2655 m?2 roof structure of trigieyer ETFE cushions was constructed in
Germany, and later in a scaled version for a branch project in France. A similar system as

in the DSD project was employed, witlettkame mechanism of a switchable middle layer,

but with a different frit pattern. In this case, the frit pattern was laid out as a squared
checkerboard pattern. This project was f ol

UK in 2004, where a courtyamwas covered with a dynamic ETFE roof which employed a

rectangular frit patterras can be seen in the image§igure2.10.

Figure 2. 10. Project Images: A) Duales System World Exposition Pavilion, Hannover
Germany; B) Festo, Paris, France; B) Kingsdale School, London, United Kingdom,
(photos®© Vector Foilteg retrieved fromhttp://www.vectorffoiltec.com,accessed 30th
April 2017, publishedwith permission in: Flor et al., 2017)

Several other projects incorporated the same or a similar mechanism in recent years
and are listed below Table2.1. In addition to the mechanism mentioned above, very few
alternative systems have been appliecbimmercial buildings. Retrtableopaque middle
layers have been employed in a 56 m2 ETFE skylight of atgéisn in Munich, Germany
in 2004 Moritz et al., 2005 Venetian blinds have been incorporated into membrane
envelopes only in a few bujtrojects. One case is the Association for Medical Information
(GFI) in MunichRiem, Germany, builh 2003, which incorporates solar shading lamellas
inside the air chamber of a triple layer cushion covering an area of 1X®stéf, 2003
The MediaTic building in Barcelona, Spain built in 2009 is an experimental building
which integrated the above discussed dynamic tigyler shading mechanisms into the
facade. In the same building, a novel shading mechanism based on gas injection was used

for the first time, where the solar transmittance of the cushion was modified by pumping
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nitrogen into the air chambers of the ETFE cushi@tslfon, 2013;Juaristi & Monge
Barrio, 2016.

Table2.1

List of projects incorporatingnulti-layer foil constructions with integrated dynamic
environmental control mechanisms

(table bythethesisauthor, published in: Flor et al., 2017)

Project Name Building Application Mechanism Aream? Year
Duales System World Exposition Pavillion Facade A 1800 2000
Festo Technology Center Office Roof A 2655 2000
Society for Medical Information (GFI)  Office Roof C 120 2003
Kingsdale School School Roof A 5000 2004
Pasadena Art Center Cultural Skylight A 690 2004
Allguth GmbH Service Center Gasstation Skylight B 56 2004
The Mall Athens Mall Roof A - 2005
Archibald Vivian Hill Building Research Roof A 547 2007
ZEP Leisure Park Multiuse Skylight A - 2009
JinSo Pavilion Restaurant Roof A 600 2009
Lancaster University, ISS Building University Skylight A - 2009
Media-TIC Building Office Facade AF 2500 2010
University of Adelaide Learning Hub ~ University Roof A 9000 2011
St. Bartholomew’s Hospital Hospital Roof A 405 2013
RCS Pavilion EXPQ2015 Pavillion Skylight A 72 2015
Urban Algae Folly EXP02015 Canopy Roof A - 2015
[T Innovation Center University Facade A 1280 2018
Adelaide Botanic High School School Skylight A - 2018

Mechanism Type: A - Switchable fritted Layer, B - Retractable Opaque Layer, C - Rotating Lamella, F - Injected Gas

Recently, there has been a spate of interest in the more unconventional mechanism,
incorporating spray, liquids and bubbles as a strategy for dynamic environmental control
mechanisms at an experimenggdge. Mainini et al[2016] investigated the influence of
water spray on the thermal performance of a mechanicalgtpresed doublyer ETFE
panel as a strategy for reducing solar heat gains on buildiades during summer climate
conditions. The effectiveness of different spray nozzles in relation to the thermal
performance of the ETFE panel was tested. However, it was found that the system

performance improvement wasmewhatimited, as the water sprawhile effectively
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reducing the surface temperature of the foil, had only a small influence on the mean radiant
temperature. This was mainly attributed to the fact that water is a weak absorber of solar
radiation. The effectiveness of the system was thezeftrongly reliant on the volume of
water sprayed on to the foil. Previously a study with a similar approach had been carried
out [Xie, 201]. The evaporative cooling effect of water on the middle layer of a 4riple
layer foil construction was investigalteThis study found great potential in improving the
thermal behaviour of foil constructions with water. Numerical calculations and
experiments under laboratory conditions showed a reduction of the inner layer surface
temperature of up to 5°C. Other resdgprojects have explored the possibility of achieving
environmental control omulti-layer foil constructions with tinted fluidsHanke et al.,

2014. The fluids are circulated in pfermed channelsn-between the foil layers of the
cushion. The systerns madeswitchable from a transparent to a translucent state by
changing the tint concentration of the circulating fluid. The system is able to modify the
light transmission but also has the capacity to absorb and remove heat from the cushion. A
general Uvalue of 064 W/(m2K) was calculated for the system. The optical performance
was tested according to DIN EN 410 and shoalesbrption 085.7%, a reflection of 8%

and a solar transmission of nearlp¥% using a 5% blacktinted fluid. A similarsystem

was used for a showcase pavilion construction at the Milan EXPO Zdlttp &
Pasquero, 2019But instead of tinted fluids, an algae substrate was pumped through the
ETFE panels. The algae substrate would filker solar radiation eventualbnd absorb

part of it and provoke photosynthesis of the algae. The growth of algae enhances a
biological selfregulating effect on the shading performance of the canopy structure.
Another highly experimental mechanism was tested for double layer foil carmtaim
greenhouses where for thermal and solar control soap bubbles where injected into the air
chamber Rayner, 202D This allowed the system to be switched from the initial
transparent condition to a highly insulated and light scattering state.\ipexdtave been

built, and the thermal performance of the system was investigated. The results of CFD
simulations showed that liquid bubblesutd improve the performance of greenhouses.

The temporary increase of the thermal insulation with liquid bubkldisces the energy
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demand for heating in winter and the risk of overheating during the summer séason [
2009.

2.5.The thermal and optical behaviair of membrane and foil constructions

The complexity of the building physics of membrane and foil constructions raises
guestions of considerable interest for our understanding of the affecting parameters.
Various investigations have mentioned that the difficulty of describing the buildingghys
of membrane and foil constructions is mainly related to thequeoptical characteristics,
low mass and geometric complexifyhis sectiorreviewsthe most recent studiesported
in the literaturein an attempt to provide an overviewf ahe stateof-the-art of the
understanding of thilnermaooptical propertie®f membrane and foil constructions.

Fabric membranes are currently widely uskdt the off-trade of singlelayer
systems is the reduced thermadistance antheir limited visual translucencylherefore,
they are mostly employed in open or sapen structures, like canopies and walkways
where no special measures for thermal insulation are reqgaiddghading is more a need
then natural lightig. The building physics of spaces enclosed by single layer fabric
membranes have been comprehensively covered by Harvie and later by Devulder who
developed a thermal model, calculated the energy performance and validated their results
with monitoring datafrom multiple case studigddarvie, 1996 2015 Devulder, 2004
2007. Attempts have been made to improve the thermal performance of-lsipgitdoil
and membrane constructions by combining them with other functional layers. A study
reported on a system where ETFE foil was combined with layers of thermal insulation,
PVC/Polyester fabrics and silicon glass fabrics in order to create an drengsting
multi-layer system for a tensile building envelope, which resulted consequently in an
opaque system with little possibilities for creating working conditions with natural lighting
[Karwath, 2011 Similar studies had been previously carriediowestigatingmulti-layer
textile membrane constructions for inflated air halls where multiple layers of fabric textiles
were combined with insulation materials in order to improve the thermal performance. The

studies reported similarly on a significanduetion of the light transmittance up to the total
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opaqueness of the envelope which resulted in higher energy demand on artificial lighting
counterbalancing the savings for the better thermal performanogbardi& Canobbio,

2014. Advanced Air halls withmulti-layer membranes were also covered by Suo et al
[2013 and Cremers et a[2014 who reported on the design and construction of a
transpareninulti-layermembrane roof with improved thermal performance.

Multi-layer constructions, especially foil chi®ns, have been reported to have a
much better thermoptical performanceHowever,a general building physics model has
only partially been established what can be accounted to the multiple system configurations
and the lack of material and monitoringalaAlsq the integration of optical and thermal
calculations has been a reported problem in literature which has been studied by many
authors and is currently the concern of ongoing research projects. The following review
discusses the multiple studies relatethtodescription of the therrmptical behaviourof
transparent foil, and especiahyulti-layerfoil constructiongo outlinethe stateof-the-art
regarding the general understanding of their building physics:

RobinsonrGayle [2003 investigated the enviromental impact of transparent
building envelopes and measured the solar and visual light transmittance and reflectance
(Tsol 92%, Rsol 7%) of clear ETFE foils as well as thedlle according to BS 874
horizontal (2.7 W/m2K) for a triplelayer cushion conaiction for different radiation
incidence angles and observed better thermal performance in vertical than in horizontal
position. Another studypy Antretter p008] calculated the heat transfer through double
layer ETFE cushions using computational fluichdsnics (CFD) and compared the results
with experimental measurements of temperature distribution and heat flux taken from a
real scalenockup under realistic condition. The experimental climate data, heat flux and
internal and external air temperaturesevwesed to set up the boundary conditions of a CFD
model with similar dimensions to timeock-up. The CFD simulation was carried out using
the software Ansys Fluent. The characteribgtaviourof the cushion in each scenario
was outlined and the comparison showed good consistency what allowed for an
extrapolation with new boundary conditions, including different temperature scenarios and

angle orientation. The CFD simulations revealed the air temperature distribution and air
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velocities wthin the cushion chamber as well as the flow patterns in horizontal, vertical
and45-degreeangle position. The study concluded that without considering solar radiation,
the total heat flux is by 30% caused by convection and 70% by surface radiation. The
radiatve heat transfer increaswith the temperature differences betwdesinternaland
external side of the cushion surfadedependent from the inclination anghehile the
convective heat transfercreases with the inclination of the cushion. Patams like direct

solar radiation, thermal bridging of the clamping system and the constant airflow of the
pressure system were not taken into accomnich may limit the general applicability of

the result§Antretter, 2008 Poirazig§2009 discussed trmal and solar transmittance for
glazing units and ETFE cushions witly@neral approach and presented reldtiwealues

from a previous repoiSalz & Schepers 20Q6for double triple and quadruple layer
cushions, with values @9, 1.9 and 1.4 W/m2KespectivelyWard et al[2010 measured

and calculated transmittance anedralue for different frit pattern prints on ETFE finding
for a clear f oi |, ndaftitbtovesagetohappeok. 6580dransnuttnce 0 0
of Tsol 47%. Printing of the foils with reflective inks is currently the most used technique
in the industry to mitigate the thermal and optical downside effects of HHeEet al,

2017; Mikkonen et al, 2018; Lamnatou et al., 2018 These seaalled frit patterns are
designed in a way that their geometry density per area reflects the required amount of solar
irradiation and reduce the solar gains in order to keep the indoor environment at peak
periods at araccepable thermal comfort level whilensuring sufficient natural lighting
[Ward et al. 201(Q. Recently a noveworkflow methodology for qualitative and
guantitative analysis of daylight performance of pneumatic ETFE foil cushions with
printed frit pattens was proposeby RoudsarandWaelkens [2015]The complexity of
mapping frit patterns onto a doukdarved surface was addressed using parametric open
source software application$he study aimed with the newly developed workflow to
automate the dayhting analysed with Radiance for a range of frit print variations with
different pattern sizes for a ETFE cushion proj&iven the flexibility of ETFE for the
application in complex building geometries, the number of individual cushion modules ,

with a particular shape and orientation, rises according to the division ratio of a

€
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multifaceted building envelope and increments the number of cases to be considered for
design variations and daylighting scenaribse schematic study shown belawFigure
2.11 demonstrates the complexity of different reflection patterns of solar rays for different
orientation angles of printechulti-layer cushionswith a switchable middle layeiThe
interaction between solar angles, curved geometry, cushion orientatidcheapdnting
pattern igntricate and it is thus of interest to learn how the different parameters are related
to one another and affect the therojtical performance. Opportunity for future research
addressing the building physics of shading mechanisrasintegrated way is evidedit
the proposed solution resides within parametric and automated design and analysis tools.
Knipperset al. 011 measured and calculated transmittance andalue for
different foil thicknesses, frit coverage and cushieith different layer combinations and
presented a thorough description of the building physicswdti-layer ETFE cushion
constructions. Cremef2011] discussed thenergysaving design of membrane building
envelopes and reviewed several ETgfBjects which employ energgaving or producing
strategies. He compared the optisahaviouof different membrane and foil materials and
reviewed an energy model fowulti-layerfoil construction which was earlier presented by
Knipperset al.[201]]. A reproduction of the energy modelsisown in Figure2.12.
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Figure 2. 11. Ray reflection for different orientation angles of switchabldti-layer
ETFE cushions itheopen and closed position
(image by the thesis authampublished)
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Figure 2. 12. Building physics of a pneumatic cushion structure
(image published inCremers, 2011

Improvement of the energy performance of foil constructions was also investigated
by Maxaet al.[2017, who presented an experimental design where ETFE foil and float
glass were combined into a novel system. The light transmittancerotittidayersystem
was measured for different spectral ranges and incidence angles in a field experiment with
hot boxesDimitriadou [2013 calculated the transmittance (Tsol 91%) anWaue (2.9
W/mz2K) for a double layer cushion of clear ETFE foil and a double layer with frit on the
inner layer (Tsol 54%) making use of IES simulation software. The results were validated
with an experimental tesfDimitriadou & Shea, 2015Dimitriadou 201%. Two
experimental setips using hot boxes under real sky conditions evaluated the thermal and
energy performance afnprinted and printedingle and double layer ETFE foil panels
comparedto double glazingThe comparison of the measurements with the simulation
results showed good consisteneith a satisfactory level of correlation with a bivariate
correlation coefficient of 0.98 and an error of 0.001 kWh for the energy consumption of,

bath, the doublegglazing and ETFE sampl@8ased on the results of the study it was
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estimated that a building with a fritted ETFE cushion roof would consume 4.9% less energy
for space conditioning, compared to double glazing, and a roof with clear ETFEnsushio
would consume 3.5% more enerdyainini et al.[2014 investigated the influence of
soiling effects on the thermal and optical transmittance of ddapér panels of ETFE.

The visual transmittance was measured for different incidence angles andrited tresat

flux measured horizontallyy exposing the sample singdeledto a guarded hot baxith

a controlled temperature scenaribhe U-value was determined with measurements
obtainedbefore and after the soiling had happened (EN673 HF draak 3.0 W/mz2K).

Martin et al. [2015 testedthin doubleskinned framedanels with differenETFE foll
thickness in a climate chamber measuring the thermal flux through the panel in a vertical
position and calculated the-value (3.0 W/m2K) using results frothe test. Buchner
[2019 calculated the annual light transmission anddlue for a double layer ETFE
cushionusing newly developed softwai®pposed to the steadyate approach of the DIN
normative (DIN 6946, DIN 673Buchnercalculated a variable monyhJ-value according

to the fluctuating temperatures of the annual seasons. The values ranged frawni?R4

in July to 1.43W/m2K in December. This seems to be a more realistic approach but lacks
the back up of any normative. A similar approach had ptesly been presenteuoly
Kaufmann [2013]n a study where the-Malue was calculated from the dynamic heat flow
measured oanETFE cushion.

Another widely adoptedtrategyto improve the thermal performaniseto simply
increase the number ofishion layers in order to increase the thermal performance of the
facade module by adding with each air chamber and ETFE foil to the overall thermal
resistance. kalues comparable with double pane standard glass windows can be
achieved making use of ths strategyWith each additional layer of ETFE foil, which
subdivides the cushion inner chamber volume, and adds two additional surface resistances
(between air and membrane on both sides of the foil layer), contributing to the overall
thermal resistancaVhile thermal conduction through the very thin ETFE foil is not
significant for the overall thermal transfer, convection on foil surfaces and in the inner air

chamber are of great importance for the thermal insulation properties of the cushion unit.
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Thus, U-values significantly decrease with the number of layers as has been shown by
Lippke [2009] and Knippers et al. [2011], calculating thedlue according to the standard

DIN 673 and DIN 6946 for ETFE cushions with different layer numbers and cushion
orientations. While it was found that the air chamber width had only a limited influence on
the overall heat transfer, the orientation and heat transfer direction through the cushion had
a more significant impact. However, radiative heat transfer caused byati&tion is the

most import aspect of the thermal performance, as mentioned in the previous section and
shown in Figure 2.12. Unconsidered in this study but of the utmost importance in practice,
is the avoidance of thermal bridging at the aluminium pla profiles of the cushion,
avoiding undesired heat gains and losses as well as internal condensation. Key results of
the abovementioned studies are summarized in Table 2.2 at the end of this chapter.

In building practice, acombination of passive stemies such as previously
discussed reflective frit prints and multiple foil layers, is commonly appliedhasdbeen
reported forseveral commercial projec¢tior exampleon the roof structure o€anary
Wharf Crossrail station arwh an ellipticatshapednvelope for avinter garderproject in
Verona, ItalyfMonticelli et al, 2013. In both casegshe orientation of the cushion towards
the solar angle and resultant incident solar radiation was taken into accouomitesan
to design the frit patterrend decide on the layer application and percentage of coverage
density. The evident downside of these passive techniques ibeldasign is static and
usually calculated toespondonly to the requirements of peak situations or average
condition scearios. This contains the risk for overheating during summer or the lack of
natural light during the winter period.

A similar approach to the printing of the foil with reflective ink is the application
of Low-E coatings to the filmjreducing the emission of longwave radiation. This technique
is mainly used by ETFE foil manufacturers avbffer Low-E coated foils as standard
products of their catalogue. Cremers and MHR14 measured and compared the
transmittance and Walue of clea ETFE foil and a new ETFE foil with infrared light
absorbing properties. The study included simulations on the effect of the building envelope

on the environmental performance of buildings in different climate regions. The



Switchable ETFE facade€hapter 2: Literature Review 79

performance of the foil was cqrared to conventional clear and printed ETFE foils by
computational dynamic simulations using climate data sets. Optical measurements were
conducted on the new foil, conventional clear and silver printed ETFE foil in order to derive
by spectral analysis ¢hcoefficients for transmittance, reflectance and absorbanee on
different wavelengthA reproduction of the results is shown in the grapkigtire2.13.

The measured data was imported into the raytracing programs Optics 6 and Window 7.4 in
order to geneate angle dependence data which was required for further energy and comfort
calculations in the program TRNSYS. The main parameters for the performance evaluation
of the foils were considered to be the operative temperature and surface tempenathre
allowedthe calculation othe heating and cooling demand during a period of time. The
results showed generally good performance for the tegstdmsbput the novel low €oil

would most likely outperform conventional ETFE foils in some climatic rediGnsmers

& Marx, 201§.

UV VIS IR-A IR-B IR-C

wavelength [nm]

——Transmission ETFE - clear Transmission ETFE - silver printing 65% ——Transmission Nowoflon 6235 Z-IR

---- Reflection ETFE - clear Reflection ETFE - silver printing 65% ---- Reflection Nowoflon 6235 Z-IR

Figure 2. 13. Measured spectral data for ETFE foils
(image published in: Cremers & Marx, 2016)

A recent studyfLiu et al., 201§ about the solar radiation properties of common
membrane materials used in roof structures was carried out to determine the effect of the

solar load/heat gain to the supporting steel structures underneath. The solar radiation
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coefficients of common membramoof materials were obtained from systematic specimen

tests. One of the evaluated materials was ETFE foil with different print and ink variations.

While the solar radiation coefficients of transmission and reflectance of the material
samples were obtaidexperimentally, the solar absorbance was derived numerically using

the equilibrium formula of Kirchhoffds | aw
applied to determine the solar radiation transmittance of ETFE foils with different printing

dot ratos and different layer numbers. It was found that the printed frit patterns have a low

solar transmittanceand a high solar reflectance and absorbance coefficiaritich
consequently mod#sthe overall solar performance of the foil according to the rai

theprinted area.

Integration of energyproducing elements into the building envelope is a relatively
new trend in the building industry and has been investigated broadly. PV cells are now
being integrated into membrane and foil cushion systemsitdiiagive thermal exchange
between the foil cushions and the PV cells is of much interest because of the thermal
sensitivity of the PV cellswhich influences on their efficiencyHu et al. [2015]
investigatedthe thermal performance of triplayer ETFE cushions with integrated
flexible photovoltaic cells. The study focused on the temperature distribution within the
cushion, the role the photovoltaic cells may play in the thermodynamic processes and the
influence on the thermal performance which raffgct the overall building performance
This topic is not directly related to the focus of this study but gives an outlook to the broad
interest of understanding the environmebtgthaviourof membrane and foil constructions
and the applicability for fiure developments.

It can be concluded thaia thermal and optical performancekofetic multi-layer
ETFE systems has been described in the literature only to a limitetiregdng reference
merelyto the potential benefitsvith scarce or no evidenegall onsimulated or monitored
data on the performanae building applicationsDocumentation of the few built projects,
which employ this technology, is limited to photographs and schematic diagrams of the
me ¢ h a nprirgiphdbsit no data on energyrflmance has been published so far.
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Table2.2
Thermaooptical properties of ETFE foil constructions from different literature sources
(table by the thesis author, unpublished)

Layer & Material U-value Transmittance Reflectance Literature
Combinations [W/m? K] T, [%0] R, [%] Reference
Single layer, ETFE Foil, : Zg ? E%
100 pm, clear ) Tvis 93 ) (3]
Single layer, ETFE Foil, ) 9 7 (7]
150 pm, clear

Single layer, ETFE Foil, ) 60 25 2]

150 pm, clear, 5 mm dots frit

. : . 5.8 (DIN 6946 HF hori.) 93 6 2]
Single layer, ETFE Foil, 6.8 93 6 3]
200 pm, clear ) 91 8 (7]
Single layer, ETFE Foil, 200 : g; 3_0 B}
um, clear, approx. 65 % frit ) 57 30 [3]
Single layer, ETFE Foil, 250 ) 20 3 [4]
um, clear
Single layer, ETFE Foil, 2.50 ) 37 37 [4]
um, clear, approx. 63 % frit
Single layer, ETFE Foil, 2?0 ) 16 59 [4]
um, clear, approx. 80 % frit
Double layer, ETFE Foil, 3.0 (EN6T3 hori) 81 ) [6]
100 pm, clear 31 ) ) [9]

. 3.0 84 - [2]
Double laifer, ETFE Foil, 33 /30 gﬁgiﬁ ] ) [10]
200 pm, clear 29 91 _ [5]
Double layer, ETFE Foil, 2:8 (DIN 6946 HF hori.) 6-9 1_5 %ﬂ
250 pm, clear 30 _ ) [9]
Triple layer, ETFE Foil, ‘ . 10 50 [4]
250 pm, clear, 63/63/0 % frit
Triple layer, ETFE Foil

’ i 2.7 horiz. - - 7

150/50/150 um, clear (BS 874 boriz) (7]
Triple layer, ETFE Foil, 20 77 ) 2]
200 pm, clear
Triple layer, ETFE Foil, ) 57 23 [4]

250 pm, clear

References: [1] Ward, 2010; [2] Knippers, 2011; [3] Cremers and Marx, 2016; [4] Liu et al., 2016; [5] Dimitriadou, 2013, 2015;
[6] Mainini et al., 2014; [7] Robinson-Gayle, 2003; [8] Johannes F.J. Maxa, 2012; [9] Martin, 2015; Lippke, 2009 [10]
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The dire¢ comparability of the measured and calculated values from the reviewed
studies is somewhat difficult due to the great variety of measurement methodologies and
tools. Additionally, the specification details of the tested materials are not always clear.
Thecalculation methods and software used are also varying from study to study. A lack of
information regarding details on simulation parameters assumed model simplifications and
geometry definitions for the simulated cushion systems could be noticed irofibst
reviewed studies. A selection of the most complete anddeéihed values, calculated or
measured, for optical transmittance, reflectance awmdlues found in the literature is

summarized in a comparative Table 2.2lw® previougpage.

2.6.Chapter summary

Thischaptelinvestigated the material characteriso€& TFEfoils andoutlined the
working principles opneumatic foilconstructionsAdditionally, an overview of the main
applications in building envelopes wprovided including a gereral description of the
thermal and opticddehaviar. The main goaof thischapter vereto provide a theoretical
basefor the investigatioscarried out in the following chapters, prowiga comprehensive
overview of ETFE as a building materiahd recording benchmarkvalues for the
comparisorof its thermal and optical behawoin alternative scenarios

The method usetbr the study was based on a comprehenkigeature review
which collected systematically material asglstem performance data from different
sourcesAdditionally, stateof-the-art projectswere visited orsite inthe United Kingdom,
Germany and Spaineveapplicationsof static andswitchableETFE cushions in building
envelopesvere reviaved and documented.

The results from the literature review revealed évain though ETFE as a building
material has beeinvestigated extensively, most of the studsus on the structural and
form-finding aspectsand considerably less on the thermal and optical performance.
However, it was found that recently there had been a widespread infesastboth
industry andscience on theenvironmentaperformance of buildingscorporating ETFE.

It was found that this spate of interest was due to the facEIaE was being applied
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more frequently in building envelopegading to a recenihcrea® in researchstudies
related tothe energyanddaylighting performancef ETFE Moreover,it was found that
the knowledge on the thermahnd optical performanceof ETFE multi-layer foll
constructions was scatteradd, in some caseasconsistenamong different sourcewith
specific information on switchable ETR&shionscompletely lacking It was therefore
decidedthat a comprehensive approaochvardsevaluathg ETFE as a building material
was requiredo gain undamental understandiingthe thermal and optical charagstics
which would enabldurtherinvestigatonson the effect®f ETFEon thebuilding energy
performance.

Corresponding to the identified knowledge gap in the literature retihenaim of
this thesisas stateth detailin sectionl.3, is toobtain a better understanding of ttienate
adaptive behaviour of switchable ETFE facades tenable the predicn of the
environmentaperformance in buildingnvelopesand estimatepotential energy savings
and daylighting performancélerein the main bjective is as stated in sectioh4, to
identify the multiple aspects asystemdesign controlandmaterialparametershat affect
the climateadaptivebehaviourof switchable ETFE cushions order to evaluateand
guantifyif their application couldignificantly improve thenvironmentaperformance of
buildings in comparison toonventionalbuilding facades oother types of static ETFE
doubleskin fagadesThe research studiesarried out to fill theknowledge gamn the
thermal and optical characteristics of switchable ETFE cushidhse covered in the
following two chapters, three and folrurther studies on investigating teféects on the

daylighting and energy performance of buildings will ddrassed in chaerfive and six
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Chapter 3: General Methods

3.1.Introduction to chapter three

This chapter outlines the methodological approach to the proposed research project
and links a review of appropriate methods to the specific methods adaptethahiteial
studies reported in chapter four to eight. Due to the diversity of the different
methodological and technical requirements for each of the individual research studies
presented in this thesis, the specific methods applied to test and analysacing
environmental parameters, and systgmacific aspects of building physics are discussed
in individual project related methods sections throughout the chapters of the main body of
the thesis. Here in chapter three, an overview is provided, sumngrilze principal
research methods and techniques used in each of the clodiitersnain body of the thesis
followed by a critical review and discussion of alternatives that let tgultedselection

of the chosen methods.

3.2.Methods outline

This seabn briefly outlines the methods used in each of the chapters as a mode of
introduction for the following detailed review and discussidfith the aim to identify
research gaps the method used in chapter one is based on a preliminary literature review,
scaning and outlining the current stadéthe-art on research and technology regarding
switchable ETFE facades and linked aspects of energy efficiency of buildings. Chapter two
reports on the thermoptical material properties and general system charaatsrisf
switchable ETFE facades and uses a systematic literature review as well as specific case
studies as the primary method of research. This chapter three critically reviews appropriate
methods employed in science and industry to study and charadtexideermeoptical
properties and predict the energy and daylighting performance. Chapter four employs

forward raytracing techniques to evaluate the effects of coatings, shape, and solar angles
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on the overall transmittance and reflectance on the opecidrmance of switchable ETFE
cushions. Chapter five investigates the 1t
experimental methods and standard calculations to determine heat flux and thermal
resistance of a reaize mockup sample under different slate scenarios. A large climate

chamber and multiple measurement devices were used as the primary research tools.
Chapter six investigates the natur al dayl i
cushions, with a focus on the effects of the agdaptiechanism usingphase parametric

simulation techniques. Radiance 4tagcing software with BSDF data, derived from
spectral anal ysis of ETFE materi al-damampl e s
based wholéuilding energy simulation techniquesitin EnergyPlus software to
investigate the energy performance of buildings incorporating switchable multilayer ETFE
cushions. The eighth and last chapter of the main body of the thesis investigates the user
perception of ETFE cushions in double skinlding facades. The view clarity and

emotional response to window views through ETFE facade systems were evaluated within
immersive environments, using virtual reality equipment and a developed questionnaire
applied to a sample of volunteering participa@igapter nine summarizes the findings of

the previous chapters and states the conclusions of the thesis.

3.3.Methods for the optical characterization ofETFE foil constructions

Characterising the optical properties of translucent materials and building
components is well understood and basadnethods developed around classical and
physical opticsHowever, complex fenestration systems with novatarials and complex
geometries, such as pneumatic mladgier ETFE foil cushions, require a combination of
specialized methods to approximate a full description of there characteristics. Research has
focussed, in the past, mainly on the structural aspédtsl constructions, being the most
common type a pneumatic structure in the shape of a cushion, which consists of at least
two foil layers and is pressurized with air for structural stability. Only recently has the
optical performance of ETFE envelopasen addressed in depth in the literature [Pohl,
2010; Knippers et al., 2011; Llorens, 2015; Liu et al. 2016]. This development, along with
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the increasing number of built ETFE structures, has opened questions about the need for
climateadaptive foil systams [Lippke, 2009; Ward et al., 2010; Haase et al.; 2011;
Kaufmann et al. 2013; Mainini et al., 2014; Lau et al., 2016; Hu et al., 2017; Lamnatou et
al., 2018]. Although extensive research has been carried out, validation of predictive
analysis results withpecialist software packages and monitoring data remains a challenge
for designers and researchers. The experimental determination of the optical properties of
a full size inflated ETFE cushion is impractical and current instruments for physically
deriving detailed information about reflection, transmission and scattering effect on both
sides of the sample for multiple solar incidence anglescribed by the Hirectional
scattering distribution function(BSDF) could only be achieved with alarge
gonioplotometerWhile studies had shown a high degree of accordance between computed
and the measured BSDF [Andersen et al., 2005; Grobe et al.,,26d%jmon
goniophotometry techniques only allow foelatively small samplesand speciality
equipment iscostly and rare. Classical spectral analysis provides here a generally more
accessible route of optical analysis and is widely available. Outputs of spectral analysis are
also commonly used as input data for simulation programs to calculate the performance of
anoptical system.

Ray tracing is a computational method used to calculate the trajectory of light and
the refraction, reflection, and scattering effects through optical systems by the
representation of beanasd is evaluated for this study as an altereatdr experimental
characterisation of optical properties of ETFE cushidrig theoretical base for ray
tracing was initially developed by Spencer and Murty [Spencer & Murty, 1962] and is now
a widely accepted technique to aid the design of solar engstgnss and solar facades
[Kampf & Scartezzini, 2011; Sun et al., 2017; Eltaweel & Su, 2017; Connelly, 2017]. The
use of raytracing for the analysis of the optical behaviour of the rajter cushion system
seemed, therefore, appropriate in this studlgy-tracing has been used previously to
examine the optical performance of CFS (Complex Fenestration Systerds)y$en et al.,

2005; Chan & Tzempelikos, 2012; Sun et al., 2016; Sun et al., 2016; Wu et al;, 2016

Capperucci et al., 201and offers a practat method to virtually trace solar beams through
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geometrically complex components such as pneumatic foil constructions. The results of
the reviewed optical simulations showed a distinctive optical profile for the switching
modes of the cushion and providesights into the angldependent behaviour of the
different designsSince the study proposed in this thesis aims to investigate the optical
performance of switchable ETFE cushions in the open and closed mode under different
solar angles and carry ouB&0-degree analysis, this was another in favour of the evaluated
method. Software packages such as SolTrace and TracePro, able to handle radiometric and
photometric physical light models, were considered during the evaluation process as
suitable tools fothe intended task [Cruz et al., 2017]. Details on the softwareeudfic

details on the simulation sap will be provided in the relevant chapters four and six.

3.4.Methods for the thermal characterization of ETFE foil constructions

Characterising ththermalproperties of translucent materials aminponents used
in building envelopes is an essential step on the path towards the energy efficiency and
sustainability of buildings and the built environment. Therefore, this section provides an
overview of tie multiple methods and techniques which have been reported in the literature
to investigate the thermal performance of transparent ETFE foil constructions.

Studies from the literature frequently report on the potential of adaptive building
envelopes to substantially improve the energy performance of buildings. However, due to
the geometrical complexity of pneumatic structures and the specific material characteristics
of ETFE, switchable foil constructions are hard to characterize with sthodkulations
and state of the art simulation softwahultiple evaluation criteria for solar control
systems in building envelopes, such as switchable ETFE cushions, have been elaborated
[Kuhn, 2017]. For the evaluation of the thermal performance siitlulation software, the
R-value is commonly required as an input to specify the thermal resistance of a building
component. International building codes and standards have adoptedvieelas a
coefficient, which allows the building industry to quéyntand compare the thermal
transmittance of building components in order to evaluate the overall heat transfer of the
building envelope. The Walue for different ETFE foil structures is frequently cited in the
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literature and compared to the common cleaxlde pane or reflective glazing [Chilton,

2013]. Numerical calculations based on available standards suggest ETFE cushions appear
to have a comparative or even better thermal performance than common glazing [Lippke,
2009]. However, questions about the wecy of the calculated values arise due to
difficulties resulting from the thredimensional geometry and sensitivity to solar radiation

of the ETFE cushions. The complexity of the heat exchange mechanisms in ETFE cushions
may be represented only to aiied extent by standard calculation methods [Afrin, 2016].

A more realistic approach for investigating the thermal performance of the ETFE cushions,
deriving U and Rvalue and validating numerical models, might be through experimental
testing, as the litature suggests:

For the Eden Project (2000, St. Austell, UK), a large biome greenhouse assembly
of geodesic domes, thermal performance tests of a triple layer cushion with 200 um thick
foil ETFE, were conducted using combined method of theoretical arsdy with
computational fluid dynamics and finite element analysis, and experimental testing using
the hotbox method. The tests were done during the planning phase to ensure that the
thermal performance of the building envelope would create and main&ireduired
climate for the tropical biomes to grow inside. Avelue of 2.7 W/rfK was reported
[Whalley, 2000]

RobinsonGayle investigated the environmental performance of transparent
building envelopes and carried out a number of thermal performansddlswing the
British Standard BS874 using a guardednmt. A small triplelayer ETFE cushion (150
emb50 €1nf®@0 em) with a surface area of 1964
and horizontal position. The -Walue calculated from the experintal measurements
found to rangefrom 2.59 to 2.73 W/rK, for the different positions, respectively
[RobinsonGayle, 2003].

In an investigation on the soiling effects on ETFE transmittance, Mainini et al.
[Mainini et al., 2014] also used the hotbox metifmitbwing, but following 1ISO 9869, to
determine the thermal performance of a clear ETFE ddapér cushion experimentally,

measuring 1050 x 1140 mm, with a foil thickness of 100 um. An approximate thermal
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transmittance value of 2.75 W#K in a verticalsample position was derived from the
experimental measurements which agreed well with the simulation results. In another
thermal transmittance assessment, a climatic chamber was used to test a double layer flat
ETFE panel, measuring 1200 x 1200 mm, witkaclparallel foils of different thickness
(100 em, and 250 e€m) and an air gavauesf 30
ranged from 3.00 to 3.06W/m2K.

In a more recent study, which aimed for the thermal characterisation of a double
layer ETFE 6il cushions, irsitu long term measurements using a set of insulated boxes
was used [Dimitriadou, 2015]. The cushion measured 900 x 900 mm, with a foil thickness
of 200 &€ m, of cl ear ETFE with silver ref |
Following numerical calculations of BS EN 6946 the deriveddlle, using mean values
from the experimental measurements was reported as 3.2 W/m2K for a horizontal position.
Variations in the Wvalue of ETFE cushions not only depend on the number of laydrs, foi
thickness, air chamber volume and frit prints, but also on the spatial orientation and
direction of heat flux. The Walue of @ ETFE cushion in a horizontal installation
situation, as for example in a canopyagbof structure, has an approximately tB60%
higher Uvalue, depending on the number of layers, for awapls orientated heat flow,
in wintertime, opposed to a dowward heat flow during summertime. Thewvdlue
variations using different calculation methods (DIN EN ISO 6946 and DIN EN 6&3) a
only minor in comparison to the differences caused by the cushion orientation and heat
flow direction [Knippers et al., 2011]. The difference of thermal transmittance between a
ETFE cushion in horizontal or vertical orientation is largely affectechbycbnvective
cells that form inside the air chambers of the cushion [Antretter et al., 2008; Lippke, 2009;
Knippers et al., 2011]. Experimental measurements conducted usingp@axhizdd shown
for a triplelayer ETFE cushion a lower-alue in vertical psition of 2.59 W/m2K in
comparison to 2.73 W/m2K in horizontal orientation [Robin&ayle, 2003]. These
observations are of importance for this study when considering the thermal characterisation
for switchable ETFE cushions applied to building facadesratihe main geometric

orientation of the cushion unit would be vertidakerall, these studies provide evidence
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that the hobox method is the most commonly used method for testing the thermal
performance of largecale samples with complex geometries, BRTFE cushions.
However, up to date, this method has not been used to investigate the thermal performance
of ETFE cushions with switchable shading mechanigosthe studies carried out in this
thesis project, an adapted, simplified version of the hatrbethod has been used. The
detailed description of the applied methods is provided in the methods section of chapter

five.

3.5.Methods for the daylighting performance prediction of ETFE foil constructions

Simulating the daylighting performance of adaptiveilding components in
glazing and facade systems is a complex matter. Various modelling and simulation
methods have been proposed in the literature and are currently still under evaluation
[Wienold, 2007; Do & Chan, 2018; Giovannini et al., 2018]. The puagrevaluated to be
used in this study to investigate the natural lighting qualities of semitransparent ETFE
doubleskin facades (DSF) are centred around climate data based daylighting simulations
with radiositybased tools and matrbxased methods thatyeon raytracing. The validated
programme package Radiance (by Greg Ward at Lawrence Berkeley National Laboratory
(LBNL) a part of the U.S. Department of Energy (DOE)) had been used in earlier studies
to calculate the annual daylighting performance otefBpaces with souttriented DSF
with different material combinations, an approach previously reported [Bueno et al., 2015].
Dynamic metrics, such as useful daylight illuminance (UDI), daylight glare probability
(DGPs) and daylight illuminance uniformitgtio (UR) developed to describe the daylight
performance comprehensively, with the illuminabased results that Radiance can
generate, were evaluated for this study. Those metrics had been used in previous simulation
studies as an alternative to thedit@nally used, but insufficient, dayligfht factor to
evaluate other transparent building materials [Nabil et al., 2006; Santos et al., Fang et al.,
2019; Sun et al., 2020]

The current state of the art method for the daylighting simulations is considered
be the validated fivphase method [GeiskMoroder et al., 2018], based on the previously
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developed and validated thrphase method [McNeil & Lee, 2013] which has been
extensively discussed in the literature [Santos et al., 2018]. Within thepihese method,

the process of light transmission and reflection between the external environment and
internal space is subdivided into three phases. In the first phase, the flux between the sky,
dominated sky matrix, and the external surface of the windowedataylight matrix, is
calculated. The second phase consists of the flux passing through the window, from there
external surface or daylight matrix to the internal surface, referred to as the transmission
matrix. The third phase accounts for the flux fréme inner side of the window, i.e.
transmission matrix to the interior analysis space, referred to as view matrix. The five
phase method can be understood as a more sophisticated, advanced version of the three
phase method, where the weattata based skyatrix is subdivided into the direct solar

and diffuse sky component. The solar component is replaced with a more precise solar
model making the overall daylighting simulation results more accurate and realistic in
appearance [McNeil, 2013]. Both methadake it computationally feasible to simulate the
daylight performance of complex fenestration systems using bidirectional scattering
distribution functions [Ward et al., 2011; Ward, 2011]. BSDF data is used within the
calculation process of the fiyghasemethod as the proxy representation of a complex
fenestration system (CFS) such as a DSF with ETFE cushions. The specular and diffuse
transmission and reflection of a CFS must be precalculated for 145 patches of light ray
incident angles on a Klems hemisphen both sides of the CFS using the genBSDF
program, part of Radiance software [Molina et al., 2015]. A simplified proxy geometry
with the assigned BSDF material matrix of the CFS can then be used within the simulation
process thus reducing the time ammmputational power required to calculate the annual
daylight performance based on hourly weather data [Brembilla et al., 2019]. The light
transmittance and reflectance of the ETFE material needed for generating the BSDF data
can be determined experimetgalsing common spectral analysis and calculation methods
following international standards ASTM D1003 and BS EN 410 [ASTM 2013; BS/EN,
2011]. In the industry, the leading ETFE foil manufacturers (ASAHI GLASS Co., LTD.,
NOWOFOL ® Kunststoffprodukte GmbH &o. KG,) currently use these methods to
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specify their productsThe virtual generation of BSDF data with +mgicing methods had
been validated previously with a study on complex solar screens [Andersen et al., 2005].

The combination of different BSDF maitd matrixes allows to test hypothetical
complex fenestration systems (CFS) and compare them to standard-glaabig
solutions under different climate conditions. In order to obtain a comprehensive overview
of the daylighting performance with sufficiedata resolution, the use of annual weather
data with hourly values was considered for the research of this study. Opposed-ie-point
time analysis, used previously to look at the performance at specific days and hours of the
day, novel analysis approahconsider simulating every hour of the year, resulting in
8760 sukset for each simulation scenario [Brembilla et al., 2019]. This approach is made
possible with more efficient simulation methods, using automation routines and BSDF
data, and the availdhy of hourly weather data in online databases [EnergyPlus, 2018].
Comprehensive meteorological data compiled into ready to use weather files is available
at effectively no cost for a wide range of places and cities around the globe [Deng et al.,
2016;Fela et al. 2019]. The great advantage of this method is the comprehensive analysis
of daylighting conditions for virtually any place on earth, which makes it feasible to
evaluate the suitability of different glazing systems in different environmentdianrades.

For the simulation procedures in this study, a new integrated parametric control
approach was adapted [Do et al., 2018], coupling several of the-dbsgsbed methods
and software, enabling efficient control of the simulatjggrameters and processes
[Qingsong et al., 2015; Ghobad, 2018; Toutou, 2018]. The advantage of this approach is
the ease of control and visualization of dataflows and the possibility for the automatization
for simulation routines. A detailed descriptiontbé applied methods is provided in the
methods section of chapter six.

3.6.Methods for the energy performance prediction of ETFE foil constructions

Over the last decades, ETFE has been used extensively in the building industry as
an extruded thin foil in mechanically or pneumatically prestressed building envelopes, due
to its lightness, transparency and resistance [Hu, 2020]. However, in the ldeoatiyra
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few studies have reported on the energy performance of buildings with ETFE enclosures
[Hu et al., 2016; Harder et al., 2019] and even less have demonstrated an attempt to analyze
the effect of ETFE in a doubkkin facade. A possible reason fbistgap in research may
reside in the complexity of simulating ETFE foil construction with current energy
simulation software and the unavailability of detailed data for the optical and thermal
material characteristics required for the simulation inputs Tha challenge for whole
building energy simulation to be carried out and limits the understanding of the energy
performance of ETFE doubkkin fagadesTherefore, liis section reviews some of the
most recent studies reported in the literature in otdezvaluate the applicabilitgnd
limitationsof the used methods &xhievethe goals of this thesis, which aims to assess the
energy performance of buildings with ETFE doubkén facades.

Due to doubleskin fagades' inherent complexity, reported exaspif simulation
studies are rare in the literature. One of the most recent studies which investigated the effect
of ventilated DSF designs including a transparent and white dingge ETFE foil on the
lighting, heating and cooling energy consumptionafavinter and summer condition in a
hot Mediterranean climate (Naples, Italy) using a combination of WINDOW, Radiance and
TRNSYS software for the modelling and simulation procedures [Scorpio et al., 2020]. The
model for the energy simulation mirrored agd@room test cell facility with a souflacing
facade. The findings showed, for both the clear and white ETFE DSF, an improved energy
performance with a reduction of 9.4% for the heating demand during winter and 34.9% for
cooling demand during the summsrenario. However, the assumptions made for the
material modelling of the ETFE revealed limitations as they were based entirely on
theoretical values. The DSF geometry was modelled as a flat-taygled unit which
hardly can represent a realistic apgtion of ETFE in the building constructions, were
doublecurved single layer and inflated doulbdger cushions usually are the norm of
common building practice. Besides these limitations, a single climate study may not be
sufficient for a general statemtembout the validity of the results as it is the only
representative for the specific case of Naples and does not offer any differentiated view on

the performance in other climate zones.
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Significant analysis and discussion on the application of diffemethods for
modelling the thermal behaviour of ETFE cushions was carried out by Cremers et al.,
[2019] investigating the influence of novel ETFE surface treatments with enhanced optical
and thermal properties on the heating and cooling load of buildindyfenent climates.

The study used different numerical models and commercial simulation software TRNSYS
for a whole building energy simulation of a mwdbne atrium building. Different ETFE
triple-layer ETFE cushion configurations were modelled and eggdh the fagade and
atrium cover of the building model. The studied showed an improved energy performance
for all ETFE fenestration designs; however, the most substantial energy savings for heating
and cooling were achieved with an ETFE cushion design &vibow emissivity coating
followed conventional frit printed designs. Under the cool climate conditions of Munich,
Germany, a maximum relative energgving potential of 29% for heating and 30% for the
cooling demand was predicted. In contrast, in thechotate of Riad, Saudia Arabia, a
potential energy saving of 60% for the cooling demand was achieved with a design which
employed the lowemissivity coating on the outer layer. A proposed theoretical design with
electrochromic switchable shading mecharssi PET was forecasted to deliver energy
savings of up 22%. While this is an interesting result and provides theoretical ground for
further discussion, the study came short of delivering more details and material
characteristics of the system as well agstematic description of the model-sptand the
influencing parameters, which might have affected the results, besides the climate and the
ETFE material itself.

Another relevant study investigated textile doutitéen facades using a software
combination of IES, Ecotect and Radiance for a whole building energy simulation and
daylighting analysis [Chiu & Lin, 2015]. The study analyzed the energy performance of a
multi-story atrium building under different climate conditions replacing the facade with
different membrane material options, including dynamic, responsive systems. The largest
annual energy savings were achieved with an operated shading screen of perforated PVC
polyester reducing the energy demand by 18%, 1%, and 12%, for the climate of Los

Angeles, Chicago and Abu Dhabi, respectively. Unfortunately, the study considered the
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ETFE facade only for the daylighting analysis and did not deliver any detailed analysis of
the parameters responsible for the improved energy performance achieved withithe othe
textile membrane materials. This methodological inconsistency made it difficult to
evaluate the performance of ETFE in comparison to other DSF designs. The lack of
methodological rigour, more 4{depth analysis of the results and development of a
hypothess for the improvement of the modelling of commonly used membrane facades
components is a shortcoming reflected in all the reviewed studies. Therefore, it is a crucial
point to be considered in the methodological approach of the present study to reflect th
interplay of the facade with the internal space realistically within the energy simulation,
using validated simulation tools and material data to evaluate existing construction
components for novel strategies in energy retrofitting of buildings.

The literature review revealed several limitations of current software
compatibilities to fully integrate therraoptical data of ETFE with the bandwidth
resolution of spectral analysis into whole building energy simulations. Up to the moment
of this thesis beingdited, it was not possible to incorporate BSDF data generated by
Radiance into the EnergyPlus simulation due to the currently limited implementations of
Honeybee to read and process BSDF files as IDF files. However, it is expected that the
modelling of theDSF materials as reported in the following chapters, provide sufficient
data resolution to obtain results which indicate a distinctive performance ranking of the
tested materials in the given scenarios. The limitations of the fagade modelling are taken
into account in the results and discussion section in the relevant chapters to factor in any
implicit bias due to modelling discrepancies. The study was also limited by the current
capabilities of EnergyPlus to model complex fenestration systems suchcdmablet=TFE
cushions. Simplifications and assumptions had to be made to model a climate adaptive
building fagade which in reality exhibits a complex geometry with unique optical
characteristics. Modelling sertiansparent, multilayered doukd&in fagadess currently
a challenge, and more flexibility would be a requirement for future building simulation
program version to respond to the increasing complexity of-states-art building

envelopes. In addition, the control of the switching mechanism o&daetive ETFE
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cushion is currently limited to a single factor, which is the illuminance, due to software
capabilities. For future studies, it would be highly recommended to incorporate multi
objective control logics which allow mediating between the reguents of energy and
daylighting performance. However, up to the finalization of the current literature review,
no software capable of simulating these features and meeting the compatibility criteria with
validated energy simulation software was identifiithe adaptations made to the
simulation methods to fulfil the requirements set by the objectives of this study are outlined
in detail in the methods section of chapter seven.

3.7.Methods for the evaluation of the view qualities of ETFE doubleskin facades

Conducting representative view experiments in a realistic setting to determine the
ideal material for a fagade project with specific requirements for natural daylighting and
view clarity is difficult. Changing lighting conditions in realistic settings dreldost of
fitting out a mockup with interchangeable glazing materials represents a real challenge to
repeatability and predictability of performance. Conventional glazing materials such as
glass are well investigated, and view perception is assumedatodrmemon experience of
daily life. However, the same assumption cannot be made for novel building materials such
as ETFE. Especially when combined in multilayered facade assemblies with other glazing
materials, view and lighting performance might have xpeeted effects on space
illumination and emotional response of the users. Therdfosethesisaimsin addition to
determining the energy and daylighting beneétsivestigate the user acceptance of ETFE
foil facades with the objective to deepen thederstandingf view perception and the
associated emotional statesrelation todesign parameters fanhancement diuture
applications in building envelopes.

In the building industry, it is customary to evaluate the visual qualities of a finished
building surface comparing harsamples from the production line to the final building
application, as for example a fagade or a window. It is common practice in the construction
business, the sample is held against the finished surface and visually cofngared
defined distance by professional representatives of the construction company, architect or
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designer and the client, which agree or disagree in consensus on the quality of the finished
product. For the case of transparent building components suefRES cushions, this
method is useful to determine the quality of the product; however, it does not provide
enough criteria to make a judgement on the view experience building occupants will have
in the finished building. Haze is the material property desg the wideangle range of

light scattering, while clarity provides information about the naramgle (<2,5°) light
scattering behaviour. Light scattering of transparent material can be caused by
imperfections of the material, such as surface roughaéssr material enclosures in the
material. The effect can be an unclear or distorted view through the material, undesired for
applications in building fenestration. A method used in the material manufacturing industry
as well as in the car industry tetdrmine the sethroughqualities of transparent materials

uses ahazemeter to measure the percentage of light transmission, haze and clarity. A
hazemeter comprises a collimated beam light source and a reflective sphere photodetector.
Light is sent throuly the sample reflected in the sphere, and the amount of reflected light
is measured following international testing standards ASTM D1003 and BS EN ISO 13468.
ETFE manufactures provide numerical data for the light transmittance level and haze in
the datashets of their foil products. Numerical data on haze and transmittance is a good
indicator for the material performance, but still provides little information on the actual
experience viewing a scenery through the material, or a complete fenestration system,
which would be impossible to test with a srsdhle hazemeter.

The development of a view clarity index (VCI), which provides a combined
evaluation of objective and subjective measurements offers a more differentiated criterion
on the view clarity of tmasparent building envelopes, such as ETFE foil cushions. A
simplified model for view clarity index was developed by Konstantzos et al. [2015],
looking at metrics of openness factors and normal visible transmittance of textile shading
material, and validatg the relation of both factors with experimental data obtained from
guestionnaires. This approach seemed more appropriate for the evaluation of novel

complex fenestration systems and was therefore evaluated for the work presented in this
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thesis, though,tdl challenging in terms of construction and logistics considering the
experimental test of several real size samples.

Creating large mockips and walkn experimenters room to test the view through
novel fenestration systems is expensive. It has beawlgped thathe experimentation
with a realistic, physiebased/irtual representation of complex facade and glazing system,
such as ETFE foil cushions, might lead to a reduction in costs for physical prototyping as
has been suggested previously [Kim, @2DIFacilitating prebuild testing of innovative
building solutions with virtual mockips might also allow for more flexibility and risk
taking in the decision making of the design process, leading to higher productivity,
enhanced user experience and udtiehy a better building performance [Heydarian et al.,
2015]. Immersive virtual reality tools have not been used previously for evaluating
different ETFE foil constructions. However, VR has been used in recent studies as a novel
and validated methodical pppach to complement the otherwise difficult task of obtaining
feedback from participants on experimental (luminous) viewing conditions of different
window views [Heydarian et al., 2015; Al#dhamid et al., 2019; Subramaniam, S. et al.,
2020].

Virtual realty equipment is a powerful tool to createimmersive environmerior
tesing alternative designs within the same space and lighting conditions, thus bearing the
potential for a better understanding of the impact of light and view on the space conditions
and user experience [Heydarian et al., 2015]. Using virtual environments for visualization
of products and spaces has been a reality for nearly fifty years, witrestalilished
technologies and procedures allowing virtual scenarios in which users/paandibehave
as in reality to be created [Naz et al., 2017; Gonz&tanco & Lanier, 2017]. In the
automotive, aeronautic, medical and, recently, in the building industry as well, immersive
environments are a practical tool for design reviews befor@tymhg and production
[Dunston 2010; Leicht et al.,, 2015; Zaker & Coloma, 2018]. While previously this
technology was very costly and the viewing experience through virtual reality googles
limited by optical resolution and computing power [Heydarian t28l14], nowadays

virtual reality equipment has become economically accessible and technically
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sophisticated enough to provide realistic simulations of reality for architectural purposes
[Majumdar et al., 2006; Portman et al., 2015].

The detailed methodogjy description and with some of the optimisations and
adaptions made to fit the purpose of this study is fully covered in the methods section of

chapter eight.

3.8.Chapter summary

This chapter gave an overview of the methods considered to fulfil the gbgeofi
this thesis. A Substantial review of methods considered suitable for the experimental tasks
conducted in the main body of the thesis was presented. Previous studies using some of the
proposed methods were analysed and evaluated. While far froningpesemprehensively
all possible methods to investigate the core topics of the thesis, the chapter instead focused
on tracing the trail of methodological decisions that let to the development ofispecif
methods, adapted and optimized to achieve the sgamls of the studies proposed in
each of the individual chapters. In the chapters, four, five, six, seven and eight detailed
descriptions of the applied methods are provided based on the review gui@sehis
chapter.
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Chapterd: Optical Charactemation

4.1.Introduction to chapter four

This chapter reports on the attemptaofoptical characterization afwitchable
ETFE cushiorbased on the findings from the previous chapter A parametric study
was carried out with the purpose of investigating the optical performative ®ivitchable
ETFE cushionn order to generate the base datafurther studies to be carried out in this
thesis focusing on adaptive building envel@s and its impact on building energy
performance regarding heating, cooling and lighting.-Raging techniques were used to
investigate the effects of surface curvature, frit layout and frit properties, on the optical
performance of the cushion in open and etbsiode. A range of incidence angles for solar
radiation were simulatedith the purposef deepemg the understanding of thengle
dependent optical behaviour for bawitching states of the cushioAs such, this study
provides additional insight intine optical behaviour ahulti-layerfoil constructions and
the factors of design and environment that potentially have a major impact on buildings
energy performance.

Researchieported inhis chaptewas publishednh 2018in a paper c-authoredoy
the applicant,supervisors and fellow PhD colleagués contribute to theoptical
characterization of switchable ETFE foil cushioRartsof the article viaich overlap with
the content obther chapters have been omiteeenodified to fit the structuref this thesis.
The full reference of therticle is given belowwith the title page and authors declaration

onindividual contributions to the paper detailed in appendizesd P

Flor, J-F., Liu, D., Sun, Y., Beccarelli, P., Chilton, J., Wu, Y., Optical aspects and
energy performance of switchable ethylkeafluoroethylene (ETFE) foil
cushions. Applied Energy, 2018. 229: p. 3.
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4.2.0ptical aspects of switchable ETFEushions

The optical performance of ETFE material, and ETFE foil constructions is an
important aspect for predicting the daylighting and energy performance of builDungs.
to their material thinness (t=12 0 0 , lownWeight (density = 1.75 g/cthand highlight
transmittanceover a wide spectrurgsolar = 93%, visible = 9097%), Knippers et al.,
2011; Wypych, 2016, ETFE foils present both risks and opportunities for their use in
building envelopes. ETFE allows one to build lighter while ofigribetter light
transmittance than glass, but uncortdbte conditions such as glare and overheating
during the summer season have been reported as potential problems of spaces enclosed by
ETFE foil constructionsWard et al., 2010Cremes & Marx, 2017. Added functionalities
with printing techniques, inks and material additives with high reflection, absorption and
low emittance properties are some of the developments of recent years that can be used to
improve the opticaand thermal performanad ETFE fdls and mitigate overheating and
glare.Actively changing the optical properties to adapt to changing solar radiation is the
strategy proposed in this thesifie pictures irfFigure4.14 showa demonstrator modeif
a switchable tripldayer ETFE cushion with reflective frit prim open and closed mode,

which has been created at the labora®of Nottingham University, UK

Figure 4. 14. Switchable foil cushion itheopen (A) and closed mode (B)
(photosby the thesis author, published in: Flor et al., 2018)
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The principle of tle switchableshading mechanism is based on changing the overall
solar transmittance of the cushion unit by controlling the air pressure in the two cavities
between the three ETFE layers to adjust the position of the moveable middle layer, thus

switching between open drclosed modas shown irFigure4.15.
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Figure4. 15. Transmitted and reflected light beams on a switchable foil cushion in open
(A) and closed mod¢B)
(images by the thesis author, published in: Flor et al., 2018)
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MongeBarrio, 2016), very little information has been disclosed on the building physics
of this adapablemechanism, and it is still unclear to what degree the dynamic performance
of the foil cushion is contributing to the overall performanéduldings. This gap in
knowledge is related to the fact that the relevant material properties data are only partly
available in the public domain, resulting in limited implementatiomaglighting and
energy performance simulations. The same applies to data tioolleaf longterm
performance and postccupancy studies, which have been carried out only to a limited
extent, as i n tThe ®&asd dadfn gtoh evhfeMesdiusser acc
evaluated Juaristi & MongeBarrio, 2016 but a clear link tolie envelope performance
could not be established. Tieéore themain purpose of thishaptelis to expand the body

of knowledge of the environmental behaviour aafaptivefoil constructions, aiming



Switchable ETFE facade€hapter 4: Optical Characterisation 103

specifically to investigate the optical performancewichabletriple-layer ETFE cushion

with a dynamic shading mechanis#k series of design parameters for ETFE cushions,
including geometry curvature and frit prints, were simulated under different solar angles
using raytracing methodswith the goal to charaerize the optical performance of
switchable ETFE In the following section, the employed methods and investigated

parameters of the optical characterization are presented and discussed.

4.3.Methods and parameters

This section and subsectiondiystly describethe geometry generatioprocessof
the pneumatic ETFE cushiamdthe modelling othe ETFEmaterial ad frit patternsThe
following part covers in detail theay-tracing simulation methodand model settings,
concluding with a description of tls#mulation scenarios for the optical model.

4.3.1.Geometry and frit pattern design

As thefirst step in this study of optical rayacing analysis, the cushion geometry
of an inflated tripldlayer cushion was generated. This was done using a combination of
3D modelling softwaréRhinoceros 5 SR7 64bit 5.7.31213.18395 Educational Version
Release 20132-13, by Robert McNeel & Associates)a series of plugins
(RhinoMembraneV2.0 64 Bit - 2.05 Releas01605-26, by ixRay Itd)and inhouse
developed software components. The fdimading procedure is based on the Updated
Reference Strategy (URS). This method generates the equilibrium shapeirapoil
stresses for tensioned membrane structuBdstfinger & Ramm 1999. The speific
method of modelling pneumatiulti-layer cushions has been described extensively
[Strobel et al., 20713The synclastic form of all three layers of the cushion is identical and
mirrored to form a symmetric geometry where the middle layer offseiarike or outer

layer. The generated threigmensional cushion geometry is illustratedrigure4.16 A.
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Figure 4. 16. Cushion geometryA) and variable sag to span ratio (2.5% to 15%hef
centresection B)
(images by the thesis author, published in: Flor et al., 2018)

For this study, the cushion geometry is limited to a 1 metre mette planar
boundary frame. While these dimensions eelatively small, compared to typical ETFE
cushions Knippers et al., 20J1they provide ease for the control and analysis of the ray
tracing simulation. The shape of the cushion geometry was controlled within a range of
boundary conditions, whetee main parameters are the span, which is the width of the
main section, and the sag, which is the maximum displacement of the layer curvature at
the centre of the main section relative to the span width, given commonly in percentage.
The cushion sag fdhe centre section was selected based on evidence from the literature
[Jones, 2000; LeCuyer, 2008zska, 2008Li & Yang, 2013, ranging in 6 steps from a
minimum of 2.5% to a maximum of 15% sag, symmetrically on both sides of the horizontal
boundary frame. The geometry of the cushion was controlled during the-foming
process by the parameters of surfacegbress and the inner pressure. Thatresection
geometry of each of the cushion samples is shovgiare4.16 B.

Printed frit patterns on éhclear ETFE foil are an essential design aspect for
controlling the optical performance wiulti-layerfoil constructions. The silver ink, which
is used normally for the frit, is highly reflective and printed onto the foil surface in patterns
which are dsigned to cover a specific area ratio in order to reflect a defined percentage of
incident light and energy. A variety of transmittance gradients can be achieved when the
frit ink is printed in different densities on the ETFE foil. The total transmittahtee foil

and cushion is also dependent on the frit print coverage per \Aiaal [et al., 2010



Switchable ETFE facade€hapter 4: Optical Characterisation 105

Normally, common dot or hexagon frit pattern cover 20% to 75% of the foil surface area
and thus result in an overall transmittance ranging between 39% @&ndh@wever, in this

study, for the kinetic system a pattern is required that covers nearly 100% of the surface
area when the positive and negative print, of both, the outer and middle layer, are
overlapped Figure4.17 A). The inner layer is of cleanaterial without any frit. Design
variations of this layout, including different geometries and grades of print densities, are
available in the building industry. However, the most commonly used design for this
shading system is a chequerboard patternrauy®0% of each layer. This layquiased

on a commercial ETFE frit print design developed by the industgs,adopted for this
study and applied onto the generated meshes with three different grid sizes (100mm,
50mm, 33mm), which correspond to a vaaatof common commercial frit design
developed by the industry partner of the thesis aufffoe projection of the frit pattern to

the cushion geometry was inspired by the method proposed by Roudsari and Waelkens
[2019. However, the method was modifiedcacding to the model requirements of the
ray-tracing simulation.Therefore,the geometric deformation of the frit pattern layout
caused by the doublmurved surface had to be neglected for this staohce the software
allowed only for planar mesh fac&he full array of design sampleslectedor theray-

tracingsimulation can be seenkigure4.17 B.
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4.3.2.Optical model for ETFE

The optical model created for this study considersigh variationslike the sag
and frit patternof the ETFE cushianTheeffect of the optical properties of printed frit ink
on the opical performance of the cushion was investigated in depth. Based on a
comprehensive literatureviewin chapter twothe absorptance and reflectance for ETFE
and frit print wereassigned to the cushion geometri@sljinson Gayle, 2003Vard et al.
2010; Knippers et al., 2011Dimitriadou, 2013;Liu et al., 2016;Connelly et al., 2016
Maywald, 2019 While precise optical data for clear ETFE is widely available, information
on the properties of printed ETFE is somewhat limited. In order to fudiepen the
understanding about the impact of frit ink on the overall optical performance of the ETFE
cushion, theoretical variations of frit transmittance and reflectance were added as a
parameter to the study. Additionally, to the collected data frontitdrature for printed
[Goia et al, 201Q and clear Davey et al., 20]J(EETFE foil, the transmittance of a notional
frit ink was modified gradually from 5% to 95% witn interval of 15%, while the
reflectance was correspondingly reduced from 95% toH%.selected optical property
variations for the clear and printed ETFE foil are showmahle4.3. For the raytracing
simulationTracePro software (7.7 Release 2@1&25, by Lambda Research Corporation)
was use. A homogeneous radiation source withaavknntensity was assumed, incident
to the surface of the ETFE system, with each ray carrying the same amount of energy. After
the initial process of ray independence testing, 1,000,000 rays were applied on the square
frame aperture containing the ETFE loias1. The beams were emitted from a one metre
square grid with one metre distance to the horizontal centre section of the cushion. The
dimensions of the radiation source were corrected to adjust for the changing incidence
angle, thus projecting beams omwlgto the surface, while maintaining the same flux ratio.
Figure 4.18 A, B Iillustrates the ragyracing simulation setip for the proposed ETFE
cushion at a solar incidence angle of 90°. The beams were traced, allowing up to 10
multiple reflections. The flux of the transmitted and reflected Jimgams was collected

with virtual absorber surfaces and quantified while calculating the total absorbed energy
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according to the law of conservation of energy. An overview of the starting conditions for

the raytracing simulation is shown in Tabe4.

Table4. 3

Optical properties of frit prints and material for rayacing simulation input
(table by the thesis auth, published in: Flor et al., 2018)

Data Source Material Code Transmittance [%]  Reflectance [%0] Absorptance [%]
¢~ Frit Print 1 5 95 0
Frit Print 2 20 80 0
Frit Print 3 35 65 0
Theoretical N
Variations < Frit Print 4 50 50 0
Frit Print 5 65 35 0
Frit Print 6 80 20 0
\. Fnt Print 7 95 5 0
. Frit Print 8* 5 61 34
Literature
ETFE clear** 93 6 1

*[Liu et al., 2016], **[Knippers et al., 2011]
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Figure 4. 18. Raytracing 3D model (A) and ETFE cushion section with traced rays (B)
(images by the thesis author, published in: Fl@l.e2018)
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Table 44
Starting conditions for the ragracing simulations
(table by the thesis author, unpublished)

Polarization Ray Splitting Reflections Emitted Emitter Absorber Number Grid Source

Max. Max. Max. Irradiance  Surface Surface of Rays  (Emitter)
[n] [n] [n] [W/m?] [mm?] [mm?] [n] [tvpe]
1 1 10 1000 1000 1000 1000000 rectangular

The initial sample group consisted of 36 different cushion models in open and in
closed mode, corresponding to the three different frit grid sizes and six sag variations. The
performance of all cusbn samples was compared for the open and closed position while
only three sag ratios (5%, 10%, 15%) were selected for further scenario simulations.
During the following simulation round, the optical properties and the grid geometry of the
frit print was ket constant, simulating the transmittance of the cushion at different incident
angles. The rays were traced at incident angles ranging from 10° to 90°, in steps of 20°, on
a vertical plane, parallel to the rectangular boundary frame of the cushion riinea fitlep
the effect of the frit print grid size variation in combination with different sag ratios was
evaluated under a single incident angle. A grid size of 33 mm, 50 mm and 100 mm was
tested on six different cushion geometries with a sag of 2.5%,, 5.8%, 10.0%, 12.5%
and 15.0% under a 90° incidence angle, perpendicular to the horizontal plane of the
cushions. For both scenarios only the optical properties gathered from the literature were
considered in the simulation. In order to evaluate, as wed, threedimensional
performance, mukangle scenarios including polar ranges, were set up. For all further
simulations within these 3D scenarios, a single model with a sag of 10% and a frit grid size
of 50 mm was selected. This selection was considggprbpriate to limit the influence of
other parametersuch as the mesh smoothness and overall accuracy of the wiokel
reduéng the sample sizeand simulation time. The previously performed mesh
independence test had shown that the accuracy of thelmodld not further improve
beyond 1 million rays, however, the calculation time for each individual model was

increasing heavily with higher mesh grid densities. Convergence for both factors was
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achieved wth a 50mm grid density, as a reasonable compmerbetween model accuracy
and computation time.

On continuation,lte optical properties of thtéheoretical frit print variations were
assigned to the cushion and the optical performance compared with the material data
selection from the literature. The incidence angle scenarios ranged in steps of 15° from an
azimuth angle of 0° to 45° amdsolar altitude of 15° to 90°, perpendicular to the horizontal
plane of the cushion. The symmetry of the model geometry allowed extrapolation all other

hemispheric angless can be observed kiigure4.19 A and B

A) 90° Incident B) Incident
Rays
Incidence
Angle
T N
»  Altitude

//

o, o e SR LB

Azimutf; Angle Cushion Section

Figure 4. 19. Incidence angles of rays on cushion geoméieynispheric (A), section (B)
(images by the thesis author, published in: Flor et al., 2018)

The analysis of the optical performance of different cushion designs over a wide
range of solar angles provided the basis to conduct a comprehensive energy simulation of
a whole building incorporating switchable ETFE glazing systems. This predictive
performance simulation with selected material scenarios is described in the following

section.

4.4.Results and discussion

The following sectioncovers in detail the rayacing simulation methods and

model settings, concluding with a description of the simulation scenarios for the optical
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model.The present study was designed to determineffieet of design parameters, like
geometry and frit print, on the optical performance ofudti-layer ETFE cushion with a
kinetic shading mechanism. It was further hypothesized that such switchable glazing
system may improve the overall energy performarid¢riildings and enhance comtaile
lighting conditions. In the following sections, the results of thetraging and energy
simulations relating to these questions are preseatatithe performance of the ETFE

cushion under different environmental sagos is discussed.

4.4.1 The effects of sag and frit pattern on the optical performance

The effects of sag and frit pattern on the optical performance of an ETFE foil
cushion with switchable mechanism are discussed in the following section. Athfiest,
different cushion geometries with a sag ratio of 5%, 10% and 15% were simulated in open
and closed mode with material and frit print properties collected from the literaturet |
al., 2016 Knippers et al., 2041 (scenario offrit print 8). Solarincidence angles ranging
in steps of 20° from a nearly horizontal angle of 10° to 90°, perpendicular to the horizontal
cushion plane, were simulated using-tegcing. Figure4.19 (A andB) shows the total
transmittance of the ETFE cushions in tiygen and closed mode. As can be seen, the
optical performance of the cushion in open and closed mode showed a clearly distinctive
behaviour with a characteristic higher transmittance in open mode. In the open mode
transmittance values from a minimum of .80 a maximum of 24.0% were obtained,
while in the closed mode the transmittance ranged between a minimum of 0.1% to a
maximum of 7.0%. While the sag proportions have only minor effects on the optical
performance of the cushion it can be seen from thdtsethat the optical behaviour is
strongly dependent on the incident angle, an observation which had also been noted for
singlelayer structures in previous studi&apfmann et al., 201RobinsonGayle, 2003;

Good et al., 2016 The resultsn Figure4.20 A and Bshow a general trend of decreasing
transmittance and increasing reflectance for an ascending incidence Ankigher
number of Internal reflections due to overlaps between the two fritted layers caused by the
surface curvature of the cushiam the factors which generate @igovedescribedptical



Switchable ETFE facade€hapter 4: Optical Characterisation 111

effect for the ascending incidence angldgyher transmittance values at lower incident
anglescan be explained byhigher optical permeability of the cushion, allowing for

unobstructed, direct salaay paths through the reflective frit patterns of the printed layers.

Open Mode - 50 x 50 mm Frit Layout Closed Mode - 50 x 50 mm Frit Layout
100 7 100
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Figure 4. 20. Optical performance of switchable tridkgyer cushion (50 x 50 mm frit
layout) with varying sag geometiyangle dependemitansmittance in open (A) and
closed mode (B)

(graphshy the thesis author, published in: Flor et al., 2018)

In thenext stepthe combined effect of the frit print grid size with variations of the
cushion geometry was evaluated at a perpendicular 90° incidence angleéh&rgraphs
in Figure 4.21, it can be seen that the general tendency in open mode is of lower
transmittancedr smaller sag ratios (0.6%) and higher transmittancéfgersag ratios
(4.3%). The effect of the grid size was minimal, showing only a small increase of
transmittance for bigger frit gridizes (0.8%). For the closed mode under the same 90°
incidenceangle a constant transmittance close to zero and a reflectance of 60% was found

with little variance for all simulated modekss shown ifrigure4.21 A to F.
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Figure 4. 21. Optical performance of switchabtieple-layer cushion (10% sag with
varying frit layout)i transmittance at 90° incidence angle in open and closed fAdde
F)

(graphs by the thesis author, published in: Flor et al., 2018)

In general, the obtained transmittance values forpendicular angle were
significantly lower compared to those all other incident angles. However, these results only
represent an extreme casereal roofsthe solar incidence witlypically be less than 90°,
except for regions close to the equatore Tlansmittance of a switchable cushion in open
mode ranges typically between 20% to 25%, as can be seethigreviousFigure4.19.

The relatively small difference of energy flux, of less than 4%, for all the combinations of
cushion geometries andtfpattern Figure4.21), led to the conclusion that the grid size
has only little influence on the performance. Therefore, the grid size parameter was not
considered for further analysis. Nevertheless, from a perspective of lighting gainfort
might be beeficial to opt for a smaller grid size e light will be transmitted in a more

homogenous distribution.
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4.4.2 Optical performance with variations of frit print properties and different
incidence angles

From the discussiom the previous sectignt can be seen that design parameters,
like sag and frit pattern size, have only a relatively small influence on the optical
performance of the ETFE cushion, while the incidence angle of solar radiation has a higher
impact on théransmittance. In addition to these preliminary results gssentiato ask if
other factors like the optical frit print properties can contribute to improved performance
of the switchable cushion. What follows is a description of the results obtiaomdn
amplified study on multiple cushion models with gradually modified optical frit print
properties. The simulations were conducted under a range ofdimeasional raytracing
scenarios that produced hemispherical mean transmittance values tmskiens with
different frit print types applied. Seven virtual frit print types were generated, each with a
gradually increasing transmittance and simultaneously decreasing refleciree.
absorptance was neglectiadhis specifidestcasescenaricandkeptat aconstant value of
zera This was klieved feasibldirstly because the absorptance of theoretically assumed
ideal frit prints iscontrary to commercially available inksimply unknown and secondly
becausdimiting the number ofariablesallowed to conducthe simulation routinenore
effectively. The opti cal pr 20pee r & m @ s K&k Jovork (fribpsnd |
type 8) were included in the study as a reference for comparison. The testing scenarios
comprised a range of incidence angles in steps of 15° from 15° to 90° in a vertical plane
and from 15° to 45° in a horizontal plane. The predictdit@gperformance of the cushion
with 10% sag, 50 x 50 mm frit layout with various frit print is illustrate¢him graphs of
Figure4.22 A to H. As expected, the cushions with an assigned frit print with a high
transmittancealso displaye high overallight transmittance, and the inverse behaviour
for high reflective frit prints was the case. It can also be seen from the graplygie
4.22 that the anglelependent optical behaviour is characteristic in all models. Similar

trends to the simulation starios from the previous section can be observed. However, a
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more pronounced decrease of the overall transmittance rate at higher incidence angles (60°

to 90°) is evident in cushions with frit prints with higher reflectance and lower

transmittance. A sigficant increase in overall transmittance was observed at low

incidence angles, with almost 10% at 45° azimuth angle in the closed mode. The effect

seems to increase with a changing azimuth angle, reaching a maximum optical permeability

atanazimuth anglef 45°, where the direction of incident rays is diagonal, relative to the

rectangular frit pattern.
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For better visualization of the thraBmensional dataradial contour plots were
generated, shown rigure4.23 A to P. From the summary data plotsiigure4.23 again
thedistinct optical behaviour of the switchable cushions in open and closed mole can
observed. In open mogall cushion specimens show in comparison to diagonal incident
angles (azimuth 45°) a higher mean transmittance when the rays are incident perpendicular
to the cushion edge (azimuth 0°), with a difference ranging from 0.1% tg f2¥igh
and low transmittance frit prints, respectiveéiyalysis showed that effestsuls from the
square boundary geometry but also from the frit grid lgyeloich has a higher percentage
of optical overlap in diagonal ray direction. However, frieigure4.23 it also can be seen
that the opposite optical behaviour is the case for the closed mode, but with a much smaller
effect. For the closed mode azimuth angles at 45°, perpendicular to the cushion, result in
marginally higher mean flux rates, waéihcomparative difference to perpendicular azimuth
angles (0°), ranging from 0.1% to 0.7% for high and low transmittance frit prints,
respectively. In both operational mod#®e transmittance of all cushion samples is higher
at low altitude angles (15°) @n close to the zenith, 90° angle, with a mean difference
ranging from 0.6% to 18.1% at open and from 0.6% to 5.9% at closed mode, for high and
low transmittance frit prints, respectively. case of the open modehjs observation can
clearly bet attribted tothe neaiperfect alignment of the frit pattern of both, middle and
outer layer, in the optical vieangledirection of the zenith. Even though the layers are
physically separated, solar rays are effectively blocked out in this precise position and
orientation. Only a small proportion of tlight flux is transmitted through the frit print
itself and rerefleced internally by the concave curvature of the cushion layer, and
eventually some percentage is internally reflected and transmitted as secondary radiation.
Comparing the different frit prints with varying parameters of transmittance and reflectance
showedthat the mean degree of influence on the cushion performance is related to the
optical properties of the frit and the incidence angle of radiation. From the contour plots of
Figure4.23, it can be noted that in all eight cases of this sttitly angular @mispheric

transmittance shows similar patterns, but at different flux rates.
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Figure 4. 23. 3D plot (AT P)- optical performance of switchable trigiyer cushion
(10% sag, 50 x 50 mm frit layowtarying optical frit properties) angle dependent
transmittance in open and closed mode

(plots by the thesis author, published in: Flor et al., 2018)

Based on the ratracing resultshemispheric mean transmittance values were
calculated for each of the cushion samples with a different frit prititeimpen and closed
mode shown iTable4.5. The comparative graph Bfgure4.24 shows that the calculated
mean transmittance followsgeneral trend towards a more distinctive optical behaviour
between the two operational modes the lower the transmittance and higher the reflectance

of the frit ink are. The cushion with a low transmittance (5%) and high reflectance (95%)
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frit print (Frit Print 1) achieves the lowest overall mean transmittance odrallysed
samples, with 31.1% itheopen and 8.8% in closed mode, respectividBvertheless, the
mean difference in transmittance between the open and closed mode is representing with
22.3% the highest difference of transmittance of all simulated frit prints. From a design
perspectivethis finding might suggest that highly reflective and opaque frit inks could be
more effective compared to frit inks with an inverseoratneaning, loweflectance and

high transmittance. The summary results in FiguPd suggest that distinctive optical
behaviour of the two modes is advantageous for a switchable building envelope, which is
expected, to adapt t® wide range ofemporary changes of olate, weather and solar
radiation. This combination of findings provides support for the premise that the higher the
difference in transmittance between the two modes, the more effective is the radiation
control of the switchable ETFE cushion. While a gradtransmittance control of the
cushion would be desirable for future developments, only amagde switch can be
achieved with this system. Therefore, it is important to set the optical properties of the frit
print at the best possible thresholds fonsmittance and reflectance during the design
phase in order to achieve the desired energy performance of the building envelope.

Table4. 5

Optical performance of switchable triplayer ETFE cushions with different frit print
properties in open and closed mode

(table by the thes author, published in: Flor et al., 2018)

Test Specimen Frit Print 1 Frit Print 2 Frit Print 3 Frit Print4 Frit Print 5 Frit Print 6 Frit Print 7 Frit Print 8

Value Unit [%] T R A T R A T R A T R A T R A T R A T R A T R A

Max. 34981200 41670500 49059600 57148600 65937500 76123900 87213600 243482477
Cushion open Mean 31168.900 38461600 46553500 55344700 64635400 75124900 86613400 206423371
Min. 188 65100 29558400 40451000 51442900 62534100 74225800 86412800 41 39.8350

Max. 161948 0.0 279802 00 40266000 52252300 63939300 7572300 87213600 73 59.7402
Cushion closed Mean 8.8 91.200 22.477.60.0 36.064.00.0 49250.80.0 61738300 74325700 86613400 25 575400
Min. 52 83900 19872100 34059800 47747800 60736100 73724300 86412800 01 5293938
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Figure 4. 24. Optical performance of switchable ETFE cushions with different frit print
properties
(chart by the thesis author, published in: Flor et al., 2018)

4.5.Chapter summary

In thischaptey the aim was taharacterizeéhe optical behaviour ahflated ETFE
foil cushions and assess specifically #daaptive performance afvitchablemulti-layer
foil constructionsas a base stly forinvestigating thempacton buildings. The results of
this investigation suggest that the two modes of the kinetic shading mechanism allow the
building envelope to adapt actively to the variant climate conditions and thus may lead to
better natural lightig conditionsin buildings This might havepositive implications on
both the t he

building because less electric lighting is needetlypothesis which will baddresseéh

visual comfort of buil di ngbs
chapter six and severWhile the analysis showed thé#te optical performance of
switchable ETFE cushions is highly dependent on the solar incidence angle, design
parameters like the sag and frit print size seem to have only limited influence. The optical
properties of frit prints, however, playcaucialrole. Frit prints with a higher reflectance
and lower transmittance amplified the distinctive optical behaviour between open and
closed mode and thus incredslee adaptive performance of switchable ETFE cushions.

Several limitations to this pilot study ret be acknowledged. Firstly, the cushion

dimensions might not be representative of the most common building applications of



Switchable ETFE facade€hapter 4: Optical Characterisation 122

ETFE,however they clearly indicate a trend in performandeich can be extrapolated to
building scalesSecondly, the used matdrdata from Liu and Knipper2016;201] can

only serve as a reference that might need to be updated with complete spectral data from
material suppliers or direct tests. Notwithstanding these limitations, the athbutes

to the understanding of ¢éhbuilding physics of adégblemulti-layerfoil constructions.

Future work on this topic would benefit from experimental investigation or post
occupancy studies to support the validation of the simulation results. Further potential is
also seen in experimentation with foils having modified optical properties, new printing
inks and techniques which could possibly leac tetter overall optical grformance of
multi-layer cushions, and more effective shading mechanism, thus enhdheiegergy
performance of future buildingéspects of thesmterrogativesarediscussed in depth in
thefollowing chapters of this thesis.
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Chapters: ThermalCharactemation

5.1.Introduction to chapter five

The research presentedire previous chapter revealed tteg light transmittance
of switchable ETFEushionscould effectivelybe modified, switchingreversiblybetween
two modeskFrit pattern design and reflective ink primbperties play a crucial rolr the
effectiveness of the mechanisumdervarying incident angles of solar radiation, and may
contributeto an enhanced daylightira;md energyerformance of buildinghapterfour
aimed for a optical characterization of switchable ETFE cushioret, thie thermal
performance is anequally important aspect to take into consideratifor the
comprehensive evaluation of building and energy performance The thermal
characterization of swaéhable ETFE cushions,ithereforethe aim anddpic ofthe present
chapterfive.

In this studyan experimental setp was designed to test the thermal performance
of a full-scale triplelayer ETFE cushion with a switchable fpitint using a large climate
chamber. Two additional samples, with a conventional, static, dtayse design of clear

and printed ETFE foil, were used for comparative performance evaluation under different

climatic conditions. Data of surface temperatures and heat flux were obtained from the

samples by experimental measurements, for a range of €lgsoanarios with and without

dynamic airsupply.Changing volume and temperature ofaupply was further evaluated

as a variable for strategically improving the thermal performance during short term extreme

weather conditions The data obtained from thexperimental measurementsens
compared with calculation methods based on international stan@&tsBS EN 673
1998 [CEN, 2011]to pursuethe hypothesis thabasic predictions over thihermal

performance of ETFE cushions can be appnated with simplifying calculation methods

Overall, this study contributes to the general understanding of the thermal performance of

multi-layer ETFE foil constructions and offers some important insights into the building

physics of switchable frit print mechanisms. FRermore, the numerical results are
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expected to serve as an initial basis for future studies on switchable ETFE building
envelopes and provide preliminary ingartd calibration benchmarkfr whole-building
energy simulations chapter sven

The work presented in this chapter has been carried out during the course of 2018
in the laboratories of the Energy and Technology Building on Jubilee Campus at The
University of Nottingham. The ETFE materials and magpkstructures were designed in
collabora i on wi t h and manufactured by the apj
Architen Landrell. The results of the experimental waecepresented at conferences in
Hong Kong and Chengd@hing and publishedh peerreviewed papers in theonference
proceedigs co-authored by thepplicant supervisos, industry partner and fellow Bh
colleagues The content of this chaptarcorporates research reported in tbBowing
publications with the title pages and authors contributioeclarationattached in the

appendicesK, L, M and N

Flor, J-F., Sun, Y., Beccarelli, P., Rowell, C., Chilton, J., Wu, Y., Experimental
study on the thermal performance of ethylenetetrafluoroethylene (ETFE) foll
cushions. 2019. IOP Conf. Ser.: Mater. Sci. Eng. 556 012004.

Wang, H., Flor, JF., Sun, Y., W, Y., Numerical investigations on the thermal
performance of adaptive ETFE foil cushions. Energy Procedia, 2019. 158: p. 3191
3195.

5.2.Background on the thermal performance ofbuilding envelopes withETFE

Predictability of performance is a key factor d@signing buildings which consume
less energy. In 2014 it was estimated that the building sector consumes 31% of the total
world energy, which is used in large parts to heat, cool and light the built environment
[IEA, 2017. Developing building envelopeghich can help to supply these functions with
less energy is the goal, to unlock potential for reducing globae@@sionsIPCC, 2018
Quantifying the savings at an early stage of design to ensure that the aims are met, is the
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challenge. This, howeveis not easy since technological advancements have driven the
development of performance orientated building envelopes at a quick pace, showing in
recent times an evolution from static and passive to active and flexible systems, which can
adapt and compeate the changes of the environmadeéfsel, 2013 Novel designs for
ETFE cushions with the capability of switching between high and low transmittance have
been engineered to enhance an adaptive performance of the building erAv¢ilogestep
image of the switching process from open to close mode isrshoftigure5.25 making
evident the potential for the employment in climate adaptive building sRivitchable
ETFE cushions have been employed in a number of prpjstéxl in chapter section 2.4
of chapter twolllustrations of hree examples are showwerein Figure5.26 to 5.28.

Despite the evident potentsabutlined previously questions arise if switchable
ETFE foil cushions have the capacity to improve the energy performance of buildings
substantially, in comparison to static building envelopesting the new developments to
evaluate the viability of achieving the necessary reduction of energy consumption in
buildings, is the focus of this studgying the basis that is needed to quantify the expected
energy savings, which may justify a higledfort for engineering these systems. Therefore,
an experimental study is carried anithis chapteto investigate the thermal performance
of different ETFE cushion designs, monitoring and comparing the physical behaviour
under varying climate conditisninvestigatingfor the first the time, also the thermal
performance of switchable ETFE cushior@@utcomes of this study are expected to

calibrate and validate numerical models and simulatieogeto calculate energy savings.

Figure 5. 25. Switching sequence of switchable ETFE cushion (experimental-oqmck
from open to closed mode (time frames per minute)
(photos by the thesis author, unpublished)
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: it Ve Z5on SO -
Figure5. 26. St. Figure5. 27. RCS Pavilion Figure5. 28. ISS Building

Bartholomew's Hospital, EXPO2015, Milan, Italy,  Lancaster University,
London, UK, courtyard roof with switchable ETFE Lancaster, UK, skylights

cover with switchable cushions with switchable ETFE foil
ETFE foil cushions (photoby Maco cushions
(photoby Architen Technology stlretrieved  (photoby Architen

Landrell retrieved from:  from:https://www.macotech Landrell retrieved from:

https://www.architen.com/ nology.com) https://www.architen.comy)

5.3.Methods, equipment and samples

Based on the conclusion drawn from the literature review in chapter three, this
study sets out to investigate in a comparative way the therentdrmance of different
ETFE foil cushion designs under laboratory conditions, using a large climate chamber and
real size, static and switchable, testing sampidés different layer compositions and frit
print. The specific objectivevasto determine tl heat flux and surface temperatures of
verticalETFE foil cushions under varying climate scenarios, and differestigply levels
in order to calculate the thermal resistance araRie which is required to quantify the
benefits on the thermal perfoamce of buildingfagadesusing simulation software. The
experimentally and theoretically derived performance data will allow designers to
incorporate this information in future prediction studies for energy performance of
buildings. The eperimental studie reported in this chaptewere undertaken at the

Laboratories in the Energy Technologies Building at the University of Nottingham. The
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experimental setip, the samples and the testing procedure as well as the data acquisition

and analysis is describedtime following sections.

5.3.1.Climate Chamber

The thermal performance of the three ETFE cushions was investigaa&ag
measurements of heat flux in an environmental test chamber, type TAS series 2 LTCL600
manufactured by Temperature Applied Sciences Lidhis apparatus (hereafter
derominated climatic chamber) is able to independently control the temperature and
humidity of two walkin-rooms, simulating indoor and outdoor conditioA$ the same
time, a test sample can be installedbietween, in an insuleadl surround panel, which
separates both rooms. The dimensions of left and right room are similanak4.5 m x
2.6 m. The left side room is mounted on wheels and can be moved along rails, allowing
access to the separating surround panel for constnueind installation works. The
temperatures and humidity levels of both rooms are controlled independently with integral
air conditioning units allowing for steaghtate or cyclic climate conditions in the range of
-25°C to +60°C and 10% to 95%, respediive/arious parameters of environmental
conditions and thermal performance of the test samples can be measured and monitored
during the test cyclesith sensors and measurement devices installed inside the chamber.

A picture showing the componertbthe dimate chambeis shown below in Figurg.29.

1. External Room
2. Internal Room
3. Surround Panel
4. Baffle Wall

5. Air Con Unit

6. Control Panel

7. Measurement
Logging Station

Figure 5. 29. Climate Chamber in open position
(photoby the thesis author, unpublished)
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5.3.2.ETFE cushion samples

Three ETFE cushions were tested in the climate chamber. All samples measured
1000 mm by 1000 mm with a sag/rise of 100 mm ofcéatresection curvature on each
side of the centre plane, in state of full inflation. The air fill volume is 94 litres ahanab
pressure 0800 Pa. Each of the cushions has onéndét and one air otlet with removable
valves. The cushion edges were clamped into an extruded aluminium profilekeiera
system. Thelamping profiles were mounted on a structural frameufgpert the cushion
and withstand tension forces when fully inflated. The profile was sealed with a &ilicon
gasket, and aluminium cover plates were screwed on top to close the frame. The whole unit
measured 1200 mm x 1200 mm. An overview of the testinguteoand all its main

components can be seerFigure5.30, A and B

Structural Frame
a Clamping Profile
ETFE Cushion
A 'ﬁ
§ ] Gasket
‘E Cover Plate
Figure 5. 30. A) Isometric view of the test frame and ETFE cushion, B) exploded view of

the test frame showing main system components
(images by the thesis author, unpublished)

A)

1200 mm

z  Exploded
y"x Isometric View

All samples are composed of extruded
a weight of 350 g/m(according to manufacturer specification) and thermal conductivity
of 0. 2 4WychmZ0Kk§. Different reflectivesilver frit prints were applied to the

cl
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layers of the cushions. An overview of the layer composition of all three cushion samples

can be seen iRigure5.31 A, B and C

A) B) C)

OL o IL OL

000 mm

)00 mm
p—
-

IL OL

—— Clear Foil
——— Printed Foil

IL =Inner Layer

OL = Outer Layer
ML = Middle Layer

Figure 5. 31. Section views of the sample dimension and layer compositions A) double
layer clear ETFE; B) double layer clear and fritted ETFE; C) triple layer switchable
(Eir-:;zges by the thesis author, unpublished)

Sample 1shown inFigure5.32 A, is composed of two layers of clear ETFE foil.
Both foils are transparent, and the cushion has an overall solar transmittance of
approximately 84%HKnippers et al., 20J1Sample Zhown inFigure5.32 B, is composed
of two layers, one cleaF{gure5.33 A) and one frittedKigure5.33 B), with a hexagon
pattern of approximately 71% surface cowth standard silver ink with a print density of
28%. The solar transmittance for the cushion unit is 46% (according to manufacturer data).
Sample 3in Figure5.32 C, is composed of three layers, one cléagre5.33 A) and two,
with a square pattern of approximately 74% surface ceitbrstandard silver ink with a
print density of 28%Kigure5.33 C). The square basgid of the frit print measures 104
mm x 104 mm. The clear square areas have a dimension of 74 mm x 74 mm. Around the
clear area is a printed frame of ca 15 mm width, withksa denséit ink application. The
printed layers are shiftiein a way that the printed areas of one layer are overlapping with

the clear areas of the second. When one of the two cushiorasgdefated, the printed
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middle layer can be moved to overlap or separate from the outer printed layer. This allows

the sdar transmittance of the cushitmbe modified switching from one state to the other

(open/ closed).

Figure 5. 32 ETFE Cushion samples, A) two layers clear ETFE, B) two layers, fritted
ETFE, C) three layers, switchable ETFE frit
(photosby the thesis author, unpublished)

A) B) C)

AANA

> #ﬁ* -

Figure 5. 33. ETFE foil types, A) clear, B) hexagon frit, C) square frit, switchable
(photosby the thesis author, unpublished)

5.3.3. Experimental set-up

The experimental setp for the measurement was based on the international
standard BS EN ISO 125672010 [SO, 201q for the determination of the thermal
performance of windows and doors. The chosen measurement method was in close
accordance with the international standards BS 1SO-988%14 [SO, 2014 for in-situ

measurements of thermal resistance and thermal transmittance using the heat flow meter



Switchable ETFE facade€hapter5: Thermal Characterisation 131

method. Due to the geometry of the ETFE cushion adaptations had to be made to the
recommended method in order to carry out the measurements. The Testiagvs fitted

in a 1200 mm x 1200 mifnamein the insulated partition wall which separates two rooms

for the chamber. The partition wall had a thickness of 300 mm and measwaddeof

less than 0.3 W/AK. The ETFE cushion samples were clamped intontieeinted test

frame fitting flush with the edges to the outer surface plane of the surround paitiebrA

gasket was mounted on the clamping profile and covered by aluminium plates. Gaps
between the test frame and the surround panel were covered fiosides with adhesive

tape to avoid air infiltration. The ETFE cushion was inflated with air to a nominal pressure
of 100 Pa and the air pressure monitored. In order to reduce forced convection effects,
stemming from the aiconditioning to a minimum, thiwooden drywalls were installed on

each side of the surround panel, with a separating distance of 500 mm, ensuring convective
effect are reduced to a minimum in this baffle z&®nsors were installed on the cushion
surface and the baffled zone on bottlesbf the sample. An overview section of the

apparatus set can be seeifrigure5.34.

/— Climate Chamber
A irCon Unit Baffle Zone —» - Baffle Zone | AirCon Unit
Seronnd Pancl *.._/:I:: ( —+—ETFE Cushion
Tof : Vie
Temperature Sensor—f—————#= -/ . » -——Temperature Sensor
Surface - > Sm]clece
19 Heat Flow Meter
Ta s [T
Temperature Sensor —f-#- e<—— Temperature Sensor
Ambient Air — Ambient Air
Left Side Room ‘ 3 Right Side Room
¢ Moveable > o N NN NN

Figure 5. 34. Overview Section of the experimental-sgtin the climate chamber
(image by the thesis author, unpublished)
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5.3.4.Dynamic air-supply

With the aim to investigate the influence of the air supply on the thermal
performance of ETFE cushions an experimentalipatvas designednspired by a study
which investigatedadaptive thermaimechanisms of ventilated mutthamber ETFE
cushonsusingcomputationasimulation techrques[Harder et al2018] Theexpermental
setup for this studywas based on the initial thermal performance test described in the
previous section. The cushion was mounted in the opening of the supanet and
equipped with thermocouples and h#fax sensorsAir was injected through an insulated
tube to the cushion at an air inlet valve and released through an outlet valve and the air
diverted through a second pipe out of the climate chamineovewniew scheme showing
all relevantcomponentf the experimentahpparatusetup is shownin Figure 5.35.

Specifications of sensor types and position are presented in the following section.

Climate Chamber

External Room Internal Room

ate [= Sy
el e i
E—|" AirInlet
HVAC Unit HVAC Unit
Air Qutlet +—— Baffle Wall
Surround Panel

5 — 0O //
::\; :H Sensor Connection———= -+— |nsulated Tube HVAC Unit

[PC /|Datalogger\ﬂ . o
' Air Flow =—

‘—/ 20 5LPn| in %% ;\I)_‘éig
= A AN

| & °/ &
= NS

. Air Filter . Air Pump
Volumetric Baffle Tank

Valve Flow Meter ——— Overflow Valve

Figure 5. 35. Apparatus setip for dynamic aksupply
(image by the thesis author, unpublished)
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The position of inflow and outflowasvaried according to the schemed-igure
5.36 A to D, with theaim torule outanyinfluences on theverall thermal performance of
the ETFE cushionThe inflow air was provided by equipment located outside the climate
chamber. The supply air waseconditioned to a set temperature in a range betweééh 15
to 30°C according to the chosen scenaribg,a potable air conditioning unit with a
cooling capacity of2052Watt, anddirectedinto a bafflel tankwith a volume capacity of
90 litres,similar to the ETFE cushion. The air was pumped out of a biatiek with an
electric air pump with a maximum capacity of 708 litres per minute and a head pressure of
49 mbar. The temperature of the supply air was monitored at the outflow valve of the
baffled tank and the ifhow and outflow valve of the ETFE cushion. The flow rate and
pressure of the supply aiascontrolled with adjusblevalves at the outflow of the baftle
tank and the outflow tube of the ETFE cushion, while measuring pressure and the
volumetric mass flow with a calibrated lepvessure drop gas mass flow metgpe FMA
LP1608AI12, with an accuracy of £(0.8% of rdg + 0.2% FS), manufactured by Omega
Engineering LimitedThis allowedmaintaininga gableairflow through the ETFE cushion
with a constant flow rate, pressure and temperature. The air temperature of the two rooms
of the climate chamber was set according to the scenarios outlinia@ ifollowing
sectionsWith steadystateachieveheat fluxand surfacéemperatures of the cushion layers
were measured anmeécordedat a frequency of 30 seconds for a periocbé hour. A
picture of the equipment sap for the dynamic aisupply is shown ifrigure5.37.

Outflow Inflow
\ :

Outflow

Figure 5. 36. Position of airvalves on cushion sample
(images by the thesis author, unpublished)
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Climate Chamber

/ ~  Supply Hose

Air-pump

Air-Con Unit

Figure 5. 37. Equipment setip for dynamic aksupply, A)air-supply with air-con unit,
baffle tank and aipump B) Flow-meterand adjutableair-valve
(photosby the thesis author, unpublished)

5.3.5.Sensor types and position

The inflated cushions were equipped with calibrdtedtflux sensorsand T-type
thermocouples. For the purpose of measuring the surface temperature of the ETFE cushion
a total of 22 temperature sensdafjoratory fabricated with IEC thermocouple calyjeet
T 1/0.2mm conductorftested for dlerance class 2 in accordance with IEC 60584:2013
and ASTM E230/E230M.2), were distributed in a square pattern with nine positions, of
three by three unitsand fixedon the sample. The thermocouples were attachéa wi
reflective adhesiwape to the exterior surface of the inner and outer layer of the cushion.
In order to measure the hdlatx (W/m?) through theETFE cushiorsample, threkeat flux
sensorstype HFPOIHuksefluxthermopiles, calibrated in accordancettv ASTM C1130
(uncertainty of calibrationt 3 % (k = 2) sensor thermal resistance 71 x4L&/(W/m?)
nominal sensitivity: 60 x 8 V/(W/m?) were attached e cental vertical axis over the
outer layer of the cushion usirgthin layer ofsilicone heat transfer paste, type RS-217
3835 (thermal conductivity: 2.9 W/m*K) between the sensor and sample surface
adhesive tapen the top side to secure the sensor posilibe combined thermal resistance

of the heat flux meter and heat transfer paste was low enough in propottenoverall
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heat transfer to not affect thmeasurementsAn additional fourth heatlux meter was
attached at the centre of theternal side fotheinner layerof the sampléor measurement
control. The homogenous distribution grid of the sensors allowed any variations in heat
flux or change ourface temperature over the cungamnplesurfaceto be detectedlhe
ambientair temperature was measurgdtionarywith two calibrated temperatuggrobes
Campbell Scientifidype CS215 (accuracy + 0.4°Gyjthin the 500 mm baffle zone on

both side®f the sampleAn overview of sensor positisis shownn Figure5.38 and5.39.

3 2 1 1 2 3
A ° ° ° ° @ ° A
B ° @ ° ° @ * B
(B ® 'S ° ° @ 'Y C
Left Side Cushion Layer Cushion  Right Side Cushion Layer
Section

= Measured Area () =Heat Flux Meter ~ + = Thermocouple

Figure 5 38. Sensor types and position on ETFE cushion
sample
(images by the thesis author, unpublished)

Figure 5. 39.
Instrumentation of
ETFEcushion sample

(photoby the thesis
author, unpublished)

5.3.6. Testing scenarios

Lightweight structures, such as pneumatic foil constructions, are sensitive to
changing outdoor and indoor temperature. In order to characterize the thermal performance
of ETFE cushions fodifferent climate conditionsa range of testing scenarios was
outlined. Based on the standard boundary conditionSEN BSEN 673:2011 CEN,

2017 five scenarios with varying mean surface temperatures and surface temperature
differences of the inner aralter cushion layer were establish@a@ljle5.6). Scenario 3

represents the standard condition with a temperature difference of 15°C btteieaer
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and outer layer surface temperature at a mean temperature of 10°C. Scenario 1,2, 4 and 5
are variations fothe standard condition, representing other conditions eithéndéow or
high-temperature environmerin order b achieve the scenario target temperafures

two rooms of the climatehambemwere cooled and heated with btiiit air-conditioning

units to precalculated temperatures. Surface temperatures of the sample and air
temperatures of both rooms were monitored continuously until a ss¢aigycondition was
reached. The transversal h#lak through the samples was then measured at steady state
The measurement procedusgresented in the following section.

Table5. 6
Temperaturéestingscenarios
(table by the thesis author, unpublished)

Surface Temperatures [°C|]  Scenario 1  Scenario 2  Scenario 3  Scenario 4  Scenario 5
Temperature Difference 7.5 10.0 15.0 15.0 15.0
Mean Temperature 10.0 10.0 10.0 15.0 7.5

5.3.7.Experimental measurements

The method for the experimental measurements was designed in close agreement
with the recommendations of the standard B®98691-2014 [SO, 2014. Following
this method, the surface temperatures and the heat flux through the samples is measured as
well as the baffled air temperatures on both sides of the sample. The data of these
measurements provide the input for the derivation of the thermadtamse and
transmittance of the samples and allow for comparison with the resuhe miimerical
calculation for the theoretical-ldnd Rvalue. The climate chamber was programmed to
the required temperature settingsd thestablesurface temperatures the ETFE cushion
samplewere achieved after approximately 12 hours. The stesdie condition was
monitored for another 24 hours until the measurements of the sensors were logged for the

required period of time with a data loggBataTakettype DT85, with 32 isolated analog
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input channels and a resolution of 18 laitsa 30second logging frequency. The logging

procedure was monitored on a live screen with the data display tinneal

5.3.8.Standard calculation method

A numerical standard method basedd#N BS EN673-1998 [CEN, 2011, which
provides the empirical formulas for calculating a multiigger glazing system, wased
to calculate the thermal resistance value of a clear ETFE cushion under different thermal
conditions with the purpose t@omparethe resultswith the experimental measurement
[Wang et al. 2019] The standard method only considers planar glazing geometries.
However,the doublecurved geometry of inflated ETFE cushions, as opposed to the two
dimensionalstraight boundanpof glazing, results in different airfloleehaviourin the
internalair chamber Theefore, thecompromiseo this limitationis usingan integrated
average othe surface distancbetween the left and right layer ézhieve amaverage
chambemwidth of the ETFE doubleurved cushion geometnAccording to the standard
calculation based o6EN BS EN673 [CEN, 2011], the resistance of the ETFE cushion
can be determined by the sum of the resistance of all the matetiads, are the ETFE
cushion as well as the air inside and outside the surface in this case-VidieeUs then
acquired by adding the internahd external surfaceonvection effed The thermal
resistance of ETFE cushion can be calculated through tlai@gwith the ETFE cushion
thermal resistance and radiation plus the convection conductanceaif theamberThe
experimentally derivedhermal resistanc®, indirectly obtained from the heat flux
measurementsvas calculatedccording to thetandardS ISO 98691:2014;dividing the
sum ofthe temperature differensbetween the internal and external surfadegndTse,

across theushionsectionby thesum of thaneasuredheat fluxq throughthe sample
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n

Z(Tsu _Ts&'i)

R=L

qu
j=1

Equation5. 1

An estimate of theéhermal transmittangeor U-value here determinedJ, was
derived from thexperimentameasurmentsby dividingthe sumof theheat fluxq across
the ETFEcushion sectionigdided by thesum of theambient temperature diffences, T

andTej, measured within the baffle zone bath sides of th&TFE cushion
2.4,
j=1

Z(Tu' _Tt'f)

Jj=1

U=

Equation5. 2

A graphical representation of theermal model for @ouble layelETFE cushion
showing the main parameters which affect the overall thermal resistance is slrogurén
5.40, whereT is the internal and external ambient air temperatarthe internal and
external convective heat transfer coefficiéRtthe internal and external infrared radiation
andE the thermal emittance on both sides of the ETFE cushiio® very thin (200 pm),
internal and external, cushion layer surfa8esndS, are characterised in the below model
diagramby the thermal conductivitis andk, the surface Temperatufe and T2, surface
emissivity¥: and¥;, and the convective heat transfer coefficlgyuf the internal aifilled

chamber.
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Figure 5. 40. Thermal model for an ETFE cushion showing the main parameters which
affect the overall thermal resistance
(image by the thesis author, unpublished)

5.4.Resultsand discussion

The results obtained from the experimental measurements and numerical
calculationsare presented and discussed in the following section. Detailed analyses and

comparison of the different datasateprovided, highlighting the main findings

5.4.1. Thermal performance at standard condition

The hermal performance testvereconducted at steady stabe generalthe data
obtained from the experimental measurements show a similar pattern throughout the
climate scenarios for all three ETFE cushion samples. The mean suafay
temperaturesf theinnerand outer layemimedfor in each scenario was closely actad
with amaximumdeviation of less thati/- 1.5°C The deviation might appear rather high
in relation to the given temperature rangbswever, given he difficulty within the
experimental procedurt® achieve the exact target temperatutieis valueis considered
relativelyaccepable The difiiculty in achievingthe exact temperatures resided mainly in
the uneven temperature distributionsn the doublecurved surfacegeometryand the
iterativeeffects between the left andht-sideclimatechambercontrols where anghange

in thetemperatursettingsvould immediatelyaffect the surface temperature of both sides
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of the ETFE cushiorelative to each othelue to the low thermal mass of the ETdtEEhion

and the convective heat exchangdserefore, calibration of the systeand testing of the
climate chamber input contrekttingswereessential previous to the performance tests.
sample data outtake from the obtained measurements can be obseFrgadrerb.41,
depicting the data set of the first 18 hours of the clear cushion sample in the climate setting
of scenario S3, standard condition. The measuremesnttsgraphcal outpu shown in

Figure5.41 is characteristic for all three samples.
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Figure5. 41. Example data set of measurements taken of surface temperatures and heat
flux on a clear ETFE cushion sample 1 during standard tempecatutéion
(graph by the thesis author, unpublished)

As can be seen fromigure5.42 the surface temperatures of both layers increase
from the lower to the higher part of the cushion section, witinean difference of
approximately 3.5°C on the cold side and 2.5°C on the warm Ideet. flux across the
cushionalso variesat different points of theection with the highest flow values the

bottomand lowest at theop with an approximate difference of 40 The values obtained
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for the heat flux at different positions of the sample surface showed a variation according
to the section height and width of the cushion at the measurement pogSitisrisehaviour

was characteristic for atheasured samples undée tested scenariobor the sake of
further analysis and comparison with calculation results, these values were averaged and
combined into a mean heat flux value for each sample and scenario. A complete overview
of all measured values on the three sanbr the different climate scenarios can be seen

in Table5.7 to 5.10.

27.9°C
Left Room Air Temperature Heat Flux Right Room Air Temperature
3 2 1 1 2 3
A | i q1 ‘ 76.5 W/m?
2 . 82.1 Wim?
B 9 "
q3 ' 84.6 W/m?
C '
Mean Surface Temperature Cushion Mean Surface Temperature
Section _17.0°C |

Figure 5. 42. Measured Values aime clearETFE cushion at standard condition (S3)
(images by the thesis author, unpublished)

Regardingthe temperature distributions depictedkigure5.42 it must be noted
that theshown temperature values correspond tartbasuremestat the sensor positisn
andvary over the surface between each sewspending orthe section width of the
cushion athat point, the surface curvaie and orientation, and the internal and external
convective dynamics. The measured field representedrignre 5.42 corresponds
approximatelyto themeasured area depicted in $ensor positioning diagram Bfgure

5.38 and does ndike into account any edge effects related to the clangpofde.
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Table5. 7
Sample No. 1 (2 layers, clear ETFE), measured values
(table by the thesis author, unpublished)

Table5. 8
Sample No. 2 (2 layers, fritted ETFE), measured values
(table by the thesis author, unpublished)
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