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Editorial

Welcome to this new issue of our Journal of Fagade Design and Engineering. We are very pleased to
be able to release a new issue under the current global circumstances, to keep supporting research
and the engineering of new technologies, materials, and methods for the design of our envelopes.

This special issue features a wide range of topics, stemming from research activities of members
from the European Fagade Network (EFN). The EFN seeks to advance and promote fagade design
and engineering at a European level and beyond, through inclusive collaboration between European
Research centres, Universities, and alumni, resulting in skills and knowledge transfer in education,
research, and development. Consequently, this special issue showcases a selection of research
experiences presented at two scientific events sponsored by the EFN.

The first scientific event was the Conference "FACADES19" held in Lisbon on November 2274, 2019,
which was organised by Dr. Daniel Aelenei from the Department of Civil Engineering at NOVA School
of Science and Technology. The second scientific event refers to a special “EFN session” hosted at the
Fagade Tectonics 2020 World Congress, held online in August 2020. This session within the larger
congress was coordinated by Daniel Artzmann, Mikkel Kragh, Annalisa Andaloro, and Ulrich Knaack.
The selection of the papers from both events was based on their relevance to the scope of our journal
and went through the double-blind peer review process of the JFDE.

We thank all supporters and contributors who made these events a success and especially the
authors of the articles compiled in this issue.
The Editors in Chief,

Ulrich Knaack
Tillmann Klein
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Additive Manufacturing of
Ceramic Components for
Facade Construction

Paulo J.S. Cruz*, Bruno Figueiredo, Jodo Carvalho, Tatiana Campos
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Abstract

Additive Manufacturing (AM) opens new fields of research and development in the architectural design
and construction industry, enabling a geometric freedom that can result in the design of components
with specific requirements and multifunctional behaviours.

This work explores the integration of digital design tools and AM extrusion processes on the production
of ceramic architectural components for facade construction, reshaping and expanding the boundaries
of what is possible to achieve with masonry construction in a wide range of applications (opaque walls,
ventilated sunscreens, and shading systems).

Several stoneware prototypes were developed, encompassing different challenges such as the
morphology customisation, the versatility of use, the exploitation of the maximum degree of curvature,
and the optimisation of structural patterns.

Keywords
Additive manufacturing, 3D-printing, digital fabrication, ceramic components, facade construction
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INTRODUCTION

One of the first references to the potential of Additive Manufacturing (AM) in Architecture arose in
the mid-1990s under the term Tncremental Forming' (Mitchell & McCullough, 1997). Often referred
to as 3D printing, AM consists of the production of objects through the successive addition of layered
material, resulting in a sustainable and a very cost effective method, due to the fact that material is
deposited only where required. This is in contrast to subtractive processes or traditional casting and
moulding techniques, which, in addition to producing a high degree of waste of raw material, do not
benefit customisation.

The advent of AM opened new areas of research in architectural design, construction materials,
and in the building industry. Moreover, when combined with computational design and simulation
tools, their potential is exponential, namely by enabling a broad geometrical freedom that

can result from specific design requirements, design optimisation, and challenging functions
(Sarakinioti et al., 2020).

Regardless, the debate between the direct application of AM on site and the production of
discretised architectural components for subsequent assembly on site, the commercialisation of
houses built through AM is already a reality (Castafieda, Lauret, Lirola, & Ovando, 2015). Just as
AM was highlighted as a key technology that accelerated the transformation of the manufacturing
industry towards Industry 4.0, it is expected that within the next decade an increase in successful
integrations of AM in the building industry will constitute a revolution in development strategies in
the built environment.

A first set of experiments in AM for the building industry was mainly focused in cementitious
materials (Khoshnevis, 2004). The ability of transposing AM techniques to the scale of the building
represents a major issue for its application to the construction industry. In this sense, the main
constraints are the dimensions and mechanisms of the extrusion apparatus and the reaction of the
material. The principle of depositing the layered material assumes that the manufactured object
fits within the working area of the 3D printer. For this reason there are two approaches that can be
taken: (i) Continuous deposition manufacturing — Scaling the printing apparatus; (ii) Manufacture of
discrete elements — Scaling the components to the available print area.

In a report entitled ‘Shaping the Future of Construction’, the World Economic Forum discussed

the 'future impact’ and the ‘likelihood of new technologies’, based on the results of the ‘Future of
Construction Survey’ (World Economic Forum, 2016). According to this study, the ‘contour crafting

of buildings’ is not likely to occur and its impact is considered low. The likelihood and impact of ‘3D
printing of components’ and ‘advanced building materials’ is considered to be moderate and that of
‘prefabricated building components’ is extremely high. This fact justifies why many research groups
and corporations interested in testing AM technologies in the construction industry end up following
a line of thinking that is based on discrete elements. In this approach, instead of requiring a machine
that provides a larger work area than the building to be built, it is proposed to adjust the size of the
different parts according to the physical characteristics of the machinery (the 3D printer work area,
the size of the kiln if necessary, etc.).

As Mario Carpo (2019) points out, ‘instead of printing bigger and bigger monoliths, it may conceivably

be easier to start with any number of parts, as many and as small as needed’, leaving the correct
positioning and assembly of the parts to another machine.
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In this way, there is an approximation of traditional building systems based on three factors: (i)
the various constituent components of the building are prefabricated with smaller dimensions; (ii)
transportation to the work site; (iii) assembly in their positions, creating larger structures.

Ceramic materials are a natural resource with unique properties whose application goes back to the
prehistoric age, to the first attempts of man to provide his own shelter. Features such as hardness,
density, durability, and the possibility of having a vast number of shapes and finishes, make the
application of this material in buildings widespread. The history of architecture and construction is
inseparable from the history of ceramics, a key material for the manufacturing of masonry, cladding,
and pavement and roof components.

Several protagonists of the architectural vanguards of the twentieth century explored the use of
ceramic materials in a multiple range of innovative design languages.

The striking facade of the Fagus-Werk Factory, in Alfeld an der Leine, Germany, an early expression
of Modern Architecture, designed in the 1910s by Walter Gropius and Adolf Meyer, masterfully
combined brick masonry walls with steel-glass curtain walls, a harbinger of the later so-called new
objectivity’ of Bauhaus architecture (Ramcke, 2001).

With the modernist movement in the early twentieth century, ornament went out of fashion among
many architects. However, in the 1920s, primarily in Germany and in the Netherlands, the ‘brick
expressionism architecture’ used bricks and tiles as the main visible building material to create
ornamented buildings with a rounded or organic appearance that was simultaneously completely
modern (Boéthius, 2019).

In the middle of the twentieth century, Alvar Aalto recurrently used brick masonry: Baker Dormitory
in Cambridge, 1947-48; or the Saynatsalo town hall, 1949-52. His predilection for ceramic materials
was extended to the design of ceramic glazed tiles to solve specific functional aspects, formation

of corners and skirtings, such as the round curved tiles used for pillar cladding in the Helsinki
University of Technology (1953-66) or the wedge-shape brick that he devised for the wall of the
House of Culture in Helsinki of 1952-58 (Pallasma, 1998).

In the post-war period, a critical examination of the Modern Movement will find an important
resource through the observation of local architecture. Kenneth Frampton (1980) celebrated it as
critical regionalism due to the dialogue between Modern abstract forms and traditional construction
techniques. One of Frampton's references is the work of José Antonio Coderch, namely the ‘modern
brick vernacular first formulated in his eight-storey ISM apartment block built in Barcelona' in 1951.
Yet, in Ugalde House, built in 1952 at Caldas de Estrac, one of the most renowned projects of the
Catalan architect, the local cultural identity was introduced through the use of the traditional baldosin
ceramic tiles in the floors (internal and external) and roofs combined with a more abstract expression
of curved white walls.

Frampton also considers the work of Mario Botta an expression of critical regionalism. The Swiss
architect, who worked for Louis Kahn for a short period, is known for his draughtsmanship that
manipulates geometry at small and large scales. He often uses bricks as a covering material to
poetically underline the severity of strong volumes, yet which are based on very simple shapes.
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It is worth mentioning the proposals of Eladio Dieste, in the 1960s and 1970s, for thin shell vaulted
systems made from brick and ceramic tiles. The use of this ‘reinforced masonry’ structure in
Gaussian vaulted roofs allows for the achievement of spans up to 50 metres (Dieste, 1996). In this
period, the Uruguayan engineer and architect designed several buildings in Montevideo (warehouses,
a gymnasium, and silos plant) and a Market in Porto Alegre (Brazil) that even today represents some
of the most challenging applications of ceramic building components in structural design.

In the 1960s, Marcel Breuer, despite being one of the masters of brutalist expressionism in concrete,
designed terra-cotta flue tiles to produce sunscreens for Hunter College’'s uptown campus facades,
today known as Lehman College (Bergdoll & Massey, 2011).

Louis Kahn, often called ‘'the brick whisperer’, believed that materials had a stubborn sense of

their own destiny. His design for the Indian Institute of Management in Ahmedabad, built between
the 1960s and 1970s, embodies this notion of geometry as a key principle for the consistent and
systematic quality of his work and provided an order for the formal expressions that encompass both
composition and construction (Park & Baldanchoijil, 2014).

The possibility of additively producing ceramic components brings new opportunities for the
architecture and building industry, opening new compromises between the use of a low-cost
high performance material and the execution of complex geometries and multifunctional
products, impossible to obtain using any other traditional production process (Cruz, Knaack,
Figueiredo & Witte, 2017).

One of the merits of AM is the rediscovery of some of the functions that ceramic products had in
traditional construction systems. An example of this is the use of binder-jetting ceramic powder for
the development of a nonstandard ceramic brick system, similar to cinder blocks, for the assembly of
freeform ventilated fagades whose connections were inspired in traditional wood joinery techniques
requiring no additional adhesives or mortar (Sabin, Miller, Cassab, & Lucia, 2014).

In this context, also deserving of a mention is the porous 3D-printed ceramic masonry system for
passive evaporative cooling in buildings. Inspired by the Muscatese evaporative cooling window, it
combines a wood screen and a ceramic vessel filled with water (Rael & San Fratello, 2018).

The potential for producing a customised design with a standard desktop 3D printer with a modified
extrusion head for earthenware ceramics has been illustrated with a series of ceramic modular block
systems for interior and exterior walls, columns, vaults, and sun shading (Peters, 2014).

The work presented in this article aims to enhance the exploration of morphological, technological
and functional aspects of ceramic fagade components, encompassing the following objectives:
delving into different approaches for the discretisation of irregular surfaces in uniform and
nonuniform components; assessing the potential of AM techniques; expanding the functionalities
of ceramic components beyond their conventional architectural uses; proposing new systems and
developing innovative architectural components.

The fulfilment of these objectives provided new insights to be integrated into the project practice and
contributed to add value to ceramic products and the ceramic industry.
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METHODOLOGY

This work follows a methodology centred on three key aspects that are interrelated and fundamental
to an effective application in a real context: (1) controlling the ceramic material properties critical to
AM processes; (2) optimising the extrusion process of ceramic materials; (3) exploring the restrictions
to free-form geometries.

MATERIALS

Ceramic can be considered the first human-designed material, as opposed to materials directly
extracted from nature and shaped for specific uses such as wood and stone. The word derives from
the Greek words keramos or keramikos, meaning the product of the potter's art.

The most common clay bodies for architectural ceramics - mixes of different clays and additives -
are earthenware, stoneware, and porcelain.

Earthenware, including terra cotta, is a low-fire clay body with relatively large particle sizes
that is frequently used for tiles and bricks. A wide range of raw materials can be added to the
clay body in order to improve workability, such as: quartz sand, shells, calcite, mica, crushed
rocks, and volcanic ash.

Stoneware is composed of finer particles and exhibits better mechanical properties and a lower
porosity (Martin-Marquez, Rincén & Romero, 2008; Gualtieri et al., 2018). It is commonly used for
architectural tile applications and for facade elements (Gualtieri et al., 2018; Rambaldi, Pabst,
Gregorova, Prete & Bignozzi, 2017; Ribeiro, Ferreira & Labrincha, 2005). Porcelain is a white kaolinite
body, fired at the highest temperatures, and usually fully vitrified, resulting in a non-porous
homogenous product with extremely low water absorption. Table 1 presents a basic comparison of
the most common clay bodies for architectural ceramics.

TABLE 1 Basic comparison of most common clay bodies for architectural ceramics.

CLAY BODY DESCRIPTION FIRING TEMPERATURE

Porous, soft paste; contains added raw materials to improve : 500 - 1200°C
workability and firing

Hard and compact, not porous. Rough texture and usually 1200-1350°C
grey in colour

Very hard and compact. Glass like, white to bluish white 1300-1450°C
in colour

Earthenware is less dense than stoneware, which in turn is less dense than porcelain. The density
is related to the amount of water that can be absorbed and consequently determines the absorption
range of the unglazed fired ceramic. The less dense the ceramic the higher the absorption rate

and the greater the porosity. Usually, low-density clays do not vitrify when fired. Clays of high
densities can become vitreous and resistant to water infiltration, increasing the resistance

to freeze-thaw cycles.

JOURNAL OF FACADE DESIGN & ENGINEERING VOLUME 8 / NUMBER 1/ 2020



The transformation from clay - predominantly composed of alumina, silica, and water - to ceramic
occurs during the firing process. Firing changes the material composition at a micro level as
particles are sintered and permanently bonded. Material properties are altered substantially in the
process, producing a harder, durable, and water-resistant matter. The process of firing is a complex
balance of heating and cooling that must be precisely controlled to achieve the desired quality (da
Silva, Feltrin, Dal Bé, Bernardin, & Hotza, 2014; Glltekina, Topatesb, & Kuramac, 2017).

A kiln schedule consists of a ramping-up period in which the temperatures are slowly increased.
Following the ramp phase, the ceramic pieces remain at a constant firing temperature for a
prescribed duration, then enter a controlled cooling cycle in which the ceramic element returns to
room temperature. Rapid temperature fluctuations may result in cracking of the ceramic pieces.

Once the clay body has been formed it dries to the ‘green state’, either naturally or through more
controlled, machine-based drying processes such as with universal ovens. During drying and
subsequent firing, shrinkage occurs as moisture is removed (Ribeiro, Ferreira & Labrincha, 2005;
Oummadi et al., 2019; da Silva, Feltrin, Dal Bé, Bernardin & Hotza, 2014). Raw material properties
such as particle size and moisture content impact shrinkage rates. The smaller the particle size and
greater the moisture content the higher the shrinkage rate.

Industrial clay extrusion is a medium to high volume manufacturing process that, compared to
dry-pressing, offers better potential for shape customisation. It is a ‘wet’ process used to form clays
with a moisture content ranging between 16% and 23% (Ribeiro, Ferreira, & Labrincha, 2005). During
extrusion, a large lead screw system forces clay through a vacuum chamber and through a shaping
die, resulting in linear parts that have a constant cross-section (Ribeiro, Blackburn & Labrincha,
2009; Guilherme, Ribeiro & Labrincha, 2009).

Shrinkage rates vary between clay bodies, from approximately 8% to 12% (to the referenced moisture
percentage). Approximately half of the overall shrinkage occurs during drying, when moisture
evaporates from the surface (Martin-Marquez, Rincén, & Romero, 2008; Giiltekina, Topatesb, &
Kuramac, 2017). Water moves from the centre out through capillary action. Additional shrinkage,
typically 50% of the overall rate, occurs during firing when particles are sintered or bonded together,
and all remaining chemical moisture is released from the clay body. Shrinkage during firing impacts
all clay bodies. This causes ‘differential shrinkage’, which can result in warping and even cracking as
outer surfaces dry faster than the core material.

In a flat or linear product the dimensional changes due to shrinkage can be easily compensated by
oversizing it. In a product with a complex geometry, this compensation is not straightforward.

Several measuring techniques and devices are available to determine the optimal water content in
a clay body required to allow this body to be plastically deformed by shaping. The widely accepted
Pfefferkorn method has been extensively used in this research to evaluate and control the plasticity
of the stoneware used. It determines the amount of water required to achieve a 30% reduction

in height in relation to the initial height of the test body under the action of a standard mass
(Pfefferkorn, 1924).

Brittleness and vulnerability to crack propagation should be properly considered when conceiving a
ceramic product. Designers should avoid creating areas of high stress concentration, which include
drastic changes in wall thickness, sharp edges, openings, localized fasteners, acute corners, and non-
filleted intersections.
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The mechanical performance can be tailored by combining the appropriate clay body with additives.
The addition of cellulose or nylon fibres increases the ‘green strength’ of the dried clay before

firing, reducing or even avoiding shrinkage induced cracks. These fibres have little impact on the
properties of the finished part because they burn away during firing.

Usually, clay bodies fired at higher temperatures, up to 1300°C, exhibit higher strengths than those
fired at temperatures as low as 1000°C. The strength and porosity of stoneware clay bodies are
modified by varying the kiln schedule.

Fig. 1 shows a wide range of specimens recently produced at the Advanced Ceramics R&D Lab
(ACLab) of the Design Institute of Guimaraes (IDEGUI) using a wide range of ceramic pastes
(stoneware, porcelain, and refractory clays), fired at different maximum temperatures of 700°C, 900°C,
and 1050°C (Ribeiro, 2020). It is perceptible how the firing temperature affects the final colour.

1050°C

Stoneware Stoneware PCLI'E ANETO Stoneware PRAL PRNF PRLF VI WY AU
230mMP 130MP 130MP
Thick Thin

FIG. 1 Specimens produced with stoneware, porcelain and refractory clays after firing at different maximum temperatures of
700°C, 900°C, and 1050°C.

Stoneware usually exhibits a high compressive strength and behaves poorly under tension.

A previous experimental research was performed by testing a set of specimens until compression
failure, at the Materials Laboratory of the Civil Engineering Department of the University of Minho,
using a hydraulic test machine with 5000 kN capacity (Cruz, Camoes, Figueiredo, Ribeiro, & Renault,
2019). The tested specimens comprise manually extruded cylindrical pieces (solid) and cylindrical
models produced by AM with the same dimensions (from a single thin wall to a solid model).

The mean value of the compressive strength of the first set oscillated between approximately 200
MPa, for smaller specimens (60mm height by 30mm diameter), and 100 MPa for the bigger ones
(120mm height by 60mm diameter). The second set presented an average compressive strength
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2.2

that ranged between = 77 MPa (for tubular specimens with one thin wall, 60mm height by 30mm
diameter) and = 136 MPa (for tubular specimens with three concentric walls, 120mm height by
60mm diameter). The lower values obtained for the one-wall specimens makes evident the excessive
slenderness of the thin wall.

The research also carried tests on the compressive strength evaluation of a set of bricks produced

by AM (Fig. 2) with dimensions of 100 x 200 x 50 mm. Each brick was composed of 34 horizontal
layers, 1.b mm high and approximately 5.0 mm wide. The external and internal brick walls were
composed of two parallel extrusion paths; since the extrusion nozzle has a diameter of 3 mm, the
walls thickness is approximately 6 mm. The goal of these tests was to infer the influence of the
internal structural design for similar void ratios. Nevertheless, this study concluded that the obtained
compressive strength ranges (between = 87 to 111 MPa) denote proper mechanical behaviour for the
architectural ceramic bricks wall construction.

clay cartridge

extruder

air pressure control

printing bed

FIG. 2 Different internal structural patterns. FIG. 3 Lutum® ceramic printers available at the Advanced
Ceramics R&D Lab (ACLab).

PASTE EXTRUSION

The stages of industrial production processes related to architectural ceramics include the creation
of the clay body, followed by shaping, drying, firing, post-processing, and packaging. High-tech
industrial automation may boost/improve productivity by combining those stages.

Clay is usually extruded through a die in a final cross-sectional shape. A medium production volume,
in the thousands of units, is typically needed to offset the costs of designing and making the dies
(Bechthold, Kane, & King, 2015). Once shaped, the material is cut to length using an automated wire
or blades that move perpendicular to the axis of extrusion.

Although extruded products usually show only one finished surface, some producers prefer to create
high-quality surfaces on all sides of the product. To ensure that complex units retain their shape
without warping, additional features may be added to unsupported areas. Manual or automated
processes after final firing stage may break away additional geometries.

The extruded parts of many architectural applications are usually moulded with engravings,

such as slots and grooves, which may help the element to be hooked into metal substructures
during installation.
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Another manual process is the craft-based extrusion, although it is not commonly used due to the
fact that the resulting elements are much less accurate than industrial processed ones. Custom
extrusion dies are low cost in terms of tools as they use metal or wood among other materials.

Some factories combine industrial manufacturing with craft-based production methods. Such hybrid
production settings have a high potential for customisation of project-specific ceramic systems and
often modify their standard clay bodies to meet the performance requirements of a certain project.

The possibility of additively producing ceramic components brings new opportunities for the
building industry to explore the possibilities of incorporating components with specific design
requirements. The advent of Additive Manufacturing (AM) of ceramic brought unprecedented
possibilities for the building industry while exploring and incorporating components with specific
design requirements. It definitively reshaped and expanded the boundaries of what it's possible to
achieve with masonry construction and opened new domains, with multiple angles of study and
experimentation, and with great industrial potential.

Since 2016, clay extruding printers are being intensively used in the ACLab (Fig.3). The extrusion
path, material flow, and printing speed of the printing process are digitally defined by a
computational model. The movement speed, extrusion flow, and the air pressure can be controlled
manually to adapt the specific printing process to the characteristics of the clay during the printing
process. Print speeds are tuned, taking into consideration the viscosity of clay, specific object design,
and layer/nozzle size, with speeds ranging from 20 mm/s to 100 mm/s.

DESIGN

The integration of AM in the production of architectural ceramic components requires a prior
definition of strategies to be adopted in the design process. In the context of ACLab activity,
computational design tools perform a key role in the different stages of that methodology.

A first step is the enhancement of the process of morphogenesis, comprising the use and
combination of appropriate tools for: the parametric design; the form-finding process; and
performance optimisation (Fig. 4 & Fig. 5).

A second feature is the implementation of design rules that automatise the discretisation of building
envelopes, from the most conventional rational geometries to the most complex free-form surfaces.
This rationalisation of the design processes allows for the definition of customised cladding systems
in accordance with functional performance, while also considering material and manufacturing
constraints - the Hive Wall (Fig.14) and the Hexashade Vault (Fig.18) exemplify this approach.

Other discretisation design strategies are characterised by the minimisation of the type of
architectural components that define a construction system, relying on the combinatorial possibility
of connections to configure different architectural objects - S-Brick (Fig.9) and V-Brick (Fig.11)
follow those design principles. Their design is focused on the interconnection possibilities that

aim for a capability to disassemble and re-assemble the same masonry system in multiple

formal configurations.
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FIG. 4 Ficus Column, different stages from the design process testing different design solutions through the use of parametric
design and form-finding techniques. Stages: [1] Base shape. [2] Shape division. [3] Pattern definition. [4] Recursive application. [5]
Pattern smoothing. [6] Section variation. [7] Section rotation.

FIG. 5 Hexashade project. Schema of the vault design process considering solar analysis of a glazed surface to optimise a
shading hexagonal grid (top illustrations). It also presents the discretisation process of the vault in non-regular hexagonal blocks
(bottom illustrations).

Thirdly, the possibility of assembling customised solutions is made possible by the design of
adaptable connection systems. In order to accomplish this goal, two design approaches have been
tested. In the first, a direct fit of the components is envisaged through interconnecting surfaces.
Here, the design of the fitting system is fully parametrised in correlation to the overall shape of the
architectural object - Hexashade Vault (see the brick side surfaces, Fig.17). The second approach
considers the design of hybrid systems. AM has the potential to allow for the production of complex
geometries that are relatively difficult to assemble via conventional methods or interconnections.
The integration of external connectors enables the production of complex parts as fully functional
assemblies. To create a fully functional prototype, it is possible to manufacture an object up to a
certain level, place all the other elements (e.g., polymeric, metallic or other components) and resume
the manufacturing process - V-brick wall (Fig.12).
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Finally, a seamless framework between the initial design stage and the building stage can be
achieved because the design process is developed in a continuous computational environment.
Computational models generate the formal definition as well the instructions for the production
machinery (G-Code), providing a direct translation of design intentions and avoiding the

traditional design interpretation by third parties. This methodology allows for the extension of the
morphogenetic design principles to the digital manufacturing technology and respective material
constraints. One of the main benefits related to computational design and AM is the enabling of a
shift from conventional design methodologies to processes such as Design for Manufacture (DFM) or
Design for Assembly (DFA).

3 PROTOTYPES

A set of prototypes of free-form stoneware components was developed to illustrate the wide range
of possibilities they open for fagade construction. They give an insight into the potential conferred
by the chance of customising and optimising their shape and function. In fact, the production of
most of those free-form components would be impossible with any traditional manufacturing
technique, namely by conventional industrial extrusion process, using a die with a regular
cross-sectional shape.

The design principles always focus on a clear response to very specific problems that we think are
relevant to future works and to the effective implementation of this production method and material.
Each developed prototype has a specific purpose of exploring and combining different attributes
and challenges related to AM: (1) The noteworthy inclination of some extruded contours, evident in
the Wave wall bricks and in the Hexashade blocks; (2) The interlocking possibilities conferred by
V-Bricks, Hive wall bricks, and Hexashade blocks; (3) The versatility of some components, allowing
their combination in different orientations, highlighted by S-Bricks, V-Bricks, and Kusudama

blocks; (4) The customisation of their morphology and functionality, e.g. the optimisation of their
permeability and degree of shading (Hive wall bricks, Hexashade blocks, and Kusudama blocks).
Table 2 summarises the main characteristics of the six prototypes.

TABLE 2 Prototypes characteristics.

L S-BRICK V-BRICK HIVE KUSUDAMA | HEXASHADE
] ] L] [ ]

Facade cladding .

Ventilated sunscreen . . . .
Opaque wall . .

Vault shading system .
Maximum degree of vertical . .
curvature

Customisation of morphology R . .
and functionality

Optimisation of internal . R .
structural pattern

Layering in different R R .

orientations

Interlocking . . .
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WAVE WALL

Wave wall project consists of a computational model and AM prototype that proposes a system
of ceramic components for facade masonry. Wave wall has the specificity of formally exploiting
the maximum degree of vertical curvature of the external face that stoneware extrusion is able to
perform without collapsing.

The research project comprises the design and production of a full-scale prototype of a facade
masonry system (100cm x 50cm) with 50 components, all of them different. A block with standard
measurements (210x100x50mm) was used as a reference in which a free irregular shape was
defined that configures its external surface.

The internal structural pattern was studied and found to be the most efficient pattern possible,
allowing the correlation of the heat conduction between the two exposed faces and their mechanical
performances. For this end, several patterns were considered and for each some variables were
defined that can be parametrically controlled, such as the number of cells in U and V directions, the
thickness of the cells walls, and the pattern’s ability to adapt or not to the external shape of the brick.

FIG. 6 Wave wall brick extrusion path model. FIG. 7 Wave wall prototype.
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S-BRICK WALL

S-Brick prototype explores the design of bricks whose two larger faces are composed of double
curved sinusoidal surfaces. It also takes advantage of AM for the customisation of the brick’s inner
structure by testing s-shaped curved configurations. These features allow its layering to be done in
two directions resulting in walls with different design and functions.

If the bricks are assembled in the extrusion direction it might result in an opaque wall with a
corrugated pattern. If layered lying down, a ventilated sunscreen wall is obtained. In this solution, the
sinusoidal profile also facilitates the connection between the different layers of bricks, blocking each
component in its correct position.

FIG. 8 S-Brick extrusion path model.

FIG. 9 S-Brick wall prototype variants.
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V-BRICK WALL

V-Brick wall project aimed to explore the discretisation of architectural structures, such as walls, in
ceramic blocks through the use of parametric design tools and AM processes. The focus was mainly
on the development of innovative design solutions for the joints and interlocking strategy for a
freeform design approach.

To augment the degree of morphological freedom, two block types of 50 mm high were developed:
block A, which allows the construction of linear walls, and block B which enables a 60° rotation of the
walls. The block’s design provides a self-interlocked joint which eliminates the need for third-party
assembly elements. In fact, there are two grooves on the bottom of the outer wall, seeking a male-
female connection, which enabled the structure’s construction by simply stacking the blocks.

The external walls of the blocks are composed of two contour surfaces. It was proposed to use a
truss-like internal structure to increase the bricks’ structural strength, while also optimising the
process of continuous material deposition that is performed in AM, and avoiding any undesired
superficial deformation.

Finally, as illustrated in Fig. 12, V-Brick blocks have also been used to test the possibility of
incorporating AM polymeric reversible fittings, with or without magnets embedded, facilitating quick
assembly (Sampaio et al., 2019).

FIG. 10 V-bricks extrusion path models.

FIG. 11 V-brick wall prototype. FIG. 12 V-Brick Wall with polymeric connectors and magnets.
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3.4 HIVE WALL

Hive wall experiments with the capabilities of AM processes to demonstrate the potential

of the architectural application of non-standard ceramic components for fagade cladding.

The challenge was to define a system for ventilated walls in which the size of the openings is
customised, allowing wider or narrower openings in accordance with the need for ventilation,
shadowing, or desired visual constraints. The blocks’ apertures and geometry are composed of three
non-uniform truncated pyramids produced with stoneware.

The assembly comprises horizontal layering that is facilitated by the trimmed formal configuration
of the bricks that result in a stable interconnecting and docking system. The prototype corresponds
to a section of approximately one square metre, composed of 57 bricks of 10 cm depth, in

which the central point corresponds to the maximum opening of the wall, which progressively
decreases towards its limits.

FIG. 13 Hive-brick extrusion path model.

FIG. 14 Hive wall prototype..
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KUSUDAMA WALL

Kusudama wall prototype resulted from research that aimed to explore the use of cellulose to
produce architectural components by AM. After an initial evaluation of 3D printed specimens
produced with cellulose and composite materials, mixing different percentages of cellulose with
different percentages of water, starch, sawdust, and ceramic paste, a set of mixtures was selected
in order to produce a reliable prototype wall that expressed the different behaviour and tectonics of
those materials - the Kusudama wall.

The design solution was achieved through the use of a parametric design model, envisaging a
customised set of hexagonal blocks. Two types of blocks were made from a regular hexagonal
grid; the first consisted of a triangular interior opening and the second one consisted of a
pentagonal interior opening. The heights of the hexagonal external wall and pentagonal internal
wall are 50 mm and 100 mm, respectively. The hexagon is circumscribed in a circle with

a diameter of 170 mm.

From the material perspective, the use of a small percentage of cellulose, and other additives of
stoneware mixtures, shows a substantial improvement in mechanical performance during the
drying and firing stages.

= !

—

FIG. 15 Kusudama-brick extrusion path models. FIG. 16 Kusudama wall prototype.

JOURNAL OF FACADE DESIGN & ENGINEERING VOLUME 8 / NUMBER 1/ 2020



3.6

017

HEXASHADE

Hexashade prototype explores the use of hexagonal ceramic blocks for the construction of a vault
shading system whose geometry and internal structure are defined according to solar incidence.
Based on hexagonal blocks, the optimisation takes place through the geometric variation of the
internal structure of the blocks.

The design process is mediated by a computational model, taking into account the sun incidence
data, resulting in a system that adapts the internal geometry of each one of the blocks through
their relative position in the set, making them more or less permeable depending on the space/
time ratio to be shaded.

The prototype is composed of irregular hexagonal blocks with variable internal openings and
external configurations. Their dimensions range from 200 mm x 74 mm x 23 mm (the smallest block)
and 210 mm x 167 mm x 23 mm (the biggest block).

FIG. 17 Hexashade-block extrusion path model. FIG. 18 Hexashade vault prototype.
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CONCLUSIONS

The history of architecture, characterised by its technical and material, as well as aesthetic evolution,
i1s enhanced by the evolution of ceramics. The authors of this paper believe that there is room for
achieving significant improvements in the implementation of AM in ceramics, beyond the state-of-
the-art in the building industry and in industrial applications.

The production of reduced-scale prototypes helps to dispel doubts about their functionality and
the efficacy of the AM process. The manufacturing constraints, recognised by experimentation,
must be integrated in the computational models from the design phase, in order to avoid the need
for subsequent changes.

The prototypes presented in this work reveal viable architectural and constructional solutions

and clearly validate the fulfilment of the objectives proposed. In fact, they wholly demonstrate the
potential of AM techniques and the efficient use of resources; they made use of different approaches
for the discretization of irregular surfaces; they integrate innovative architectural components with
enhanced functionalities.
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Abstract

Nowadays, the construction industry is characterised by high-rise, multifunctional, and complex
buildings with innovative facade

systems. Unlike a simple prescriptive approach in accordance with standards and codes, a performance-
based design allows us to:

define safety levels and goals, evaluate heat transfer to the structure and the structure’s response based
on fire behaviour, model different fire scenarios using Computational Fluid Dynamics (CFD) software,
and personalise the design of any specific project in order to reach the required level of safety. Through
a significant case study, the Libeskind Tower in Milan's City Life district, this paper describes the Fire
Safety Engineering (FSE) performance-based design approach. The analysis demonstrates consistent
results between the CFD fire modelling output and the laboratory test on a full-scale fagade mock-up.
Moreover, a Finite Element Analysis (FEA) performed on a section of the facade mullion, identifies and
highlights the fagade system'’s critical issues in different fire scenarios.
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INTRODUCTION

Nowadays, the construction industry is characterised by high-rise, multifunctional, and complex
buildings with innovative fagade systems (Fig. 1). The need to comply with European energy efficiency
regulations has led to research and design advanced building envelopes (Rigone, & Giussani, 2019;
Romano, Aelenei L., Aelenei D., & Mazzucchelli, 2018), for which innovative materials and systems are
continuously developed and introduced (Aelenei L., Aelenei D., Brzezicki, Mazzucchelli, Rico Martinez,
& Romano, 2018; Mazzucchelli, Alston, Brzezicki, & Doniacovo, 2018), calling for an improvement of
regulations and testing standards (Anderson, Bostrom, McNamee, & Milovanovié, 2017).

FIG. 1 Example of high-rise building with advanced fagades: Palazzo Lombardia, Milan, Italy

However, the architectural quality and thermal performance of a facade system must be in accordance
and consistent to guarantee other requirements, such as fire safety. Many recent fire events
demonstrate that the need to improve the technical knowledge and practical procedures in high-rise
buildings fagade systems design, especially those concerning fire vulnerability, is still very strong
(Mazzucchelli, Lucchini, & Stefanazzi, 2019). In this regard, unlike a simple prescriptive approach

in accordance with standards and codes, a performance-based design allows us to define safety
levels and goals, evaluate heat transfer to the structure and the structure’s response based on fire
behaviour, model different fire scenarios using Computational Fluid Dynamics (CFD) software, and
personalise the design of any specific project in order to reach the required level of safety. Therefore,
an appropriate selection and use of materials, a Fire Safety Engineering (FSE) analysis, and laboratory
tests (Fig. 2) become fundamental (Bjegovi¢, Pecur, Milovanovi¢, Rukavina, & Alagusic, 2016).

The paper, after introducing the general issue of fire safety pertaining to building fagades, focuses
on a case study where a performance-based FSE design approach has been followed. In particular,
the CFD modelling process and the Finite Element Analysis (FEA) analysis, as tools to evaluate
different fire scenarios and the facade system's critical issues in case of fire, are described in detail.
The analyses carried out demonstrate results consistent with those of a laboratory test on a full scale
fagcade mock-up, showing that such an approach can be conveniently used in assessing the fire
performance of fagade systems, especially in the case of new buildings with complex shapes.
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FIG. 2 Images of laboratory tests to evaluate the fire behaviour of an opaque fagade solution: ignition phase (left) and steady
phase after 10 minutes (right)

2 FIRE SAFETY CONSIDERATIONS

In the construction field, fire events in fagades are the less likely to occur. Nevertheless, in Europe
many national guidelines regarding opaque fagades (Rukavina, Carevic, & Pecur, 2017, Mazzucchelli
et al,, 2019) are available, while new transparent curtain wall systems undoubtedly call for an
improvement in the standards.

In general, the typical scenarios for the fire spread over fagades are of three types (Fig. 3):

— spread of an external fire onto a combustible facade by radiation from a
neighbouring, separate building;

— spread of an external fire due to radiative effect or due to direct fire effect from a source of
fire located next to the facade (for example fire developed on a balcony or fire from a car
parked near the fagade);

— internal fire, started in a space inside the building, spreading through openings in the fagade
(windows, doors, etc.) onto upper or lower floors.

I curtain Wall

Floor Slab

I

—

8 =

Perimeter Void

FIG. 3 Typical scenarios of fire spread across facades (Rukavina et al.,, 2017) FIG. 4 Curtain wall facades’ main fire
spread mechanisms
(Mazziotti & Cancelliere, 2013)
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Considering a curtain wall system, where normally there are no combustible materials on the
external surface of the facade, the typical fire spread scenarios are summarised in Fig. 4, where no.
1 represents the fire spread through the space between the slabs and the internal facade surface,
no. 2 the fire spread within the facades cavities or ventilation chambers, and no. 3 the fire spread
through fagade windows and openings.

In any case, many aspects should be considered to guarantee the fire safety in building facades, such
as the connection requirements between fire compartments and facade elements, the fire behaviour
of materials, the absence of obstacles to the fire spread on the fagade and/or to neighbouring
facades, the possibility of detachment of burnt fagade portions and involvement of still intact
portions of the fagade, the risk of glass units and fagade components to fall, etc. Fire vulnerability can
be reduced if the fire load within building compartments is maintained at moderate levels. Moreover,
fire protection for buildings can be achieved not only by passive methods, but also by active systems
(e.g. sprinklers) that can minimise the risk of fire propagations. Therefore, fire safety is related to
many variables and must be assessed, investigated, and solved, case by case, through a specific

FSE analysis, taking into account many parameters (e.g. spatial distribution of the combustible
materials, development and fire spread over the fagades, Heat Release Rate - HRR, temperature
distribution, smoke composition, air movement and diffusion or ventilation). Furthermore, fire safety
aspects are not limited to the control of fire spread, but also concern the structural safety of the
building components.

In the past, the fire resistance performance of components could be determined only by laboratory
tests. In recent years however, the use of numerical methods for the fire resistance calculation

of various structural components is growing and spreading, since it is far less costly and time
consuming, thus significantly contributing to the modern development of fire safety science and
engineering. Nowadays, appropriate numerical simulations allow a performance-based approach
to be followed in a much faster and more convenient way, in which the modelling is combined with
full scale fire tests carried out to evaluate the behaviour of different solutions, materials, and effects
due to different geometries and configurations of facade openings (Kotthoff, Hauswaldt, Riese, &
Riemesch-Speer, 2016; Northe, Riese, & ZehfuB3, 2016; Bjegovi¢ et al., 2016).

Thus, numerical modelling is commonly used for a major parameter analysis, especially in the case
of buildings characterised by complex fagades, such as those of the Libeskind Tower. Moreover, for a
large-scale test method, modelling is required for simulations as undergoing a laboratory test can be
complex due to factors that can influence the results (e.g. wind direction and speed).

3 CASE STUDY: THE LIBESKIND TOWER

The Libeskind Tower is located in the City Life district in Milan (Italy). The main highlighted issues
of the office tower are the concave bending of its elevations and the top crown (Fig. 5). The building
core is divided into two separate blocks, symmetrical as far as the structure is concerned, but
asymmetrical with regards to the location of the escape routes (Fig. 6).
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FIG. 6 Tower layout of the 5™ floor

From the first to the twenty-eighth floor, indoor spaces are occupied by offices (Fig. 6), while at the
twenty-seventh floor a double-height office and conference rooms are located. The crown's fagade
is characterised by a glass structure, whose geometrical lines complete the building, closing the
spherical tendency, which is crucial to the tower concept. It is possible to simplify and to model the
fagade’s design geometry into a toroid and cylinders, relatively simple shapes defined with a limited
number of panel families. The fagade units have a typical size of about 1500mm x 4100mm (Fig. 7),
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although it is not possible to identify a standard module because of the tower’'s geometry. Despite
having the same performance requirements, the different types of facade units differ for geometric
characteristics, type of components, and installation method (Fig. 7 and Fig. 8).

FIG. 7 Construction phases of the Libeskind tower fagade

it
it it
il i
i I,i !J!?ll[!ggfglg"llllﬂﬂ!ﬂ

FIG. 8 Fagade type and fagade module shape. Despite having the same performance requirements, the different types of facade
units differ for geometric characteristics, type of components, and installation method
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The geometric rules of the module shape generation (Fig. 9 and Fig. 10) are the following:

north fagade: the shape is generated by a portion of spindle with horizontal oriented rotation axis.
The center of the toroid is located at the 11" floor of the tower, defining a geometric rule that reduces

the number of different panels. The horizontal stack joint between the flat units allows the vertical
rotation of the panels;

south facade: the shape is obtained from a portion of cylinder on the horizontal axis, discretised by
vertical, inclined, and horizontal flat panels. The centre of the toroid is located at the 14" floor of

the tower. To reduce the solar radiation of the fagade to the public square, the fagade module was
modified, including the projected windowsill;

east and west fagades: the shape is given by two radial planes that cut the volume of the

entire building. The panels are flat, rectangular-shaped, and the “jolly” panels are cut at the
edges of the tower.
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FIG. 9 Geometrical rule of module shape generation (De la Fuente, 2019)
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FIG. 10 Elevations of the tower (De la Fuente, 2019)
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FIG. 11 Facade - south-east corner, low rise

From a functional point of view, the crown hides the cooling towers, the service lifts, and the facade's
Building Maintenance Unit (BMU) system. The triple glazing fagade fixed units (Fig. 11) comply

with the thermal (overall U-Value U_ = 1.1+ 1.3 W/m?K), air permeability (class A4 - EN 12152), and
acoustic insulation (D
well as the protection from solar radiation in compliance with the current building regulations. Most

2T = 42 dB) performance values required by Italian national standards, as
of the glazing units of the single skin facade are Triple Glazed Units (TGU), with low-E and solar
coating, air cavity filled with Argon gas and a “warm edge” spacer type. The connection to the slab
is fire resistant and the details include insulating material and specific calcium silicate fire-board
installed between the fagade and the concrete decking (Fig. 12).

N\

FIG. 12 Typical horizontal section of fagade unit - half mullion aluminium frame (on the left) and typical vertical section of stack
joint between units (on the right)

The connection joint is also very high performance for acoustic insulation. An internal natural light
control system is achieved with automatic blackout roller blinds powered by a step-by-step electric
driver controlled by a Building Management System (BMS). The potential overheating of the glass
interlayer induced by the roller blind radiant effect is controlled by suitable slow natural ventilation
through a perimetral air gap between the curtain walling framing and the roller blind.
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3.1 METHODOLOGY AND MODELLING

The aim of the analysis here presented is the evaluation of the fagade system's behaviour in case of
fire, carried out through a CFD simulation (to assess the temperatures reached in a standard room
and on the fagade surface) and thermal and FEA modelling on a fagade mullion (to assess critical
issues in case of fire).
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FIG. 13 Layout and vertical section of the analysed 7% floor north-facing room
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FIG. 14 North facade details: front view, vertical and horizontal sections
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Different room configurations on different floors and with different orientations have been analysed
(De la Fuente, 2019), but only the results for a north-facing office (Fig. 13) are presented here. This
because the north fagade is the most critical due to its architectural curvature (Fig. 14) and where, in
case of failure, a fagade module is more likely to fall onto pedestrian zones.

The fire simulations allow the identification of the thermal loads acting on a fagade and evaluation of the
components’ performance after flame and smoke propagation. In further detail, fire dynamics take into
account physical and chemical interactions, including fluid dynamics, thermodynamics, combustion,
and radiation. While in simplified fire models (such as one zone model), the gas temperature of a
compartment is considered uniform and it is represented by a temperature-time relationship, without
considering smoke movement and fire spread, advanced ones are normally theoretical computer
models that simulate the heat and mass transfer process associated with fire in a compartment. This
allows gas temperatures to be predicted in a more detailed and precise way, and to provide a space- and
time-dependent gas temperature distribution, smoke movement, and fire spread.

In accordance with PD 7974-1 (Application of fire safety principles to the design of buildings, 2003),
the design of fire is characterised in terms of HRR, smoke production rate, and time to key events like
flashover and fire size or duration. Some preliminary assessments were performed to evaluate the
fire scenario (Rigone, Mazzucchelli, & De la Fuente, 2020), such as ventilation conditions and possible
variations during the fire (FSC Engineering report Torre Tcc, 2018), automatic suppression systems,
and performance of each of the safety measures (De la Fuente, 2019), location, type, quantity, and
distribution of combustible materials, materials fire reaction, considering BS 7479 (Application of fire
safety principles to the design of buildings - Code of Practice, 2001) as a technical reference.

In the case study, an automatic sprinkler system was considered. The system aims to stabilise the
maximum flow rate of the flames, once activated; still, the possibility of a system failure has been
studied. Therefore, the following fire scenarios have been analysed:

SN1: Fire located close to a mullion with a standard response sprinkler. The purpose of the standard
response sprinkler is to pre-wet materials around the fire, removing the fuel source. Containing the
fire in its original location and suppressing its growth are the main goals;

SN2: Fire located close to a mullion with a quick response sprinkler. It has similar fire-control
benefits as a standard response sprinkler, but it sprinkles more water on walls to control fire growth
and to maintain lower temperatures at ceiling level, reducing the likelihood of flashover and slowing
the fire growth within the building;

SN3: Fire located close to a mullion with a sprinkler failing. This scenario aims to assess the
behaviour of the room and to investigate the timing failure for the different components of

the building facade.

For a typical office room, a fire with a medium growth rate parameter (0.012 kJ/s®, as recommended
in BS 7974 and in accordance with NFPA 92B) is considered (Table 1). The fire is located at 0.5 m
distance from one of the mullions, allowing the maximum effect of the fire on the fagade structure
to be analysed. The interaction between water and air heated by the fire is not directly modelled,

but it is assumed that the sprinkler activation interrupts the fire development and stabilises it,
maintaining a horizontal growth curve (FSC Engineering report Torre Tcc, 2018). Hence, when the
fire growth value becomes constant, it corresponds to the sprinkler system activation. To evaluate
the activation time for the two different sprinkler systems, B-Risk software (provided by BRANZ and
the University of Canterbury) has been used. The output of this pre-assessment phase is necessary
for the definition of the fire curves and the HRR.
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TABLE 1 Summary of the main HRR curves inputs

SPRINKLER STANDARD SPRINKLER QUICK
RESPONSE (SN1) RESPONSE (SN2)
20 20

UNCONTROLLED FIRE
(SN3)
20

Room temperature [°C]
Sprinkler activation temperature [°C] = 68 68 -
Space height [m] 3.0 3.0 3.0
Fire detector spacing [m] 2.9 2.9 -
Fire growth rate [kW/s?] 0.012 0.012 0.012
Activation time [s] 175 140 300
Heat Release Rate, HRR [kW] 375 225 1,080
Heat Release Rate Per Unit Area, 284 220 818
HRRPUA [kW/m?]
’g 1200
=
o
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pe
1000 +
800 - Standard response
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600 | Uncontrolled fire
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FIG. 15 Input HRR curves for the identified fire scenarios: sprinkler standard response (SN1), sprinkler quick response (SN2),
uncontrolled fire (SN3) (De la Fuente, 2019)

The HRR curves for the proposed scenarios were calculated according to the equation of time-
squared fire growth curve (specified in PD 7974-1). For SN3, following EN 1991-1-2 (Eurocode 1: Part
1-2: General actions — Actions on structures exposed to fire, 2002), which states that at 300 seconds
(from ignition) the maximum rate of heat release is reached in an office occupancy, it is assumed
that the curve stabilises at a fully developed fire and the decay phase would follow. The HRR curves
for the identified fire scenarios and the main inputs are summarised in Table 1 and Fig. 15 (De la
Fuente, 2019). Finally, the HRR curves have been used as a CFD software input, through the specific
area (representing a localised fire) and the Heat Release Rate Per Unit Area (HRRPUA).

To analyse the specific fagcade system performance and to evaluate the temperatures of the framing

mullions and glazing within the hypothesised fire scenarios, “Fire Dynamics Simulator” (provided
by the National Institute of Standards and Technology - NIST) and “PyroSim 2018" (provided

by Thunderhead Engineering), based on the Fire Dynamics Simulator 6.6.0 CFD calculation
algorithm (McGrattan, Hostikka, McDermott, Floyd, Weinschenk, & Overholt, 2013), have been used.

The modelling is characterised by the subdivision of the area of interest into a large number of much
smaller domains, called mesh or cell grid. In this way, complex geometries and time-dependent flows
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can be easily managed. The output consists of parametric values of the flows of interest, such as
speed, smoke concentration, and the level of radiation calculated in each of the cells of the grid.

The temperature monitoring was carried out through specific detectors positioned on the facade
module. The number of sensors, called Adiabatic Surface Temperature (AST), total 95 on the mullions
and 208 on the glass panes, giving a total of 303 (Fig. 16). The modelling and the experimental

test have been carried out to verify if the temperatures reached within the room could rise up to
critical values, compromising the stability of the aluminium structure and the glass panes. In this
regard, the CFD modelling output has been used as input for the Transient Thermal Analysis (TTA)
of the mullion section, carried out through Straus? (provided by G+D Computing and HSH Srl) and
ANSYS (provided by ANSYS, Inc.) software, taking into account convection, radiation, and conduction
effects. Both pieces of software use a finite elements analysis (FEA) method and, for the case study,
a non-linear analysis section has been considered. To further elaborate, for the TTA of the mullion, a
simplified section (Fig. 17) was analysed, considering the exposure of the mullion for 40 minutes to
the natural fire curves obtained by CFD simulations. The triple glazing was modelled in Window and
THERM software (provided by Lawrence Berkeley National Laboratory) to analyse the temperatures
on each glazing pane surface. Finally, the modelling results were compared with the laboratory test
results to evaluate the real model reliability.

FIG. 16 Office model vertical section (left), 3D view (in the centre), and Adiabatic Surface Temperature (AST) sensors position (on
the right, facade indoor view). M1: mullion no. 1, M2: mullion no. 2, M3: mullion no. 3, G1: glazing no. 1, G2: glazing. no. 2

-

Convection and
radiation of fire
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Convection exterior
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FIG. 17 ANSYS mullion model with mesh and boundary conditions (left) and mullion section with components (right)
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NUMERICAL RESULTS

The overall behaviour of the office room proves the benefit of providing the sprinkler system.

The temperature distribution on the fagade (Fig. 18) reaches its highest values after 600 seconds

of fire exposure. As can be seen according to what is detected by AST sensors, the facade is subject
to temperatures between 50°C and 600°C, where the ranges differ according to the scenario.
Considering SN1 and SN2, the mullions are locally subjected to temperatures equal to or higher
than 250°C at the M1 and M2, while having temperatures between 120°C and 250°C in two thirds of
the total area, and temperatures lower than 120°C for about one third of each mullion. For SN3, the
mullion temperatures drastically increase, approximately doubling.

FIG. 18 Temperature distribution on fagades for scenario SN1 (on the left), SN2 (in the centre), and SN3 (on the right)

For SN2, temperatures do not exceed 250°C, and for SN1 they reach the highest value of 280°C (Fig.
19 and Fig. 20). Meanwhile, the third case shows an uncontrolled fire (i.e. sprinkler system failure)
and flashover (namely the sudden involvement of a room or an area in flames from floor to ceiling
caused by thermal radiation feedback) occurrence, reaching temperatures of 600°C (Fig. 21).

FIG. 19 SN1 - Isosurface at 200-400-600°C (on the left) and temperature of two vertical planes at stationary conditions after 600
seconds (in the centre and on the right)
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FIG. 20 SN2 - Isosurface at 200-400-600°C (on the left) and temperature of two vertical planes at stationary conditions after 600
seconds (in the centre and on the right)

2
600.0

FIG. 21 SN3 - Isosurface at 200-400-600°C (on the left) and temperature of two vertical planes at stationary conditions after 600
seconds (in the centre and on the right)
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FIG. 22 SN1 - Glazing no. 1 (top) and Mullion no. 1 (bottom) time-temperature chart (data from AST sensors). The temperatures,
after a first growth phase, stabilise when the stationary conditions (sprinkler system activation, after about 200 s of simulation)
are reached
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The temperatures obtained in the CFD analysis along the facade elements by AST sensors are
summarised in time-temperature charts (see Fig. 22 for SN1): the temperatures, after a first growth
phase, stabilise when the stationary conditions (sprinkler system activation, after about 200 seconds
of simulation) are reached. The temperatures recorded on the mullions and the glazing reach a
maximum of about 300 °C. The highest temperatures reached are for mullion no. 1 and glazing

no. 1 (as identified in Fig. 16), which are the closest to the fire source. The CFD analysis results
highlighted that the sprinkler scenario SN1 and the uncontrolled fire SN3 are the most relevant, as
they have the higher recorded temperatures.

The CFD results and the temperature distribution have been used as inputs for TTA to estimate
and determine the temperatures reached in the whole mullion section, their variation over time
and the possibility of a structural failure. In this regard, a study of each fagade component has
been performed to evaluate the temperature effect from a structural stability point of view (see Fig.
23 and Table 2). For this analysis, some material properties are needed (e.g. specific heat, mass
density, etc.) in order to take into account the contribution of their thermal inertia.

A: Transient Thermal
Unit: °C
Time: 2400

430

398.46
366.92
335.38

285.51 Max

240.77
20023
177.69
146.15
114,62
83.077
45.557 Min
20

A: Transient Thermal
Unit: °C
Time: 2400

430
424.61 Max
366.92
335.38
303.85
27231
240.77
200.23
177.69
146.15
114.62

64.141 Min
20
FIG. 23 SN1 (top) and SN3 (bottom) TTA mullion temperatures

B

As a thermal break, a polyamide 6.6 is used, which offers good insulating properties and excellent
mechanical performance. According to the producer technical data sheet, its melting point is
between 250°C - 265°C, while the flash point is at 490°C and the ignition temperature is 530°C.

In the SN1, the thermal break highest temperature reached is 214°C, therefore melting, heat
problems, and ignition phenomena are negligible. Although considering that the service temperature
of the polyamide is between 120°C-150°C, a softening phase of the material is expected with a

loss of mechanical properties. In the SN3, a temperature of 288 °C is reached, and this could cause
the thermal break to melt. The gaskets are made of EPDM, which has a self-ignition temperature
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of 279 °C at a standard room percentage of oxygen of 21% (Steinberg, Newton, & Beeson, 2000).
Considering SN3, the temperature reached its highest value, higher than the auto-ignition of
EPDM, and so the gaskets fail. Since, for the structural calculation of aluminium profiles, the EPDM
elements are not taken into account, the softening of the gaskets can be considered irrelevant.
Regarding the structural silicone thermal properties, the temperature reached within the mullion
in all the scenarios leads to its mechanical failure. To secure the glazing, an aluminium bead was
considered (Fig. 17).

TABLE 2 Summary of transient thermal analysis (TTA) mullion temperatures

FIRE SCENARIO | ALUMINIUM EPDM POLYAMIDE 6.6
SN1

256 °C 242 °C 214 °C
SN2 226 °C 216 °C 190 °C
SN3 425°C 415 °C 288 °C

The loads on the structural elements were assumed from the structural report provided by the
builder. The mullion numerical verifications (according to EN 1999-1-2: Eurocode 9, Design of
aluminium structures, Part 1-2: Structural fire design, 2007) consider only the aluminium section,
neglecting the contribution of other materials such as silicones, EPDM, and polyamide. The results
show that all the metallic elements on the facade that reach temperatures below 400°C are not
affected by a significant mechanical strength reduction and are verified in case of SN1 and SN2
scenarios (see Table 2). For the SN3 scenario, the temperature is above 400°C and a significant
mechanical resistance loss occurs, putting the glazing in a potentially dangerous situation.

The triple glazing was modelled in Window software (provided by Lawrence Berkeley National
Laboratory) as a triple pane system (internal 13 mm clear float glass pane, 18 mm argon filled
cavity, 6 mm middle glass pane, 18 mm argon filled cavity, external 17 mm glazing pane made of
heat strengthened glass with PVB interlayer). This model was then exported to THERM software
(provided by Lawrence Berkeley National Laboratory) to analyse the temperatures on each glazing
pane surface. According to the National Research Council of Canada (Babrauskas, 1998) the range
of gradient temperature from exposed to unexposed surfaces that causes cracks on float glass goes
from 25°C to 75°C. For the heat strengthened glass, the gradient temperature from inside to outside
surfaces should be at least 100°C. Considering SN1 and SN3 scenarios, the minimum gradient
temperature from the exposed surface to the unexposed has been calculated as 26 °C. With this
value, a failing condition in the inner pane can be considered. Thus, another analysis is required

to evaluate the behaviour of the middle heat strengthened pane after the failure of the inner pane.
This second analysis has been performed considering the glazing as a double pane configuration.
The maximum gradient temperature from the exposed surface to the unexposed one was calculated
as 45 °C. From these results, it can be concluded that the middle pane does not break in the different
fire scenarios (De la Fuente, 2019).
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LABORATORY TEST AND MODEL VALIDATION

A fire resistance test was carried out on a fagade mock-up (Fig. 24) at the Istituto Giordano's Fire
Resistance Laboratory (Italy). Even if the fagade is not subjected to specific fire requirements,

except for the horizontal fire stop at slab level (it does not include any fire resisting glazing or fire
resisting spandrel panel), the test was performed following the general provision given by the
standard EN 1364-3 (Fire resistance tests for non-loadbearing elements - Part 3: Curtain walling

- Full configuration - complete assembly, 2014), with a modification of the temperature profile in
accordance with the fire analysis carried out. In fact, the temperature curves follow the software
simulation with an exposure of 320°C for 60 minutes, and slowly increase for the last 15 minutes to a
temperature of 450°C. The increased temperature was imposed to verify the ultimate resistance state
of the facade exposed to a fire event. The test duration was evaluated in relation to the evacuation
time for the given building and occupancy.

3200

300

SEZ B-B <>>

FIG. 24 Laboratory set up configuration of the facade mock-up in accordance with EN 1364-3 standard
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The tested sample has shown no damage, except for the deterioration of the PVB layer in

the strengthened glass pane. To carry out the test, an experimental oven (internal height of

3200 mm, width of 3200 mm, and depth of 1200 mm), fitted with 8 oil-fired double flame burners,
evenly distributed on the vertical side walls, and two fireplaces placed separately, with output section
electronically controlled variation valves, was used. The pressure detection system included two
pressure detectors connected both to an automatic and a manual pressure reading system.

The temperature detection system included control units located on the vertical sides of the oven
(to measure the inside temperatures), "K" type wire thermocouples (Nickel-Chromium/Alumel)
connected to a mobile unit, in turn connected to a reader to translate the thermocouples potential
difference into temperature values, laser deformation detection system, data acquisition system
connected to an electronic computer with a management software. 75 thermocouples and 14 points

for the deformation measurement through the laser detection system were placed at the unexposed
side of the sample (Fig. 25).

FIG. 26 Facade mock-up under fire exposure (on the left). Glass interlayer appearance after the laboratory test (on the right)
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The test was successful, as the fagade element maintained the thermal insulation and integrity for
the entire test duration (70 minutes) evaluating the SN1 scenario. The mock-up and the glazing
panels did not collapse during the test. Throughout the 70-minute test, there were no significant
effects other than a change in colour of the PVB layer, which started 16 minutes after the beginning
of the test (Fig. 26).

DISCUSSION

Different analyses were performed to assess the real behaviour of the facade in case of fire.

To evaluate the accuracy of the model and the experimental test, a comparison pertaining to the
mullion was done, taking as a base point the experimental test results by the Istituto Giordano
laboratory, considering the experimental test conditions after 40 minutes of fire exposure and the
scenario SN1, which is the one performed in all the analyses carried out. The thermocouples output
of the six mullions are summarised in Fig. 27, which correlates to the experimental test and ANSYS
simulation time-temperature charts; for Straus7 TTA, only the final temperatures of the sensors are
considered. To avoid peak temperatures and follow the trend behaviour, the time-temperature chart
of the laboratory test was traced considering the median values.
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FIG. 27 Experimental test thermocouples time-temperature chart (on the top left), ANSYS sensors time-temperature (on the
bottom left) and thermocouples analysed in the mullion comparison test (on the right)
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TABLE 3 Summary of sensors’ temperatures at 40 minutes of fire exposure

SENSOR FIRE TEST STRAUS7 ERROR [%] ANSYS ERROR [%]
1 292 °C 256 °C 12.32 284 °C 2.73

2 288 °C 242 °C 15.97 278 °C 3.47

3 211°C 217 °C 2.84 193 °C 8.563

4 228 °C 201°C 11.84 264 °C 15.78

5 58 °C 36 °C 37.93 47 °C 18.96

6 48 °C 36 °C 25.00 48 °C 0

The final assessment between the software and the fire test results (see Table 3) is useful to
estimate the differences between them. In this regard, the overall difference with a median average
is 17.65% for Straus 7 and 8.24% for ANSYS. Both simulations have a satisfactory result and are a
good pre-design tool to simulate the behaviour of the mullion. ANSYS seems to give results that are
closer to the real value measured during the laboratory test but, as a general remark, both software
outcomes seem to be very close to the measured temperature values with an acceptable error. Once
the reliability of the ANSYS model is confirmed, in case of an uncontrolled fire scenario, the time-
temperature curve gives an overview of what could happen if this catastrophic case occurs.

In general terms, it is very important to set out the correct fire scenario, which clearly drives any
possible consideration regarding this methodology of simulation and its potential extension to
other cases. Reference fire scenarios can be found in national and international standards, but they
need to be adapted to the specific design situations, involving a detailed knowledge of adopted fire
prevention measures (in the case study, a sprinkler system) and architectural consideration of the
building and fagade details.

Facade construction details are relevant with regard to assembly and installation procedures,
making a clear distinction between unitised curtain walling systems and stick construction systems.
FEA analysis shows that, in terms of critical temperatures, stick systems are better performing due
to a general higher thermal resistance of discrete framing (mullion and transom sections), when
compared to typical coupled unitised mullions sections. In the case of unitised curtain walling
systems, the presence of water and air control barriers (elastomeric EPDM gaskets, as components
highlighted with number 3 in Fig. 27) represent a discontinuity in regard to temperature distribution
in the framing section (see Fig. 23). On the contrary, in regard to Fig. 23, it is also very clear the
importance of the thermal break made of polyamide strips, which highly reduce the heat transfer

in the critical area of the curtain walling system, thus improving the mechanical glass retention

(see sensors placed in 5 and 6 positions in Fig. 27). A specific consideration needs to be given in
regard to the structural silicon bonding between glazing and aluminium framing. Experimental

and FEA results show temperature values that are theoretically not compatible with the mechanical
resistance of the bonding silicone, but no glass bonding failure occurred during the fire test. This
could be explained by the local difference of temperature not recorded by the sensors (sensor

no. 4 was placed inside the aluminium profile cavity and not in contact with the glass to sealant
adhesion surface). In this case, a lower surface temperature could justify a residual mechanical
resistance of the bonding. For sure, this specific topic requires a more detailed FEA analysis and it
could be part of further investigations.
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5 CONCLUSIONS AND FUTURE WORKS

The current tendency is to design high-rise buildings or skyscrapers with glazed fagades, that
involve a multidisciplinary design practice to ensure a high level of performance in terms of
resistance to environmental actions (such as wind, rain, and earthquake) and to meet advanced
standards of fire safety. FSE is part of the building design, but seldom is it properly considered

in detail. Relevant considerations, as well as decisions, must be taken in regard to which kind of
analysis is most suited to a particular project, which fire scenarios should be chosen to assess a real
situation, the most appropriate safety devices to select, etc. Moreover, simulation software nowadays
represents a cost-time efficient tool at a preliminary design stage, so that laboratory tests can be
performed only later to validate the simulation results.

The case study presented here helps to understand how these new buildings with complex shapes
can be analysed and assessed. All the studies and simulations performed (CFD, FEA, TTA) have been
concluded with a valuable comparison between two different approaches, both with satisfactory
results. Regarding the glazed fagade, it should be considered that the SN3 represents a catastrophic
scenario which is not likely to occur. It was studied to evaluate what could happen in case of a
sprinkler system failure, which would also cause a general failure of the fagade components. Here
lies the importance of FSE, which ensures the possibility of evaluating multiple fire scenarios

in a reasonable time and with good reliability, in order to give occupants and/or fire brigades

the opportunity to understand how to act, thus reducing property damage, including structure,
equipment, and building components.
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Abstract

A shading device for fagade application was developed by combining twisting cylindrical shading
elements with the smart use of shape-memory alloy (SMA) components. These allow a dynamic
behaviour of a shading device, which does not require electrical motors or manual activation, nor
sophisticated electronic controls. The technical development of the system involved research of
cylindrical shading geometries, which can transition from straight to hourglass configuration, given a
180° rotation, with limited mechanical movement. This is induced by the stroke of a SMA spring, which
functions as both actuator and sensor. Its design is tailored to achieve a passive adaptive component
that can be activated under set temperature stimuli, caused by incident solar radiation on a fagade.

A combination of computer simulations and physical tests were carried out to assess the optimal
conditions of the SMA spring activation in a temperate climate condition (Cfa to the Koppen-Geiger
classification), correlating transition temperature (50°C), incident solar radiation (>300W/m?) and the
forces required to operate the cylinders. In parallel, an experimental apparatus was developed to validate
the concept on a geometrical point of view, and to ensure its constraints were compatible with a SMA
spring control system.
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INTRODUCTION

Nowadays, building envelopes are assuming a new identity: a gradual reduction in the solid area of
the facade in favour of transparent surfaces is in vogue in the context of contemporary architecture.
The continuous evolution of the glazing system is not always sufficient to guarantee a dynamic
behaviour that ensures users’ comfort and optimal energy consumption (e.g. for cooling). Therefore,
curtain walling is being progressively coupled with dynamic solar protection. An efficient solar
shading system can reduce overheating in commercial buildings by about 10% to 20% (this value

can change depending on several parameters such as climate, transparent surface percentage,
building morphology, and shading type) (Menzies & Wherrett, 2005; Palmero-Marrero & Oliveira,

2010; Tzempelikos & Athienitis, 2007). The reduction of solar gains for fixed shading devices

system is usually associated with a reduction in natural daylighting, resulting in an increase of

energy consumption due to artificial lighting (Heschong, 2002). Alternatively, dynamic shading devices
allow different configurations in order to respond to users’ needs. In their simplest configuration, these
systems can be controlled directly by the users; however, this manual mode is not efficient, since users
are required to change the shading devices position periodically. The worst possible scenario results in
the device being set at an extreme position permanently (i.e. completely closed or open), thus turning
the system into a static solution (Wang, Pichatwatana, Roaf, Zhao, Zhu, & Li, 2014; Nielsen, Svendsen,

& Jensen, 2011). A second type of dynamic shading is an automated one, where the configuration of
shading devices is controlled automatically depending on environmental factors. Energy optimisation
of this solution could be achieved by sensors and actuators, which can be part of the shading device

or can be delocalised: sensors allow the collection of precise and localised information about physical
parameters; actuators provide a dynamic response based on these parameters. The dynamic actuation
1s possible thanks to motors and mechanical transmission elements, through which it is possible to
control multiple shading elements, in turn making the overall system more cost effective. The main
issues for a dynamic shading system are a lower comfort level for users due to a diffused shading
actuation, and a high risk of failure due to a wide use of mechanical parts.

The integration of smart materials (SMs) within shading systems enables an adaptive

behaviour of the device and, depending on the intensity of solar radiation, reduces the system's
complexity by avoiding the use of motorised mechanical parts. Direct consequences are reduced
energy consumption and lower risk of failure. Fiorito et al. (2016) presented a detailed analysis of the
actuation possibilities of shading systems by comparing their performances and working principles.
The results highlight that SMs show the ability “to possess the characteristics to work as actuators
either separated or integrated into shading components” (Fiorito et al., 2016). Within the realm of
SMs, those that have been identified as suitable for this purpose, due to their durability and surety
of performance, are shape memory alloys (SMAs) for the forces produced during their phase-change
transition and their durability (high number of hysteresis cycle under certain condition). Like many
other smart materials, SMAs require a tailor-made new shading functional model based on their
material properties, which can be customised depending on the application.

A new shading device, which can change its configuration based on a passive adaptive approach,
as defined by Mazzucchelli, Romano, Aelenei, and Gomes (2018), has been developed using SMA
springs. These springs function as both sensor and actuator, and they change the configuration of
the shading device (geometry, orientation, etc), avoiding phenomena such as overheating and glare.

The objective of this research study was to assess the mechanical and geometrical limitations of

SMA springs, and to develop an innovative shading geometry that was compatible with these specific
design constraints (climate, activation criteria) defined in Chapter 3.1. Once the initial parameters
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had been defined, simulations and physical experiments were carried out on a number of design
options (including system configuration, orientation, time over a day and a year) to correlate input
stimuli on a vertical fagade (incident solar radiation) with passive adaptive activation for a shading
device, thus determining the range of application as a dynamic shading system.

1.1 BACKGROUND

Shape memory alloys (SMAs) are materials typically used in the medical and automotive sector for
their reliability and integrability, as actuator or sensor. SMAs can be shaped with many geometries
but their typical form is the helicoidal spring and simple wires since these geometries maximise
the feature of the memory shape alloy. SMAs can be activated by temperature or electricity (via
Joule effect), making them suitable for both active and passive adaptive solutions. Several shading
concepts found in current literature use SMAs with different approaches. Table 1 presents different
examples of SMA-based shading systems, categorised by estimated Technology Readiness Level
(TRL), and by type of control and activation.

TABLE 1 SMA-Based Shading Systems. (*Technology Readiness Level (TRL) estimated by the authors based on the information available on
literature and online).

SHADING SYSTEM LITERATURE ESTIMATED ACTIVATION
REFERENCE GEOMETRY TRL* CONTROL STIMULUS

Self-Adaptive Membrane Decker & Yeadon, Spring Diffuse Temperature
2006
A2 ADAPTIVE[SKINS] Gonzalez, 2015 Spring 2-3 Diffuse Temperature
A3 SmartScreen (Version C) Luna, 2014 Spring 3-4 Diffuse Temperature
Ab Shape Memory Alloy Adaptive Skin, 2015 : Spring 3-4 Diffuse Temperature
Responsive Facade
B1 Gill_Project Sandoval, 2012 Wire 3-4 Local Electrical
B2 Shutters A Permeable Surface Coelho & Zigelbaum, : Wire 2-3 Local Electrical
2011
B3 THE AIR FLOW(ER) L.Architects, 2008 Wire 2-3 Local Electrical
B4 Pixel Skin Pixel Skin, 2006 Wire 4-5 Diffuse Electrical

1.1.1 Spring-Based devices

“SmartScreen - Version C" (Decker & Yeadon, 2006), (Figure 1-A1) consists of two sliding screens,
both of which comprise alternating opaque and transparent horizontal stripes. Such stripes vary
their permeability by means of the shifting of the two sheets and overlapping of stripes, giving a
solar permeability with an openness factor range of 50 to 100%. The control is a diffused passive
type and consists of two springs (SMA r-type + standard bias) with indoor positioning. “Self-
adaptive membrane” (Gonzalez, 2015), (Figure 1-A2) consists of an architectural skin with integrated
passive adaptive actuators made by SMA with bias spring integrated into a transparent cylinder.
The actuators change the shape of the skin locally, which increases its thickness with a low variation
in its openness factor. Compared to the previous system, it is characterised by a higher number of
control points that are connected in a single skin, which results in a less adaptive solution. “SMA
responsive skin” (Luna, 2014), (Figure 1-A3) consists of a single small module activated passively
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1.1.2

by a SMA spring. These modules have a central hole connected to a central axis. This axis is
connected to the SMA spring that changes its shape by turning the axis, and consequently changing
the openness factor of the system. “Adaptive skin” (Adaptive Skin, 2015), (Figure 1-A4) is a flexible
shading material connected directly to SMA and bias springs. It is an architectural skin, therefore the
variation in the position of a single module has consequences that affect the entire skin. Compared
to the previous presented system, it is characterised by three SMA springs per element, which
increases the possibility of control but also increases complexity and costs.

Wire-based Devices

The second type of geometry used for the SMA is the wire. The first two systems presented are “the
air flower” (L.Architects, 2008), (Figure 1-B1) and “Pixel skin" (Pixel Skin, 2006), (Figure 1-B2). Both
systems consist of a square element with four rigid adjustable flaps that can open/close passively,
turning around the frame on the perimeter. The first of the two integrates the wire in the frame while
the second one integrates the wire in the shading element.

FIG. 1 [A1] SmartScreen - Version C (M. Decker, P. Yeadon). [A2] Self-Adaptive Memhrane (N. Gonzales, S. More). [A3] Shape
Memory Alloy Responsive Fagade (I. Luna, M. Belge). [A4] ADAPTIVE[SKINS] (RatLab). [B1] THE AIR FLOW(ER) (Lift Architects). [B2]
Pixel Skin (Orangevoid). [B3] Gill_Project (J. Sandoval). [B4] Shutters A Permeable Surface (M. Coelho)

“The Gill Project” (Sandoval, 2012), (Figure 1-B3) consists of a rhomboidal opaque element that
can move thanks to a SMA wire connected to the fixed part that is activated by current. This active
approach allows a higher possibility of control, even if the variation of the openness factor is low.
“Shutters: a permeable surface” (Coelho & Zigelbaum, 2011; Coehlo & Maes, 2009), (Figure 1-B4)
consists of a flexible opaque material that can change its openness factor thanks to the SMA
integrated wire. The moveable shutters can assume all desired patterns, and their opening can

be managed singularly. This allows the creation of many activation patterns in response to the
users’' requirements.
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1.1.3 Systems Comparison

Fig. 2 presents a flexibility analysis of the shading control previously presented. By comparing the
delta openness factor (variation in the percentage of the area between open and closed position)
with the number of control activation points (modules per square metre), it is possible to identify
the target design area with the optimum condition (high delta openness factor and high number of
control points) of shading possibility and system user adaptability.

Aopenness factor [%] Systems flexibility comparison
100

The air flow(er)

%0 ¢
2 Pixe| skin
70
Shutters a permeable
60 surface
50 @ Smart screen (version C) 3
a0 Adaptive[skins]
El 3 Self Adaptive Membrane
0 e Gill_project
L
10
shape memory aloy responsive facade
o]
o 50 100 150 200 250 300

n® control point x type of activation [-]

FIG. 2 Smart Shading Systems flexibility comparison

2 METHODOLOGY

2.1 SYSTEM DEVELOPMENT AND OPERATING PRINCIPLES

The shading system proposed is based on SMA springs that are activated passively.
The implementation of a customised working principle allowed the optimisation of the alloy features
and consequently of the shading system performance.

Fig. 3 presents the approach followed in order to design the shading system: the definition of the
working principles and technology allowed to identify the preliminary information for daylighting
properties, and therefore for daylighting simulations. Meanwhile, the technology has been
continuously developed in order to optimise the alloy properties, making it more effective, with a
detailed analysis of the moveable parts and their prototyping.
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FIG. 3 Design approach description

Form Finding

The design flow started with the analysis of a cylindrical surface with top and bottom sides, which
can rotate relative to each other, and the longitudinal fibres shaped around the lateral surface
constrained to follow the rotation (and thus to twist). Such cylinders can be arranged parallel or
orthogonal to the fagade plane, and the rotation of one of the two sides (bottom or top) allows the
shrinkage/elongation of the lateral surface to vary the openness factor of the shading system.

The considered arrangement was equal to a double-layer fabric. In fact, when the shadings are in
the closed position and the cylinders are fully deployed, a mutual shading effect happens due to the
overlap between the vertical fibres on the front and the backside of the cylinders.

A shading or privacy device comprising multiple cylinders with an axis orthogonal to the fagade
plane (Fig. 4, left) would allow for the local variation of the visual area, giving maximum flexibility to
the users, and creating an efficient multi-zoning of the fagade area: this effect, which resembles the
behaviour of analogic camera shutters, could be exploited to provide effective shading to a fagade,

or to create visual transparency only in those areas where it is required. However, the geometrical
constraints given by the thickness (height) of the cylinders, the required elongation ratio of the fibres
comprising the surface of the cylinders, along with the relationship between twisting rotation and
variation of visual area, were found to pose significant challenges in the development of this system.
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FIG. 4 [left] Cylinder's Hortogonal arrangement alternative [right] Cylinder's Vertical arrangement alternative

In order to complete a full transition from transparent to fully opaque, the cylinders need to make a
full 180-degree rotation, which with such proportions (e.g. with height equal to the diameter) would
result in extreme elongation ratios. This magnitude of movement would be challenging to achieve
with a variety of materials, and to be maintained over time, due to phenomena such as metal fatigue
or creep (for polymers). To mitigate this phenomenon, cylinders would need to be taller; however,

in the context of fagcade application, this goes against the principle of a compact fagade build-up,
and negates certain applications, such as inclusion within cavities of insulated glazed units. Finally,
automation, transmission, and coordination of movements across an array of cylinders would be
challenging, requiring several components to be connected across a single fagade module: as the
cylinders are perpendicular to the facade, those links or transmissions would be in sight, making a
concealed mechanism harder to achieve.

Having observed the challenges of “square” cylinders, and the benefit in divorcing from small
height-to-diameter ratios, slender cylinders were explored, specifically with a parallel arrangement
compared to the fagade (Fig. 4, right). It was found that, whilst slender cylinders limit the degree of
control over the fagcade transparency, they require a much simpler mechanical system compared to
short cylinders. A more extreme aspect ratio would also mean a much lower percentage of elongation
of the fibres which, depending on the material of such elements, would also result in lower tension
forces. With vertical cylinders, the variation from open to closed position places the transition zone
(from open to closed) in the central part of the fagade vision area, which is typically at head height on
a full-height facade module; the rotating parts, instead, may be placed at the top and bottom of the
panel, therefore sitting within the peripheral zone of the fagade module. This allows the mechanical
parts to be concealed in the panel's perimeter frame, enabling activation of multiple cylinders with a
single actuator, hence reducing the complexity of the system.

Given the benefit of slender cylinders with the axis parallel to the facade plane, this solution was
pursued; square, orthogonal cylinders were disregarded as they were deemed not viable in the
context of mechanisation into a shading device. The slender cylinders were subject to a thorough
system development process, which involved further optimisation to enhance their reliability and
efficiency (Fig. 5).
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050

FIG. 5 [Left] System conceptual appearance. [right] Functional Model

Components Breakdown
This system comprises two main components:

The thermal control box, where the SMA spring is placed;
The twisting cylinders, which are the shading component of the system

The thermal box is the thermo-responsive environment, where the SMA component (in this case

a spring) is thermally stressed by environmental stimuli (i.e. heat derived from incident solar
radiation). As the SMA spring reaches the activation temperature, the shape memory effect takes
place, modifying the shear modulus G, causing the tensile/compressive force of the spring to
activate the shading device. With the solar radiation falling below a predefined threshold, the
temperature progressively decreases, and the spring (coupled with the bias element) drives the
system back to its initial configuration. Because of the inherent thermal inertia of the system, the
deactivation temperature is not equal to the activation temperature, as the whole cycle is subject to a
hysteresis phenomenon.

The key to unlocking the potential of this system is to calibrate the SMA activation temperature to
match the activation (and deactivation) temperature for the system of the desired application. This
can be done, to a limited extent, by choosing a SMA component with suitable chemical composition,
since different SM alloys are characterised by different austenitic start temperatures. The optimal
activation temperature, on the other hand, will depend on a number of factors, such as the context of
application (solar orientation, climate, wind exposure, etc.), mode of activation (by solar radiation or
by Joule effect with electrical current) and the overall thermal inertia of the system (insulation of the
thermal box, colour, etc.).
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The twisting cylinders are the visible part of the system that can have variable height and diameter
depending on the requirement. These elements are characterised by two different configurations:

“Closed”: when the top connection of the cylinder is up, the lateral surface of the cylinder is straight,
and the entire visual area is shaded; this occurs when the SMA spring is above the switching
temperature (activated);

“Open”: when the top connection of the cylinder is down, the lateral surface of the cylinder has

an hourglass shape. The visual open area is approximately 50%, and it is localised in the centre of
a full-height glazing system, thus maximising views to the outside, which can enhance comfort
parameters. This occurs when the SMA spring is below the switching temperature (not activated)

FIG. 6 System conceptual appearance in open and closed state. Focus on the axle movement

The twisting cylinders consist of three parts: top connection, shading element, and bottom
connection. The top connection design is a critical part that integrates different components:

A disk (Fig. 7, Detail 11), from which the shading component is hung, with a particular edge shape in
order to fix the fabric/cords, and a tapered hollow cylinder (Fig. 7, Detail 12) in the middle with two
opposite semi-helical slots that extend vertically as long as the stroke of the spring and 180° from
edge to edge around the lateral surface of the tube. The inclination of the slots is designed to be 45°,
so that the vertical pulling/compressing linear force can easily be transformed into a tangential force
that generates a torque, thus giving rise to the rotation of the shading elements.

An axle (Fig. 7, Detail 09) goes into the tapered hollow cylinder, and it has two horizontal pins on the
external side that slide into the two semi-helical slots; the two cylinders slide one into the other, thus
they are forced to relatively rotate. This axle is fixed to the upper frame from the bottom and, within
this, we find the bias spring, which is a regular compressive spring capable of resetting the SMA
spring as soon as the temperature drops below the activation temperature.

A second hollow cylinder (Fig. 7, Detail 03) is fixed on the upper side of the fixed frame and contains
the SMA compressive spring (Fig. 7, Detail 05), therefore it was designed to be the same length as the
free length of the spring plus its typical (maximum) stroke. This cylinder has open lateral sides, to
maximise heat exchange with the air contained inside the thermal box.

An internal stick (Fig. 7, Detail 06) passes through the two springs and connects the top end of the
SMA spring, which is a slider, with the bottom end of the tapered cylinder; therefore, when the SMA
spring lifts the slider, the stick transmits the movement to the disk that goes up accordingly.
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FIG. 7 The top connection Detail “Patent WP2018116102-A1"

The shading elements are the components that control solar radiation. The flexibility of the design
system allows for the integration of different materials (textile, metal, plastic) with different geometry
(strip, tube, cords, etc). Regarding the materiality of the cylinders, there are some restrictions on what
concerns the geometry: cords and strips are better suited to accommodate the dynamic movement

of the system, since they preserve a good appearance and do not ripple. This cannot be said for

a continuous surface, such as a fabric: in fact, rippling can be observed in a fabric-type surface

(by means of geometry modelling or even prototyping), when the cylinder transitions between its
extreme states (cylinder and hourglass configuration), and this can be explained by purely comparing
the surface area of the two configurations, which shrinks and causes the rippling phenomenon.
Fatigue (or creep) over repeated cycles would affect the durability of the system, which in turn would
have an impact on maintenance requirements.

The bottom connection is the element that keeps the shading elements in tension. Depending on
the material, this disk can be fixed or moveable. The moveable configuration consists of a vertical
movement (no rotation allowed) and a bias element that guarantees adequate positioning of the
shading elements. 3D-printed prototypes of both top and bottom connections have also been
produced (refer to Fig.10, right).
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SMA SPRING DEFINITION

The compatible sub-components of the mechanism were designed considering transmitted force and
displacement. The assumption was that the longitudinal fibres of the fabric (or the cords themselves)
are of fixed length: this means that the cord length is constant, whereas the height of the cylinders
varies with the rotation. Considering the longitudinal fibres inextensible is in order to avoid stress
relaxation and stretching in the fibre or cords, to make the component durable, However, in order to
set a full 180-degree rotation, the hollow cylinder with semi-helical slots is designed with a larger
displacement, since the displacement and the radius are related.

In Fig. 8 (left and centre) a diagram of the system is presented to understand the relation between
forces and displacement subsequently discussed.

Therefore, considering a commercial compressive SMA spring, a good compromise between cost and
effectiveness was obtained selecting a spring with an average diameter that can fit a hollow cylinder
with a mean radius, 1, equal to 9 mm. Fig. 8 (right) describes in a diagram the relationship between
the angle B and the rate of change of the forces required and displacements obtained.

Forces [N] Forces and real displacement (r=9 mm)

9,0 —a—Fz[N] 180,0
80 —o—Ft [N] 160,0
70 o~ sreal [nm] 140,0

60 ==V
50
4,0
3,0
20

10

00 o—@ — e P—-> % —¢— 2 -— % 0,0
0 5 10 15 20 25 30 35 40 BG[S.] 50 55 60 65 70 75 80 85 90

FIG. 8 Force, Displacements, and Temperatures of the compressive SMA spring. Tangential component of the forces (ft), tangential
force (V), real displacement (sreal), Vertical component of the forces (Fz)

The force is transmitted through this component, and there is a precise rate between radius, spring
pulling force and resultant vertical and torque force, due to friction and vectors components of
forces. B is the slope angle used to split the forces over the axle in different tangential components,
moreover, the higher the inclination of the slots (), the more pulling force is transmitted from the
spring to the cylinder; however, the higher this angle, the higher the real displacement, so the stroke
of the spring should be higher.

For a balance point of B=45° the selected compressive SMA spring is compliant with the requirement
in terms of force and displacement only within a range between 50°C and 55°C.
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3.1

SIMULATIONS AND EXPERIMENT

The design workflow for the thermal control box consisted of a first phase of solar and thermal
analysis, which linked a range of activation temperatures to levels of incident solar radiation, with
considerations given to frequency of activation and the responsiveness of the system over the course
of a year. This phase was followed by physical testing, where a prototype was tested by measuring
internal temperatures reached inside a thermal box subject to pre-defined radiation levels given by
an artificial source.

SOLAR AND THERMAL ANALYSIS

The purpose of the solar and thermal analysis is to link temperatures reached inside the thermal box
with incident solar radiation. Specifically, the aim of this analysis is to:

Define the optimal activation temperature of the thermosensitive element (SMA Spring), contained
inside the thermal box, which activates the transmission of the system and allows the movement of
the shading element.

Verify the frequency of occurrence of implementation in an annual application scenario, and to
verify if the activation of the system is mainly due to combined optimal values of irradiance and
external air temperature.

Maximise the number of activation occurrences due to the incident solar radiation, and for the
months (or hours) of the year, during which solar control is needed mainly to reduce primary
energy for cooling (summer scenario), or to optimise daylighting (winter scenario).

Due to the significant number of variables (external temperatures, irradiance, wind, orientation, etc.),
which govern the functioning of the thermal box, the solar and thermal analysis was carried out
considering a specific case study, rather than a generalised scenario. The same workflow may be
followed for other contexts. The selected case study comprised a thermal box located in Milan (Italy
45°28'38"28 N, 09°10'53"40 E), arranged in vertical position, and south-oriented. A realistic system
was modelled, by defining a thermal box (with its own boundaries), as described in the previous
paragraphs. The outer surfaces of the thermal box are thermally insulated with 3 cm of thermal
insulation, except for the exposed face that consists of a glazed plane able to allow the passage of
incident solar radiation. The internal surface of the thermal box, which directly receives the solar
radiation, has an absorption coefficient of 0.9 and a low-emissivity value equal to 0.4. No mechanical
ventilation is assumed within the box, but an infiltration rate equal to 1 ACH is considered, to

allow for ventilation and imperfections in the sealing of the joints. The convective heat-exchange
coefficients in the proximity of the external surfaces of the thermal box were calculated using the
hourly average value of the wind speed for a north-to-south wind direction.

The summer discomfort variables considered as a reference scenario were an outdoor air
temperature value of 25°C and an irradiance value on vertical surfaces of 300 W/m?

The SMA actuator is required to self-activate with direct solar radiation on the fagade surface > 300
W/m? Whenever this value goes below this threshold, the transition temperature in the thermal box
goes down accordingly and the shadings open up. For this assessment, the amount of time in one
year (in hours, days, months) when the Incident solar radiation (ISR) on vertical surfaces is above 300
W/m? was calculated.
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Fig. 9 shows a carpet plot of the annual distribution of the irradiance over the external surface of

the thermal box. The vertical axis shows the hours in a day, whereas the horizontal axis shows the
days and months over a year; the hours of the year when the air temperature is higher than 25°C are
shown by means of regions bound by continuous black line.

[WimA2] 0 100 200 300 400 500 600 700 800
[=———

FIG. 9 Annual distribution of irradiance on a vertical unshaded surface facing south, for Milan (Italy), with hours on the vertical
axis and days in one year on the horizontal axis

In reality, ISR values are probabilistic estimates, since they do not solely depend on sun path, but
they are also influenced by weather conditions and urban context (mutual shadings due to geometry
and context, building reflections, etc.). Milan (Italy) was considered as a case-study weather location
for the test. ISR values on vertical surfaces were derived for the main orientations (east-south-west)
and an in-depth analysis was done only for some representative days during the year. To predict the
number of activation instances of the system, an assessment of the number of hours for each month
in which ISR is above a fixed threshold (from 200 to 700 W/m?) was carried out.

THERMAL BOX TEST AND EXPERIMENTAL SET-UP

The analysis presented in Chapter 3.1 formed the basis on which to predict the range of ISR
on a vertical surface, as well as the variability of the related outside air temperature for a
selected weather location.

Considering these boundary conditions, preliminary tests of the geometry and material properties of
the thermal box were performed, using simulation FEM (Finite Elements Method) software: Physibel
Voltra for 3D dynamic simulation; Physibel Bisco for 2D static simulation. The limit of static thermal
analyses lies in its methodology, which presents results in stationary conditions, thus mainly
highlighting the peak conditions that can be reached inside the thermal box; on the other hand,
dynamic simulations gave an effective prediction of the time shift and delay in temperature increase
and decrease in accordance with ISR. The intermediate simulation steps, not presented in this paper,
were useful to test different geometrical variants of the box, as well as the optical properties of the
materials, or the expected insulation and air infiltration levels.

The analysis results were then processed, to inform the final characteristics of the responsive

thermal environment (i.e. the thermal box) to host temperature-specific SMA components, with a
defined austenitic start temperature (As).
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Full-scale thermal box models (Fig. 10, left) were then created and tested under laboratory
conditions, which were consistent with the boundary conditions set within the simulation. As a result
of this validation and benchmark procedure, the dynamic behaviour of each type of thermal box was
evaluated, measuring the ramps of internal temperature growth over time as a function of the ISR, as
well as the temperature decrease once the radiation source was removed.

Numerous thermal box constructions were built, each featuring different characteristics: presence/
absence of thermal insulation around the box (3 cm); internal surface being reflective or black
painted. Each thermal box was characterised by the following dimensions: 75x110x200 mm and was
subject to the same range of temperatures and radiations.

THERMAL BOX PROTOTYPE 3D PRINTED PROTOTYPE OF TOP AND BOTTOM CONNECTION

. A ,f'-u\a:\."l.'\: "R~ ,»‘

o R ST SURL NN
FIG. 10 Prototype of the thermal box, with external insulation and internal black paint [left] and 3D-printed prototype of the top
and bottom connections [right]

The prototypes were subjected to radiation with an uncontrolled wavelength spectrum but with a set
power. The experimental set-up is presented in Fig. 11.

The standard radiation level was input by means of four light bulbs, each characterised by a power

P =105 W. The light bulbs produced a light distribution that covers the thermal box in a quasi-
homogeneous fashion. The thermal box was placed on a wooden board with a rectangular hole

so that the lateral sides of the box were not subject to radiation. By vertically sliding the board on
different steps, the radiation level at each height was measured by a radiometer. The shorter the
distance between the prototype and the lamps, the higher the radiation levels recorded. The relation
between the distance and the measured radiation level was then obtained through different
attempts. In fact, indoor thermal box temperature data were collected for an imposed radiation range
of 250 to 650 W/m? with intermediate steps of 300, 350, 450 and 550 W/m? These were deemed
suitable considering a typical application (considering the application on a vertical fagade, situated in
a Mediterranean region).

Each sample was equipped with 2 thermal sensors (thermocouples), glued with conductive adhesive

paste on the internal surfaces of the box, one on the top side and another on the bottom side, and all
the holes of the thermal box prototype were sealed to avoid air leakage.
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The internal temperature was only due to surface temperatures, but the heat exchange mode
influenced how fast the internal temperature increases and decreases.

The light bulbs were kept until the two measured surface temperatures stabilises, which means
that from a transient scenario, a quasi-stationary heat flow was achieved, and temperature is
asymptotic to a value (i.e. they can be considered stationary). In fact, temperature could rise more if
the bulbs are left on; however, in reality, a higher temperature rise is balanced by external factors,
such as wind and temporary external shading, therefore it was considered conservatively that

the maximum reachable temperature should be estimated without letting it rise in a situation

that is too constrained.

FIG. 11 Test bench: [1] Light bulbs, [2] Data Logger, [3] Timber board, [4] Reference frame [5] pyranometer

Temperatures measured by the thermocouples were registered by a data logger, which measures
with a time step of 10 seconds. Therefore, every ten seconds, maximum temperature, minimum
temperature, and average temperature are determined and recorded.
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RESULTS

The experimental findings are summarised within this section. Firstly, the correlation between
variable incident solar radiation (ISR) and the temperature inside the thermal box (T, ) is shown.

0X’

A further explanation of the results, in the context of variable external air temperatures (T ) and ISR

levels, is given in Section 4.2. Finally, considerations on the target activation temperature (T ) for a
thermal box hosting a SMA spring actuator are presented in Section 4.3.

CORRELATION BETWEEN ISR AND T,

The system was designed to reach a target activation temperature during a time span lower than 50
minutes and under a minimum level of ISR identified in 300 W/m? In Fig. 12 an explanatory diagram
of temperature distribution is presented for a higher amount of available irradiance equal to 550 W/
m? The slope describing the increase of the temperature ramp is therefore related to the amount of
available ISR. The higher the amount of ISR, the shorter the time interval required to reach the target
temperature. In the case of permanent solar radiation level T, increases until a stationary, balanced
temperature (approximated to be equal to a quasi steady-state condition) is reached. Additionally,

in this case, the maximum asymptotic temperature reached is related to the value of the imposed
radiation and the balance within the thermal losses of the thermal box with the surroundings. When
the radiation source is removed, the system returns to the initial conditions in half of the time, on
average, that was necessary to reach the maximum registered temperature, suggesting a faster heat
dissipation in comparison to the heat build-up process.

Trd Thermal box temperature distribution TEG Thermal box temperature distribution
20 ISR =305 W/m2 . 20 ISR =550 W/m2
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FIG. 12 Relation between temperature increase in the thermal box and exposure time to a radiant source at ISR = 305W/m? [left]
and 550 W/m? [right]

It is therefore possible to assume that with the same air temperature of the surrounding
environment as the value of ISR incident on the surface increases, the time for which the activation
of the actuator system takes place is drastically reduced. This phenomenon, however, leads to an
increase in the peak temperature reached inside the thermal box, compared to the values obtained
with lower ISR. This also leads to an increase in the time for effective cooling (phase delay) and
return to optimal neutral, pre-activation temperature conditions.
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DEFINITION OF T,

On any orientation, the hours of solar radiation higher than 200 W/m? are lower than 30% of the total
hours of the whole day (night included), which is approximately 50% of the total hours of daylight on
a summer's day. The shadings are designed to self-activate when direct solar radiation on the fagade
surface > 300 W/m? however, while the ISR is below 300 W/m? but still above 200 W/m?, the internal
temperature of the black box might still be above the activation threshold, avoiding the deployment
of shading. The duration of the transition period was then estimated for different orientations, and it
was found to be lower than one hour most of the time, which is the minimum time required to reach
transition temperature. Fig. 13, presented as an illustrative example of the possible path, shows

an explanatory result for a single day analysis cantered on April 26™ for a south-oriented facade.

If hourly average values of ISR for temperature increase are considered, it is possible to observe that
threshold values for ISR are sufficient to allow the system to be activated effectively in a significant
range around the central hours of the day, enabling the activation of the shading system for the hours
that are considered critical during the day. In addition, there are some low peaks (1 pm), probably
due to temporary cloudy weather, during which, even if solar radiation is below 300 W/m? shading
devices are still activated (“closed”).

[W/m’]  |ncident Solar Radiation (April 26th, Milan, SUD)

500 T TT.
450 425 Activation

400 —e—I5R (W/m2)
350 —
Activation Threshold . /l

300 dm o e - - |-

. 39 230 ibi
250 | Pre- Heating L Inhibited

173 Deactivation
200 16 74
150

100

00000O0OD 1000000

0 4 8 12 16 20 24 t[h]

FIG. 13 Radiation Path and activation profile of the system

Whenever the temperature in the thermal box remains slightly above the activation threshold, the
system is in an intermediate configuration between “open” and “closed”. Whenever an external
factor, such as a sudden change in ISR prevents the activation temperature from being achieved
(e.g. clouds, obstructions, etc.), the shading device would remain in its intermediate position, waiting
for the temperature to rise (when the shading would close) or to go down (when the shading would
open). In either case, even when the shadings are not fully closed, they contribute somehow to lower
the g-value of the fagade system.

In a realistic scenario, the internal temperature is influenced by other factors, and the most

important of those, after solar radiation, is external air temperature. When direct solar radiation hits
the fagade, it is expected that the air temperature inside the box is:
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— higher than summer exterior temperature, so that the SMA activation occurs during direct solar

presence, and not also during normal hot days with an overcast sky;
equal to SMA activation temperature during the winter considering direct solar radiation exposition.

With regard to the semi-stationary model discussed in Section 3.1, it is possible to select for
example a characteristic day (July 18™) on which the contribution of the incident solar irradiance

is strongly effective in raising the temperature inside the Thermal Box (T,_), reaching a maximum
peak temperature of almost 70°C. Fig. 14 shows that, in accordance with the selected thresholds, an
external air temperature of 25°C combined with an irradiance value equal to or higher than 300 W/
m? can lead to temperature values inside the thermal box of almost 50°C. Therefore, a preliminary
assessment may be made considering 50°C as activation temperature (T,,) of the SMA spring, in

order to comply with the pre-defined limits as summer thermal comfort descriptors.

[°cl 18th July [W/m?]
60 600

0 1 2 3 4 5 & 7 B % 10 11 12 13 14 15 16 17 18 1% 20 21 22 23 24

—a—Tar x g [SR [h]

FIG. 14 Effect of solar irradiance on the temperature rise of the thermal box and definition of the activation threshold of the SMA
spring element)

CONSIDERATIONS ON THE ACTIVATION THRESHOLD

The question that arises spontaneously, however, and to which it is necessary to answer is how much
the choice of such an activation threshold temperature for the SMA spring is optimal in optimising
the passive adaptive behaviour of the shading system.

The carpet diagram presented in Fig. 15 shows the activation profile of the shading system (hours
in red) for an activation temperature inside the thermal box (T} of 50°C. A similar activation profile
is reported in Fig. 16 for T, = 35°C. It is immediately understood that, as the set-point temperature
decreases, there is an increase in the hours in which this activation process would take place.

The increase in terms of system working hours is flat and over both winter and summer periods.
However, a conservative approach, which could lead to a low set-point temperature, is likely to
significantly increase the number of hours of operation, resulting in an almost constant (and
potentially unwanted) activation of the system. The choice, instead, of a higher set-up activation
temperature, allows the events to be located only in correspondence with the most well known
summer critical periods, by means of effectively controlling and reducing the incident solar radiation
over the glazed surfaces. On the other hand, during the winter hours, in which the solar radiation
on vertical surfaces is severe, the system can be effective in mitigating daylight issues due to

direct glare phenomena.
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FIG. 15 Annual distribution diagram of system activation hours in SMA depending on SMA spring activation temperatures (TSM).
In red the activation hours, in white the remaining daytime hours, and in grey the night-time hours. Distribution for TSM = 50°C

FIG. 16 Annual distribution diagram of system activation hours in SMA depending on SMA spring activation temperatures (TSM).
In red the activation hours, in white the remaining daytime hours, and in grey the night-time hours. Distribution for TSM = 35°C

It is worth noting that, based on this case study, activation temperatures (T ) below 50°C are not
desirable, as they do not comply with the requirements set as part as the SMA spring definition
process (refer to Chapter 2.2). Furthermore, considering standard classes of SMA springs, those with
an activation temperature of 50°C or higher are typically characterised by more favourable stresses
and elongation ratios (Otsuka & Ren, 2005). Finally, as explained above, the temperature inside the
thermal box (T, ) is also influenced by the external air temperature (T, ); therefore, a higher T, will

box ir

limit the influence of T on the activation of the shading.
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5 CONCLUSIONS

The search for complex shapes and fagade kinematics is associated with the concept of responsive
building, characterised by complex fagade systems using traditional sensor-motor actuation system.
Within this context, the authors aimed to describe a workflow to provide an alternative actuation
mechanism and a shading geometry, which are compatible with an adaptive passive activation
process. The development of the actuators was focussed on SMA materials which could be activated
by a localised temperature variation, induced by an external stimulus.

Due to the high number of varying parameters within the simulation and experiments, it was
necessary to narrow down the context of the application into a specific case study, to accurately
model and assess the functioning and efficacy of the system.

As outlined within Chapter 3, the context considered was a vertical fagade, south-oriented, within

a building situated in the Mediterranean region, specifically sourcing the environmental data
(temperature, solar radiation) from Milan (Italy). This specific location was chosen as it is familiar to
the authors, as well as being a good example of a humid subtropical climate (Cfa, according to the
Koppen-Geiger classification), with relatively moderate external air temperatures and high levels of
incident solar radiation. Within this context, a set of external air temperatures, solar irradiance values
and hours of permanence of such conditions were identified, and a SMA component was tailored for
the optimised functioning of the shading device.

Once the geometry of the actuator and its required force and type of displacement was defined, the
analysis delved into the relationship between the optimal activation temperature and the contextual
application, i.e. the expected weather scenario and its climatic variability.

It is noted that, within the commercially available SMA components, the industry is capable of
manufacturing SMA springs with a wide range of characteristics: for example, given a required
displacement and forces, SMA springs can be developed with different activation temperatures,
depending on the desired final requirements. This is achieved by tweaking the manufacturing
process, geometrical features and/or alloy composition.

The choice of enclosing the actuation system inside a thermal box allows the activation temperature
of the system to be characterised, whilst maximising the effect of the incident solar radiation

(ISR) for its operation. It also improves the reactivity of the system actuation by intervening on

the rate of change of the indoor temperatures, thus extending the frequency of activation cycles.
The temperature inside the thermal box (T, ) becomes a representative index in defining the
activation (and deactivation) thresholds of the system: determining the optimal value for T, means
capturing the effects of a change in air temperature (Ta”) as well as the effect of incident solar

radiation (ISR) over a facade surface.

Once the maximum ISR set-point value for the desired activation was defined, it was possible to
estimate the frequency distribution of T, in accordance with the other outdoor weather variables.
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From the simulations and experiments carried out by the authors, it is possible to conclude that:

— By means of manipulating the properties of the SMA spring and/or the thermal box, it is possible to
programme the activation of these systems in accordance with a set threshold value for ISR, thus
allowing activation in different seasons. The number of hours during which the system is capable of
matching the imposed set point conditions also depends on the SMA activation temperature (T, ): the
lower T, the more sensitive the system becomes, resulting in higher frequency of activation, which
may cause the system to activate most of the time during the year.

— The system does not adapt to all climates and orientations, and it requires a detailed design for
each selected scenario. The authors defined a methodology to determine the number of activation
occurrences, and therefore the optimal activation temperature of the SMA component given
a specific context.

— The effect of T can interfere with ISR in raising (or lowering) the value of T, above (or below) the
T, threshold. This is particularly critical in those contexts that are characterised by high external
temperatures and/or low solar irradiance. Such conditions could be an east-oriented SMA activated
shading during a sunny afternoon, or any application during a hot but cloudy day. In this respect,
manual override and/or BMS (building management system) may be considered to regulate
unwanted or missed activation of the shading system.

— A static thermal simulation is deemed accurate enough to predict the maximum value for T,
reached by the system, as well as to define the geometry of the thermal box, its radiative properties,
and its degree of thermal insulation.

— The field measurement on a physical prototype, in conjunction with dynamic analyses, is useful to
verify the variation rate over time (both increase and decrease) of T, and T , by capturing the effect
of significant site-related variables (wind speed, cast shading, etc.) besides statistical data for ISR.

— Improving the thermal insulation of the thermal box speeds up the activation process, enhancing
the temperature build-up to critical values of T, : at the same time, however, excessive values of
T, if not compensated by natural or forced ventilation within the cavity, may result in prolonged
activation (due to increased thermal inertia of the system), even when the system is no longer subject
to target levels of ISR.

— Regarding the materiality of the twisting cylinders, the elasticity (or stiffness) of the longitudinal
fibres will affect the required strength of the SMA spring, which would have an impact on the
required activation stimulus (e.g. the activation temperature).
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Abstract

Daylight illuminance levels and their spatial distribution are important design elements to achieve
indoor visual comfort conditions and sustainability in buildings during the operation stage. While a
proper daylighting scheme increases the efficiency of the building, the excessive use of glazed surfaces
can contribute to thermal and visual discomfort, hence increasing the cooling demand and use of
artificial lighting. Solar control film (SCF) is a self-adhesive thin film that can be applied on glazing
systems of existing buildings for retrofitting purposes to modify thermal and optical properties of the
glass substrate. This paper analyses experimentally the impact of single glazing with different SCFs on
the indoor illuminance levels and respective distribution on horizontal work plane by comparing the
measured absolute values and the useful daylight illuminance metric. Field experiments using a small
scale model with the glazing oriented to the south, in Lisbon, were performed for a 6 mm clear glass
and four different SCFs applied on the external surface of the glass, under clear sky conditions during
summer and winter solstice at ?h00, 12h00, and 15h00. The results show that all SCFs reduced the
indoor illuminance, which demonstrate their potential for glazing refurbishment when indoor visual
discomfort occurs in buildings.

Keywords
Daylighting, glazing system, window films, visual comfort, scale-model

DOI 10.7480/jfde.2020.1.4785

JOURNAL OF FACADE DESIGN & ENGINEERING VOLUME 8 / NUMBER 1/ 2020



INTRODUCTION

Daylighting has played an essential role in the history and evolution of architecture. While the lack of
natural light is known to cause negative effects on human health and mood (Poto¢nik & Kosir, 2019), an
appropriate strategy between lighting design and building project can improve the visual comfort and
indoor environmental quality and the energy efficiency through the optimisation of artificial lighting,
cooling, and heating energy needs (Aghemo, Pellegrino & Lo Verso, 2008; Cruz, Pereira, Gomes & Kong,
2019). Klepeis et al. (2001) showed that people spent more than 85% of their time in enclosed buildings
and that daylighting is a fundamental functioning resource to be taken into account in buildings.

Computer simulations and scale models are two different approaches that can be used to accurately
tackle daylighting systems in buildings exposed to lighting conditions. Both approaches can be
evaluated under real sun and sky conditions or under artificial sun and sky conditions (Aghemo,
Pellegrino, & Lo Verso, 2008). Software-based approaches broadened conventional practices of how
daylight modelling was being performed. In the early years, this type of analysis was very time-
consuming, computationally demanding, and not easy to handle. Faced with the emergence of
computational modelling based on the mastery of physics involved, but not yet fully experimentally
tested, building designers initially showed some reservations in integrating into their practices

tools that did not allow the use and modelling by hand of the real materials involved in the lighting
study to the extent that scale models did (Aghemo, Pellegrino, & Lo Verso, 2008; Ayoub, 2020).
Nowadays, with higher computer power and more advanced simulation tools through the evolution
of specialised hardware and development of complex algorithms (Reinhart & Fitz, 2006; Ayoub, 2020),
the use of computer modelling to predict illuminance levels in the early stages of the building design
has gained attention from professionals in the building sector. Different methodologies and tools

to predict daylight behaviour in indoor environments have emerged, supported by sophisticated
light transport algorithms that allow more accurate results within acceptable timeframes and the
possibility to optimise the design of simple or complex design fagades in order to promote the visual
comfort and the energy efficiency of the building.

The use of scale models is widely accepted as an adequate method for daylight assessment of

indoor environments of buildings (Boccia & Zazzini, 2015). While this method allows the daylight
performance to be predicted in the early stages of the design process or in pre-refurbishment
interventions, scale models, particularly small-scale ones, tend to overestimate the illuminance
values on horizontal and vertical planes when compared to full-size buildings (Kesten, Fiedler,
Thumm, Loffler, & Eicker, 2010). Studies comparing illuminance performance on the horizontal
plane, measured in smallscale models and fullsize buildings, demonstrate that small-scale models
outperform the real scenario or building they represent, under overcast sky conditions, by 10-30%
(Reed & Nowak, 1955; Kim, Boyer, & Degelman, 1985; Love & Navvab, 1991; Cannon-Brookes, 1994,
1997). According to Cannon-Brookes (1997), errors in the physical representation of the indoor
environment and difficulties in accurately defining photometric properties of materials can justify
this discrepancy, as well as other physical parameters such as maintenance and dirt in the building.
As underlined by Boccia and Zazzini (2015), experimental tests performed under real sky conditions
produce a more realistic representation of the daylight performance when compared with tests
conducted under artificial sky using sky simulators. Moreover, Kesten (2010) highlights that model
scale factor is a function of the daylighting design purpose, where greater scales within 1:10 to 1:1 are
appropriate to accurately assess more critical or advanced daylighting devices and useful for detailed
building fagades and rooms. Due to the scarcity of available information on visual performance of
Solar Control Films (SCFs), the present study uses a small-scale model approach to test various SCFs
with different optical properties to assess their performance when applied in singlepane glass units.
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This paper aims to increase the research on solar control films (SCFs) by studying the indoor
illuminance performance of office rooms with singlepane glass units without (reference scenario)
and with 4 different solar control films (SCFs) — spectrally selective and reflective — for retrofitting
purposes of existing buildings. This approach can be useful for refurbishment purposes in buildings
with single-glazed windows in Mediterranean climates, Csa and Csb Koppen-Geiger climate
classification (Rodrigues, Santos, Gomes, & Duarte, 2019), as is the case for Portugal, to increase
visual comfort without having to activate shading devices or other solutions that can compromise
the view to the outside (Silva, Gomes, & Rodrigues, 2015; Gomes, Rodrigues, & Bogas, 2012). In this
study, illuminance levels were measured in a small-scale model 1:10 on a horizontal plane at

0.8 m (at full scale) under real sky conditions during summer and winter solstice for 5 different
scenarios of the fenestration system. An analysis and discussion based on the registered absolute
illuminance values and the useful daylight illuminance was performed and SCFs that presented
the most suitable illuminance values to perform office activities (e.g. writing, typing, reading, data
processing) were identified.

SOLAR CONTROL FILMS

Solar control film (SFC) is a thin laminate film material that can be applied to glass surfaces to
alter their optical and thermal properties without having to change the type or structure of glazing
systems in buildings facades (Pereira, Gomes, Rodrigues & Almeida, 2019). Nowadays, there is a
high range of window films for retrofitting purposes with applications on both internal and external
surfaces in glazed areas of buildings fagades, appropriate for retrofitting purposes in cold and hot
climates (Teixeira, Gomes, Rodrigues, & Pereira, 2020). Their efficiency is directly related to the
glass substrate, solar orientation, external and internal shading conditions, airconditioning system,
and local climate. Films that are applied on the external face of the glass surface present a lower
durability than those applied internally due to the fact that they are exposed to weather elements
and to possible damages induced by people or objects for glazing surfaces at the ground level. Also,
inappropriate cleaning tasks or insufficient maintenance routines have proven to decrease the life
span of the films (Pereira, Teixeira, Gomes & Rodrigues, 2019).

CONTEXT

The first window films were developed in the 1960s and had the main purpose of balancing heat
exchanges through glass surfaces by blocking radiation across the entire range of frequencies of
the electromagnetic spectrum (European Window Film Association, 2020). Although this was a
major discovery with high potential to improve thermal and visual comfort in buildings, problems
regarding the decrease of the external visibility (reductions in the visible light range spectrum),
excessive increase of the use of artificial light and of the heating loads motivated new research and
product development.

In the 1970s with the industrial revolution at its peak, new solutions and materials that improved
comfort and energy efficiency in buildings were being investigated and developed. The incorporation
of polyester fibres in window films produced more energy efficient films for cold climates due to the
increase of the absorption coefficient and by re-irradiating long wave in the infrared electromagnetic
spectrum and therefore reducing the heat losses to the outdoor environment without decreasing the
visible solar transmittance through the glass surface.

JOURNAL OF FACADE DESIGN & ENGINEERING VOLUME 8 / NUMBER 1/ 2020



2.2

068

Research and development of thin film materials is increasing. New innovative and more sustainable
window films such as spectrally selective, adaptive, or smart films will increase their market
share in future years.

TYPICAL CONSTITUTION

Existing window films are composed of several membranes of different materials intercalated with
each other that can reach up to 8 different layers and undergo 7 different manufacturing procedures
(European Window Film Association, 2020). Fig. 1 shows a standard structure of a solar control film.

t Indoor environment

1. Scratch resistant coating
2. Polyester layers

3. Metal and 4. Lamination adhesives
5. Polyester layers *
7. Adhesive *

8. Protective release liner

GLASS

* 6. High performance UV resign

£ Outdoor environment

FIG. 1 Standard structure of a solar control window film with internal application on the glass surface: 1. scratch resistant
coating, 2. and 5. polyester layers, 3. lamination adhesive(s), 4. metal, 6. high performance UV resin, 7. adhesive and,
8. protective release liner

As shown in Fig. 1, a typical layout of a solar control film with internal application on
the glass surface can be constituted of eight different layers (European Window Film
Association, 2020), namely:

1. Scratch resistant coating: this hard acrylic-coated finishing layer is in contact with the indoor
environment of the building and its function is to protect the film from scratching and abrasion.

2. and 5. Polyester: the polyester membrane offers good optical, thermal, mechanical, physical

and chemical characteristics to the film. It is very durable, resistant, and flexible and withstands
high and low temperatures. It can have different types of finish, such as UV resin or adhesives.

The incorporation of several layers of polyester (multi-layered structure), connected through
lamination adhesives, increases the absorption and solar (front) reflectance coefficients. Many films
are made with metal deposits on their polyester substrate. This type of film is in the range of solar
control series due to the high solar (front) reflectance coefficient and are traditionally called reflective
or metallised films.

3. Metal: the oxide metals presented in the solar control films are incorporated into the polyester
membrane and have the function of reducing solar gains through glazing. The metal used

is usually aluminium and can reduce solar gains by about 80% and reduce visible radiation
between 15% to 70%. Recent films based on nanotechnology are produced without metal oxides,
resulting in thin films with combined high visible transmittance coefficients and low solar (front)
reflectance coefficients.
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4. Lamination adhesive: joins several layers of polyester through lamination processes. Sometimes
they are embedded in the polyester membranes themselves.

6. High performance UV resin: blocks UV radiation and protects the polyester layers and lamination
adhesives. It can be incorporated in the adhesives or in the polyester layer itself. This resin improves
thermal performance by reducing the solar gains in the UV solar spectrum and protects the indoor
environment content from early degradation by exposure to UV rays.

7. Adhesive: there are two types of adhesives in window films - pressure sensitive and water
activated adhesives. The first one adheres to the glass surface through the application of pressure
forces without the need to apply any type of solvent, water, or heat. On the contrary, water activated
adhesives, as the name implies, needs water to ensure correct adherence, forming chemical bonds
with the glass surface which guarantees a higher durability and a more transparent appearance,
though its removal or replacement can be difficult.

8. Protective release liner: a film usually made of polyester that protects the adhesive from
contamination before installation. It should only be removed before applying the film to the glass.

EXPERIMENTAL ANALYSIS

EXPERIMENTAL SET-UP

To evaluate the daylight illuminance levels and the spatial distribution of different solar control films
(SCFs) applied in singlepane glass, insitu measurements of indoor illuminances on a horizontal plane
were carried out in a small scale model (1:10) on the rooftop of DECivil building in Instituto Superior
Técnico in Lisbon, Portugal. Taking advantage of the modularity of the model, five different glazing
systems were tested: a singlepane clear glass of 6 mm, taken as the reference scenario, and four
solar control films applied on the external surface of a 6 mm single-pane glass (designated as SCF A,
SCF B, SCF C and SCF D). Tests were conducted with the glazing system of the scale model oriented
south in the summer and winter solstice under clear sky conditions at three periods of the day
09h00, 12h00 and 15h00 (True Solar Time - TST).

Fig. 2a shows the small-scale model used in this study. The model was built 30 cm high, 40 cm wide
and 70 cm long (internal measurements) in compliance with the daylighting rule of thumb where the
depth of the daylight area of an indoor environment is between 1 to 2 times the size of the window-
head-height (Reinhart, 2005) combined with the typical geometrical representation of office rooms
in buildings. The surfaces were constructed using medium density fibreboards (MDF) and, except

for the floor, all surfaces have white melaminic finishing. During the construction of the model,
special attention was given to possible openings in the structure that could allow radiation to enter
other than from the fenestration system and therefore interfere with the results. For this reason,
silicone sealant was applied in some parts of the model as a precaution. In addition, to enable a swift
exchange between different glass substrates and minimise the time interval between successive
measurements, the model fenestration wall was designed to be completely filled with glass, without
any other parts that could make glass assembly difficult. For the tests, the model was placed over
black plastic to decrease the influence of the solar reflection from the ground and to protect the
materials from the floor's humidity.
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FIG. 2 [a] Small scale model (1:10) on the rooftop of DECivil building in IST, Lisbon, Portugal, and [b] position of the indoor
luxmeter sensors (12 points)

a b

FIG. 3 [a]l Indoor, and [b] outdoor luxmeter sensors on horizontal plane

Illuminance values were measured with luxmeter LI-COR LI200 sensors (+ 5% accuracy) across

a grid of 12 points (Fig. 2b) on a horizontal plane at 0.08 m (0.8 m at full scale) above the floor,
corresponding to the common height of the work plane. In the small-scale model, a wooden ruler
with 4 luxmeter sensors fixed on stoppers (Fig. 2b and Fig. 3a) was placed in three different positions
(right, central, and left) during the measurements. The right, central, and left illuminance points
were measured at different moments in time, taking about 2 minutes to record all the 12 illuminance
values on the horizontal plane for each glass substrate. This timeline was tested on the rooftop in
one pilot day previously to the first real measurement during the summer solstice in order to test

the facility and understand the logistics of the tasks involved. Details regarding the timelines and
steps of each measurement were registered and a total of 8 minutes was the time observed to place,
measure, and withdraw each glass substrate, resulting in a total of 40 minutes in each of the three
periods of the day (09h00, 12h00, and 15h00, TST).
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As aresult, all the measurements were established to start 20 minutes before and end about 20
minutes after the schedule time (09h00, 12h00, and 15h00, TST), with the following sequence being
adopted: 1° SCF A, 2° SCF B, 3° SCF C, 4° SCF D, 5° clear glass. Outdoor illuminance on the horizontal
plane was measured at one point in the model's exterior (Fig. 3b) at each of the three periods of the
day. Additionally, photos were captured inside the model for all the 5 tested fenestration systems.

GLAZING SOLUTIONS

In this study, the indoor illuminance values and distribution on a horizontal plane at 0.08 m (0.8 m

at full scale) above the floor was assessed for five glazing solutions: singlepane clear glass unit

with 6 mm (reference glazing) and four SCFs applied on the external surface of the reference glass.
Table 1 shows the main thermal and optical properties of the analysed solutions. These properties
were obtained using Window and Optics tools (Curcija, Vidanovic, Hart, Jonsson, & Mitchell, 2018)
which allow spectral data of combined layers of glass with applied films to be calculated. While SCFs
A and B are spectrally-selective films and can be identified by their high visible transmittance (SCF A:
T1,.=39%; SCFB: 1 = 66%; SCFC: T, = 16%; SCFD: T = 35%), SCFs C and D are reflective films and
show higher values of solar (front) reflectance (SCF A: p, = 25%; SCF B: p, = 27%; SCF C: pf,sol= 58%;
SCFD:p, = 37%).

TABLE 1 Thermal and optical characteristics of the 5 different glazing solutions: solar transmittance, T_, solar (front), Proor
and (back), p,_,, reflectance, absorptance, a, visible transmittance, T, visible (front), p, ., and (back), p, ,, reflectance, thermal
transmittance, U, and solar factor, g

I N P P Y N P P T P
85 8 8 8 90 8 8 88

Clear glass 5.73

SCFA 22 25 13 52 39 7 12 5.62 44
SCFB 35 27 14 36 66 12 14 5.62 51
SCFC 11 58 55 30 16 58 58 5.63 23
SCFD 25 37 38 36 35 33 37 5.63 41

ILLUMINANCE EVALUATION METHODS

The daylight performance was evaluated through the absolute values of indoor illuminance on

the horizontal plane considering 500 Ix as the recommended value for comfortable daylighting
illumination for office activities (e.g. writing, typing, reading, data processing) according to EN 12464-
1 (2014) and considering the illuminance range values defined in the Useful Daylight Illuminance
(UDI) metric (Nabil & Mardaljevic, 2005). Results of the absolute values of indoor illuminance for the 4
SCFs were analysed and compared with those obtained for the reference glazing. Nabil & Mardaljevic
(2005), developed a new concept to assess daylighting in buildings through the UDI metric.

The UDI considers that values below 100 Ix are insufficient and can contribute to an increase in the
energy needs with artificial lighting, values between 100-300 Ix require supplementary artificial
lighting, and values above 3000 Ix can cause thermal and/or visual discomfort and therefore values
in these illuminance ranges are not considered useful. On the contrary, values between 300 lx and
3000 1x are considered useful and desirable for indoor environments.
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RESULTS AND DISCUSSION

The analysis was carried out under clear sky conditions in the summer (21% June) and winter (21%
December) solstice when the sun's elevation angle is at its highest and lowest, respectively, with
respect to the annual solar dynamic behaviour. For both days, indoor and outdoor horizontal (h=0.8
m) illuminance values were measured at 3 different hours: 09h00 (solar radiation from the east),
12h00 (solar radiation from the south), and 15h00 (solar radiation from the west). The 12 individual
data points with experimental measured illuminance values for each tested fenestration system
were interpolated and extrapolated for mapping the illuminance distribution along the entire
horizontal work plane area.

ANALYSIS OF THE DAYLIGHT AVAILABILITY BY
THE ABSOLUTE ILLUMINANCE VALUES

Fig. 4 to Fig. 9 comprise the digital photos showing the indoor illuminance values on the horizontal
plane at 0.8 m height at full scale (work plane) in a scale ranging from 0 to >10 klx at 9h00, 12h00,

and 15h00 under clear sky conditions in both summer and winter solstices, for the 5 scenarios of the
fenestration system: Clear glass; SCF A; SCF B; SCF C and; SCF D. The photos were taken from the
interior of the small-scale model with a Canon EOS 600D camera, controlled remotely. The outdoor
illuminance on horizontal plane, E_out, registered at 09h00, 12h00, and 15h00 in the summer solstice
was of 72 klx, 104 klx, 116 klx, and in the winter solstice of 29 kix, 59 kix and 36 kix.

During both summer and winter seasons, all SCFs significantly reduced the indoor illuminance
values, presenting in the summer solstice lower illuminance values than the ones obtained in the
winter solstice. This can be explained by the higher summer sun angles and thus lower values of
incident direct radiation on a south-oriented fagade in the summer period when compared to the
winter period (Roos, Polato, van Nijnatten, Hutchins, Olive, & Anderson, 2001). This phenomenon is
also noticed in the photos captured inside the small-scale model (see Fig. 4 and Fig. 7, as examples).

At the summer solstice, illuminance values on a horizontal plane for the glass with SCFs vary
between 0-1000 lx in a significant area of the horizontal working plane at 0.8 m, except for SCF B
which is the film with the higher value of the solar transmittance. While the clear glass and SCF B
showed values higher than 500-1000 Ix on almost all of the total area of the work plane, SCFs 4, C,
and D showed illuminance values between 500-1000 Ix on more than 50%, which results in a better
visual performance by preventing possible glare situations. The clear glass and SCF C scenarios
showed the highest and the lowest range of illuminance values, varying between 0.33-10 klx and
0.34-2.11 klx, respectively, which results in a higher and lower daylight availability asymmetry
throughout the horizontal working plane.

In the winter solstice, as expected, the illuminance values were higher for the clear glass since it is
the fenestration scenario with the highest solar factor, presenting illuminance values higher than
500 Ix and on all of the horizontal working plane area, and above 10 kix on 50% of the horizontal
working plane area. The clear glass scenario’s results indicate that visual discomfort through the
influence of glare situations can occur, making this space unpleasant or even impossible to work
on without the activation of complementary shading devices. SCFs A, B, and D also showed values
well above the recommended values of 500 Ix to perform office tasks while the reflective SCF C
showed illuminance values closer to the ones recommended during the morning and afternoon
periods (09h00 and 15h00).
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FIG. 4 Digital photos and indoor illuminance levels on a horizontal plane at 0.8 m height at 09h00, 12h00, and 15h00 at the
summer solstice under clear sky conditions for the clear glass (E_out"09h00=72klx; E_out"12h00=104klx; E_out*15h00=116klx)

Hour Scale
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FIG. 5 Digital photos and indoor illuminance levels on a horizontal plane at 0.8 m height at 09h00, 12h00, and 15h00 at the
summer solstice under clear sky conditions for the spectrally-selective films A and B (E_out"09h00=72klx; E_out*12h00=104Klx;
E out”15h00=116klx)
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FIG. 6 Digital photos and indoor illuminance levels on a horizontal plane at 0.8 m height at 09h00, 12h00, and 15h00 at the
summer solstice under clear sky conditions for the reflective films C and D (E_out*09h00=72klx; E_out*12h00=104klx;
E_out”15h00=116klx)

Hour Scale

Clear
glass

FIG. 7 Digital photos and indoor illuminance levels on a horizontal plane at 09h00, 12h00 and 15h00 at the winter solstice under
clear sky conditions for the clear glass (E_out*09h00=29klx; E_out"12h00=59klx; E_out"15h00=36klx)
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FIG. 8 Digital photos and indoor illuminance levels on a horizontal plane at 0.8 m height at 09h00, 12h00, and 15h00 at the
winter solstice under clear sky conditions for the spectrally-selective films A and B (E_out*09h00=2%9klx; E_out*12h00=5%klx;
E_out”15h00=36klx)
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FIG. 9 Digital photos and indoor illuminance levels on a horizontal plane at 0.8 m height at 09h00, 12h00, and 15h00 at the winter
solstice under clear sky conditions for the reflective films C and D (E_out"09h00=29klx; E_out*12h00=5%klx; E_out"15h00=36klx)
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ANALYSIS OF THE DAYLIGHT AVAILABILITY USING THE
USEFUL DAYLIGHT ILLUMINANCE RANGE VALUES

Fig.10 to Fig.15 show the digital photos and indoor illuminance values at an adequate scale to
analyse the areas within the range values (<100 Ix insufficient, 100-300 Ix supplementary artificial
lighting required, 300-3000 Ix useful, >3000 1x can cause thermal and visual discomfort) considered
in the Useful Daylight Illuminance (UDI) metric for three hours of the day at the summer and winter
solstices, respectively, under clear sky conditions for the 5 scenarios of the fenestration system: Clear
glass; SCF A; SCF B; SCF C and; SCF D.

Analysing the experimental results at the summer solstice through the range values defined in the
UDI metric, it is possible to conclude that the reference scenario, Clear glass, showed the highest area
of illuminance values outside the useful range (>3 klx) which indicates that this scenario presents a
high risk of causing visual discomfort conditions to perform any type of work activity. In the summer
solstice, SCFs A and B showed a high area of the work plane within the useful illuminance range
value, however on the winter solstice almost all the illuminance values are above the useful range.
The most reflective film, SCF C, presented values within the useful range throughout the day on the
entire area of the work plane except during the winter solstice at 12h00. SCF D showed medium
values between the 2 spectrally selective SCFs A and B.

At the winter solstice, the results of the reference scenario, clear glass, presented illuminance values
outside the useful range in almost all the working plane area, which indicates that from 09h00 to
15h00 the illuminance levels are so high that visual discomfort associated with glare is very likely
to occur. Spectrally selective SCFs A and B showed, during the morning and afternoon periods,

small areas within the useful range of illuminance values (0.3-3 kix) in the working plane area.

The reflective SCFs C and D presented a higher area of the grid within the useful illuminance values,
especially SCF C with more than 50% of the grid area within the useful values during the morning
=11%, 1, = 16%) provides
the highest decrease of the illuminance values and thus is the most appropriate retrofitting scenario
to prevent possible glare situations during both summer and winter seasons.

and afternoon periods. In fact, when compared to the other films, SCF C (T_
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FIG. 10 Digital photos and indoor illuminance levels on a horizontal plane at 0.8 m height at 09h00, 12h00, and 15h00 at the
summer solstice under clear sky conditions for the clear glass using the UDI's range values (E_out*09h00=72klx;
E out”12h00=104klx; E_out?15h00=116klx)
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FIG. 11 Digital photos and indoor illuminance levels on a horizontal plane at 0.8 m height at 09h00, 12h00, and 15h00
at the summer solstice under clear sky conditions for the spectrally-selective films A and B using the UDI's range values
(E_out*09h00=72klx; E_out*12h00=104klx; E_out"15h00=116Kklx)
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FIG. 12 Digital photos and indoor illuminance levels on a horizontal plane at 0.8 m height at 09h00, 12h00, and 15h00 at the
summer solstice under clear sky conditions for the reflective films C and D using the UDI's range values (E_out*09h00=72klx;

E_out*12h00=104klx; E_out*15h00=116KkIx)
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FIG. 13 Digital photos and indoor illuminance levels on a horizontal plane at 0.8 m height at 09h00, 12h00, and 15h00 at the
winter solstice under clear sky conditions for the clear glass using the UDI's range values (E_out"09h00=29klx;
E_out*12h00=59Kklx; E_out*15h00=36KkIx)
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FIG. 14 Digital photos and indoor illuminance levels on a horizontal plane at 0.8 m height at 09h00, 12h00, and 15h00 at the
winter solstice under clear sky conditions for the spectrally-selective films A and B using the UDI's range values
(E_out?09h00=29Kklx; E_out"12h00=5%klx; E_out"15h00=36kix)
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FIG. 15 Digital photos and indoor illuminance levels on a horizontal plane at 0.8 m height at 09h00, 12h00, and 15h00 at the
winter solstice under clear sky conditions for the reflective films C and D using the UDI's range values (E_out*09h00=29klx;
E_out"12h00=59klx; E_out*15h00=36klx)
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CONCLUSIONS

This study shows the potential of highly reflective and spectrally selective solar control films in
promoting daylight availability and limiting visual discomfort in office rooms with singlepane clear
glass windows, in Mediterranean climates with predominantly clear sky conditions, by decreasing
the solar gains and visible transmittance through the glazing system. The several intercalated layers
of polyester with incorporated metal oxides and high-performance UV resin in the films' composition
provide the thermal and optical properties that make these films a potential viable solution for the
refurbishment of glazing systems. Usually, SCFs are applied on windows to improve the thermal
performance of existing buildings by decreasing either the solar factor, when the aim is to prevent
excessive solar gains, or the surface emissivity of the glazing, when the goal is to increase the
thermal insulation of the windows (Pereira et al,, 2019; Teixeira et al., 2020). For South European
countries, as is the case for Portugal, window films are mainly applied to control solar gains, thereby
preventing overheating and decreasing the cooling energy needs. The application of a window

film may increase the thermal comfort conditions and the energy efficiency of the building, but the
impact in the daylight availability due to the decrease of the visible transmittance of the glazing may
be a problem that has not yet been sufficiently investigated (Cruz et al,, 2019).

In this study, the indoor illuminance distribution on the horizontal work plane at 0.8 m was
measured under clear sky conditions at the summer and winter solstice using a small-scale model
for 5 different glazing systems. A single pane of 6 mm clear glass was tested and taken as the
reference scenario. Furthermore, four different solar control films, two spectrally selective and two
reflective, were applied to the external surface of a 6 mm single-pane clear glass and tested.

The results show that for single-pane glass systems, SCFs can significantly decrease the indoor
daylight illuminance levels likely to cause glare problems (> 3 klx), which is a relevant issue in
locations with predominantly clear sky conditions. The application of SCF in glazing showed a
greater performance in summer, when compared with single glazing without SCF, not only in
decreasing the illuminance levels below the critical values (3 klx), but also in promoting a more
extensive spatial distribution of acceptable levels of daylight availability (0.33 klx). In winter, the
performance of these films was not as noticeable as in summer, due to the sun's lower height and
greater perpendicularity of the sun's rays to the glazing surface.

The application of the spectrally selective SCFs A and B and reflective SCFs C and D on a 6 mm single
pane of glass decreased the illuminance indoor values throughout the work plane, which had a
positive effect in lessening possible glare situations due to the high illuminance levels, in both
summer and winter seasons.

The highly reflective film, SCF C, which has the lowest solar and visible transmittance, was found to
be the best retrofitting scenario in providing illuminance values within the useful range (0.3-3 klx)
according to the UDI metric ranges in clear sky days. Therefore, this film has the highest potential
to increase the visual comfort conditions in office rooms with single pane clear glass oriented to the
south, showing illuminance values closer to 0.5 Ix in a higher area of the work plane and preventing
possible glare situations when compared to the other films, during sunny days in both summer

and winter seasons. In fact, except SCF C, for which the area with acceptable values of illuminance
during the winter is considerable, the other three SCFs lead to a higher risk of glare occurrences in
the whole room extension. During the winter solstice when compared to the summer solstice under
clear sky conditions, SCF C showed higher illuminance values across the working plane. On the one
hand, this film decreased the daylight availability reducing the risk of glare occurrences during
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both summer and winter seasons, and on the other hand, as the results showed, it did not decrease
the daylight values to a point where supplementary artificial lighting is required for office work
activities. Nevertheless, to overcome the problem with glare occurrences, movable shading devices
might be considered as a feasible complementary solution, especially during the winter period under
clear sky conditions.

This paper focused the analysis only on visual comfort and under clear sky conditions, which are
typical of southern European countries, where summer is the dominant season. Window films, when
compared to shading solutions, decrease the solar and visible transmittance of glazing systems
without compromising the view to the outside, which, alongside the ease of maintenance (same

as the glass without SCF) and flexibility in application, is an advantage. As a possible drawback of
the films studied, that may cause suspicion in the use of window films, the lower durability of this
solution is pointed out when compared to traditional ones. Depending on the type of application (on
the internal or external side of the glass), the service life of these films can vary from 6 to 12 years
and thus requires frequent replacements to maintain the same performance throughout the building
operation stage, which can be a disadvantage of SCFs when compared to shading solutions. Another
potential drawback is the decrease of the daylight availability and the heat gains during the winter
season, which can lead to higher energy demand with electric lighting and heating loads.

Therefore, although these films proved to be appropriate, when the aim is to minimise the risk of
visual discomfort, it is recommended in the design to extend the analysis to overcast sky conditions
and to thermal comfort, even if these are not the prevailing climate conditions in southern European
countries such as Portugal.

The results of this study show that SCFs are highly influential on the indoor illuminance levels and
therefore the studies on visual comfort metrics and on thermal and energy efficiency indicators
should not be considered separately but instead in an integrated approach that enables a better
understanding of the trade-offs between the variation of solar and visible transmittance and the heat
gain/losses coefficients derived from the application of the film. Additionally, a combined approach
between SCFs and other shading devices should be considered to increase the visual comfort
conditions when higher illuminance levels are registered.
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Abstract

Due to the substantial need for energy efficiency, the daylight performance of building envelopes is a key
issue in sustainable architecture. A frequently used shading system consists of static expanded metal
meshes (EM). As a very prominent textural fagade element, expanded metal is widely used as both a
cladding and static shading device.

One initial aim is to provide a sufficient description of EM, including fabrication, possible usage, and
overall properties. This includes a set of parameters needed to accurately control the complex geometry
of EM. These parameters are also useful in getting reliable 3D computer models of EM.

The main objective of this paper is to assess, describe, and compare EM light transmittance performance
for a shading device. Determining the influence of parameters such as geometry, colour, position, and
direction of incoming light on the shading performance were specific objectives.

The research is based on BSDF simulations via Radiance (Ward, Mistrick, Lee, McNeil, & Jonsson, J.,
2011) and experimental data provided at a previous laboratory stage.

The performance of various EM shading devices has been simulated and compared for a south-facing
facade in Madrid for most characteristic times of the year: solstices and equinoxes, as well as midday
transmittance throughout the year.

Keywords
Expanded metal, daylight transmittance, solar shading, bi-directional scattering distribution functions,
angular selective shading systems
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INTRODUCTION

IMPORTANCE OF BUILDING ENVELOPES

The building envelope is the first protective barrier between the building and its surroundings,
which gives it immense possibilities in contributing to the building's overall performance. One of

the most notable is its influence on solar energy gains and overall daylight performance. Excessive
heat gains constitute a serious problem in well-lit modern buildings, leading to higher energy usage,
which is a serious economic and environmental issue. On the other hand, daylighting is a key issue
in terms of visual comfort and energy savings through artificial lighting. Due to these circumstances,
the daylight and thermal performance of building envelopes is a key issue in sustainable
architecture (Littlefair, 2001).

DAYLIGHT IN BUILDINGS

Daylight is the combination of all direct and indirect sunlight throughout the day. Daylight creates
the healthiest visual environment in buildings and provides an appropriate amount of illumination
and all necessary spectral variety (including UV light). Scattered radiation (diffused daylight) does
not cause major problems because it carries a relatively small amount of energy. In contrast, direct
radiation (direct solar radiation) is associated with direct high-energy flux (approx. 1000 W per sq. m.
of horizontal surface depending on the angle of incidence) (Begemann, van den Beld, & Tenner, 1997).

IMPORTANCE OF SHADING DEVICES

Buildings harvest daylight through glazed surfaces, which work as a single direction filter for
infrared radiation, producing the so-called “greenhouse effect”. The infrared range, from 780 to 1060
nm, involves heat transfer and causes temperature growth in rooms that too often are serviced by
energy-consuming mechanical HVAC equipment in modern buildings, and characterised by a high
percentage of transparent surfaces.

In the context of climate change and the energy use reduction requirements, shading systems are
one of the most important issues in facade design. Shading devices protect the internal spaces

from solar radiation, and - consequently — from temperature increase, but such devices should also
allow for an adequate transmittance of daylight into the interior spaces of buildings. Besides those
energy-related requirements, when designing continuous translucent layers, one must consider their
permeability and optical performance for an adequate outward vision and privacy protection.

Another problem to address with shading devices is the appearance of discomfort glare, related to
the presence in the visual field of excess luminance differences (Perry, 1990). In urban environments,
facade glare affects visual comfort (discomfort glare) and influences the thermal load of other
buildings (solar radiation from more than one source) (Brzezicki, 2012). In most buildings, glare
protection is necessary to maintain proper visual comfort.
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FIG. 1 Facade EM fixing solutions. Image 9 by Jesus Granada, first published in Tectonica n.22. Images 10,11,12 retrieved from
https://www.flickr.com/photos/detlefschobert/ https://creativecommons.org/licenses/by-nd/2.0/

As well as with other materials or products, it is common practice to use EM as a sun control layer in
facades, aiming to contribute both to thermal and visual comfort. If properly designed, EM meshes
may allow daylight to pass through whenever necessary, as well as reducing cooling costs when
used as sunshades. While highly effective in blocking direct sunlight, such systems must allow an
adequate portion of the indirect, eye-friendly daylight through.
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As EM is a metal product, one might be worried about the temperature it could reach under solar
radiation and the subsequent radiative effect. As an initial benefit, EM will very often reflect radiation
upwards, avoiding heat transfer to the ground. We have to consider the effect of colour and finish but,
in general, EM shadings do not reach very high temperatures, probably due to the high proportion of
voids and its easy ventilation.

Regarding wind resistance and acoustic behaviour, EM may need further specific studies relating
to its behaviour to avoid excessive deformations and noisy turbulences. Those effects could be
controlled by adjusting the geometry of the shading, size of the ventilated gap, and fixing system.
In relation to the fixing, the nature of the fixing system must be addressed and many options are
available, all of which must allow thermal expansion in order to avoid creaking (FIG 1.).

When calculating the wind load applied to the EM surface, if the voids are small and the percentage
of voids is low (below around 20-30%), the whole surface of the EM is considered to bear the wind
load, as if it were an opaque plate, disregarding the voids. This is due to the effect of the wind's
sudden hit and the friction created when going through the mesh voids.

We could intuitively worry about wind whistling through the EM voids but, even if we cannot entirely
disregard that option, the vast experience of installed EM fagades allows that concern to be relaxed.

As EM is mostly installed as the outer layer of complex fenestration systems or ventilated fagades,
the maintenance and cleaning factor must be considered. Due to its geometry, EM can gather dust
but as it is normally glossy or lacquered and the majority of the dust is washed off by rain, it does
not require extraordinary maintenance measures. Besides, photocatalytic paints can be employed to
create self-cleaning surfaces that avoid dirt and stains.

EXPANDED METAL FACADES

Angular selective shading systems such as Expanded Metal (EM) block direct sunlight and admit
daylight within a specific range of incident solar angles (Fernandes, Lee, McNeil, Jonsson, Nouidui,
Pang, & Hoffmann, 2015). EM presents a wide range of applications in architecture and the building
industry but because of its prominent textural aspect, it is widely used as a fagade element, both

as the cladding of opaque surfaces and as a shading device. EM is a great fit for the needs of many
contemporary architectural designers seeking continuous skins that envelop the whole building,
blurring the difference between hollow and solid and providing a smooth light filter (FIG 2.)

Most other contemporary shading systems are constructed mainly for the momentary reduction of
the energy flux, e.g. rollers, blinds, and shades, which are frequently integrated as a part of so-called
adaptive fagades (Loonen et al,, 2015). Contrary to many complicated, mechanised shading systems,
EM skins often define the appearance of the whole building, affecting both the building's physics
(heat and light transmission) and the tectonics of the envelope.

As with fagade louvres, EM meshes provide different shading patterns, depending on the angle

of incoming sunlight. This allows for the passive regulation of the amount of transferred daylight
throughout the year. However, the choice of EM variant will strongly affect the shading performance.

JOURNAL OF FACADE DESIGN & ENGINEERING VOLUME 8 / NUMBER 1/ 2020



NEWE 1JER

FIG. 2 Example of EM continuous skin. New Museum of Contemporary Art, New York. SANAA architecture office, 2007

One of the aims of this paper is to determine which aspects of EM design and manufacture should
be considered in order to fit the requirements of each architectural design. The focus is on EM as a
shading device, assessing its performance as an angular selective shading system and the influence
of several parameters on the resulting daylight transmittance.

FIG. 3 EM as an angular selective shading
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FABRICATION OF EXPANDED METAL

For an adequate understanding of the geometry of EM, which is necessary to build 3D models for
simulation, an in-depth analysis of its shape and manufacturing process is needed.

EM is manufactured from metal sheets which have thicknesses usually ranging from 0.4mm to

6 mm. The manufacture consists of shearing and stretching operations in a press, leaving voids
surrounded by the stretched strands of metal. Aluminium, mild steel, galvanised steel, stainless steel,
copper, brass, nickel, titanium, platinum, zinc, silver, and gold are possible materials for manufacture,
but companies produce 80 - 90 % in steel. Following the mechanical manufacturing operation, the
resulting mesh can be coated by lacquer finishes or by galvanisation.

FIG 4. shows a sketch of the described mechanical operation. The metal sheet advances on a
conveyor belt towards the press. A vertical movement of the blade (move 1) makes a row of cuts
perpendicular to the advancing movement of the sheet (move 3) and simultaneously distorts the part
of the sheet that has advanced beyond the cutting-line, pushing it downwards. After this first cut-
and-push operation, the blade rises and moves a certain horizontal distance (move 2) perpendicular
to the advancing movement of the sheet. This way, two rows of cuts end up displaced one from each
other in a zigzag pattern.

FIG. 4 The three manufacture movements

There are several kinds of EM, depending on the form and magnitude of the movements of the blade
and the consequent shape of the holes. The simplest and most common type has rhomboid holes,
usually known as rhombus-shaped or diamond-shaped; this will be the object of our research.

EM offers some advantages compared to other techniques: it is formed from a single piece of

metal; no welding or weaving the metal is needed; neither joints nor welded knots are created

and therefore there is less risk of rupture. Compared to other translucent metal screens such

as perforated metal or woven metal fabrics, EM can offer greater flexural stiffness because the
manufactured mesh has a larger overall thickness and therefore a better moment of inertia than the
initial metal sheet. This feature of EM makes it very appropriate for installation in facades, as wind
pressure is acting on them.
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EM can be used for outdoor installation with different thicknesses of the departing metal coil,
depending on the metal used, the geometry of the mesh, its finish and the distance between fixing
points. Each mesh has a different moment of inertia (flexural strength) depending on the overall
thickness the mesh achieves after expansion, which ultimately depends on the height of the peaks of
each rhombus and the strand width.

In practice, designers and manufacturers do not perform such analysis to achieve a precise design,
and the vast accumulated experience leads to using metal plates of minimum 2-3 mm in aluminium
(depending on the alloy and geometry) and 1.5-2 mm in pre-galvanised steel. Even if these two
materials are a good choice against corrosion, they are usually coated with powder paint in the

case of pre-galvanised steel and powder paint or anodising in the case of aluminum. It is worth
considering that for thicknesses of pre-galvanised steel lower than 2mm, the edges that become
unprotected after the cutting operation are covered by the remaining rusting residues of zinc, as a
kind of self-protection.

In terms of regulation, there is no specific regulation for EM. In Europe, projects have to conform to
Eurocodes regarding loads and, being conservative, the aforementioned thicknesses cover almost
all cases. In the USA, there is a more conservative approach and it is usual to prescribe larger
thicknesses because of civil liability concerns.

EXPANDED METAL GEOMETRY

The geometry of a rhombus-shaped EM mesh can be described using some parameters of the

mesh and press-machine shown in FIG 5: Long way mesh (LW), short way mesh (SW), strand
thickness (e), strand width (w), intercut (i), cut width (c), blade bevel width (b), and blade thickness (t).
The elongated metal strips that form the mesh are called strands and the joining area of four strands
is called knuckle or bond.

FIG. 5 A: Geometrical parameters of an EM mesh. B: Position and side-references related to the manufacturing process

Taking into consideration the available geometrical parameters and materials, one can get a
countless number of different types of possible EM manufactures.
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The use of EM as the external envelope in building facades has become more and more common
in recent decades and designers often choose meshes with bigger nerves and holes than in other
applications. Many manufacturing companies have a range of products under an architectural or
decorative heading, including a wider variety of colours and sizes.

Analysis of shadow patterns cast by EM shows that those meshes with large openings are not the
best option for fagades of workspaces as the projected shadow patterns would involve glare and
visual problems. Anyway, indoor diffusing technical sunscreens are usually used to solve this issue.
Designers do install EM normally in fagades of spaces used for sport, leisure, culture, commercial
or circulation. EM with finer nerves offers more uniform shading patterns, but also can provide less
shading performance, and therefore may be less effective in reducing overheating in the space.

EM elements shade rooms, but also act the other way round as a selective filter, that partially blocks
selected parts of the field of vision. Due to EM geometry, this outward vision depends on the angle
between the line of vision and the EM panel. If the observer's line of vision is perpendicular to the EM
plane, the visual permeability of EM will depend on the EM mesh parameters, mainly strand width,
as shown in FIG 7. With the change of this angle the permeability will show the angular selective
performance of EM, meaning basically that at certain angles EM visibility will be minimised (with the
observer looking down), while at the other, outward vision will be entirely blocked (with the observer
looking at the steep angle up). This issue of the visibility and perforated envelope is addressed in
detail in a recent PhD thesis (Alatawneh, Rosario, Germana, & Reffat, 2016).

METHODOLOGY

Chronologically, our conducted research is divided into the following stages:

Choice of assessment method and parameters

Preparation of 3-d models

Radiance simulation

Verification of BSDF results comparing with previous lab results
Extraction and processing of BSDF data

Result interpretation

MEASUREMENT METHOD

The most popular measure of daylight performance in buildings was the daylight factor (light inside
space/light outside the space ratio) (Robbins, 1985). This is quite easily measurable and provides
the daylighting value at a point on a horizontal work plane in the room but does not provide any
information about the direction of incident light and its distribution after transmission. Daylight
factor provides information about daylight in the case of evenly overcast sky, and therefore is not
suitable to assess the momentary values of the illuminance in the room resulting from direct
sunlight, changing continuously according to the sun path. The development of simulation software
demonstrated that more complex concepts than daylight factors were necessary.

Daylight Transmittance is the ratio of the amount of light transmitted through a window divided by
the amount of light incident on its outside surface.

JOURNAL OF FACADE DESIGN & ENGINEERING VOLUME 8 / NUMBER 1/ 2020



2.2
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With Hemispherical Transmittance and Reflectance, one gets an overall amount of light going
through, and reflected from the material but those magnitudes do not tell us anything about light
distribution after transmission or reflection. Bidirectional Scattering Distribution Functions (Ward,
Mistrick, Lee, McNeil, & Jonsson, 2011) describe the behaviour of light when reaching an opaque or
translucent surface, for various angles of incidence of light on that surface and various angles of
reflected and transmitted light. Based on Nicodemus and Klems' works (Klems, 1994; Nicodemus,
1965) a method was created to compile the directional behaviour of fenestration systems as regards
reflection and transmission of radiation in a matrix. The BSDF of a surface is a four-dimensional
function that, in simple words, describes how the surface scatters radiation. In the strict sense, the
data that will be managed will be the BTDF (Bidirectional Transmittance Distribution Function) as
the purpose of our work is the assessment of the daylight transmittance of EM.

Even if BSDF has the potential to provide detailed information about the way a material scatters
light, the focus in this paper is not to assess the distribution of scattered light, but to assess how the
overall transmittance or hemispherical transmittance is affected by different parameters of EM.

SOFTWARE AND SIMULATION RESULTS VERIFICATION

The 3-D models used for simulation were generated by a custom-made Grasshopper (for Rhino)
algorithm, based on the parameters described in FIG 5. To ensure the high accuracy of the generated
models, some of them were compared with 3-d scans of their real-life counterparts, which led to
further modifications in the algorithm (Rico-Martinez, 2015).

The BSDF simulations were run via the genBSDF command from Radiance software (McNeil,
Jonsson, & Appelfeld, 2011). This provided us with a large-size data pool, from which the data
required to assess real-life daylighting situations could be later extracted.

Values from Klems-based BSDF were verified by comparison with experimental data provided at a
previous laboratory assessment campaign in the context of a PhD research (Rico-Martinez, 2015).
One of the main limitations of the lab setup (FIG 11.) used to measure the daylight transmittance of
physical samples was the ability to measure the illuminance only in a small area and provide only
specular transmittances. It was a sufficient method for measuring the direct specular transmittance,
which is normally about 99% of the total, as it provided a uniformly lit constant light pattern, helped
by a diffuser. However, this is a disadvantage when the indirect transmittance constitutes a more
significant fraction of overall transmittance; e.g. meshes with bigger openings or extreme angles

of incoming light directions, nearly parallel to the mesh plane, where interior reflections and
consequent scattered light can be of greater importance.

The previous limitations are not an issue in the case of BSDF simulation, as it analyses the full
spectrum of angles for both income and outcome directions.
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2.3 PERFORMANCE COMPARISON - CHOSEN INPUT PARAMETERS

Based on the previous lab results and visual observation of various mesh variants, it was determined
that the SW/w ratio or EM opening ratio (short way of mesh/strand width), could be used as a
depictive feature of EM geometry (FIG 6.).

FIG. 6 Transmittance through a mesh with a low opening ratio (SW/w) ratio

For this paper, strand width (w) will be the main varying parameter, as it directly influences the
SW/w ratio and the surface of the opaque areas of an EM mesh. All the geometrical parameters that
do not rely on strand width will be kept constant, in order to allow for a reliable comparison.

2.3.1 Mesh type, time, position and localisation

In the presented paper, daylight transmittance through diamond-shaped EM shading devices is
assessed in a vertical position with face “A” (FIG b) on a south-facing facade, located in Madrid at
most characteristic times of the year: solstices and equinoxes, as well as midday throughout the year.

— Mesh type - EM with diamond-shaped holes. Different variants of the most common EM type in
building envelopes are simulated and compared.

— Position - south facade. Mesh placed in the typical, vertical position that provides the best
shading performance. The south-facing position was chosen because it provides the longest sun
exposure (north hemisphere).
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— Location - Madrid. (40° 25’ N 3° 42’ W). Madrid has a warm climate (annual temperature during the

day: 19.9 °C/67.8 °F) and one of the longest durations of sunshine in Europe (2769 hours per year).
Latitude provides a variety of measurable sun angles throughout the whole year.

Mesh variants chosen for simulation. Strand width variation

A set of six modelled meshes (FIG 8.) was prepared, with only one differing
parameter: strand width (w).

The following three EM parameters: SW, d, and w, form a right-angled triangle. Consequently, keeping
the dimension of the Short Way (SW) constant, any variation in strand width (w) results in a change
in the manufacture’'s blade descent (d).

FIG. 7 Parameters of an EM mesh. Long way of mesh (LW), short way of mesh (SW), intercut (i), cut width (c), blade bevel width (b),
blade thickness (), blade descent (d), blade tooth's height (h), bevel's height (hb), blade’s slope (a)

Besides, the slope of the blade (a) also varies if the strand width (w) is changed and all other
parameters are fixed.

The limits for the strand width (w) are:

w>e. This is an approximate limit due to fabrication conditions.

w<SW/2. Elsewhere, the blade does not descend; therefore, the expansion of the mesh does not occur.
The following table shows the parameters of the EM meshes assessed.
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TABLE 1 Values of the geometrical parameters defining the assessed EM meshes

200 73 6

1 7 33 36.00 24.23 12.17
200 73 12 1 7 33 34.47 23.31 6.09
200 73 18 1 7 33 31.75 21.65 4.06
200 73 24 1 7 33 27.50 18.97 3.05
200 73 30 1 7 33 20.79 14.57 2.44
200 73 35 1 7 33 10.36 7.38 2.09

Obviously, the increase of strand width (w) is inversely proportional to the one of the EM
opening ratio (SW/w). This way, the thinner the EM strands, the wider the mesh expansion and,
therefore, the openings are larger. Logically, high values of opening ratio should lead to high

values of transmittance.

w =18, SW/w = 4,06

FIG. 8 Front views of EM geometrical variants used for the assessment

2.3.3 Mesh variants chosen for simulation. Colour variation

The impact of colour will also be considered, assessing each mesh in three colours: black,
grey, and white. The same colour and reflectance values will be used, as in the previous lab
assessments with real meshes. For those lacquers, the following reflectance data through
spectrophotometry was obtained:

TABLE 2 Total reflectance and reflectance without specular component of analysed EM meshes finishing lacquers
(measured with spectrophotometer)

REFLECTANCE (%) REFLECTANCE WITHOUT SPECULAR COMPONENT (%)
White 84.1 +-03 80.9 +/-06
Grey 431 +/-0.2 39.5 +/-03
Black 4t +/-01 42 +/-01
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2.4 EXTRACTION OF BSDF DATA FOR REAL DAYLIGHT SITUATIONS.

2.4.1 Data extraction

In the case of this study, the focus is on the overall percentage of transmitted rays, i.e. hemispherical
transmittance (specular + scattered), which will be later referred to as transmittance. This paper does
not differentiate scattered from specular light, as specular transmittance through EM is much higher
than scattered, and hemispherical data is needed to compare the overall behaviour of different
meshes at different moments.

Even if BSDF has the capacity to provide directional information about transmittance, for the aim

of this paper, comparing overall data in a simplified manner is needed. Anyway, our previous
experience tells us that, except for incoming light directions nearly tangential to the mesh plane,

the majority of the light through the wide variety of EM meshes assessed in our computer BSDF
assessment consists of specular transmittance. The rest of the values, surrounding this peak, refer to
scattered transmission, which comes from the reflection of light in the mesh'’s strands. Among these
values, we could observe some of the most significant reflection directions where transmittance
values are higher. Anyway, the specular transmission takes more than 90% of the hemispherical
transmission (Rico-Martinez, 2015).

In fact, we had to use a logarithmic scale (base 10) for graphs representing transmittance values in
different directions because the value of the transmittance (ratio of incoming to outgoing light) in
the specular direction was often bigger than 1% and lower than 0.01% for the scattering directions.
The use of the logarithms of the transmittance values rather than the actual transmittance values
reduces a wide range to a more manageable size. Moreover, human senses and perception are
supposed to work in a logarithmic way (hearing, sight, etc.).

As the shading performance of EM is being assessed, direct sun radiation in real-life cases is
assumed, i.e. one main incoming light direction.

One of the challenges was that the data about incoming light directions from BSDF simulation is
related to each Klems patch and does not correspond precisely to the directions of sunlight obtained
for real situations (described by linear sun paths, the daily arc-like path that the sun appears to
follow across the sky). It was necessary to properly adapt the BSDF simulation data to assess the
mesh'’s real-life performance.

BSDF data follow a coordinate system, called the Klems angle basis, which was designed specifically
to simplify a matrix multiplication to model multi-layer window heat gains. The Klems angle basis
has 145 input and output directions. Each direction is related to a patch of the hemisphere and all
the patches have roughly the same cosine-weighted solid angle. Consistency in the cosine-weighted
solid angle ensures that the contribution to hemispherical transmittance is roughly the same for all
patches (McNeil, Jonsson, Appelfeld, Ward, & Lee, 2013).
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Extracting the useful data meant selecting the Klems patches involving the desired sun directions.
This resulted in obtaining patterns of Klems patches (FIG. 8) resembling a pixelated version of the
actual sun path (FIG 9. S.P.). As the selected sun paths do not necessarily cross the centres of the
patches, in some cases, it has been necessary to obtain transmittance values for additional regions
(FIG 9. B) in order to calculate arithmetic averages of transmittance values of the involved patches.

The following software has been used to obtain the sun paths: Ladybug Tools (Grasshopper plugin for
Rhino 5) (Sadeghipour Roudsari n.d.) and Curic Sun plugin for Sketch-Up (Curic Studio n.d.).
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FIG. 9 Examples of sun paths (S.P.) related to patch sets on the Klems dome. Midday, winter solstice (22.12), equinox (21.03) and

21.03

summer solstice (21.06)

Procedure for transmittance assessment throughout a day

To obtain the data about transmittance through a particular day, the geolocation and position of the
mesh, as well as the date, were first specified. One could then obtain the corresponding sun-path,
which describes the consecutive sun positions throughout that day.

Each Klems patch was described with the direction defined by its geometrical centre (FIG 10. C)
and the closest point from each patch centre on the sun path was found. That point represents a
sun position related to a daytime-value (FIG 10. C'). As a side effect, the method resulted in atypical
values of daytime slots in the abscissa (e.g. 7:12, 9:36, 14:24, and 16:48) but related to quite precise
transmittance values.
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Procedure for transmittance throughout a year

Likewise, midday transmittance values through the year (FIG 9. midday) were obtained considering
the 365 days of the year at 12:00, picking the incident patches with centres on that longitude
fragment, finding the sun positions that match with the patch centres and finally matching the
date values to those points. Again, this resulted in atypical values of date slots in the abscissa

(e.g. 21" January, 23 February, 215 March, 17® April, and 24* May) but related to precise
transmittance values.

FIG. 10 Geometrical centre of a single patch. [C] patch centre [C'] the closest point on the sun path

PREVIOUS RESEARCH AND EXPERIMENT

COMPARISON OF LAB DATA AND BSDF SIMULATION RESULTS

In the aforementioned research (Rico-Martinez, 2015), the BSDF data running simulations were
validated for models that were previously assessed in the laboratory (FIG. 11 ) with real samples.
Overall, apart from those directions with the most extreme angles, the BSDF simulation results
didn't show much deviation from lab results with an average of 4.96% (considering all incident light
angles, including the most extreme, tangential ones, the overall average of deviation was 10.17%).

For those specific extreme angles, transmittance values were significantly higher for the computer
simulation data and it was concluded that the physical model readings were significantly lower than
the real ones, due to the lab setup limitations. However, the BSDF data obtained were consistent,

as has been proven by the work and practice of many authors. (McNeil, Jonsson, Appelfeld, Ward,

& Lee, 2013) (De Michele, Loonen, Saini, Favoino, Avesani, Papaiz & Gasparella, 2018) (Saini,

Loonen, & Hensen, 2018).
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FIG. 11 [a] Scheme of Lab assessment setup [B] Picture of the setup

FIG. 12 Lit EM meshes in the lab setup

RESULTS AND DISCUSSION

In the following sections, the data obtained through simulation is presented in the form of graphs for
the aforementioned colours, dates, and six types of EM.

The first three sets of graphs deal with the transmittance through the day.

The subsequent set of graphs shows midday transmittance values throughout the year.

Then, two sets of graphs are included using the same data but rearranging it. This way the influence
of strand width on daily transmittance is described, by times of the day, and the influence of strand
width on midday transmittance, by dates.

This section finishes with a table that quantifies the influence of colour on transmittance.

It is worth remembering that the following charts offer hemispherical transmittance data, the sum
of scattered and specular light transmittance. For each incoming light direction, we obtain a unique
value of transmittance expressed as a percentage (percentage of the incoming light transmitted

through the EM mesh).

Likewise, it is important to remember that only direct incoming light is considered, i.e. clear sky
conditions, which are the raison d'étre of solar shadings.
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4.1 TRANSMITTANCE VALUES THROUGH THE DAY BY
STRAND WIDTH FOR SPECIFIC COLORS AND DATES

4.1.1 Winter Solstice

Besides being the shortest day of the year, the lowest solar angles are characteristic of the winter
solstice (FIG 13.). In such conditions, all simulated variants of EM seem to function as expected,
with transmittance values dropping very slightly towards midday as solar height increases.

The only visible divergence seems to be a slight increase in transmittance around midday for the
12 mm strand width mesh (w=12mm). This can be due to the complex geometry of EM or to method
inaccuracies like the ones described in 2.4.1 about the relation between the real sun path and the
available light directions from the Klems basis.
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FIG. 13 Transmittance data throughout the day for the winter solstice. Each curve corresponds to a given strand-width, w (mm).
The first three graphs correspond to each colour: white, grey and black. The fourth graph shows the superposition of curves for
the three colours and three strand-widths: 6, 24 and 35mm

It also worth noticing, that for most of the day, the transmittance curve of w=35mm mesh seems to
run almost flat, with transmittance below 10% for white and 4% for black finish.

In any case, all the curves present low amplitudes and moderate variations throughout the day due

to colour. Almost all the curves show an upwards concavity with maximum values at dawn/dusk and
minimum at noon. The 24 mm and 25 mm strand width meshes show the biggest amplitudes.
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Bigger increases regarding noon values appear for the intermediate meshes (w=24 mm,
w=30mm). Those increases approach 20 percent points, whereas for the extreme meshes, with
maximum and minimum translucency (w=6 mm and w=35mm), those differences drop to around
eight percent points.

In general, there is a great transmittance increase from w=35mm to w=6mm (around 70-75 percent
points), which shows that the effect of modifying the strand width in winter is substantial.

The transmittance increase due to the colour of the mesh is greater for the intermediate meshes
(w=24 mm, w=30mm), which present an increase of 10 percent points at 12:00 when it changes
from black to white. The difference between black and grey is low, almost half of the difference
between grey and white.

Spring/Autumn Equinox

At the equinox (FIG 14.), EM meshes with strand width w=18mm and higher seem to perform
as expected with lowest transmittance values at midday, and rise towards dawn/dusk. It is also
worth noticing that for a significant portion of the day (even around 8:30-15:30 for 35mm mesh)
transmittance values seem to remain roughly constant.
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FIG. 14 Transmittance data through the day for spring/autumn equinox (21 March / 22 September). Each curve corresponds to a
given strand-width, w (mm). The first three graphs correspond to each colour: white, grey and black. The fourth graph shows the
superposition of curves for the three colours and three strand-widths: 6, 24, and 35mm
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12mm mesh seems to maintain quite similar values throughout the day.

With the exception of the 6 mm strand width mesh, again the curves show upwards concavities but
with higher differences between dawn/dusk and midday than in the winter (FIG 13.) and summer
solstices (FIG 15.). The maximum amplitude is about 30 percent points. This agrees with the sun
path, as it is rising towards midday and the EM strands are blocking a greater amount of rays.
However, when the strand width value is low, those differences are blurred.

If one pays attention to the effect of colour, it can be noticed that it is more noticeable at dawn/
dusk with a variation of around 10 percent points from black to white. This is more evident
for the intermediate meshes (w=12 mm, w=18 mm, w=24 mm) and gets lower as strand with
increases. For w=35 mm the colour effect is around three percent points at midday and seven
points at dawn/dusk.

For the rest of the daytime, in general, the effect of colour is less evident.

No noticeable difference arises in the jumps from black to grey and from grey to white.

Summer Solstice
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FIG. 15 Transmittance data through the day for the summer solstice (21% June). Each curve corresponds to a given strand-width,
w (mm). The first three graphs correspond to each colour: white, grey, and black. The fourth graph shows the superposition of
curves for the three colours and three strand-widths: 6, 24, and 35mm
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Summer solstice means the highest sun angles and the longest day of the year but the
shortest exposure of the southern fagcades. That is why the graphs (FIG 15) show quite a
narrow daytime spectrum.

Besides, observing the Klems patch pattern obtained to fit the summer solstice sun path in Madrid
(FIG 9.), it's evident that the sun path crosses very few patches. This is clearly one of the limitations
of using the classic Klems dome method and it can be solved through the Tensor Tree method
possibilities (De Michele et al., 2018).

EM meshes with strand width w=18 mm and higher seem to perform as expected, with the lowest
transmittance values at midday. The flattening of the curves does not appear, but that might be due
to a low number of control points.

In general, the upwards concavity remains with maximum values at dawn/dusk except for

the 6 mm strand width mesh. This striking inversion of curvature can be explained by the

shadow patterns of the mesh for corresponding lightning directions (FIG 16A). For the direction
corresponding to the hour 9:45, see-through openings constitute below 15% of the overall mesh area,
while for the angle at 12:00 they occupy over 31%.

B BSDF results: LW=200, SW=73. W=6, SW/w=12,17
8:39, dt=0%

12:00, dt=31,68%

2000
12

FIG. 16 [a] Shadow pattern analysis and transmittance analysis for the summer solstice (bmm strand width mesh) [b] Previously
conducted lab results graph for a similar EM mesh, also showing maximum transmittance at midday.

Qs white 200733367 ==O=+§ray_20073.33 6.7 = @ =black 2007333 6.7

In addition, a transmittance curve based on our physical lab measurements of a similar EM mesh
seems to confirm that direct transmittance increases close to midday when it is normally expected to
be at its lowest (FIG 16B)

The maximum transmittances, for white colour, were around 70%, with w=6mm in winter and 72% at
the equinox. In summer, that maximum value drops to 46% due to the solar height.

The minimum values in summer are higher than in winter or the equinoxes.
The effect of the strand width is more noticeable on white coloured meshes than on black ones.

For instance, at 10:00 and 14:00 the transmittance from w=6mm to w=3bmm leaps 23 points on
black, 27 points on grey and 30 points on white coloured meshes.
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MIDDAY TRANSMITTANCE VALUES THROUGH THE
YEAR BY STRAND WIDTH FOR SPECIFIC COLOURS
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FIG. 17 Midday transmittance data throughout the year. Each curve corresponds to a given strand-width, w (mm). The first three
graphs correspond to each colour: white, grey, and black. The fourth graph shows the superposition of curves for the three colours
and three strand-widths: 6, 24, and 3bmm

This set of graphs (FIG 17) analyses how the date of the year affects transmittance at midday (12:00).

As previously indicated (section 2.3.2), high values of opening ratio should involve bigger apertures
and lead to higher transmittances and, consequently, the increase of strand width is inversely
proportional to the transmittance.

The results shown here are coherent with this logic: on white meshes at the winter solstice one can
observe transmittance values of 77% for w=6mm and 7% for w=35mm.

At the summer solstice, the transmittance differences drop because of the higher sun position, which
reaches the facades tangentially and finds fewer openings for direct transmission.

Following the same logic, 35 mm strand width meshes show very few variations throughout the year,
since their transmittance is very low.

The émm strand width mesh differs clearly from the rest at the summer solstice, with a

transmittance nearly 25% higher than the following mesh. The transmittances of the rest of the
meshes in summer show much smaller differences.
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In winter, the increase of transmittance values is quite homogeneously proportional
to the opening ratio.

For summer and lower opening ratios, midday-transmittances are actually higher than for winter.
Similar data has been registered from lab assessment for meshes with low opening ratios as well
(FIG 18). The hypothetical cause of this increase in transmittance in summer might be the additional
transmission of incoming light after interior reflections on the surfaces of the mesh. The fact that
darker colours of the mesh seem to amplify this trend seems to back it up.

@ lab sample 08: LW=110, SW=50, SW/w=2,08 3D model (w=35): LW=110, SW=50, SW/w=2,08
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FIG. 18 Lab and BSDF results for EM meshes with similar proportions (Both meshes have an opening ratio of SW/w=2.08)
[a] Lab results [b]. BSDF results

INFLUENCE OF STRAND WIDTH ON DAILY TRANSMITTANCE, BY
TIMES OF THE DAY, FOR DIFFERENT DATES AND WHITE COLOUR

These curves (FIG 19) have been traced in order to directly show the relation between strand width
and transmittance variation. Overall, it can be stated that the relation (the slope of the curves) is
similar for different daytimes except for the dawn in the equinoxes.

Coherently, the amplitude of the curves is higher for the winter solstice with big transmittance
differences for different strand widths. As seen before, these differences attenuate when passing to
the equinoxes and reaching the summer.

Focusing on the winter solstice and excluding the dawn (7:21) data, simplified generalist statements
like the following can be done: For a south-facing mesh located in Madrid, the variation of daylight
transmittance is inversely proportional to the variation of strand width. That relation is practically
linear with such a slope that an increase of 5 mm in strand width implies a decrease of around 12-
15% of the transmittance.
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A. influence of SW on transmittance, 21.03, colour: WHITE B. influence of SW on transmittance, 21.06, colour: WHITE
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FIG. 19 Transmittance data versus EM strand width for white coloured meshes. Each curve corresponds to a given time of the
day. The three graphs correspond to different dates: equinox, summer solstice, and winter solstice

INFLUENCE OF STRAND WIDTH ON MIDDAY
TRANSMITTANCE, BY DATE FOR SPECIFIC COLOURS

In the same direction as that of the previous graphs, the midday transmittance - strand width
relation has been expressed, but collecting in each graph the curves corresponding to several dates
of the year (FIG 20).

It is noticed that, for the winter dates, the decline in transmittance as strand width increases is
almost linear and with a similar slope until a certain value of the strand width. From w=24 mm,

the curves show some curvature towards a horizontal asymptote that responds to the fact that it

is getting close to zero transmittance. Nevertheless, moving away from winter, the curves show an
increase of the slope (higher transmittance fall-offs for given strand width growths) and an inflection
point. Getting closer to the summer, the inflection point moves to higher values of the strand width.
A noticeably horizontal stretch is also observed where transmittance does not vary with the strand
width. Those curves recover a certain slope to drop towards zero transmittance for high values of w
(low values of the opening ratio).
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A. influence of SW on midday transmittance, colour: WHITE B. influence of SW on midday transmittance, colour: GREY
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FIG. 20 Midday transmittance data versus EM strand width. Each curve corresponds to a given date. The three first graphs

correspond to different colours: white, grey and black. The fourth graph shows the superposition of curves for the three colours
and three dates: Winter solstice, equinox and summer solstice

4.5 INFLUENCE OF COLOUR ON TRANSMITTANCE

As could have been expected, the colour of the EM device affects the transmittance to a certain

degree. The highest transmittance values were achieved for the white meshes and lowest
for the black ones.

An overall difference of transmittance between black and white EM stayed between the range of
1.13% and 13.52%, with an average of 7.67%, which is notable. As seen in the comparison (TABLE
3), the overall influence of colour relies on the opening ratio and sun angles. One could attribute
that reliance on the amount of light transmitted by interior reflections from the surface of the mesh,
which varies due to the complex geometry of EM (FIG 21). Overall, for a given location, the influence

of colour on transmittance seems to be the strongest for diamond shaped EM meshes with SW/w
ratios between 0.25 and 0.33.
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TABLE 3 Influence of colour on transmittance decrease (compared to white mesh)

black

DATE 22.06

:
4.16%

6

6.06%
2.90%
2.18%
2.16%
EER 250%

12 18
4.87% 4.29%
4.74% 4.07%
- 5.22%
4.74% 4.07%
4.87% 4.29%
5.01% 4.39%
0.74% max

12 18

7.63%

5.07% 6.33%
4.51% 6.44%
4.60% 6.58%
4.85% 6.45%
4.60% 6.58%
4.51% 6.44%
5.07% 6.33%

3.34%
3.12%
4.07%
3.12%
3.34%
3.40%
5.84%

24

6.53%
6.80%
7.18%
7.09%
7.18%
6.80%
6.53%

763%  813%  7.34%

5.38% 6.82%
2.08% max

6.98%
8.13%

30

2.23%
2.06%
2.70%
2.06%
2.23%
2.26%

avg total

30

5.69%
4.73%
4.66%
5.02%
4.85%
5.02%
4.66%
4.73%
5.69%
5.01%

avg total

35

0.82%
0.74%
1.03%
0.74%
0.82%
0.83%
3.34%

35

4.84%
2.09%
2.08%
2.21%
2.14%
2.21%
2.08%
2.09%
4.84%
2.73%
5.02%

7.25%

min

12 18 24 30 35
3.42% 1.27%
3.17% 1.13%
4.05% 1.50%
4.88% 3.17% 1.13%
5.28% 3.42% 1.27%
8.30% 7.04% 5.31% 3.44% 1.26%
1.13% max 9.59% avg total  5.43%

35

6.85%
2.98%
2.90%
3.06%
2.98%
3.06%
2.90%
2.98%
6.85%
3.84%
7.86%

8.87% 10.91% 7.44%

2.90% max

10.76%

13.52% avg total

DATE ‘ 22.12

colour [
:

E <%
(932 BIBW:
1.47%

12
3.54%
3.79%
3.37%
3.20%
3.11%
3.20%
3.37%
3.79%
3.54%
3.44% 4.90%
1.47% max

5.87%
6.65%

5.82%

avg total

35

3.57%
3.43%
3.45%
3.19%
3.36%
3.19%
3.45%
3.43%
3.57%
3.41%
4.18%

black

2.58%
2.51%
2.58%
2.43%
2.43%
2.43%
2.58%
2.51%
2.58%
2.52%

35

4.78%
4.68%
4.69%
4.34%
4.56%
4.34%
4.69%
4.68%
4.78%
4.61%
6.08%

5.26% 7.35% 8.18%

2.43% max

8.54%

8.72% avg total

‘ YEAR AVERAGE (AT NOON)

coour BN
EE ¢
2.90%

12 18
4.78% 5.90%
0.74% max

24

8.13%

30

611%  480%

avg total

109 JOURNAL OF FACADE DESIGN & ENGINEERING

35
2.62%
4.52%

black
6

12 18 24 30 35

min

1.13% max 13.52% avg total  6.98%

VOLUME 8 / NUMBER 1/ 2020



5.1

110

/>< ‘Q

e iﬁ
i R

-

== \\\i// angle of incident radiation: -30° angle of incident radiation: -15°
— Jr—
?/’ == (

% of transmission: % of transmission:

- Not transmitted: 56,64% - Not transmitted: 32,70%

- Directly transmitied (0): 22,26% - Directly transmitted (0): 36,31%

- Transmitted after 1 reflexion (1): 0% - Transmitted after 1 reflexion (1): 0%

- Transmitted after 2 reflexions (2): 21,10% - Transmitted after 2 reflexions (2): 30,99%

FIG. 21 Examples of simplified interior reflections (considering specular reflectance)

CONCLUSIONS

PARAMETERS AFFECTING TRANSMITTANCE - SUMMARY

The parameters affecting transmittance are divided into three general groups:

EM mesh geometry: shape and proportions
Incoming light direction (in relation to mesh face): sun azimuth (longitude) and solar height (latitude)
EM mesh colour

To assess real-life situations it is necessary to refer the light direction to mesh localisation and
position, time, and date. Overall, the impact of each parameter on transmittance depends on other
parameters. As seen, transmittance depends on both mesh geometry and sun angle; it must be
considered to what extent the decrease of the opening ratio (SW/w) of Expanded Metal meshes
results in lower transmittances for given solar heights.

Mesh proportions - The most significant factor in terms of mesh geometry is definitely the opening
ratio (SW/w), although, as seen in the results, this is not a linear, easy-to-describe general correlation
between the opening ratio and daylight transmittance. The change of strand width also influences
other proportions. It is worth remembering, those other parameters can also strongly influence the
mesh geometry, affecting the shading performance. The complex geometry of the EM also makes its
shading performance less predictable in terms of light direction.

In general, greater transmittance increases have been observed due to the variation of strand width
of EM meshes at the winter solstice (70 to 75 percent points from w=35 to w=6 mm).

As stated in section 4.3, on the winter solstice, for most times of day, a south-facing mesh in

Madrid presents a nearly linear variation of daylight-transmittance inversely proportional to the
variation of strand width; an increase of 5 mm in strand width implies a decrease of around 12-15%
of the transmittance.
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It is worth mentioning that low values of the opening ratio lead to meshes that almost totally prevent
direct vision through them. This is a very limiting condition for an element to be included in a
complex fenestration system.

Solar Height

This is the most obvious and one of the most important factors affecting the transmittance values.
As arule, the higher the position of the sun, the lower the transmittance. However, as seen on the
graphs that show transmittance throughout the year (section 4.2), the relationship is not linear and
once the solar height and SW/w ratio are high enough, an inversion of the curvature may occur.

Solar height is related to the season, of course.

The maximum transmittances, for white colour, were around 70% with w=émm in winter and 72% at
the equinox. In summer, that maximum value drops to 46% of the solar height.

The minimum values in summer are higher than in winter or the equinoxes. Minimum summer
transmittance with black colour is around 7%, while at the equinox it drops to 2% and in winter to
1%. These values always appear at midday.

Sun Azimuth

Similarly to the solar height, the transmittance is at its maximum when the sun azimuth is
perpendicular to the mesh plane and decreases as it moves towards the mesh plane. Although,

in general, solar height seems to be slightly more influential on the transmittance, overall sun
direction is always a sum of both latitude and longitude. This sometimes leads to counterintuitive
outcomes, such as the temporary rise of transmittance towards midday, as seen for the summer
solstice in FIG 15.

Colour
Colour influences the indirect transmittance (transmittance through internal reflection). Therefore,

the influence of colour relies on SW/w and the direction of incoming light. As expected, darker
colours led to a decrease of transmittance.
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GENERAL ASPECTS FOR FACADE DESIGNERS.

Position and tilt of the building envelope

The data shown in this paper relates to an envelope facing directly south, and perpendicular to

the ground. Change of either orientation or tilt of the EM's surface obviously changes the relative
sun angles, strongly affecting the performance. Therefore, it is essential to consider each aspect.

In general, an upwards tilt of the envelope usually causes an increase of transmittance while a
downward tilt decreases it. A change of orientation for the fagade changes the timeslot in which the
direct sunlight reaches it, which, of course, also affects the performance.

The necessity of detailed research and on purpose simulation

Due to the multiple variable conditions of the issue it is not possible to state strictly linear relations
between any particular parameter (or group of parameters) and the shading performance of

EM. While most assumptions about the influence of those parameters are correct, they are too
general to reliably predict the real-life performance. For proper assessment, it is necessary to run
a specific simulation, which takes into account the specific mesh model and colour, as well as its
position and location.

Presence of shadow patterns

Due to the visible shading patterns, EM meshes are generally not suitable for any spaces in which
precision work is done, such as labs, workshops, or offices. For such spaces, it is recommended
to use either fine (densely distributed, small openings) EM meshes, or an additional layer

of diffuse material.

The complexity of facade systems

It is worth remembering that EM meshes are usually just a part of a facade/fenestration system,
with its different layers working as a whole. Therefore, to analyse the whole behaviour it is necessary
to include all layers and elements of the facade. Furthermore, to obtain real-life performance it is
also crucial to take into account the environmental data, such as the intensity of light, or amount

of incoming diffused light. Only then can the illumination of the building's interior and solar

energy gains be closely predicted and balanced.
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OBSERVATIONS ON BSDF DATA FOR REAL LIFE
DAYLIGHT TRANSMITTANCE ASSESSMENT.

Potential usage

Thanks to previously conducted lab measurements (Rico-Martinez, 2015), statements that one could
intuitively predict, without analysis, were proved valid and expressed measurably.

In particular, the ratio SW/w appeared as a depictive feature of EM meshes. However, they have also
shown that it is difficult to predict and summarise transmittance behaviour for EM and one cannot
relate it simply and directly to geometrical mesh features such as SW/w ratio or the surface of the
openings. Therefore, to predict the EM performance more closely it is necessary to consider tools that
take into account multiple factors such as specific geometry and outside finish of mesh or specific
directions of incoming light. One of the advantages is that, once the simulation for a particular EM
shading is done and saved, it provides a large database, allowing the device shading performance
to be simulated for every possible position or location. Such data can also be part of more in-

depth analysis, considering the complete complex fenestration and fagades systems, diffused

light transmittance, and the influence of other environmental factors to allow for detailed and
accurate performance analysis. Even as is, the data can be useful for designers needing to choose
adequate EM shading systems.

Usage of classic Klems dome as a source of inaccuracies

In the classic Klems pattern, each patch represents a range of directions and transmittance values
are calculated for the sum of those directions. Decreasing the size of the patches as with Tensor
tree BSDF (Ward, Kurt, & Bonneel, 2012) would also reduce the inaccuracies (the lower the patch,
the more accurate the results). Another option could be to use custom ray-tracing simulations for
particular directions.
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Abstract

Over the last number of decades, tall building geometries have been shifting from rectangular boxes
towards shapes that are defined through geometrical transformations such as twisting. While, from an
aesthetical point of view, these twisting geometries make tall buildings appear contemporary and iconic,
from an environmental point of view, however, the benefits are not as straightforward. They may vary
significantly based on climatic loads and urban conditions, among others.

This study aims to assess the self-shading benefits of twisting geometries by finding a correlation
between floor-to-floor rotation and fagade solar irradiation across climates, primarily focusing on hot
ones, where self-shading is used as a passive solar design strategy. The study analysed three types of
irradiation studies: Cumulative Annual Irradiation, Cumulative Harmful Irradiation during Cooling Design
Day, and lastly, Solar Irradiation Self-Shading Balance. The latter compares beneficial and harmful solar
irradiation during Hot and Cold Degree Days to quantify the impact of floor-to-floor rotation on optical
and thermal performance. The study explored hundreds of possible scenarios across different climates
and various floor-to-floor rotation angles, revealing a variety of positive, negative, and neutral situations.
The study recommends careful examination of environmental conditions via a combination of multiple
irradiation studies, particularly in the case of a smooth fagade scenario.

Keywords
Climate, energy and sustainable building facades, self-shading, solar radiation benefit, passive solar

design, twisting towers
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INTRODUCTION

There are currently more than 1600 completed skyscrapers in the world, more than 500 under
construction, and more than 1800 proposed and envisioned ones (CTBUH, 2020). These numbers
are always on the rise, especially over the last decade, with an almost exponential progression

of the number of skyscrapers and an increased pace of breaking world height records, with the
current record now approaching 1km (CTBUH, 2019). Since increased height imposes an exponential
increase of wind loads, most of the skyscrapers’ volumes tend to soften the edges and reduce size
with increasing altitude. The volume reduction is usually achieved in the form of tapering or the
setting back of volumes to reduce wind pressure on fagades or due to the right to light regulations,
and consequently to minimise vortex shedding and swaying. Yet, the most effective technique

in channelling wind flows and reducing wind pressure and swaying is via twisting. The twisting
method has been known to engineers for a long time, for example, in industrial chimneys and
antennae. However, the first building tower to implement twisting technique was Turning Torso

in Malmo, Sweden, designed by Santiago Calatrava Architects in 2005 - just 15 years ago - Fig.

1 and Fig. 5. Since then, many skyscrapers have followed this idea. For some, it was due to
performance concerns, while others mainly used it due to the aesthetics.

Global Twisting lcons
Te W

Mode Gakuen

CHamand Tower Cayan Tower
433 06 m /1005 F Spieal Towers
1 &h

pmd 1407 306.m/ 1,005 ft
g ‘Dubai 301

United Tawer Turning Torso
200m / Es6f 19 m /623
Manoma, X016 Maima, 2005

FIG. 1 Global twisting icons by height (CTBUH, 2016)

Recognising this trend, CTBUH made a report (CTBUH, 2016) that analysed 28 twisting towers across
the globe and their respective average floor rotations as well as total rotations (Fig. 2). They defined
the twisting building as “one that progressively rotates its floor plates or its fagade as it gains
height”. With a 5.9° rotation, F&F Tower in Panama holds the record for the maximum floor to floor
rotation, while the diamond tower will be the only twisting tower with a 360° total rotation (Fig. 1).
The report demonstrates the growing trend for twisting towers that is “creating a new generation of
iconic buildings throughout the world".

JOURNAL OF FACADE DESIGN & ENGINEERING VOLUME 8 / NUMBER 1/ 2020



Architectural Average Floor

Floor Count Total Rotation

Building Country Completion Year

Height (m) Rotation
1| Shanghai Tower Shanghai China 2015 632 128 0938 120"
2 | Lakhta Center St Petersburg | Russia 2018 (expected) 462 86 1.047° 90.0°
3 |Diamond Tower Jeddah Saudi Arabia 2019 (expected) 432 o 3871° 360°
4 | Ocean Heights Dubal United Arab Emirates 2010 310 83 0.482° 40.0°
5 | Cayan Tower Dubal United Arab Emirates 2013 306 73 1233° 90.0°
6 |Supernova Spira Noida India 2017 (expected) 300 a0 1.825% 1457
7 [Evolution Tower Moscow Russia 2015 246 55 2.836" 156"
& |F&F Tower Panama City | Panama 2011 233 53 5.943° 315°
9 | Al Majdoul Tower Riyadh Saudi Arabia 2016 (expected) 232 54 2.500° 1357
10| Al Tijaria Tower Kuwait City | Kuwait 2009 218 4 1.951° 800°
11_ | United Tower Manama Bahrain 2016 (expected) 200 47 3.830° 180°
12 | Al Bidda Tower Doha Qatar 2009 197 44 1364° 60.0°
13 |SOCAR Tower Baku Azerbaljan 2015 196 40 0.500° piolog
14 | Turning Torso Malmo Sweden 2005 190 57 1.580° 900
15 | Trump International Hotel & Tower Vancouver |Vancouver | Canada 2016 (expected) 188 63 0.714> 450"
16 | Generali Tower Milan Italy 2017 (expected) 185 44 1127 49.6°
17 | Absolute World Building D Mississauga | Canada 2012 176 56 3732 205"
18 | Mode Gakuen Spiral Towers Magoya Japan 2008 170 8 3.000° 114°
19 | Absolute World Building E Mississauga [Canada 20012 158 50 4.000° 200°
20 |Baltimore Tower London United Kingdom 2017 (expected) 149 44 2.182° 9607
21 | Avaz Twist Tower Sarajevo Bosnia and Herzegovina 2008 142 39 1539 00
22 | The Point Guayaquil Ecuador 2014 137 36 5.833° 2107
23 | Sichuan Radio & TV Centre Chengdu China 20010 136 31 290%° 90.0°
24 |PwCTower Midrand South Africa 2018 (expected) 106 26 1.154° 300°
25 | Xiamen Suiwa Tower Xiamen China 2016 (expected) 100 22 4091* 90.0°
26| Grove at Grand Bay North Tower Miarni United States of America | 2016 (expected) 94 21 1843° ELT
27 | Grove at Grand Bay South Tower Miami United States of America | 2016 (expected) 94 21 1.843° 387
28 |Tao Zhu Yin Yuan Talpei Taiwan 2016 (expected) a3 21 4.286% 9007

FIG. 2 Global twisting icons - list (CTBUH, 2016

The report also noticed that "Aided by new technologies assisting architectural and structural design,
a proliferation of tall twisting towers is now spreading across the globe”. Finally, the report tackled
performance aspects as well: “A stunning variety of textures, view angles, and ripple effects result
from these manipulations, making these ‘twisters’ some of the world’'s most iconic buildings — and

in many cases, aerodynamic and energy-efficient.” From an aesthetical point of view, these twisting
geometries make tall buildings appear fluid and contemporary. From an environmental point of view,
however, the benefits are not as straightforward and may vary significantly, based on climatic loads
and urban conditions. Some cases have proven, through simulations and testing, that twisting may
lead to reduced wind loads and consequent savings on structural weight and costs. On the other
hand, other environmental aspects such as energy savings, daylighting potential, glare control, and
views are poorly documented.

Since the impact of twisting on building performance was never examined in detail and on a global
scale, this research aims to address the benefits of twisting building geometries from a holistic
perspective. It analyses a global potential for self-shading of twisting towers, mainly focusing

on environmental performance in hot climates where self-shading has the highest potential to

be used as a very effective passive solar design strategy. This study assesses the self-shading
benefits of twisting geometries, analysing how climatic conditions, floor-to-floor rotation, as well

as fagcade smoothness, influence building performance. In particular, the study performed three
types of irradiation studies: Cumulative Annual Irradiation; Cumulative Harmful Irradiation during
Cooling Design Day, and lastly; Solar Irradiation Self-Shading Balance compares beneficial and
harmful solar irradiation during Hot and Cold Degree Days. This comparative approach provides
resourceful and specific data for effectively quantifying the twisting impact on optical and

thermal performance. A global potential with particular recommendations for twisting and fagade
smoothness offers a useful resource for all stakeholders to be used in early-stage design discussions
on twisting strategies.
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CASE STUDIES

As shown in the CTBUH report, there are many twisting towers in the world, with some
claiming performance improvements with twisting. This section aims to demonstrate a range
of benefits that some of the case studies have achieved, ranging from structural, wind, and
energy efficiency, among others.

AGORA GARDEN, TAIPEI, TAIWAN ABSOLUTE TOWERS, MISSISSAUGA, CANADA EVOLUTION TOWER, MOSCOW, RUSSIA
VINCENT CALLEBAUT ARCHITECTURES MAD ARCHITECTS RMJM, TONY KETTLE, PHILIPP NIKANDROV (GORPROJECT)
(FREARSON A, 2013) IMAGE CREDITS: AARON LEDESMA AT UNSPLASH.COM (CTBUH, 2016)

FIG. 3 Twisting towers case studies

Agora Garden, Taipei, Taiwan by Vincent Callebaut Architectures.

“The tower is a prototype of Carbon-Absorbing Green Building, and it will carry 23,000 trees planted
on the ground and balconies, which can absorb 130 tonnes of CO2 annually in Taipei. The sunlight,
thermal, and wind analyses have enabled us to improve the bioclimatic design of the project”
(Vincent Callebaut Architectures, 2020). The project received LEED Gold green certification from US
Green Building Council, as well as Diamond Level from Low Carbon Building Alliance. However, apart
from hand sketches, there was no demonstrated evidence of the impact of twisting on performance
improvement (Fig. 3).

Absolute Towers, Mississauga, Canada by MAD architects.

This is one of the few examples in which twisting was very loose, and instead of being very regular,
in combination with smooth slabs/balconies, it created a fluid volume. Besides its unique shape,
balconies were used to improve energy performance. Still, no specific quantitative value has been
provided: "Besides providing every resident with a nice exterior place to enjoy views of Mississauga,
the balconies naturally shade the interior from the summer sun while soaking in the winter sun,
reducing air conditioning costs.” (Frearson, 2012) (Fig. 3).
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Evolution Tower, Moscow, Russia by RMJM, Tony Kettle, Philipp Nikandrov (GORPROJECT).

One of the juries of CTBUH said of the tower: “The world has seen an increasing number of twisting
towers in the last decade or so, but Evolution Tower takes the record for the most extreme twist”
(CTBUH, 2016). The main reason for such an extreme twist is purely aesthetical. “The sculptural
DNA-shaped twisting tower symbolises the evolution spiral with the white fagade ribbon wrapping
over the roof in the form of a 90-degree twisting infinity symbol, which speaks of the philosophical
concept of evolution and celebrates the development of human civilisation. From spiralling onion
domes of St. Basil to the iconic Tatlin Tower concept the Russian architecture was obsessed with the
idea of a spiral.” (Nikandrov, 2020) (Fig. 3).

Tore Banke - PhD Thesis “Parametri i praksis - Generativ performance i arkitektur”
(Parametric design in practice - Generative performance in architecture).

The last case study is the most documented in terms of the environmental benefit of twisting towers.
The towers have a star-like floor plan with smooth corners that rotate 2 degrees floor to floor (Fig. 4).
The author of this work has demonstrated 11.4% of cumulative irradiation reduction over the year
(Banke, 2013). Yet, as it is shown in the results part of this research, such a parameter is not enough
to prove to what extent this irradiation was harmful or beneficial. Moreover, it does not reflect the
seasonal and daily dynamic of solar radiation and its combination with the external temperature that

produces a specific thermal load on a building envelope.

Extrusion 2 deg. CW
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469 KWH/ M2 416 KWH/MZ
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PHD THESIS "PARAMETRI | PRAKSIS - GENERATIV PERFORMANCE | ARKITEKTUR"
TORE BANKE, CITA, 3XN/GXN

FIG. 4 Twisting towers case studies (Banke, 2013)

As demonstrated in most of the described cases, if authors emphasised performance improvement,
they mostly used the twisting effect to improve wind flows and consequently, structural performance.
In some of the cases, blocking solar radiation was mentioned with minimal reference to the location-
specific climatic loads and estimated energy savings. Therefore, since there was no significant
evidence to conclude how twisting impacts performance on a global level, this paper uses a
methodology based on simulations.
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METHODOLOGY

The methodology of this paper uses an automated assessment procedure which utilises the
simulation of solar radiation on fagade surfaces to estimate the global self-shading potential of
twisting forms, considering twisting angle and fagade smoothness. Like similar methodologies

used in green building certifications (US Green Building Council, 2014), the study used a baseline
geometry in the form of a simple box obtained via vertical extrusion from a square rectangle.

The baseline tower had four planar fagades facing four cardinal directions. The study continued with
gradually introducing and consequently increasing the twisting angle clockwise in increments of 1°
up to 10°. Since the case study research revealed two fagade cases, smooth/continuous, and discreet,
the methodology assessed the solar self-shading potential for both fagade options. For every twisting
angle, an automated script developed explicitly for this study recorded results of each of the two
facade states and repeated the process for all climates. Three different analyses process and extract
guantitative data that is relevant to this study. Results of all three studies of self-shading potential
are then summed up in tables with both absolute values and relative improvement compared to the
baseline. The following paragraphs provide more detail of the sub-processes.

GEOMETRY AND TWISTING

The twisting tower has a 40x40m square floor shape that could rotate as it gained height. The testing
building volume had 90 floors with 4m floor-to-floor height. Twisting has floor-to-floor rotation angle
covering a range from 0° to 10° for the baseline tower, with continuous planar fagade surfaces and
maximum twisting tower, respectively. The direction of the twist was addressed in the preliminary
analyses, where the design variable showed no influence on overall results.

Since irradiation on the surface was highly dependent on the angle setting and shading overhang,
two different fagade types were analysed. The first one represents a continuous, smooth fagade
without overhangs. The second one represents a discretised fagade with all vertical surfaces and
slabs that behaved as overhang shadings. The fagade surface of each floor was tessellated into a
2x2m mesh grid that represented an optimal spatial resolution to provide reasonable accuracy vs
computation time trade-off. Moreover, this spatial resolution was able to account for relatively small
shaded areas below the slabs, particularly at small twisting angles. Examples of two facade types at
an 8° floor-to-floor rotation angle are shown in Fig. 5.

FIG. 5 Two fagade types at 8° floor-to-floor rotation angle
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3.2 CLIMATES

To address a full range of possible scenarios, this paper analysed twisting towers in all 17

different climates according to the ASHRAE (ASHRAE, 2013) and IECC climate classifications
(ICC. 2000) (Fig. 6).
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FIG. 6 ASHRAE and IECC climate classifications

Each of the climates had its specific combination of ASHRAE Cooling and Heating Degree Days
that are used to estimate thermal loads on the building and give an estimate on HVAC sizing. A list

of cities, representing each climate from the set, is shown in Table 1, along with climatic and site
parameters extracted from (ASHRAE, 2013).
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TABLE 1 Alist of climates with the most relevant climatic parameters (Skalko et al., 2013)

ZONE NUMBER | ZONE NAME THERMAL LOCATION LATITUDE SHGC HARMFUL
CRITERIA IRRADIATION
(ST UNITS) THRESHOLD

[WH/M2]

1A Very Hot - Humid 5000<CDD10°C Miami, USA 25.82 0.25

1B Very Hot - Dry 5000<CDD10°C Dubai, UAE 25.25 0.25

2A Hot-Humid 3500< Houston, USA 29.97 0.25 380
CDD10°C<5000

2B Hot - Dry 3500< Phoenix, USA 33.43 0.25 380
CDD10°C=<5000

3A Warm - Humid 2500< Atlanta, USA 33.65 0.25 380
CDD10°C=3500

3B Warm - Dry 2500< El Paso, USA 31.77 0.25 380
CDD10°C=3500

3C Warm - Marine CDD10°C=2500 San Francisco, USA | 37.62 0.25 380
AND
HDD18°C<2000

4A Mixed - Humid CDD10°C=2500 New York, USA 40.78 0.40 237.5
AND
HDD18°C<3000

4B Mixed - Dry CDD10°C=<2500 Albuquerque, USA  35.05 0.40 237.5
AND
HDD18°C<3000

4C Mixed - Marine 2000<HD- Seattle, USA 47.45 0.40 237.5
D18°C<3000

5A Cool - Humid 3000<HD- Chicago, USA 41.78 0.40 237.5
D18°C<4000

5B Cool - Dry 3000<HD- Denver, USA 39.76 0.40 237.5
D18°C<4000

5C Cool - Marine 3000<HD- Vancouver, CAN 49.18 0.40 237.5
D18°C<4000

6A Cold - Humid 4000<HD- Minneapolis, USA  44.88 0.40 237.5
D18°C<5000

6B Cold - Dry 4000<HD- Helena, USA 46.60 0.40 237.5
D18°C<5000

7 Very Cold 5000<HD- Duluth, USA 46.83 0.45 2111
D18°C<7000

8 Subarctic 7000<HDD18°C Fairbanks, USA 64.82 0.45 2111

3.3 IRRADIATION ANALYSES

The methodology analyses irradiation on the fagade surface using the raytracing method within
the Ladybug tools plug-in for grasshopper and Rhino. Solar radiation is considered as one of the
most critical parameters in passive solar design techniques for estimating energy balance and
solar shading potential (Olgyay & Olgyay, 1957; Olgyay et al., 1963; Givoni, 1969). For every climate,
one sky-matrix was produced, combining both direct and diffuse solar radiation components for all
8760 hours of the year. An intersection matrix was used to compute irradiance falling on each of
the 14,400 mesh faces at each timestep for both fagade types, twisting state, and climate. In total,
126,144m data points were computed for each of the 374 design states (2 fagade types x 11 twisting
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angles x 17 climates). Simulations excluded multiple reflections as this would drastically increase
the time for an already highly demanding computation. Moreover, solar radiation analyses neglected
indoor and material-specific parameters of the fagade such as thermal conductivity, building

energy systems, and HVAC. These parameters would impose many additional climate-specific
criteria and therefore, drastically increase discrepancies of results between climates.

Irradiation data were processed and analysed in three different ways. The first analysis was the most
common cumulative annual irradiation that integrated all timesteps and produced a cumulative
irradiation value for each mesh face. An average irradiation value was recorded for every twisting
state and both fagade types. This analysis was capable of quantitatively demonstrating an increase
or decrease of average irradiation levels for different twisting states (Fig. 7). However, climate
conditions differ significantly, ranging from the extreme cold to hot environments. Therefore,
assuming that irradiation is always harmful is far from accurate. Yet, the primary purpose of this
analysis is to show a correlation between higher temporal resolutions used in this study with the
lower temporal resolutions commonly used in passive solar design.

>

CUMULATIVE ANNUAL CUMULATIVE ANNUAL CUMULATIVE ANNUAL
IRRADIATION [kWh/m2] IRRADIATION [kWh/m2] IRRADIATION [kWh/m2]

o 1000 2000 o 1000 2000 o 1000 2000

AVERAGE IRRADIATION AVERAGE IRRADIATION AVERAGE IRRADIATION
Ba6kW/m2 s@1kW/m2 625kW/m2

FIG. 7 Cumulative Annual Irradiation Analysis

To be able to quantify harmful and beneficial radiation throughout the year, it was necessary to
consider dry bulb temperature to determine whether irradiation would improve or reduce thermal
balance for every time step. The analysis assumed that solar radiation might contribute to the
thermal load balance between indoor and outdoor environments in both negative and positive
ways. “The following sources of heat flow are typically considered in buildings: conduction through
walls and windows, infiltration and ventilation, solar as well as internal heat gains for occupants,
equipment and electric lighting. ... For all buildings, there is a temperature range at which these heat
flows cancel each out over the day, keeping the building within a desired interior temperature range
without the need for active heating and cooling. This temperature range is called the balance point
temperature range of the building.” (Reinhart, 2014). The authors used the following assumptions to
calculate the balance point temperature range:
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Indoor environments have constant internal heat gains from occupants for a standard office that is
the sum of the mean occupancy load (13.5 W/m?), the mean lighting load (10.1 W/m?) and the mean
equipment load (8 W/m?). Solar gains for mid-latitudes in June are roughly 2.9 kWh/m?. Ventilation
losses were set to 0.5h™? ACH (air changes per hour) and forced ventilation for a fresh air supply rate
of 10l/s per occupant during office hours (8 am - 6 pm). Conduction losses were set to 0.391 W/m2K
for walls and 1.6 W/m?K for windows with a glazing ratio of 40%.

Assuming the desired temperature range from 20°C to 26°C, the authors calculated the balance point
temperature to be 8-14 °C for June for mid-level latitudes. These temperatures may seem quite low,
yet it shows that an internal load-dominated space such as the reference office tends to receive more
internal and solar gains than it loses through the building envelope.

To compute the exact balance temperature point, it was necessary to calculate solar heat gains and
heat losses for every mesh face throughout every time step. This would provide different balance
point temperatures across the fagade surface and different seasons. Since this was not practical,
and the study was focused on overall building performance, this analysis assumed a unique
balance point temperature of 12°C and a balance temperature range of 8-14°C. The fluctuation of
balance point temperature throughout the seasons and in different climates was set to +2°C. It could
have been expected that this approximation could introduce an error range that was estimated to

be within a 10% range.
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FIG. 8 Solar Irradiation Self-Shading Balance Analysis

For every time step, the algorithm checked if outdoor dry bulb temperature was above or below the
balance point temperature range and the irradiance of this time step was classify into two sets of
sky matrices. Whenever outdoor dry bulb temperature was above the balance point temperature,

it sorted irradiance for that time step into a harmful irradiation set, as this irradiation would likely
decrease thermal comfort by adding more heat. Harmful irradiation was presented as negative.

On the contrary, if outdoor dry bulb temperature was below the balance point temperature, it
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classified irradiance for that time step into beneficial irradiation, as this irradiation will likely
increase thermal comfort by adding more heat. Beneficial irradiation was presented as positive.

At the end of the hour classification, two lists of hours of the year were created and two irradiation
values were integrated for every mesh face, beneficial and harmful cumulative irradiation. These two
cumulative values were then summed up. If harmful (negative) values prevailed, additional shading
would be needed. On the other hand, if beneficial irradiation prevailed, more solar heat gain would
be required to heat the space and reduce energy consumption for heating passively. By considering
both beneficial and harmful radiation at the same time, it was possible to estimate the impact of
self-shading across climates, including both hot and cold extremes. Performance improvement of
twisting was confirmed if the overall sum of irradiations approached 0 in comparison to the baseline.
In this sense, zero represented an irradiation balance point in which shading was neither beneficial
nor harmful (Fig. 8).

The third type of analysis focused on hot climates and considered cumulative irradiation to estimate
a self-shading potential on a Cooling Design Day, as this day is commonly used to determine cooling
loads and HVAC sizing. The increase of irradiation above a threshold was considered as being
always harmful, and therefore increased average irradiation represented a decrease in performance.
In other words, negative values represent decreased performance as harmful irradiation increases
(Fig. 9). The transmitted luminous intensity threshold was set to 95W/m? (Skalko et al., 2013), which,
in combination with the prescribed Solar Heat Gain Coefficients (SHGC) from Table 5.5-1 - 5.5-8
Building Envelope Requirements for Climate Zones 1-8 (SI) of the same document, for different
climates, produced different irradiance thresholds (Table 1).
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RELATIVE TO THE BASELINE RELATIVE TO THE BASELINE RELATIVE TO THE BASELINE
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FIG. 9 Cumulative Harmful Irradiation during Cooling Design Day Analysis
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RESULTS

The automated script calculated all twisting states in all the climates for both fagade types and all
three analyses. The results of this assessment are summarised in 6 charts. Cumulative Annual
Irradiation for smooth fagades (Fig. 10) shows differences in average baseline irradiation levels of
around 300kWh/m2. In most of the climates, twisting reduces irradiation levels by up to 80kWh/m2.
However, results exhibit a small anomaly in the lower twisting angle range, where the irradiation
first slightly increases and then gradually drops. This trend is present in all climates but more
dominant in hot ones.
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FIG. 10 Cumulative Annual Irradiation Analysis Results for a Smooth Fagade

Cumulative Annual Irradiation for the discrete fagcade (Fig. 11) shows similar trends in baseline
irradiance but has slightly greater irradiance reduction of up to 100kWh/m?2 with twisting. Similarly,
it exhibits the same small increase in the lower twisting angle range, but with a limited effect.

As expected, it was proven wrong to assume that the irradiance reduction is always beneficial.

Furthermore, it would be impossible to make a clear division of climates into two groups, hot and
cold climates, and assume irradiation reduction is beneficial for one group and harmful for the
other. Instead, irradiation assessment would be much more meaningful with an increased temporal
resolution in which irradiation is assessed concerning the temperature for every time step, as shown
in the second analysis.
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FIG. 11 Cumulative Annual Irradiation Analysis Results for a Discrete Fagade

As explained, the self-shading benefit analysis shows results with much higher resolution and
therefore, more reliable data. Regarding baseline irradiation balance for the smooth fagade, results
show high levels of excessive irradiation in hot climates on average. On the contrary, irradiation is
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not sufficient in cold climates. Fig. 12 shows that twisting generally improves performance in all
climates to a variable degree. However, the effectiveness of the self-shading is almost negligible

for a range of moderate to cold climates, 4A to 8. Moreover, the real effect may be seen only in hot
climates where reduction of irradiance can be up to 70kWh/m? on average. Similarly to the previous
analyses, small twisting angles tend to slightly decrease performance, while higher angles always
improve the balance.
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FIG. 12 Solar Irradiation Self-Shading Benefit Analysis Results for a Smooth Fagade

On the other hand, discrete fagade analysis shows slightly different results (Fig. 13). In all climates
except 7 and 8, twisting improves irradiation balance in general. The baseline comparison reveals
that hot climates have proportionally higher irradiance levels in contrast to the hot ones that are
closer to the balance point as climates become colder. This implies that all irradiation in colder
climates can be considered beneficial and there is no risk of excessive radiation and therefore no
need for self-shading. A similar bump of adverse effect from twisting is visible when a small amount
of twisting is applied. Values first go off the balance point and then get closer. In that sense, the
baseline and 4° twisting solutions have almost equal performance.
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FIG. 13 Solar Irradiation Self-Shading Benefit Analysis Results for a Discrete Facade

The last analysis is more relevant for hot climates as it shows a self-shading benefit on the Cooling
Design Day. All results are normalised, and positive values represent an increase in harmful
irradiation, whereas negative values represent decreased irradiation. Fig. 14 shows results for the
smooth fagade with high variability of results across climates. Only climates 1A and 3A show self-
shading potential for all twisting angles. In climates 1B, 2A, 2B, 3B, and 3C, twisting angles up to

4° - 5° show self-shading potential, while larger twisting angles exhibit a linear increase of harmful
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irradiation. Climate 4A is quite neutral, showing the only slight benefit of twisting. Climates 4B to 8
show a slight increase of harmful radiation, but these climates are less relevant for this analysis.

SMOOTH - Harmful Radiation during the Cooling Design Day relative to Baseline [%]
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FIG. 14 Cumulative Harmful Irradiation during Cooling Design Day Analysis Results for a Smooth Fagade

Lastly, Fig. 15 shows different behaviour in comparison to Fig. 14. For a discrete fagade type, all
climates from 1A to 4A demonstrate a decrease up to approximately 50% of harmful irradiation
on a Cooling Design Day with almost linear progression. Only climate 1B shows huge potential in
reduction with a decrease up to 118% for the maximum twisting angle.
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FIG. 15 Cumulative Harmful Irradiation during Cooling Design Day Analysis Results for a Discrete Fagade

DISCUSSION

Presented results reveal how temporal resolution impacts the quality of results. It confirmed that
cumulative annual irradiation should not be used to quantify the self-shading benefit, unless for
very hot climates, where there are no Heating Days so it can be assumed that all irradiation is
harmful. For all other cases, there may be some percentage of beneficial radiation that increases as
climates have more Heating Days. For general purposes, the Solar Irradiation Self-Shading Benefit
analysis that calculates irradiation balance should be used as it provides much more granularity and
precision. This is demonstrated in Fig. 14. and Fig. 15. The discrepancy between discrete and smooth
fagade types can be assigned to several causes. Firstly, the angle setting of smooth fagade panels
follows the twisting curvature and therefore they have a low sun incidence angle. The reflection of
coated glass at a low incidence angle is relatively small in comparison to the reflection of the glass
above 56 degrees incidence angle, which is very high due to the exponential behaviour defined by the
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cosine law. Therefore, fagade panels with low sun incidence angles are much more exposed to solar
radiation. Secondly, self-shading at meso-level caused by floor volumes in a discrete fagade scenario
significantly reduces direct solar radiation in the upper part of the glazing that causes a drop in
harmful irradiation levels. However, this analysis also has limitations as it is impractical to compute
balance points for all fagade points and all hours of the year. Therefore, the approximation increases
simulation errors, but still provides a reasonable accuracy.

However, it is realistic to assume that these types of studies are practical for understanding trends,
while more accurate simulations should be used on the narrow design search set. Moreover, for each
specific case, a set of simulations could be extended to daylighting and whole building energy to
provide more details on the behaviour of twisting geometries.

Regarding self-shading benefit, results have shown that claiming that twisting is a priori beneficial
is not reasonable, as benefits may be highly sensitive to the climatic conditions and twisting angles,
as well as facade type. In general, the discrete fagade provides more benefit of twisting as it offers
more floor-to-floor self-shading while the smooth fagade only provides building volume self-shading.

CONCLUSION

The study demonstrates hundreds of possible scenarios of twisting towers with a relatively high
sensitivity of self-shading benefits across different climates and various floor-to-floor rotation
angles, revealing a variety of positive, negative, and neutral scenarios. Therefore, the study provides
useful insights into a true global self-shading potential of twisting. It is recommended that all
environmental conditions be carefully examined via irradiation studies, instead of automatically
assuming self-shading benefits, particularly in the case of a smooth fagade scenario.
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Abstract

Solar thermal venetian blinds (STVB) pursue the goal of reducing the primary energy demand of
buildings with highly transparent facades during operation. They can provide solar control and
daylighting functions and at the same time function as a solar thermal collector. A technical overview

of STVB based on a design parameter space, which can be used as guideline for the design of STVB,

is presented. It is then applied to develop a first actual-size test sample of STVB. The design principle,
based on heat pipes and a switchable thermal coupling for heat transfer between the slats and a header
tube, allows the STVB to be tiltable and retractable. The key characteristics of the built STVB test sample
are: (1) integrated in a double skin facade element; (2) conventional absorber sheet with diagonally
mounted heat pipe; (3) switchable thermal coupling with mechanism using springs and solenoids; (4) a
multi-port header tube. Outdoor measurements have been carried out and are discussed, demonstrating
the technical feasibility of the concept. In the end, design choices for architects and planners for the
STVB system and possible installation processes are presented, and recommendations for further
developments are assessed.
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INTRODUCTION

Many contemporary buildings employ large proportions of glazing in their facades, due to the
opportunities that glass offers for daylighting and visual contact with the outside, combined with
aesthetic considerations that aim for maximum transparency as proclaimed by modernism (Murray,
2013). At the same time, the drive for green and sustainable buildings with reduced primary

energy demand is a current topic of discussion (Mays, 2019). As transparent facade areas cannot

be used to install opaque energy-harvesting systems, such as building-integrated solar thermal
collectors (BIST) or building-integrated photovoltaic systems (BIPV), new technical solutions are
desirable. The solar thermal venetian blind (STVB) represents a novel BIST technology which can
turn a venetian blind into an energy-harvesting building component which supplies solar thermal
heat to the technical building services. At the same time, the STVB can control and lower passive
solar heat gains through the fagade by extracting excess heat from the fagade thus lowering cooling
loads. Like venetian blinds, they provide further adaptive solar control functionalities such as glare
control (Kuhn, 2017). The synergy of lowering cooling loads and supplying heat to the technical
building services has the potential to lower the overall energy demand of buildings equipped with
STVB compared to conventional venetian blinds.

| Glazing (depending on STVB position) | Fluid (Tout>Tin)

—~ Header tube

ﬁ’ Heat transfer
@ components
Fluid (Tin)

FIG. 1 Main components of a solar thermal venetian blind positioned between an outer and an inner glazing pane. The increase
between fluid inlet temperature T, and fluid outlet temperature T_  illustrates the harvesting of solar thermal heat. The blind
mechanism for retracting and tilting the slats is not shown.

The technological approach of the studied STVB is to incorporate heat pipes or closed two-phase
thermosiphons' into the slat and transfer the absorbed heat via a dry connection to a header

tube which transports the heat to the technical building services (cf. Fig. 1). This is advantageous
compared to having pipes with flowing fluid incorporated into the slats because no flexible piping

is needed. Flexible pipes need space to fold when the slats are retracted and have a higher risk

of leakage. The slats of the solar thermal venetian blind need to be movable like a conventional
venetian blind to provide adaptive solar control functionalities, i.e. the slats can be tilted, and
retracted or lowered. There are several approaches to realising this as will be discussed, one being a
“switchable thermal coupling”.

132

In the solar industry, the term "heat pipe” is often used for heat pipes working with capillary forces to return the fluid from the
condenser to the evaporator part, as well as for two-phase thermosiphons returning the fluid by gravity. This paper refers to the
term "heat pipe” as a generic term for both heat transfer devices whenever no clear declaration is needed.
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STATE OF THE ART

Using the building envelope to harvest solar thermal heat was proposed over a century ago
(US246626,1881) and semi-transparent solar collector windows have also been previously presented
(Fuschillo, 1975). To date, there are some examples of research projects and products dealing with
semi-transparent BIST (Abu-Zour, Riffat, & Gillott, 2006; erfis GmbH; L. Li, Qu, & Peng, 2017; Maurer
et al,, 2014; Molter, Wolf, Reifer, & Auer, 2017; Palmero-Marrero & Oliveira, 2006; EP1376026B1, 2002;
Siebert, 2018). A review of building-integrated solar thermal collectors including semi-transparent
BIST was presented in Maurer, Cappel, and Kuhn (2017). Because all of the above-mentioned
semi-transparent solutions are static, they are either limited to the parapet areas of the fagade or
undesirably reduce the visual contact to the exterior (i.e. transparency) and daylight availability.
The latter is problematic especially on overcast days with low irradiance. Additionally, they only
provide limited control of passive solar heat gains and limited glare protection, as they cannot
actively adapt to changing weather conditions, e.g. the position of the sun or heating versus cooling
season. Glare issues were reported for a semi-transparent BIST consisting of vacuum tubes and

a perforated mirror due to partial shading resulting in dark and bright spots in the field of view of
users and reflection of direct sunlight (Molter, Wolf, Reifer, & Auer, 2017). For these reasons, semi-
transparent BIST have thus far rarely been used in modern architecture (Cappel et al., 2015).

To address these opposing requirements, many buildings use venetian blinds on transparent areas
of the building envelope as an adaptive solar control device to reduce the energy demand for cooling
and provide visual comfort (e.g. daylight availability, glare protection, visual contact to the exterior).
An extensive review on solar control devices and a design method can be found in Kuhn (2017).

In double-skin fagades, box-type windows, and closed-cavity facades (CCF), blinds are often installed
in the cavity between outer and inner glazing. One problem that can arise in this configuration is the
overheating of the cavity (Gratia & Herde, 2007a; Lutz, 2012). Approaches to mitigate this overheating,
such as the proper positioning of the blind (Gratia & Herde, 2007b) or integrating phase-change
material into blinds (Li, Darkwa, Kokogiannakis, & Su, 2019) were studied.

Solar thermal venetian blinds, as a multifunctional combination of venetian blinds and BIST, have
been described in several patents (DE 102006000668 B4, 2006; US4143640 A, 1977). However, none
of these patents discusses STVB, which are both tiltable and retractable. A solar thermal venetian
blind for the purpose of heating air was presented in US4002159 (1975). A master's thesis on

STVB presented both simulation results as well as proposing technical solutions for a STVB design
(Cruz Lopez, 2011). This study assumes that heat pipes that work on the horizontal orientation

are available for the application in STVB. As will be discussed in Section 2.1, heat pipes suitable

for horizontal orientation are not yet available. The study seems to disregard previous studies on
BIST and on building energy performance simulations. It uses a simple calculation method for
simulation of the STVB which neglects the coupling between STVB and building regarding heating
and cooling loads. Furthermore, the presented technical solution for the heat transfer from the heat
pipe condenser to the header tube should be investigated experimentally to prove that it functions
reliably and efficiently. Theoretical studies and simulations of STVB application in the Mediterranean
climate were presented in Guardo, Egusquiza, Egusquiza, and Alavedra (2015); and Velasco, Jiménez
Garcia, Guardo, Fontanals, and Egusquiza (2017) without presenting technical solutions. The effect of
cooling the slats of venetian blinds in a double skin fagade by embedding pipes into the slat through
which water is circulated was studied in Jiang, Li, Lyu, and Yan (2019); and Shen and Li (2016) and
related studies. The proposed “pipe-embedded” blind is shown to reduce overheating of the cavity
and passive solar heat gains. The studies focus on static blinds which cannot be lifted and tilted, thus
significantly reducing the visual contact to the exterior as well as daylight availability.
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Additionally, photovoltaic venetian blinds and their effect on the thermal performance of double-
skin fagades have been studied (Luo et al,, 2017). They act as shading device-like conventional
venetian blinds but cannot remove excess heat like a solar thermal venetian blind. Due to their high
absorptivity they could even increase overheating problems.

There are other approaches for fully transparent BIST system, which use fluid between glass panes
to remove the heat (InDeWag, 2017; Heiz, Pan, Lautenschlager, Sirtl, Kraus, & Wondraczek, 2017;

Li & Tang, 2020; Stopper, 2018, 2019; Stopper, Boeing, & Gstoehl, 2013). With these approaches,
ensuring glare protection is challenging and combination with solar control devices such as textile
screens is necessary.

It is concluded that a detailed technical overview for designing movable (retractable and tiltable)
STVB and an experimental proof of feasibility have not been published yet. Within this publication,

a detailed design parameter space for development of STVB with heat pipes will be presented. This
design parameter space can be helpful for the design of STVB as it gives a detailed overview of

the technological options. It was used to guide the development of a first actual-size test sample

of a fagade element with integrated STVB. The technical performance of this test sample with
regard to solar thermal and solar control functionality is subsequently evaluated based on results

of calorimetric measurements, to prove the general feasibility of the technological approach. Later,
the STVB system is discussed regarding its potential for customisation and from the context of
fagade construction. Finally, recommendations for further developments are assessed based on
expert feedback and on the conclusions drawn from the investigated test sample. As the focus of the
paper is the design and proof-of-concept, the energy savings potential by STVB in buildings is not
evaluated in detail. This should be part of future studies based on building performance simulations
using an experimentally validated simulation model of STVB. The paper at hand lays the foundation
for further in-depth performance evaluations.

DESIGN OF SOLAR THERMAL VENETIAN BLINDS

A detailed design parameter space (DPS) is developed to give an overview of the technical design
options and is then used to create a full-scale test sample of a STVB. The design parameter space is
divided into different categories (such as different subassemblies of the STVB). For each category
the relevant components and their different design choices, named design parameters, are listed.
The design parameter space provides a detailed technological overview to engineers and researchers
designing and constructing STVB with heat pipes. It can thus help to create new variants of the STVB
and continue its development.

DESIGN PARAMETER SPACE

The STVB must simultaneously function as a building-integrated solar thermal collector and as solar
control device. For the design parameter space presented here, STVB with heat pipes are defined

as venetian blinds with horizontal, tiltable and retractable slats that incorporate a heat pipe along
their lengths. The heat pipe is responsible for the heat transfer from the slat to the fluid in a header
tube, thus providing solar thermal heat. The STVB is defined as the venetian blind with all elements
relevant for heat transfer, including the header tube, but without the surrounding or adjacent fagade
element and glazing (cf. Fig. 1). As such, the STVB is then mounted as part of the facade.
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FIG. 2 First and second level of the design parameter space of solar thermal venetian blinds with heat pipes. The full design
parameter space is provided as a supplementary file.

JOURNAL OF FACADE DESIGN & ENGINEERING VOLUME 8 / NUMBER 1/ 2020



136

An overview of design parameters for BIST collectors and a design parameter space for solar control
devices were published in Cappel, Kuhn, and Maurer (2015); and Maurer, Cappel, and Kuhn (2015);
and Kuhn (2017), respectively. Following the above-mentioned definition of STVB with heat pipes,
the STVB design parameter space was compiled to give a complete insight into all design choices
that play a role when designing, engineering, and developing a solar thermal venetian blind. As a
starting point, the essential functional elements of STVB were analysed. For each of these, the
different technical possibilities and design choices were analysed. Each branch of the DPS in Fig.

2 thus presents a different main category. For each main category the relevant design parameters
are presented, sometimes grouped into sub-categories (cf. full DPS as Supplementary File). The DPS
is considered to include all relevant design parameters at the time of writing; nonetheless, new
developments and technologies might alter it in the future.

When using the DPS, an option has to be chosen for each design parameter in each category.
The design parameters are not linear independent, i.e. changing one parameter can influence
other parameters. The DPS provides exemplary options for each design parameter but does
not claim to include all possible options. The DPS is not intended to evaluate the resulting
STVB variants, but rather to give a detailed overview to help the understanding of the relevant
design parameters of STVB.

The first two levels of the DPS, which represent the main functional elements and main design
choices of STVB, are now discussed in detail. Subsequently, examples of the application of the DPS
to develop a STVB concept are shown in Section 2.2. This STVB concept has been realised as a
functional actual-size test sample.

Position of STVB

The STVB can be positioned externally on the facade, or inside the building (internal). In double skin
facades, box-type windows, or closed-cavity facades, the STVB can be mounted in a cavity between
glazing layers where conventional venetian blinds would be mounted as well.

Slat

The absorber, i.e. the top surface of the slat, and the heat pipe have a large influence on solar
thermal performance, solar control functions (e.g. passive solar gains and daylighting), and aesthetic
appearance. The absorber can range from grey, that is diffusely reflecting, or light guiding as known
from conventional slats, to dark blue and highly absorbing with low emissivity as known from solar
thermal collectors (called spectrally selective coating). In addition, more sophisticated coatings

with high absorption and yet a broader range of colours (Blasi et al., 2017) or spectrally selective
coating with IR absorption and diffuse reflection in the visual range (Lang, 2007) can be used.
Absorber thickness and material influence the heat transfer to the heat pipe as well as slat weight
and stability. The bulk material of the absorber sheet should ideally be the same as the heat pipe
material to handle thermal expansion. In fact, the combination of an aluminium absorber with a
copper heat pipe, though common in solar thermal collectors, could lead to aesthetically undesirable
deformations and waviness of the absorber sheet due to different thermal expansion coefficients.

The heat pipes are responsible for the heat transfer from absorber to header tube. Most commercially
available heat pipes for the application in solar thermal collectors have a cylindrical cross section.
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The maximum amount of power they can transfer, called operating limit, depends to some degree on
a sufficiently large diameter and on its angle of inclination. The operating limit of the chosen heat
pipe has to be higher than the maximum amount of absorbed solar radiation, while maintaining a
low thermal resistance. The thermal performance is known to decrease with decreasing diameter
(Jack & Rockendorf, 2013). This is a limiting factor in achieving thin slats for STVB. Other cross-
sectional shapes, such as oval or rectangular, could better suit the application in STVB but are much
less common. Moreover, due to the horizontal slats, the heat pipes have to function at small angles
of inclination. To be more precise, the operating limit of the selected heat pipe has to be sufficiently
high for all possible tilt angles of the slat. Two technological approaches can be used for heat pipes
to achieve this good thermal performance at or near horizontal orientation of the heat pipe: mesh
or sintered heat pipes using capillary forces to return the fluid from the condenser to the evaporator
part (Reay, Kew, & McGlen, 2014) or “overfilling” of closed two-phase thermosiphons (Bezrodny

& Podgoretskii, 1994; Morawietz, Paul, & Schnabel, 2018). The topic of heat pipes in horizontal
orientation for the application in solar thermal collectors is still the subject of ongoing research.
Special attention has to be paid to the case of the condenser being lower than the evaporator, i.e.

for negative operating angles. This could happen due to the orientation of an individual slat, of the
STVB element, or the mounting in the fagade. In this case the heat pipe would have to work against
gravity to return the condensed fluid back to the evaporator part and the resulting operating limit

is lower. Besides the important topic of the operating limit, the maximum and minimum ambient
and operating temperatures have to meet the application in a STVB, i.e. typically, the heat pipe
would have to withstand freezing temperatures for its application in the facade as well as high
temperatures above 100°C for its application in a solar thermal collector. The outer material of the
heat pipe needs to be compatible with the other components of the slat and based on availability.

Slat geometry such as cross-sectional shape, edges, etc. can be chosen, taking into consideration

the absorber and heat pipe properties as well as the requirements of architectural design and solar
control properties. One important characteristic is the slat thickness in packed position. The packed
slats will be an opaque area of the facade, which should be minimised for highly transparent

facades and/or needs to coincide with opaque areas of the fagade such as floor slabs. Furthermore,
the projected slat thickness of the lowered blind as seen from an observer inside the room is
important as it influences the visual contact to the exterior. Structural elements of the slat have to be
designed carefully to deal with the increased mass of the slat due to heat pipe, absorber and other
components. Back surface properties need to be considered as they influence daylighting, could cause
glare if not chosen well, and influence the overall appearance of the blind curtain. Finally, different
slat types can be chosen for parts of the blind curtain, e.g. using light redirecting slats for the top part
and STVB slats below, leading to an optional subdivision of blind curtain.

Heat Transfer Components

The heat transfer components include all elements and mechanisms involved in the heat transfer
between heat pipe condenser and header tube. Two main approaches were identified. Fixed thermal
coupling means that the connection between heat pipe and header tube is fixed except for the
movement necessary for the slat. An example can be found in Cruz Lopez (2011), where the heat

is transferred via overlapping of fin-type heat sinks mounted onto the heat pipe condenser and
header tube without direct contact or only a sliding contact between the elements. Switchable
thermal coupling is a concept that was filed for a patent and in which the thermal and mechanical
contact between heat pipe condenser and header tube can be switched (Haeringer, Abderrahman,
Vongsingha, Camarena Covarrubias et al,, 2017). In the closed position the heat is transferred via
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conduction, while in the open position the slats can be moved freely. For the switchable thermal
coupling, a mechanism including actuators is necessary to switch from closed to open position

and back. To ensure a good heat transfer across the switchable thermal contact, the contact
pressing force of the mechanism has to be sufficiently high (Bahrami, Yovanovich, & Cultham, 2004).
Additionally, the heat transfer from heat pipe to header tube can be enhanced using elements such
as an adapter around the heat pipe condenser, special condenser geometries and/or heat transfer
films. As this heat transfer is crucial for the solar thermal performance and the control of passive
solar heat gains, detailed simulations or experiments are recommended when comparing different
concepts (Haeringer, Abderrahman, Vongsingha, Camarena Covarrubias et al., 2017).

Header Tube

The header tube needs to transfer the heat into a heat transfer medium such as water or solar fluid

(a water-glycol mixture), which then transports the heat to the technical building services. The heat
transfer to the header tube is influenced both by the design of the heat transfer components as well as
the contact surface properties of the header tube The heat transfer into the fluid is mainly influenced
by the shape (cross section) and material of the header tube. For example, multi-port pipes or fins
inside the header tube can be used to create a large contact area and high heat transfer coefficients
between fluid and header tube (Schiebler, Giovannetti, Schaffrath, & Jack, 2018). Mechanical strength,
with regard to the pressing force of a switchable thermal coupling and against deformation due to
the inner fluid pressure of the system, is important and influenced mainly by the cross-sectional
geometry. Another parameter is the position: The header tube would typically be at the side of

the element, but the orientation relative to the heat pipe condenser can be chosen (Haeringer,
Abderrahman, Vongsingha, Camarena Covarrubias et al,, 2017).

Blind Mechanism

To move the slats, a blind mechanism has to be designed. The main components include the lifting
mechanism and the tilting mechanism responsible for retracting and lowering the blind curtain

and changing the slat tilt angle with the help of motors. Furthermore, slat guiding devices can be
used such as guiding rails or guiding ropes. Regarding costs, it is preferable to use conventional
components (motors, gears, lifting tapes etc.) which use a single motor for lifting and tilting. However,
the increased weight of the blind curtain and potentially higher temperatures need to be taken into
consideration. Additionally, the alignment between the slats and the header tube is critical for the
heat transfer components, especially for the switchable thermal coupling. Therefore, elongation of the
elements connecting the motors and bottom bar or slats, caused by the suspended load, has to be
considered. Conventional lifting tapes and tilting cords are based on textile material. To improve their
strength and reduce the elasticity modulus, these textile elements can be fibre-reinforced or replaced
by metal elements (e.g. steel). Plastic tape reels, conventionally used for tilting and lifting of venetian
blinds with one motor, can typically carry up to 5 kg of weight each. With heavier STVB slats a larger
number of tape reels must be used to carry the additional weight, or they have to be replaced by a
more robust alternative. Commercially available all-metal blinds use a system of scissor chains for
tilting and a chain mechanism for lifting (Griesser AG, n.d.; Griesser AG, 1979; Schenker Storen, n.d.)
achieving a precise, reliable positioning of heavy slats but requiring regular maintenance.
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Insulation

Insulation can and should be applied in various locations to increase solar thermal yield and lower
passive solar heat gains by lowering heat losses. Additionally, cover sheets can be used to hide
elements such as the blind mechanism and the mechanism of switchable thermal coupling for
aesthetic reasons. The design of the STVB allows architectural design freedom such as using a
shadow box technique or glass fritting when positioning the STVB between two glazing layers. Cover
sheets and many other elements allow for individual architectural designs.

Control

In operation, different control strategies can be applied. The blind control could be manual or
automated. Due to the multifunctionality, it is highly advisable to employ an automated control
strategy that considers both passive solar gains, solar thermal energy harvesting and user comfort.
Automated controls could prioritise, for example, user comfort (e.g. thermal comfort, glare control
or daylighting) or solar thermal yield, and allow overriding by the user. The extent of overriding

by the user might have to be limited, to not compromise the overall performance of the system
especially regarding solar thermal yields. Advanced control strategies with optimisation routines
could be adapted to balance the different demands and provide a robust system (Katsifaraki,
Bueno, & Kuhn, 2017).

The solar thermal system control includes control of mass flow and fluid inlet temperature or

target outlet temperature. This greatly depends on the intended use of the solar thermal heat

and the building service system. In general, applications requiring lower fluid temperatures are
preferable, such as low temperature radiant heating or as a source for heat-pumps. With lower fluid
temperatures, the solar thermal efficiency is higher (due to reduced losses to the ambient) and
passive solar heat gains are lower (due to reduced secondary heat gains). At times when the heat
demand of the building is significantly lower than the heat provided by the STVB, stagnation can
occur (e.g. in summer, as in a conventional solar thermal system). The design of the STVB, overall
fagade system, and the integration into the building service system therefore has to ensure that the
control of passive solar heat gains and prevention of overheating is guaranteed during stagnation or
that stagnation is prevented.

Interface to the Facade

Taking the position of the STVB into account, the interface to the facades has to be defined including
the structural, hydraulic, and electric connections. Considerations for the interfaces during the
installation process are presented in Section 4.2.

DESIGN AND CONSTRUCTION OF A FIRST SOLAR
THERMAL VENETIAN BLIND TEST SAMPLE

The presented design parameter space was used to develop a detailed concept of a STVB, which
then was realised as actual-size test sample. This publication discusses the design parameter
categories position of the STVB and slat, as they are relevant to architectural appearance. The design
considerations are done for the most part on a qualitative level for the design and realisation of the
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first STVB test sample but can be extended to quantitative comparison using detailed simulation
models or extensive testing. Criteria to evaluate solar control functionality including visual comfort
and daylighting of solar control devices were presented in Kuhn (2017). The general evaluation
criteria for building-integrated solar thermal systems functionality, aesthetics, ecology, economy,

and feasibility were presented in Maurer, Cappel, and Kuhn (2015). The main technical evaluation
criteria used for the design process of the STVB test sample are solar thermal yield and solar control
functionality, especially passive solar heat gain control (g-value). The main aim of the presented STVB
concept is maximising solar thermal yield.

Position of the Solar Thermal Venetian Blind

Mounting the STVB in a cavity between glazing layers as in double-skin facades (DSF) (or box-type
windows or closed-cavity fagades) protects it from wind, dust, and human contact (Knaack, Bilow,
Klein, & Auer, 2014), leading to longer life expectancy, reduced maintenance, and the capacity to
function in strong winds. A higher solar thermal yield can be achieved, when compared to external
or internal mounting, as fewer heat losses to the surroundings via convection and radiation occur,
especially for non-ventilated DSF (e.g. closed-cavity facades CCF). Mounting the STVB within the
cavity between two glazing layers resembles the situation of a conventional flat plate collector, where
a front glass pane covers the absorber and the back is insulated. The test sample was therefore
constructed as a double-skin element fagade, identified as a suitable fagade type for STVB.

Slat Design

The slats have a significant influence on solar thermal performance, aesthetic appearance, and
structural stability. The slat developed for the STVB test sample is shown with its individual
components in Fig. 3. Conventional copper-based collector absorber sheets with spectrally selective
coating (i.e. high absorptivity in solar range, low emissivity in the IR range) were used aiming to
maximise solar thermal yield. The influence on the passive solar heat gain is not clear without in-
depth analysis due to two opposing effects:

higher absorptivity leads to higher secondary heat gains, due to increased

temperatures of the absorber

lower reflectivity leads to a lower effective transmission of solar radiation through the STVB
layer into the building (i.e. less radiation is reflected from the slat into the building, especially for
small slat tilt angles)

For the designed STVB, commercially available cylindrical mesh heat pipes with 8 mm diameter

and copper as the outer material were chosen. Alcohol as working fluid is used to withstand
temperatures below 0°C. The selected heat pipe works at an almost horizontal orientation, but the
thermal performance increases with increasing operating angle (if angles near 0° are considered).
For this reason, the heat pipe is mounted diagonally behind the absorber sheet. A geometric analysis
of the heat pipe inclination in correlation with the slat dimensions and slat tilt angle was carried

out in TABLE 1. The slats dimensions are length [ = 1020 mm, width w = 93.8 mm , and thickness

t = 10.6 mm with a vertical slat distance of d = 83.4 mm. The absorber area per slatis A
(1004-72 mm? = 0.072 m? The absorber and heat pipe were assembled using laser-welding, which

abs,slat
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is established for solar collectors and is less visible than, for example, ultra-sonic welding (Cappel
et al,, 2015). The bond from laser welding is nonetheless slightly visible on the front surface of the
absorber sheet in Fig. 3.

Reinforcement frame components

FIG. 3 Left: Slat components. Right: Back surface of a slat with diagonally mounted heat pipe and triangular adapter in the
foreground (back cover sheet removed).

TABLE 1 Heat pipe inclinations in correlation with slat dimension and slat tilt angle.

SLAT SIZE SLAT TILTING ANGLE B HEAT PIPE INCLINATION

1020 x 94 mm 5° 0.4°
10° 0.8°
45° 3.1°
82° (closed) 4.3°

The slat geometry was chosen to be flat as the heat pipe is mounted diagonally along the length of
the absorber sheet. Curved absorber sheets would require a curved heat pipe. This is technically
feasible but results in a more costly manufacturing process. Taking into account the slat thickness
t and vertical slat distance d, 12% of the visual contact to the exterior is blocked in the horizontal
viewing direction for slats in a horizontal position. Reducing the slat thickness would improve the
visual contact to the exterior and reduce the opaque area for the retracted slats.

As both the heat pipe and absorber sheet itself are structurally weak, reinforcement is needed to
deal with the weight of the heat pipe, absorber sheet, and adapter, which is used for heat transfer
to the header tube. For the test sample, a reinforcement frame assembled out of commercially
available aluminium profiles was designed to support the perimeter of the absorber sheet. The aim
was to achieve structural strength while keeping a low overall slat weight. The reinforcement
frame elements on the short, lateral edges are slightly thicker than the rest of the slat. They act as
spacers between the slats, when they are in a packed position, to protect the absorber coating

from damage. The back and sides of the slats are covered using a thin aluminium back cover
sheet resulting in a plain slat appearance. In mass production, an aluminium frame profile that
supports the absorber and heat pipe, and functions as back cover sheet, could be manufactured
cost-effectively via extrusion moulding. The absorber and heat pipe could then be inserted easily in a
simple assembly process.
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For the first test sample, no subdivision of the blind curtain was employed for simplicity and cost
reasons. In a more advanced STVB, the upper part of the blind curtain could use light-redirecting
slats to provide daylight to the depth of the room.

Overall Concept of the Test Sample

The overall design of the test sample, an actual-size double skin fagade element with integrated
solar thermal venetian blind, is shown in Fig. 5. The heat transfer from heat pipe condenser to the
header tube is achieved using an adapter and a switchable thermal coupling mechanism as shown
in Fig. 4. The adapter is mechanically fixed to the heat pipe condenser to increase the contact
surface area to the header tube (cf. Fig. 3). The switchable thermal coupling mechanism employs
springs and solenoids. The springs press each adapter against the header tube to achieve the

heat transfer, while the solenoids open the coupling when blind movement is necessary (cf. Fig.

4 and Fig. b). The pressing force between each adapter and the header tube is approximately 10-15
N. The development of a first switchable thermal coupling as heat transfer component was presented
in Haeringer, Abderrahman, Vongsingha, Camarena Covarrubias et al. (2017). A video demonstrates
the movement of the switchable thermal coupling and the ability of the test sample to tilt and retract
the slats (Fraunhofer ISE, 2018). The header tube is based on a multi-port profile, which has a large
contact surface with the fluid for heat transfer, while its structural strength minimises deformation
due to internal fluid pressure (see Fig. 4). Deformations would lead to a reduced contact between the
adapter and the header tube. The blind mechanism employs rigid steel ropes for lifting, and steel
scissor chains to connect the slats for tilting. Using steel was necessary to achieve the high precision
in positioning the slat and adapter perpendicular to the header tube surface.

Solenoids and springs
_’| | Open position: 3mm
Closed position: 0Omm
[ =]

Adapter in closed position

Heat transfer direction . Adapter
-— H
1 - = Heat transfer to fluid chanels

when adapters are pressed to header tube

Heat-pipe

Header tube

Pressing frame - Header tube connector

\—Movable pressing frame

(movement > 3mm)

FIG. 4 Schematic horizontal cross-section of the switchable thermal coupling mechanism used as heat transfer component in the
STVB test sample. Red arrows indicate the heat flow from slat through heat pipe and adapter to the fluid in the header tube. Black
arrows indicate the movement of the switchable thermal coupling mechanism from open to closed position. The dashed red lines
indicate the position of slat, adapter, and movable pressing frame when the switchable thermal coupling is closed.
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The outside of the fagade element is fully glazed and the overall active slat absorber areais A, =
3TA, = 2.67 m? out of the overall gross facade element area Agwss = 5.0 m?. The exterior glazing
layer is 8mm low-iron single-pane toughened safety glass with a solar transmission of ¢ = 0.89.
The interior glazing has an area of 2.9 m? i.e. about 60% of the facade element is transparent from
the inside. It is a conventional insulating double-glazed unit with single low-e coating and argon
filling with t = 0.52, solar heat gain coefficient g = 0.60 and U = 1.1 W/(m?K). Plain steel sheets cover
the remaining area of the back surface of the fagade element. The cavity between the exterior and
interior glazing layer is 31 cm in depth and has no ventilation openings (but it is not hermetically
sealed). Slats, header tube, and mechanism of the STVB are all placed in this cavity. A detailed
description of the overall test sample has already been published in Haeringer et al. (2018); and
Haeringer, Denz, Vongsingha, Delgado, and Maurer (2019).

FIG. 5 Left: Test sample of double skin fagade element (1.4 m x 3.6 m) with integrated solar thermal venetian blind seen from the
exterior side. Right: Switchable thermal coupling mechanism with springs and solenoids mounted in the test sample, upper part
covered with cover sheets.
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EXPERIMENTAL PROOF OF CONCEPT

The STVB test sample that was developed based on the presented design parameter space has been
characterised using calorimetric measurements on an outdoor test facility for solar active building
envelope elements. Based on these results, the technical performance of the test sample has been
evaluated with regard to solar thermal performance and solar control functionality. The overall goal
was to prove the technical feasibility of the chosen STVB concept, i.e. to show the simultaneous
functioning as solar control device and as solar thermal collector.

METHODOLOGY

The experiments were carried out at an outdoor test facility for real-size building envelope elements
(Haeringer, Denz, Kuhn, & Maurer, 2019; Maurer, Amann et al,, 2015). The measurements report

the energy flux through the facade element as well as renewable energy performance, specifically
the solar thermal yield. Thus, solar heat gain coefficients (g) and solar thermal efficiency n can

be calculated. The measurement of the energy flux through the element relies on a “cooled plate
method” as discussed in detail for indoor laboratory conditions in Kuhn (2014).

The operation parameters varied during the measurements as shown in TABLE 2 are:

blind curtain extension BE, with BE = 1 for fully lowered blind and BE = 0 for fully retracted blind
slat tilt angle B, with B = 82° representing fully closed slats
collector fluid inlet temperature T, , covering the whole working temperature range

The solar irradiances G, (total hemispherical irradiance on the collector plane), E, (horizontal diffuse
irradiance), and ambient temperature T vary naturally. The sample was placed in the vertical

position with the fagade azimuth angle tracking the sun, i.e. the sample receives the irradiance with
changing solar altitude angles 8 and constant zero azimuth angle. The collector fluid mass flow was
set to m = 0.02 kg/(m*/s)-A,, = 0.054 kg/s following the standard test conditions of (ISO 9806, 2017),
but using the absorber area A , . instead of the gross collector area A
interior temperature was set to T.

int

For all measurements the

gross®

= 22°C to approximately match T .

TABLE 2 Design of experiments for calorimetric measurements of STVB test sample.

Slats lowered & closed with low fluid temp.
with medium fluid temp. 1 82 55
with high fluid temp. 1 82 90
Slats lowered & 45° with low fluid temp. 1 45 21
Slats lowered & opened with low fluid temp. 1 10 21
Slats halfdown & closed with low fluid temp. 0.5 82 21
with medium fluid temp. 0.5 82 55
Slats halfdown & 45° with low fluid temp. 0.5 45 21
with medium fluid temp. 0.5 45 55
Slats halfdown & opened with low fluid temp. 0.5 10 21
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The main measurement results are solar thermal yield 4 and the local solar energy fluxes g, to
the building interior for each individual measurement situation. The instantaneous hemispherical

solar thermal efficiency n =@ _/(G,'A ) at the present operation and boundary conditions is

use ref

calculated using the overall absorber A ~ 2.67 m” as reference area A_ (cf. Fig. 6). In contrast to

abs, tot
conventional opaque collectors, the STVB can offer partial transparency, and thus visual contact to
the exterior, while harvesting solar thermal energy. To take into account this multifunctionality of
the STVB, the total projected area of the slats on the front glass pane 4 = It cos B + wsin B)-37-BE
can be used as reference area A as shown in Fig. 6. This is the opaque area in the normal viewing
direction (neglecting the blind pack). This area reaches its maximum at A= 315 m?BE for slat
tilt angles B = 56° where the transparent area in normal viewing direction dissapears. For BE = 1 this
is the total venetian blind area. Achieving a similar ratio of transparency in normal viewing direction

for an opaque solar thermal collector would result in an absorber with area Apmj.

Aproj, max

FIG. 6 Different areas that can be used as reference area A to calculate the solar thermal efficiency n. Left: Overall slat absorber

area A ~ 2.67 m® Centre: Projected slat area Apm/ for exemplary slat tilt angle of B = 10°. Right: Maximum projected slat area

abs, tot

A = 3.15 m*BE for slat tilt angles of B > 56°.

‘projmax

The local solar heat gain coefficient g, of the test sample (i.e. of the fagade element including the
STVB) is calculated with g, , G,, T, . T = and the U-value (Kuhn, 2014). In this paper, only the centre-
of-glazing solar heat gain coefficient 9y is presented. It is important to note that the solar heat gain
coefficient g of transparent BIST, like the STVB, varies with the collector operating conditions (Maurer
& Kuhn, 2012). Semi-stationary conditions can be defined for times when efficiency and solar heat
gain coefficient g are stationary. This requires fairly constant irradiance and ambient temperature.
Using azimuth tracking increases the time with constant irradiance to reach these conditions.

Under the condition of T = T, the solar thermal performance of the STVB test sample, which is

a BIST collector, can be evaluated like conventional solar thermal collectors according to Quasi-
Dynamic Testing (QDT) as defined in ISO 9806 (2017) and setting a, a,, a, a, (articifial wind source)
and a, (non-concentrating collector) to zero in equation (13) of ISO 9806 (2017). As direct irradiance
G, and diffuse irradiance G, on the collector plane are not directly measured by the test facility, they
are calculated based on G,, E, 6 and a ground reflectance of 0.2 estimated for the test site. For the
conversion, the isotropic sky model and the general relationship G, = G, + G, have been used (Duffie
& Beckman, 2013). The flat plate collector model is used for the incidence angle modifier K, (8)
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for closed slats with slat tilt angle B = 82° under azimuth tracking (IS0 9806, 2013). The resulting
efficiencies can be compared to efficiency curves of conventional solar thermal collectors to evaluate
the technical feasibility of the STVB concept.

RESULTS AND DISCUSSION

The measured solar thermal yield ¢ _, showed that the STVB test sample operates as a solar thermal
collector for all tested cases of TABLE 2. This proves that the conversion of irradiation into heat by
the absorber sheets, as well as the heat transfer via heat pipe and switchable thermal coupling to

the header tube, are working. The first aspect (conversion of solar irradiation into heat) was expected
because the absorber sheets are the same as those used in conventional solar thermal collectors.
The second aspect (heat transfer via heat pipe and switchable thermal coupling) thus proves that

the heat pipe operates properly at all slat tilt angles, and that the heat transfer across the switchable
thermal coupling is working.

Stationarity of n was found on clear days roughly between 12:00 and 17:00. On overcast days with
highly varying irradiance, semi-stationary conditions were not achieved. The QDT method was
applied for BE = 1, = 82° with results in TABLE 3 and efficiency curve in Fig. 7. Efficiency curves
represent the efficiency n as a function of the so-called “reduced temperature difference”, which
is the temperature difference between mean fluid temperature T and ambient temperature T
divided by the irradiance G,. Hence, it can be used to evaluate the solar thermal performance at
different fluid temperature levels and/or irradiances. The application of the QDT approach for the
STVB measurements, the resulting efficiency curve, and all comparisons to conventional solar
thermal collectors are valid only for T, ~ T and zero azimuth angle, as discussed. The QDT
evaluation and the efficiency in semi-stationary conditions for BE = 1, B = 82° match well. Comparing
the performance of half-lowered slats (BE = 0.5) with fully lowered slats (BE = 1) shows a lower
efficiency for BE = 0.5 where only 18 slats are fully exposed to the sun.

TABLE 3 Collector parameters of STVBfor T, =T

int amb

obtained via QDT compared to a research flat plate

collector with heat pipes - FPC-HP - (Schiebler et al., 2018) and a commercially available flat plate collector -
= 2.67 m* used for the STVB.

abs,total

FPC - (DIN CERTCO, 2015). Reference area A
FPC-HP FPC

n, [11 0.307£0.010 0.733 0.842
a, [W/m’K] 3.07£0.16 3562 3.620
a, [W/m’K’] 0 0.017 0.016
a, [kJ/m’K] 138412 - 68
b, (1] 0.12:0.11 - 0.13
K, 0.88+0.13 - -

To learn more about the quality of the heat transfer and heat losses in the STVB test sample, the
efficiency parameters in TABLE 3 are compared to a commercially available flat plate collector (DIN
CERTCO, 2015) and a flat plate collector with heat pipes developed in a research project (Schiebler et
al., 2018), which resembles the STVB more closely in terms of the heat transfer principle. The peak
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collector efficiency n, of the STVB test sample is much lower than n, of these reference collectors.
The collector heat transfer coefficient a, is comparable. The maximum reachable fluid temperature
T, for given ambient temperature T and irradiance G, are considerably lower for the STVB than for
the references, as can be seen from Fig. 7. It is important to note that the possibility to tilt and retract
the slats offers the possibility for transparency, which is inherently not possible with conventional
solar thermal collectors. Using the projected slat area Apm/ = 1.01 m? instead of A . o @S @reference
area for = 10° at BE = 1 to judge this multifunctionality would increase the calculated efficiency by
a factor of 2.6. An efficency of n ~ 0.3 would thus become Nopro =0.8. This efficiency is comparable

to a conventional solar thermal collector. Conclusively, the STVB can already provide solar thermal
yields at n,-conditions similar to a conventional collector with a comparable transparent percentage
of 68%, as achieved for = 10°, BE = 1 for the venetian blind area. Because the heat loss coefficient
a, increases by a factor of 2.6 for the area conversion as well, the STVB efficiency drops much more
quickly than a conventional collector for higher temperature differences T -T

m “amb’

0.8

074

0.4+

0.3+

n 1]

0.2+

0.1+

00 T T T T T T T
-0.02 0.00 0.02 0.04 0.06 0.08 0.10 0.12
(T~ Tamp)/ Gy, [K*m?/W]
® BE=1 O BE=0.5 —— QDT BE=182" —-— FPC-HP ---- FPC|

FIG. 7 Efficiency curves n of STVB test sample for T, = T

int amb

and hemispherical irradiance G, compared to reference collectors (cf. TABLE 3). Slat tilt angles B noted as label for each data point.
Reference area A =2.67 m? used for the STVB.

abs,total

as function of mean fluid temperature T, ambient temperature T

The measured solar heat gain coefficients of the test sample with closed and lowered slats

(B =82° BE = 1) are in the range of [ 0.1. The solar heat gain coefficient e increases relatively by
approximately 50% _ with increasing fluid temperatures of the solar thermal system from

Tm =21°C to 90°. Due to the overall low solar heat gain coefficient of the tested STVB fagade
element, this change is not considered critical to the control of passive solar heat gains. Nonetheless,
operating the STVB at lower fluid temperatures would be beneficial with regard to lowering the
cooling demand of a building. Considering that towards the interior only conventional double glazing
is used (cf. Section 2.2.3), the measured solar heat gain coefficients are sufficiently low, even for

highest fluid temperatures, and the solar control functionality is provided for all cases.

Based on the presented measurement results, it is concluded that both the solar thermal
functionality and the solar control functionality of the test sample have been demonstrated
successfully. Despite the need for technical improvement, especially with regard to solar thermal
efficiency, this first STVB test sample therefore proves the technical feasibility of the concept

of STVB with heat pipes and switchable thermal coupling. It also shows its potential due to its
multifunctionality allowing transparency.
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ARCHITECTURAL IMPLEMENTATION OF THE STVB SYSTEM

The concept of STVB has been evaluated regarding its applicability in architecture and facade
construction. Design choices by architects, planners and building owners regarding the STVB system
and their relation to the design parameter space are discussed in this section on a conceptual level.
Possible installation processes are presented and recommendations for further developments of
STVB are identified with the help of industry experts.

CUSTOMISATION OF STVB DESIGN

The functional and architectural potential of the STVB concept has been presented and reviewed at
several trade fairs (BAU 2017, BAU 2019, and glasstec 2018 (Horn & Block, 2018)), and conferences
(Denz, Maurer et al,, 2018; Denz, Vongsingha et al., 2018; Haeringer, Abderrahman, Vongsingha,
Kuhn et al,, 2017). The variety of the STVB design parameter options allows for customisation of the
STVB for individual building projects, e.g. concerning slat colour (absorber), shape (slat geometry),
and position of the STVB. As the STVB can be combined with various different fagade typologies, this
leads to different potential adaptations of the STVB system. Changing these parameters influences
the technical performance, especially solar thermal and solar control functionality. Finding a
meaningful STVB concept therefore depends on the individual requirements of the building project
and can require compromises, e.g. between technical performance and architectural intent.

The architect, specialist planner, or building owner can thus make different design choices. TABLE 4
provides an overview of the most important design options for the STVB system and its integration
into the technical building plant. These design choices are conceptual and require experimental

or theoretical validation before being applied in real buildings. The scope of the design choices in
TABLE 4 is broadened compared to the DPS in Fig. 2, which explicitly focuses on technical aspects for
horizontal, fully movable STVB. For example, TABLE 4 includes choices with reduced slat movement
(i.e. less complexity), which could be beneficial to solving the issues with heat transfer from heat
pipe to header tube and thus improving the solar thermal efficiency compared to the test sample (cf.
Section 3.2). The design choice map is not as detailed as the DPS, so architects and planners can use
it during conceptual and design phases when applying the STVB to an individual building project.
From the design choices, the technical requirements need to be defined and solutions can be found
with the help of the DPS.

Based on this overview, STVB can be seen as a slat-type solar control and solar thermal system that
can be adapted to meet different architectural and constructional requirements. This customisation
enables design possibilities as required for facade application of newly developed solutions (Klein,
2013). Furthermore, a reduction of the complexity can be achieved to enable application in first
building projects with low risks, for example by focusing on tiltable slats, which cannot be retracted.
The blind mechanism becomes simpler and the number of components is reduced. The heat
transfer components from slat to header tube could be modified as the full movement of each slat

is not required anymore. This could lead to a better heat transfer and thus a higher solar thermal
efficiency. TABLE 4 therefore serves as an outlook to further development paths of the STVB and to
potential adaptations of the STVB in first building projects.
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TABLE 4 Design choices and options for solar thermal venetian blind systems

DESIGN
CHOICE OPTIONS

Degree ‘
of slat P
movement
Retractable
Absorber -
surface
;lé
No coating Colour coating Spectrally selective coating PVT (combination with
(painted, anodized, powder coated) PV cells)
Slat shape [ ] < > C D P ——
Slat width Large slats (>100 mm width) Venetian blind slats (~60-100 mm width)
Facade
attern
\pNidth s Conventional (~1.35 m) Long (>1.5 m)
slat length
Slat
orientation “““
Vertical slats Horizontal slats
Blind
control
e
| ' .
{ | | |
3 [
=] = | =]
Manual control Central control Fully automated control with optional
overriding by user
Use of
§9966996§
solar -
thermal
heat
69 -
Domestic hot water Low-temperature Space heating with Source for heat-pump Solar dehumidification /
preparation radiant heating radiators or to regenerate Solar cooling
geothermal probes
Position
of STVB 2 T [
and fagade
type ! !
Z
Exterior application Inside cavity of box-type window Inside cavity
(arbitrary facade type) or double skin facade of closed cavity facade
D p gy
egree "§ >
of STVB §
element §
movement ,\§
Fixed element R .
Window shutter type Sliding shutter type
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INSTALLATION PROCESS OF STVB

Due to the vast variety of facade construction typologies in the market, the installation concept
of STVB should be adaptable to different fagade construction and installation types. The basic
installation scenarios that are investigated, under consideration of the surrounding and
support components, are:

Scenario 1: The STVB is installed on site into a fagade system that provides the structure to carry and
position the STVB components.

Scenario 2: The STVB is a pre-fabricated unit supporting itself, installed in a fagade system that
provides supporting points only, such as brackets.

Scenario 1 mostly applies to window (or box-type window) units in a punctuated facade as well as
stick-system fagades like multi-storey ventilated double skin facades (see Fig. 8). In this scenario,

the STVB is installed directly to the existing structures on site, which support the components of the
STVB structurally. During the installation, the STVB requires temporary installation support elements
- e.g. to hold all STVB components in place during transportation and mounting. The temporary
elements are removed when the STVB is adjusted to site tolerances and fixed to the main structure
in the correct position. This method would require a long installation process on site. Depending on
weather and location, the installation could therefore become rather difficult.

™

N

FIG. 8 STVB installation in Scenario 1 on a multi-storey ventilated double-skin facade

In Scenario 2, the STVB itself comes with a rigid frame as standalone unit to be added externally to
an existing fagade or as an integrated part of a unitised fagade system. In this scenario, the STVB

is completely assembled at the workshop before being delivered and mounted to the building. This
method allows better quality control because the crucial process is done in a controlled environment
thus shortening the installation process on site.
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FIG. 9 STVB installation in Scenario 2 as part of double skin unitised facade (left); as an additional stand-alone element on an
existing unitised or stick fagade system (right)

As in any general construction process, the facade and other exterior surfaces have to be completed
first, before the construction of the interior spaces, including the building service system, can start.
The installation of STVB needs to be considered as part of both processes: facade construction

and building service construction. After its installation as part of the fagade, the STVB needs to

be checked by a building service specialist who will review the inlet and outlet pipes of the solar
thermal unit and carry out a leak test. After the test, the pipes need to be sealed, if the installation of
building service has not yet started. Once the building envelope is fully closed and interior finishing
starts, the STVB can be connected to building service piping and be put into operation.

RECOMMENDATIONS FOR FUTURE
DEVELOPMENTS AND APPLICATIONS

Based on a detailed review of the developed STVB test sample and with input from trade fairs and
conferences, a SWOT analysis was carried out underlining strengths as well as weaknesses of the
STVB approach (Denz, 2019). To review the main benefits of STVB and guide the direction of further
developments, feedback from external stakeholders was gathered in a lead-user workshop (Hippel,
2005). Experts with backgrounds such as fagade system fabricator, sun-shading fabricator, project
developer, specialist planner on climate engineering, and architects from both practice and academia
were identified as lead users and took part in a workshop (Beucker, 2020). The participants discussed
and evaluated the STVB test sample and its proposed benefits. Together with the lead users, relevant
requirements and recommendations for future STVB developments were specified and weighted.
The most important results are summarised in TABLE b.
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TABLE 5 Main requirements and recommendations for future developments of STVB as stated during the lead-user workshop.

Design requirements - Visually reduced and unobtrusive slat design

Technical requirements - Reduction of mechanical complexity

Reduction of the size of the heat transfer components
(switchable thermal coupling mechanism and header tube)
Accessibility for maintenance and cleaning

Commercial requirements Focus on promoting the reduction of the solar heat gain by the STVB while maintaining
high visual transparency of the glazing as a unique selling point

- Suitable types of buildings are hospitals, hotels, restaurants, representative building of
companies, offices, ministries etc.

~ Improve the cost-benefit ratio

User requirements - High reliability during the service life

These results show that the main concern is the current complexity of the STVB, which presumably
would result in a laborious production process, high cost, and high maintenance, or low reliability
during operation. This assessment matches the review of the built STVB test sample and the SWOT
analysis (Denz, 2019). Reducing the complexity as discussed in Section 4.1 could deal with these
concerns and improve the cost-benefit ratio if reduced functionality is sufficient for the actual
building project. In order to simplify the system, the existing components could furthermore be
redesigned by applying industrial production and installation methods. For example, as suggested in
Section 2.2.2, aluminium extrusion could reduce cost and time of manufacturing and assembly of the
slats by reducing the amount of components.

The participants of the lead-user workshop listed the feature of STVB to reduce the thermal load
within a double skin fagade as well as the g-value, while allowing high visual transparency as

one of its major strengths. Following this concept, STVB could be further developed by focusing

on its application as an adaptive solar control system, which aims to control and reduce the solar
heat gain coefficient g rather than focusing on maximising the solar thermal yield. Optimising the
STVB to reduce the solar heat gain could enable future building projects with fully glazed fagades,
even in corner situations, while still preventing overheating of the room in summer, as required by
energy efficiency and building codes such as EnEV (2007).

CONCLUSIONS

Solar thermal venetian blinds present a novel, multi-functional, and adaptive solar control device
with solar thermal functionality, fully integrated into glazed areas of the building envelope. They can
simultaneously fulfil the functions of a solar thermal collector and of a solar control device as has
been demonstrated experimentally with the designed test sample. The presented design parameter
space for STVB gives a complete overview of possible variants of STVB with horizontal, tiltable and
retractable slats that incorporate a heat pipe. Engineers and researchers can use it as guideline

for future technical developments. Guided by the design parameter space, a STVB test sample with
heat pipes and fully movable slats was developed. Its key design features are: (1) STVB positioned
within the cavity of a double-skin facade element, (2) conventional absorber sheet with diagonally
mounted cylindrical heat pipe, (3) heat transfer between heat pipe condenser and header tube via
switchable thermal coupling using an adapter with an optimised shape and a mechanism using
springs and self-latching solenoids, (4) a multi-port header tube. Alternative concepts with different
absorber coatings, heat pipes, slat geometries, and alternative mechanisms for the switchable
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thermal coupling can be designed based on the design parameter space. Outdoor experiments on
the STVB test sample proofed the technical performance of the studied STVB concept in terms of
solar thermal efficiency n and control of passive solar heat gains (g-value). It was found that the
solar thermal performance leaves significant room for improvement. However, when considering
the multifunctionality, namely transparency, the STVB already performs comparably to conventional
solar thermal collectors.

The design parameter space, various design choices, and integration into different facade
systems allow architects and specialist planners to adapt the STVB to individual building
projects. The installation processes for two different mounting scenarios were discussed and
recommendations by industry experts for future developments were evaluated. The proposed
customisation of STVB and the recommendations by the lead users will be used to guide further
developments aiming at the first implementation of the STVB in a building project. Future
research will investigate the effects of technical improvements and of different design variants
and assess the overall energy savings potential in simulation studies using an experimentally
validated model of the STVB.
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