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Abstract

The aim of this thesis is to identify design strate-
aies for sewi-open mewmbrane structures which have
the potential to improve thermal comfort conditions
in tropical climates. The f{irst part of the study
analyses the characteristic tropical climate condi-
tions and relates them to the concept of thermal
comfort and its defining parameters. An overview
of the development and use of wewmbrane struc-
tures in the tropical regions is outlined In the sec-
ond part the climatic elements which are relevant
to thermal comfort are addressed with specific
design strategies. The strategies are presented
by means of theoretic descriptions of the underly-
ing physical principles and further exemplified by
schewmatic diagrams and drawings, outlining different
analysis tools and design solutions for geometries
and details of typical building practice. The effec-
tiveness and relevance of each strategy regarding
the impact on the improvement of thermal comfort
is put in evidence by wmeans of bibliographic re-
search and the presentation of different case
studies. The research concludes that passive design
strategies applied on mewbrane structures are an
important tool in order to ephance thermal comfort
conditions in the tropics and argues for an adaptive
approach towards a climate responsive design .
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thermal comfort, design



Table of content
Introduction

. 1 Research problem

. 2 Justification

. 3 Hypothesis

. 4 Objective

. & Specific objectives

. 6 Literature review / state of the art
. 7 Research wethodology

-

= = A A A A

2 Tropical climate

2. 1 Definition

2. 2 Macro dynawics of tropical climate

2. 3 Intertropical convergence zone

2. 4 Cimatic elements and characteristic
conditions of tropical climate

2. 5 Tropical climate zones around

the world
2 6 Summary
3. Cowmfort

3. 1 Physiological mechanisms

3. 2 Influencing factors

3. 3 Thermal exchange processes
3. 4 Thermal comfort wodels

3. 5 Summary

4. Mewbrane structures in the
tropics

VYVPOVOVVIOVOO
-
-

3

20
22
24
26

vPYvVIVOVO

Y

28

v

32

34
35
35
39
#
4¢

AVERVIRVIR VIR I v)

v
S
Oo



1 History

2 Case studies

3 Technology and climate
4 Outlook

TR R

9

Design Strategies - SUN
. 1 Orientation

. 2 Effective shading

. 3 Heat and light transmittance
. 4 Thermo-dynamic effects

. 5 Design and analysis tools

horhhohon

)

Design Strategies - WIND
.1 Wind effects

. 2 Effective ventilation

. 3 Cross ventilation

. 4 Venturi effect

. & Design and analysis tools

Design Strategies - RAIN
1 Rain and humidity effects
2 Effective rain protection
3 Draining details
4 Design and analysis tools

& Case studies
9. Conclusions

aVRVIRVIEVE VRN Y. NE RN

10. Bibliography & Figures



1. Introduction

Tensioned Mewbrane structures have undergone a
rapid and successful development around the world
over the last 50 years In basically all parts of the
world, as well as in the tropics, membrane struc-
tures have been built since the intiative of Frei
Otto and his surrounding architect/engineer commu-
nty in the {ifties of the last century. The diffu-
sion of the knowledge on how to design these
structures combined with the large scale industrial -
ization of mewmbrane wmaterials have (ead to a glob-
al spreading of lightweight, and especially wem-
brane construction Some cultural regions where al-
ready intensely linked through their building history
to mewbrapne structures Other cultures which had
aiven up their nomadic live where about to reintro-
duce this building technology for large scale sports
or cultural events Dlut only since the wid of the
last century fabric structures have gained in popu-
larity as the building system evolved and allowed to
fulfill established building standards and to comply
with the reguirements for permanent and secure
buildings.

Traditionally, and this can also be owed to Otto's
approach, architects and engineers who deal with
tensile structure are wost of the time concerned
with finding the correct form and calculating its
structural behavior. The Visual impact and spacial
impressions of wewmbrane structures have also al-
ways played a strong role. They are naturally at-
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Fig 1 Typology of basic mewmbrane structure geometries

tractive as they rewind with their organic forms
and light presence on nature itself. (fig 1)

Anyhow, the climatic behavior and the comfort which
these structures can potentially provide has been
notoriously neglected during the development of
the wodern wmewmwbrane structures, even though his-
torically its primer {function was to protect its
users/ivhabitants from the wind, rain, sun and cold
The problem of the ewironmental behavior of
mewmbrane structures has been assumed to be
solved either by the development of high-tech ma-
terials, provided by the producing industry, or by the
application of wechanical conditioning systems which
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allow for a high degree of freedom in design, but
on the turn side require a lot of energy.

In the tropics the protection against rain and sun
has traditionally been solved by wmeans of nature.
Natural waterials lke trees, branches and [eafs
have been conwerted to roofs and shelters by the
indigenous inhabitants, The wmbrella is one of the
wodern wust-haves-everyday-gadgets when living in
the tropics; protection from sun and rain is essen-
tial. Therefore it is only logical to build with fab-
rics in the tropics. A light skin, allowing for natural
ventilation, providing shade and protecting from
heavy rain, is what's reguired in the tropics Lut, as
it has happened with other technologies which were
been developed in western countries of the north-
ern hewisphere, they can not only be taken {rom

membrane

structures

Fig. 2 Concept diagram



one point of the world and put into another A
process of wodification is indispensable in order to
adapt the technology to the cultural, financial, nat-
ural and also to climatic realities of the place
where it is thought to be used This proposal for a
master thesis aims to be one step-stone in the
process of this adaptation process of technology; in
specific the climatic adaptation of wewmbrane
structures to the tropical regions. (fia 2)

1. 1 Research Problem

How can wmewbrane structures be designed in a
way that they not only adapt, but further use the
climatic elements as a resource to eprhance posi-
tive comfort conditions in tropical climates ¢

1. 2 Justification

A large percentage of the human population lives
in tropical epnironments and has always been dealing
with the special climate conditions of the tropics
Sun, wind and rain are the climatic elements which
have the wost influence on tropical climate, which
is in aeneral therwally very constant, but can
sometines provoke extreme whether conditions. In-
tense solar radiation, high huwidity (evels and heavy
rain in the wonsoon season combined with thunder-
storms and strong winds have a huge impact on hu-
wman activities and need to be addressed in the de-
sian of the bult epironment. In the advent of cli-
mate change these phenomena get even wore in-
tense and a wind-change regarding the relation
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between human being and the natural ewironment
has already happened over the last years Dut still
wmore action has to be taken and solutions for a
sustainable future need to be addressed, not only
by grass-root wmovements, politics and the industry,
but also and especially by architects, engineers
and designers who hold wany of key positions when
it comes to wmaking decisions regarding how our built
world will look like and how it will work in relation
to nature.

in that sense the proposal of this waster-thesis
aims at providing basic guidelines which will help to
take decisions for the design of wmewbrane struc-
tures in the tropical climate in order to provide
comfortable thermal conditions for the human activ-
ities without creating negative ewironmental im-
pacts and dependencies on energy supplies.

1. 3 Hypothesis

The hypothesis resulting from the previous argu-
ment is that the relevant climatic parameters of
the tropical climates, which are wmainly responsible
for the human comfort, can be addressed design
vice with mewmbrane structures. DBy studying the
conditions of tropical climates and exploring the
thermal behavior of tensile wewbrane structures it
will become possible to derivate design principles
which can help to create comfortable thermal con-
ditions. The inestigation seeks to determine in a
qualitative approach if climate itself can be under-
stood as a potential resource for the informed
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desian process of wmewmbrane structures and in addi-
tion, which are the relating design principles neces-
sary to conwert thewm into true climate wodifiers.

1. 4 Objective

The aim of the proposed research is to inesti-
aate tepnsioned wmewmbrane structures in regard to
their climatic performance in tropical regions in or-
der to propose design strategies, based on passive
and bioclimatic principles that have the potential to
evhance a positive thermal comfort condition, and
can be used by architects and engineers in the
early design stage of wmewmbrane projects

1. & Specific Objects

- Iestigate the phenomena of the tropical cli-
mates and identify elements and processes which
affect the human comfort

- ldentify design strategies that have the potential
to transform wmewbrane structures into climate
wodifiers which have the ability to create positive
higro-thermal conditions.

- Draft a series of design principles which enable
architects and engineers to take decisions about
climatic adaptation in the early design stage for
wmewmbrane structures in the tropics.

12



1. 6 Literature Review /state of the art
The current state of the art regarding the use
of passive strategies or bioclimatics in the design
of wmewmbrane structures is not easy to be clearly
identified, because very little about this topic has
been published The information regarding specific
projects is held by private companies and is there-
fore wostly not available to the public. Although
the project descriptions in wmany books and wmaga-
zines which include wewmbrane structures wmake al-
wost always reference to patural, or ewironmen-
tal, construction, almost no documentation can be
found regarding the techniques or design decisions
which have been taken to achieve a better ther-
wmal comfort or epergy performance. A few bigger
projects lke the Milemium Dome, or the new
Bangkok airport include documentation of the simu-
lations and performance assumption from the design
stages, but realistic data from on-site wmeasure-
wments and long-term studies in order to compare
the design intentions with the actual outcome are
almost not available.

Harvie and Devuldner have both delivered compre-
hensive work on the thermal behavior of mewmbrane
structures in wmaritine climates of northern Europe.
Thermal wodels were proposed and validated with
on site wmeasurements of some structures Effects
like thermal stratification, condensation and solar
radiation in relation to the geometry have been
covered. This approach is based on a scientific
methodology, limited to the analysis of the physical
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processes which define the thermal behavior of
spaces enclosed by mewmbrane structures.

The ILEK in Stuttgart has also published various
studies on the therwal behavior of wewbrane
structures, especially on the development of wulti-
layered wmewbrane systems and their insulating
properties and behavior. Their approach is wore de-
sign orientated Several studies deal with the de-
velopment of new building skin systems of wulti-lay-
ered facade or roof elements The design, simula-
tion and further validation through tests on proto-
types is essential to their research method
Another author who has been dealing in her re-
search particularly with the worphology of wmem-
brape structures as a design resource for wodify-
ing climatic conditions, is E[Nokaly. She published sev-
eral studies on the possibilities of climatic condition-
ing by passive wmeans. While her studies focused on
the climatic conditions of hot-arid climates, the
wmethodological approach can possibly be translated
to similar studies on the tropical climate.

However, besides a few wore articles and publica-
tions about shading roofs in hot climatic regions and
aeneral climatic effects on memwbrane structures,
from authors like Goldswith, Pgppinghaus and Mol-
laert, almost no specific documentation on the cli-
wmatic behavior of wmewmbrane structures is available
in the common information repositories of the mem-
brane world

In other branches of architecture and engineering
this seems to be a different story. As scarce as
the available information on climatic behavior of
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mewmbrane structures is, as vast is the amount of
books and articles on bioclimatic-, enironmental,
ecological- or as well sustainable architecture.
Since the 70's of the last century various design
auides for architectural design have been published
all over the world for different climatic regions.
Olgay, Koerigsberger, van Lengen, Neila, Serra,
Yeang and Gut, to name only a few, have published
design guides with a strong orientation towards cli-
wmate, as a source of information for architectural
design With a few exceptions they all based their
concepts on the tradtion of vernacular architec-
ture. Concepts of traditional architecture of an-
cient cultures were studied and then translated to
wmodern building systems and requirements. The gen-
eral design strategies presented are pretty basic,
but combined with state of the art apalysis tools,
they can [ead to design solutions with enormous ef-
ficiency and sophistication Examples of this vernac-
ular design concept approach in combination with
digital simulation tools can be found in many publi-
cations of the vanguard architectural schools of
the world

Also governmental intiatives have (et to the publi-
cation of a number of design guides and recommen-
dations for climate adapted architectural design
The Australian government, as well as some Latin
American countries within the tropical region have
created general design guides which are available
to the public.

Even though almost no direct information regarding
the specific topic of this master-thesis is available,
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it can be resumed that a (ot of associated infor-
wmation was found which can be analyzed, filtered
and the information adapted and further developed
in order to respond to the research gquestions of
this master-thesis.

1. 7 Research Methodology

The proposed investigation is based on a bibliograph-
ic research wmethodology. Resources and findings of
the inestigation are presented in text, conceptual
drawings, diagrams and tables. The theoretical ap-
proach is based upon the bio-climatic or epniropnmen-
tal design theory, introduced originally by Victor Ol-
aay and other authors. This establishes a strong
relation and correspondence between climate,
thermal comfort and architectural design

Physical principles of wmeteorological phenomena in
the tropics, that affect the human comfort, are
identified and addressed by passive strategies of
climate control that already are proven technology
in traditional building systewms. The corresponding ar-
chitectural design solutions {for wewbrane struc-
tures with the resulting building skin worphologies
and details are discussed, compared and presented
through a series of examples and case studies
(Fia 3)

The study is limited to mechanically tensioned mem-
brapne structures which enclose sewi-open spaces.
The study is further constrained to woven and
coated mewmbrane wmaterials which are of principal
and wost common use in the tropical regions.

16
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The proposed design strategies only include those
based on passive principles and which are relevant
to the response on tropical climate The selected
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design strategies will be exewmplified making use of
three geowmetric base wodels (hyperbolic parabo-
loid-, conoid- and arc-geometry) which allow to
dewonstrate the principles and techniques and can
serve as archetypes for further development of
wore complex structures. (fig 4)

The testing of the proposed design strategies can
be addressed by this study only to a limted extend
and is exewmplified by different case studies where
passive design strategies have been employed Me.-
thodical testing, with a gquantitative approach and
numerical outcome which will allow a comparison and
evaluation of the effectiveness of different de-
sign strategies on a set of geometries, is not in-
cluded in the scope of this investigation and will
have to be carried out in further studies,

But the investigation will deliver certainly a over-
view of different design strategies which will
serve for f{uture research as a starting point and
basis {for the decision on relevant testing and vali-
dation,

a) b) c)

Fig 4 Basic geometry wodels for inestigation
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2 Tropical climate

What comes immediately to ones wind when thinking
about the tropics are images of lonesome islands
withihn the celestial crystal clear ocean with
beaches of white sand, lined with coconut palm
trees under eternal sunshine and touched by a
aentle warm breeze

Even though such paradise-lke places exist, the
reality of the tropics is {far wmore complex and di-
verse as the reduced stereotypes created by
the tourism industry wmakes us belief. ({ig5)

Fig & Tropical beach
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But what are the tropics then? How can they be
characterized in climatic terms? What are the
causes for such wild climate and exuberant lush
vegetation that has attracted human beings since
their existence?

This chapter will undergo the quest to answer
these questions and set the fundamental {rame-
work for understanding how the human being is af-
fected by the tropical climate, and further, how

we can use wmewbrape structures as climate wmodi-
fiers” to create higher (evels of thermal comfort

2. 1 Definition

The word tropic itself has no specific definition and
only wmakes reference to the tropic of Capricorn
and the tropic of Cancer which are the geographic
turning points of the farthest possible [(atitude
where the sun radiates at the solstice of summer
from the zenth (overhead position) onto the earth
(McGregor, 1998). Due to the tilt of the earth's
rotation axis, these turning point positions span as
parallels to the eguator around the earth globe.
At a [atitude of 23,5° the tropic of cancer wmarks
the limit of the tropical regions In the northern
hewisphere and the tropic of Capricorn at 235°
the limit on the southern hewisphere. These limits
are in a way only a geographical conention, be-
cause the climatic conditions of the tropics are not
strictly limted to this zone, and are a wore or
less a amorphous belt around the globe. Instead, on
various attempts to define the tropical region by
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meteorological data were wade throughout the
history. Some scholars used precipitation as a pa-
rameter, others set the wonthly wmean tewpera-
ture above 18C as a criteria to establish bound-
aries for the tropical climate. One of the wost
commonly cited classification systews in literature
is the Kgppen-Geiger climate classification system.
The classification system evaluates the native
vegetation as a reference for the expression of
climate and combines anual and wonthly values of
average tewperatures, and precipitation volumes as
parameters for the defintion of climate types, and
the establisnment of climate zone boundaries on a
alobal scale.

—— s —

Trepic
Cavicer (22°27)

Eﬁu-u{:.\:r (0%

Tropn' e o
Capricorn (23727

Fig € Tropical climate zone
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It wust be said, that this is a rather simple wodel
and climate zones are not that simple rigid as
seen on the wmap. But it gives a rough general idea
of the distribution and characteristics of clinate
zones around the earth and is therefore relevant
to this study. (fia 6)

2 2 Macro dynawics of tropical climate

In order to further answer the guestions, on what
the tropics are, and what the origins of their cli-
mate conditions are, it is necessary to discuss the
relation between the earth and the sun and the
characteristic translation and rotation wovements
which planet earth performs, and the resulting we-
teorological dynawics which create the climate to
what we refer to as tropical.

WINTER
—RLSTICE

4»5{1’ ANEE

Fig 7 Characteristic movements of the earth

22



The sun, a radiating star, is the gravitational cen-
ter of our solar system and the energy source
which wmakes live on earth possible. The earth ro-
tates on an elliptical orbit at an average distance
of 150 willion kilometers around the sun, with the
duration of one year per cycle. (fia 7)

The earth itself rotates around its own tilted axis
with the duration of one day per cycle, whilst the
sun constantly radiates electromagnetic waves in
the range of 100nmm to wim wavelength towards the
earth The power of radiation that finally arrives
at the earth’s surface after having been {iltered
by the atwosphere is round about 1000 W/m? at a
clear sky (wikipedia, 2015).
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Fig 8 Solar geometry
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Through the tilt of the earth’s rotation axis of
approximately 23°27' the tropical zone receives
wore radiation throughout the year, because this
part of the earths surface is wmore or less per-
pendicular orientated towards the solar rays The
solar rays travel a shorter distance through the
atmosphere and are therefore |ess f{filtered by
clouds, particles and gasses which compose the at-
wosphere. This higher annual solar gain in the tropi-
cal regon is the energy that powers wainly the
meteorological dynamics of the tropics, and the cli-
mate on a global scale. (fig &)

2 3 Intertropical convergence zone

The thermal dynamics on a global scale were dis-
covered by George Hadley He describes an atwmo-
spheric circulation system which was named after
him; the Hadley cells (fig 9)

The Hadley cells consist of a low-pressure system
which is created close to the equators within the
boundaries of the tropical |atitudes The direct
meteorological effects originated by this low pres-
sure system are the wain features of the tropical
climate and all wajor world wind systewms, lke the
trade winds or the jet streams. The dynamwics of
the Hadley cells are induced by the intense solar
radiation which is almost perpenpdicular, close to the
equator. The warmed up earth surface heats up
the air which expands, and raises, due to the [oss
of depsity. A low pressure zope is created which is
called as well the inter-tropical convergence zone

24



Fig 9 Hadley cell

(ITCZ), characterized by the coincidence of waxi-
wmum surface tewperatures, cloudiness, heavy rain-
fall and conergence of trade winds (McGregor,
1998). While the warm air rises up, it also transports
a (ot of woisture taken up by evaporation and con-
vection from the warm seas While the warm and
humid air rises up to stratopause heights, its humwidi-
ty condepnsates and clouds built up. Following the
thermodynamic  [aws the warm air woves further
pole-wards , at both the southern and northern
hewisphere, and when cooled down it falls back to
the earth surface at subtropical latitudes creating
a circulating flow belt. When the cool air is {flowing
back from high-pressure to the (ow-pressure-zone
at the equator on lower altitudes, the well known
northern and southern trades wind systems are

25



created These wind systems are deviated in their
flow direction on the northern hewisphere to south-
east direction and in the southern hewisphere to
north-eats direction This deviation is the direct ef-
fect of the Coriolis force which originates {rom
the rotation of the earth around its own axis and
which also is responsible {or the rotation of large
cyclones (wikipedia, 2015).

2 4 Climatic elements and characteristic
conditions of tropical climate

The concept of tropical climate is very ample and
one should be aware that such a ,one” tropical cli-
mate does not exist. In fact there are wany types
of tropical climates with very different climatic
conditions. Furtherwore within one climate zone
there wight be even wore sub-zones, and at a
swaller scale also kinds of wicro—climates with very
special climatic conditions and phenomena which are
influenced by parameters like geographic latitude,
altitude, topography and distance to wain bodies of
water. Given this complexity, it wight be wisleading
to establish a general description of the tropical
climate, But in order to outline a comprehensible
picture of climatic situations which must be faced
and addressed by the designer of tensile struc-
tures in a wider context, the attempt will be we
wmade pot without adverting that the individual con-
sideration of the local climate conditions remains in-
dispensable: The general conditions of the tropical
climate on a perceptive level can thus be re-
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Fig 10 Tropical rain forest
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sumed to a combination of high humidity (evels and
heat, induced by intense solar radiation, cloudiness
and heavy rainfalls. These conditions create the
basis for a high degree of biological diversity and
extraordinary growth of vegetation which in turn
creates meso- and wicro—climates of special condi-
tions. (fia 10)

In meteorological terms the elements of climate
which characterize the tropical climate are:. tem-
perature, huwidity, wind, precipitation and atwo-
spheric pressure. These terms are used in this
study to classify different clinate conditions.

The topical climates relevant to this study are
the huwid tropics in general, and in specific the re-
aions which show a climate regime which corre-
sponds to the tropical wet and dry climate zone,
as defined by the Kgppen classification system This
limitation is for practical reasons only and does not
mean that design strategies do not apply to other
tropical climates as well, but it must be kept in
wind that the strategies wmust be adapted to the
local conditions. The characteristics of the tropical
wet and dry climate zone are further outlined by
the presentation and comparison of three [ocations
within this region.

2 5 Tropical climate zones around the

world:
The tropical region can be geographically divided
into  sub-regions as Mc Gregor (1998) suggest.
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Awmerica, Africa, Asia and the oceanic Islands are
the wain tropical regons. These regons all have
their own climatic characteristics and are under
the influence of different seasonal wacro scale
climate dynawics, lke the wmonsoon in Asia and the
trade winds in America (McGregor, 1998). There-
fore, each region is illustrated by one example,
that serves to ewphasize these differences be-
tween each region For America, San José in Costa
Rica at at |atitude of 10N has been chosen, for
Alrica Lagos in Nigeria at (atitude 7N, and for Asia
Mumbai in India at (atitude 19N has been selected

(fia M)

PMOMBA

N /
19°N , F3°£

Fig 11 Cities in the tropical climate zone

All three cities correspond to the tropical wet
and dry climate zone by Kgppen and waintain in
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common a geperal tendency of climatic behavior.
Regions within this climate zone present throughout
the year a guite constant tewmperature with wmean
wonthly tewperatures between 220C in San José,
272°C in Mumbai and 267C in Lagos. Although the
wonthly wmean tewperatures never fall below 18C
All three cities receive woderate up to heavy
rainfalls with annual averages of 1971 wimm in San
José, 2146 wwm in Mumbai and 1538 wim in Lagos A
wet season of several wonth with escalating rain-
fall volume is followed by a pronounced dry season
for several wonths of the year. (fig 12)

The Solar charts of each Location are shown in
the [ollowing figures. (fig 13, fig 14, fig 15).

I this study these examples will serve as a ref-
erence for different specific conditions of regional
tropical climate types
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Fia 12 Climate charts

30



Juin
e
Sey D
¥ Ar~-L = —HE = —).’ Apr
270° vt it OO [ e § | = 0°
| Vi b o L =
’: e at el i e . 1) "l'"‘ I( - Mav
Nout—F=F%- = ; T
= ===xJ Feb
< 7 N
\\ ~. | T L s s
\\\ o i .
\‘\‘_ -’,“’—
SAN 3os£ AR 10° N, guol)

Fig 13 Solar chart San Jose, Costa Rica.

3!AL
~._ A
AR D E\qb
Seplta_
o
I
Nov ":-_—
Dec
LAGDS

Fig. 14 Solar chart Lagos, Nigeria



MUMBAI 180" 19°N, F3°E

Fig 15 Solar chart Mumbai, India

[Note: All indications of latitudes refer to the ge-
ographic coordinates of the weteorologic station
closest to the selected cities and wmay defer
from the official coordinates of the cities itsel{]

2 7 Summary

The climate on earth is one of the wost complex
dynamic systems known to human beings. Comprehen-
sion of the basic mechanisms and characteristics of
climate is one of the key reguirements for design-
ers who have the intention to design energy effi-
cient structures which are adapted to the epviron-
ment where they are placed in

This chapter provides an outline of the very spe-
cific climate conditions of the tropics. An attempt
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of a definition for tropical climate is given and the
underlying dynawics and physical principles which
create and affect these climate conditions have
been resumed Furthermore, weteorological data
for three cities which are [ocated on the tropical
belt around the world are presented as examples
for the characteristics of the tropical wet and
dry climate zone which will be referred to in this
study.
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3. Comfort

Generally speaking, comfort is a state of satisfac-
tion of the human body and wind The world health
organization (WHO) defines this concept in general
terms, as a state of complete well being in a so-
cial, mental and physical way. This also includes the
thermal well being, an equilibrium state of the hu-
wman body with no necessity of therwmal regulation
So, when talking about thermal comfort, we way
refer to a state or condition where the wajority
of a group feels neither cold nor warm The ex-
ternal factors of climate and wicro climates play
a important role on the thermal comfort, but the
feeling of well being of the indvidual is also influ-
enced by a series of physical conditions, psychologi-
cal perceptions and cultural factors which should
not be underestimated

In tropical enironments, therwmal comfort is not al-
ways easy to achieve As in the tropics the aver-
age tewmperatures never {alls below 18C and the
relative humidity (evels are very high as well The
constant sensation of heat is symptomatic. As a
consequence, strategies to cool our bodies passive-
ly and actively is an important issue in the tropics.
Examples lke the use of light and airy cloth, the
tradition of building open houses with large shading
roofs and the use of wmechanical fans and air condi-
tion devices are all common in the tropical regjons,
and dewmonstrate the need for thermal comfort.
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3. 1 Physiological Mechaisms

Our body needs by desiagn a steady working tem-
perature of round about 37° in order to function
well, and to keep all organs and wmetabolic pro-
cesses at their optimum temperature. All our life-
sustaining functions (ke breathing, heart-beat and
blood circulation are designed to waintain a con-
stant body core tewperature A slight variation of
our body tewperature has immediately impact on
our well being and can even become life threaten-
ing Thus, the thermal control of our body and the
control of the climatic conditions of the epiron-
wment in which we are living is very important.

While our core body tewmperature needs to stay
at a steady tewperature, our skin is wore robust
and has the ability to witigate changes of tewper-
ature of the ewironment by ewploying different
mechanisms such as by insulating against cold or
transpiring at heat

3 2 Influencing factors

There are different body internal and external
climate factors which affect our thermal comfort.
Several of those are defined by the international
ASHRAE standard 55:

-The Metabolic rate is a concept which defines
the human power-, and in consequence, heat- pro-
duction during activity. While at [ow activities, (ke
sleeping or sitting on a chair, less power is re-
quired and the body internal heat production is also
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very low. The unit for wmeasuring the wmetabolic
rate is given in MET, where 1 met equals 58 W/m2
The scale of the wmetabolic rate unit ranges from
about 1 wmet for relaxed sitting up to & wmet or
higher for fast ruming The resulting radiating body
heat can be calculated wultiplying the MET value
in W/m2 with the overall skin surface area of the
human body in m2 The wmetabolic rate value can
aive important hints for the selection of passive
design strategies when the expected activity of
the space occupants is already known (fig 16)

0,& wmet 4,9 vask A4 met 2,0 et 3,0 waet 8.0 et
RELmR LIGHT WoRA  HARD WORWL WALKING FAST wWALKING RUNN A G

Fig 16 Metabolic rate MET

-The Clothing insulation factor or CLO is also an im-
portant aspect which has great influence on our
thermal comfort. Our clothing insulates us against
cold and wind, and protects us as well {rom solar
radiation and rain In the tropical climates these
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characteristics may lead to a kind of contradiction
which has been solved wostly in traditional vestures,
and wore recently by the outdoor industry, with
airy and light clothes which perwit breezes to pass
on our skin and lower our skin surface tewperature
by cowection Furtherwore they allow for effec-
tive transpiration while at the same time protect-
ing from solar radiation The clothing insulation fac-
tor basically defines the insulation capacity of our
clothing and is measured in the unit clo where 1 clo
equals 0155 Kem>W ™ The scale for CLO values
ranges from 0 when naked to about 1 when wearing
a formal western style businesses suite. When
knowing beforehand what kind of clothes space oc-
cupants are [ikely to use wost of the time, it be-
comes easier to define comfort conditions and ad-
dress passive design strategies properly. (fia 17)

i
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Fig 17 lnsulation effect of clothing, CLO




-The air tewmperature T is one of the external
factors that has a very strong impact on our ther-
wmal comfort. The tewmperature of the circulating
air is an average tewmperature at a specific wo-
ment in space and is measured in degree Celsius
or Fahrepheit using a dry-bulb thermometer.

-The wean radiant tewperature MRT is the aver-
age radation of all heat ewitting surfaces or ob-
jects around us, and is measured in degree Celsius
or Fahrepheit The MRT can be wmeasured by sen-
sors or theoretically calculated by knowing the
surface tewperatures of the radiating objects and
its relative orientation angle towards the subject
The MRT is also a very import factor which af-
fects our thermal comfort when considering for
example being exposed to solar radiation during wid
day.

-The Air speed can very effectively help to im-
prove thermal comfort in the tropics. Increased air
speed, by natural breeze or wmechajical ventilation
can provide chill effects by comwection and en-
hance effective evaporative cooling on our sweat-
ing skin The air speed is weasured by an
anemometer and is given as an average value in
units like meter per second (w/s), kilometers per
hour (km/h) or Kpots (kt) The power of wind is ex-
pressed generally in Beaufort defining on a scale
from 0 —12 the kind of wind or storm, and the ef-
fects which go along with it
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-The Relative humidity is one of the external fac-
tors which is wost difficult to control. In combination
with the air temperature it is one of the key
factors which affect our thermal comfort sensa-
tion The relative humidity is weasured by a hy-
grometer and is gven in percentage on a scale
from 0-100%. The relative humidity always refers to
the quantity ratio of water vapor contained in a
volume of air at a specific temperature. The
higher the air temperature the wore water vapor
can be held up in the air. This means that the ab-
solute humidity in a warm ewironment can be wuch
higher, than in colder climate at the same relative
huamidity (evels. This fact becomes becomes partic-
ularly important when we consider that one of our
wain body cooling wmechanisms is evaporative cooling
by sweating DBut when the surrounding hot air is al-
ready saturated with water vapor, then evaporation
becomes very difficult and ineffective as a cooling
mechanism,

3. 3 Therwal exchange processes

Considering ourselfs as small heat generators im-
wmersed in an ewiropment, built or natural, where
all objects are constantly radiating at each other,
it becomes important to analyze the processes by
which this heat exchange takes place. Following
the f{irst law of thermodynawics, all objects in
space are constantly interchanging thermal energy
in order to establish an equilibrium state while the
energy flow is always oriented {rom the hotter to
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the cooler object, as defined by the second law
of thermodynawics The wechanisms by which the
heat exchange takes place are conduction, con-
vection and radiation These wechanisms constantly
affect our thermal comfort. Controlling them in our
built ewironment wmeans having a very effective
tool to improve comfort conditions. The physical
principals of heat exchange wechanisms are re-
sumed below:

-Conduction is the heat transfer through a physical
medium of specific waterial watter. The thermal
heat conductivity and thickness of the waterial
plays an important role when considering heat
transfer through conduction in the built eniroament.

-Copvection is the heat transfer through a {luid in
wotion which takes place when the flud adds or
removes heat from a solid object while getting in
contact with it. Important factors for the effec-
tiveness of the heat exchange are the character-
istics of the flowing flud, like speed, volume and
the relative tewperature difference. Furthermore,
the characteristics of the object surface itself,
ke the surface ruggedness or the total area
exposed to the conection {luid are of importance.

—Radiation is the heat exchange through electro-
magnetic waves. Every object in space ewits radia-
tion The intensity of the radiation which is emitted
by an object is related to the ewisivity character-
istics of its surface, surface area and the object
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temperature. The resulting radiation with specific
wavelengths gets reflected, absorbed or trapswmit-
ted by other objects (fig 18)
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Fig 18 Thermal exchange wmechanisms,

3. 4 Thermal comfort wmodels

Knowing now the f{actors which wostly affect our
thermal comfort and the anderlying physical
process which allow for thermal exchange between
us as human beings and our surrounding ewironment,
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it is necessary to establish criteria for thermal
comfort in the tropical climates. As already wmen-
tioned in chapter 1, this is not an easy task, be-
cause of the great variety and complexity of the
tropical climate itself Having said this, the task be-
comes even wmore complex, because of the subjec-
tive perception of thermal comfort which is experi-
enced by every single individual In order to estab-
lish wmore or less precise conditions of comfort and
to find out about the factors which are wost influ-
ential, various research projects were |aunched in
the 70's by wilitary and acadewic institutions. One of
the wost prominent inwestigations, (ed by Ole
Fanger, collected data in laboratory experiments
where thermal comfort was wmeasured in isolated
controllable epwironments (Wikipedia 2015). The re-
sults of these studies showed that wost of the
people felt comfortable at higro-thermal conditions
of around 21C at 50% relative humidity (McGregor,
1998). The statistical data derived from the experi-
ment was then used to establish theoretical wod-
els which perwitted to calculate and predict ther-
wmal comfort based on wmeteorological data and
personal factors, like CLO and MET. While these
wmodels evolved, it even became possible to gener-
ate recommendations based on the data to in-
crease and improve thermal comfort conditions by
wodifications of the built and natural epironment.

The wost relevant wodels for human comfort which
are linked to bioclimatic design and green building,
were developed in the last century. A selection of
three basic, most common wodels which are still
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used today as plawing and design tools in architec-
ture and the building industry are presented below.
A wore complete overview and comparative study
of the different thermal comfort wodels can be
found in the doctoral thesis of Visitsak [20077]

-The Bioclimatic chart which was developed by Vic-
tor Olgay is based on the bioclimatic design theory
which intends to use natural elements to create
comfortable living conditions in architectural spaces
with the winimum use of external energy sources.

(fia. 1)
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Hyaro-thermal comfort is the underlying principal of
the chart, combining temperature and relative hu-
widity as the wain factors for thermal comfort
Monthly weteorological data can be plotted onto
the chart and general recommendations for ex-
tending the comfort zone can be derived from the
it. For hot and humid climates for example the
need to ventilate or to shade in certain wonths of
the year is recommended The bio-climatic chart is
a very basic design tool and will work fine for the
early design stages.

-The Mahoney tables were developed by Carl Ma-
honey, John Martin Evans and Otto Ksnigsberger and
were published by the Uinted Nations as an analysis
tool for climate The outcome of the tables pro-
vide some basic recommendations to improve com-
fort conditions and can be used as a design-tool
for early stage decision taking in energy efficient
building practices. The Mahoney tables are basically
a spreadsheet where basic wmeteorological data,
ke wonthly tewperatures and relative huwmidity
(win. , wax. and mean), rainfall and wind speed, must
be filled in The data is then compared to the tar-
aet comfort condition Seasons with critical climate
conditions, were wmeasures for achieving comfort
are required, get highlighted As a apalysis result
schewatic design recommendations are given, for
example for a hot and humid climate as follows:
,Orientation north and south (long axis east-west to
reduce sun exposure), open spacing {for breeze
penetration, permanent provision for air wmovement,

4y



large openings 40%-80% in north south walls at body
height on windward side, exclude direct sunlight,
provide protection from rain, light walls with [ow
thermal capacity, light well insulated roofs, ade-
quate rainwater drainage”.

-The climographs developed by Daruch Givoni and
Milne ewmphasize the concept of hygro-thermal
comfort Dased on a psychrometric chart, which
araphically correlates tewperature and relative
huamidity, a comfort zone is traced on the chart,
derived {rom the wonthly weather data. (fia 20)
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The comfort zone is a range of tewperature and
relative huwidity values wherein statistical the wma-
jority of individuals will feel comfortable. This zone
can be augmented by applying passive strategies,
wmeaning that tougher climate conditions can be
supported. The interpretation of passive strategies
into practical design decisions can then be per-
formed. The general recommendations are given in
a range from cross ventilation, thermal inertia, se-
lective ventilation, evaporative cooling and humidifi-
cation to passive solar systewms. The sophistication
of the chart lies in the values which are specified
for the effectiveness of each passive strategy.
The effectiveness largely depends upon the spe-
cific climate conditions. It is thus absolutely neces-
sary to provide accurate wmeteorological data

3. & Summary

Designing energy efficient structures which reguire
a winmum of energy input while providing a maximum
comfort for its occupants has become a necessity
in times of climate change and the general scarci-
ty of resources Hygro-thermal comfort wmodels are
powerful tools to understand the relation between
climate and human well being Furthermore, they
provide essential information for plamwing and de-
signng and how to use natural forces in favor of
well acclimatized architectural spaces.

At present there are a wide range of wodels,
varying in complexity, with wultiple software tools
available for calculation Some of them are web
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based and available as {reeware such as the ,(li-
mate Consultant” developed by the University of
Califorvia or the ,Comfort Calculator” by Marsh and
Raines, which meets the ISO7730-1993 standard It
wmust be kept in wmind that the results are only as
good as the input data Meteorological data is a
wust-have reguirement for correct analysis when
using these kinds of tools It should also be consid-
ered that not all occupants can be satisfied, nei-
ther can all climatic conditions be addressed by
passive strategies. While applying passive strate-
gies, the focus should always be put on average
conditions. Peak situations or extreme weather
phenomena are to be addressed by either conen-
tional wmechanical conditioning or ultimately left to
the adaptive capacity of the human being itself.
The importance is to wmeet general comfort re-
quirements wost of the time, and not always at any
cost. This approach by Koch-Nielsen [2007] is an al-
ternative to the conwentional wmodern understanding
of complete independence {rom nature which should
be carefully considered in the advent of climate
change.
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4 Mewmbrane structures
in the tropics

The use of tensioned wmewbrane structures, as a
building technology, in the tropical regions is a rela-
tively recent development which can ook back on
an increasing use in architectural designs over the
last 25 years Tensile wmembrane structures have
several advantages, compared to other building
technigues which wmake them very suitable to ad-
dress the special conditions of tropical climate. In-
tense solar radiation and precipitation combined with
high levels of humidity can be addressed by sewi-
open lightweight roofs which provide wany opportuni-
ties for the enhancement of shading, cover from
rainfall and natural ventilation just by wmeans of an
informed design of the structure. On the waterial
side the resistance to wicroorganism growth, bio-
deterioration, W rays and aging as well as not be-
ing susceptible to corrosion, wmake wewbranes an
ideal building waterial which should be evaluated
for the use in extreme atwospheric conditions like
those of the tropics.

However, the opportuiities go along with difficulties.
The relatively young building industry, with [ittle
building experience, a lack of education on a tech-
nical level, and the availability of suitable waterials
as well as the compromising econowic situation in
the developing tropical countries have to be over-
come. This would allow for a broader use of wem-
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brane structures and wmake it possible to develop,
by experimentation and technological exchange,
feasible approaches and wodels for a culture of
adapted and efficient design regarding tropical cli-
mate,

4 1 History

Although, the history of tensioned wmewbrane struc-
tures in the tropics is very recent, the use of
light wmaterials and textile building elements has a
long tradition in tropical regions. The availability of
resources in nature, the need for wobility dewmand-
ed by nowmadic life, and the conditions of climate,
which require protection from heavy rain and in-
tense solar radiation have et to a development of
textile architecture. This development has started
over a f{ew thousand years ago with the use of
proto-textiles of vegetable [ibers for the shel-
ters of indigenous cultures

A very outstanding example of an indigenous building
type which wmakes use of lightweight building tech-
niques and materials is the conical house of the in-
digenous tribes of Costa Rica The DBribri culture,
located in the Talamanca region in southern Costa
Rica developed a coswmological building approach, in
which the unverse is represented by the shelter
itself. The conical house is build by a series of
wooden bars and posts which are arrayed around a
center wmast which is rewmoved after construction
The posts are tied together with flexible lianas
and then covered by overlapping leafs of a special
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palm leaf. This proto-textile roof is extrewmely
watertight, whilst being sufficiently permeable for
natural vepntilation The tall building height and the
resulting large air volume in the interior is also
beneficial for therwal stratification effects,
where the hot air rises while the livable space
keeps cooler tewperatures The efficiency and
lightness of this conical structure and its response
to tropical climate is remarkable. (fig 21)

Hernandez (2006) points out that in the history of
fabric architecture nomadic cultures in different
parts of the world have wade use of natural
fibers or animal skins to built wobile shelters and
incorporated passive epironmental control systewms.

Fig. 21 Covical house, Talamanca, Costa Rica
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Andean and wmeso-american cultures, for example,
developed f{abrics which were woven and braided
using natural fibers of different species of plants.
Modular wmats were produced which were then used
to cover the walls, roofs and {loors of the houses.
The wats and other woven textiles were also
commonly used in public spaces to cover warket
plazas and provide shading In many countries around
the world, a ot of them withih the tropical belt,
similar developments of proto-fabrics and their ap-
plication in architecture can be observed. In ancient
cultures in the tropical regions of Africa and Asia
and in wmany other countries these traditional woven
wmats and textiles are still in use today. (fia 22)

Fig 22 Woven wmats {rom natural {ibers
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Today, these proto-textiles can be found wostly in
the traditional or so called vernacular architecture
where natural lightweight structures built with ma-
terials such as bamboo and wood, are covered with
these wodular textile elements These building
techniques have widely been used in the tropical
regions with a history of several hundred if not
thousand years of development and constant adap-
tation to the conditions of the natural epnironment.
The traditional wooden houses of Cambodia are a
aood example for this kind of use of natural light-
weight structures and proto-textiles in tropical ar-
chitecture. (fig 23)
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Fig 23 Traditional cambodian wood house
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Colovization also had an impact on the further de-
velopment of lightweight buildings and adaptation to
climate. Rapidly the iwading forces noticed that
their way of building was of no use in the tropical
regions and adapted their building types, even
though formally still of european style, to the [o-
cal climate conditions. The large wilitary campaigns
which were part of the conquering strategies also
used in their wissions tarps and tent (ke structures
of textile wmaterials, which had been proven already
through wmany wars to be very effective, light and
wobile structures The same tents and tarps were
used by several scientific expeditions, such as the
dutch Papua New Guinea Expedition in 1903 (ed by
Arthar Wichmann They explored the geographic
landscape, availability of resources, possible trading
routes and established relations with authorities of
the native population While traveling wostly on
horseback or on swall boats the use of canwas
tents made it possible for the expedition groups to
travel light with a winimun of package volume. At
the same time it allowed them to be very {lexible
about setting up camp. This provided a kind of self-
sufficiency and independence from natural re-
source while traveling through hostile enironments,

(fia 24)

Around the wid of last century, after having
learned wmany lessons in terms of building and living
in the tropics, wmainly through experiences in the
colonial times and the world wars, another archi-
tectural approach arose, addressing with the theo-
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Fig 24 Cawas tarps and tents of the dutch Papua New
Guinea Expedition

ry of bioclimatic architecture issues beyond the
classical building design concerns of econowy, utility,
duratility, and comfort. Now concerns about the ef-
ficiency of the use of resources throughout the
building life-cycle became an important issue, as
well as the occupants' health and the reduction of
waste and wmaterial during the building processes.
Mahoney, Koepigsberger, Evans and Olgay were
some of the wost renown initiators of this building
theory that has since been put worldwide into
practice by wany architects, engineers and plan-
ners. An early wmodern response to building in the
tropics was in this sense the Dungalow which fur-
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ther developed and evolved according to regional
conditions. Being pushed by the epergy crisis of the
last century and during the 21 century, through
the awakening consciousness of climate change and
ecological responsibility and escalating prices for
wmaterials and energy, due to scarcity of re-
sources, the concept of bioclimatic architecture
has proven to be an important tool to address con-
flicts between human necessity for housing and the
natural epiropment.

Mewbrape structures have proven to be in wmany
cases part of the solution in projects with a biocli-
wmatic approach as they offer wany possibilities in
terms of waterial reduction and climatic adaptabili-
ty. These overlap in wmany cases with the goals of
bioclimatic architecture as Nicolas Goldswmith (2008)
states;

"I lightweight stractures wany of the same princi-
ples that apply to conwentional buildings also apply
to this building technology”

Contemporary examples of this kind of wewmbrane
structures which are not bioclimatical in a strict
sense, but offer several features of adaptation
to the tropical climate, are presented in the fol-
lowing three case studies.

4 2 Case studies

-Holcim headguarters, Alajuela, Costa Rica;
The Holcim headquaters office building is located in
San Rafael de Alajuela very close to San José
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the capital of Costa Rica, at a |atitude of aproxi-
wmately 101° in the northern hewisphere The building
was designed by the Costarican architect DBruno
Stagno in 2003 The project showcases different
features of bioclimatic design and incorporates
several wewbrane structures on the roof and the
facade. A PVC coated Polyester wmewmbrane covers
a total area of 995 wm2 It was engineered and
wmanufactured by FTL and Eurotoldos SA In 2004
The wain roof of the building complex is covered
by a conic wmewbrane structure with several high
and low edge points, while two separate buildings
are equipped with longitudinal wmewbrane strips of
paraboloid geometries which span between an array
of wasts in front of the facade and serve wainly
as shading devices

Fig 25 Holcim headquarters, Alajuela, Costa Rica



According to the architect, the textile lightweight
elements were incorporated to regulate the solar
radiation and to (ower in consequence the heat
aain in order to operate the building without the
use of wmechanical air conditioning (fig 25)

-Velodrome, Abuja, Nigeria:

In 2003 a large sports complex was built in Abuja,
Nigeria (latitude 93° northern hemisphere, within the
same climate zone as Lagos) for the African
Games. Part of the development was a Velodrome
which was covered by a large wmewbrane dome of
approximately 10650 w2 The wain purpose was to
shelter the velodrome and the circumferential
stands from sun and rain The structure, designed
and built by a team of several companies (form TL
ingenieure  fir tragwerk und [eichtbau  gmbh,
Pfeifer Seil und Hebetechnk GmbH, Canobbio SpA,
Montageservice SL GmbH), consists of a cable rein-
forced pre-tepnsioned PTFE coated glass-fiber
membrane, which is anchored with 16 columns at the
low edges and with a upper cable net systewm,
which is tied back over & mast of 50 wmeter height
at the high points, resulting in a sewmi open space
without internal supports. The internal stratification
and heat built up is resolved by air outlets at ev-
ery high-point of the pentagonal and hexagonal
conoidal wmodules, allowing the rising warm air to es-
cape. The open plan and the absence of lateral
enclosures allows for cross ventilation which {ur-
ther evhances better comfort conditions, while the
roof provides shade and reflects a large part of
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Fig 26 Velodrome, Abuja, Nigeria

the solar radiation due to the highly reflective
PTFE coating This results in lower solar heat

aains. (fig 26)

-DYy Patil International Cricket Stadium, Mumbai, India;
With a capacity of 55000 seats one of the largest
cricket stadiums in the world, was inaugurated in
2008 in India. The stadium is located in Mumbai at
latitude 186° in the northern hewisphere. The cir-
cular stadium is covered by a large cantilevered
mewmbrane roof of 9300 wm2 The wmewmbrane spans
between arrayed cantilevered steel arches which
aive form to paraboloidal wmewmbrane geometries.
The sewi-open roof structure was designed by
Hafeez Contractor and wanufactured by Eco De-
signs Pvt with the wain purpose of providing sun
protection for the spectators This has been

58



Fig 27 DY Patil International Cricket Stadium, Mumbai, India

achieved by spaming the PVC coated Polyester
mewmbrane all around the grandstand Dy design opti-
wization of the geowmetry it avoids any wnatural
shadows on the playground The design of the roof
took also into account the dynamic wind flow behav-
ior in order to allow for natural ventilation whilst
avoiding an up lift situation. (fia 27)

4 3 Technmology and climate

When approaching the topic of adaptation of tech-
nology to climate from a general perspective, con-
ceiving at the same time the need for action re-
aarding climate change and the limitation of natural
resources, it becomes obvious that the adaptation
of buildings to climate is the principal objective in
order to create architectural spaces which
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achieve the highest levels of therwal comfort for
the users with a winimum input of resources (Flor,
20M),

JSeatures (ke topography, local climate, sun and
site orientation and wind should all have a signifi-
cant role in the form findng of a tensie struc-
ture” (Elseragy, 2003)

Furthermore E[Nokaly proposes the idea that:

Jabric structures can be merely used as a filter
for creating an intermedate clivate or meso-cli-
mate, which acts between the external clivate
and the ewirommentally controlled interior of the
bulding to wmoderate and regulate thew, rather
than shutting it out completely” (ElNokaly, 2003)

and that,

Jthe fabric’s form and topolog y can play an effec-
tive role in the ventilation and natural cooling of
spaces in their immedate vicinty” (ElNokaly, 2003)

This potentially beneficial performance of wewm-
brane structures with regard to their climatic re-
sponse is also a result of their physical properties.
Besides the high capacity for reflection of radia-
tion and the low ewission of some of the wost ad-
vanced waterials the rather low thermal wmass can
become a bepefit in tropical climates As a conse-
quence of their low wmass, they react very {ast on
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changes in the ewironment around thew, heating
rapidly during periods of bright direct sunshine, but
cooling down very quickly, as soon as it becomes
cloudy. This effect can even become a cooling
strategy f{or hot tropical rights when the wewm-
brane can actually become cooler as the ambient
air tewperature when radiating against the cool
night sky.

In this sense, tensioned wewmbrane structures be-
come the ideal response to tropical climates cre-
ating large open spaces, which are sel{-ventilating,
reflecting wost of the solar radiation, providing ef-
fective shade and protecting from heavy rainfall
with wide overhangs lke a large wumbrella (fig 28).

Fig. 28 Mewmbrane structures in tropical climate
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On the other hand the wost obvious difficulty with
climate adaptive design of wmewbrane structures is
that their geometry is to a certain extent stable,
and is not wodifiable. It's topology doesn't normally
change wuch, except to loads {from wind and pre-
cipitation, or when they are especially designed for
aeometric transformation like retractable and fold-
able structures. This creates a certain design
problem, because the climate conditions are dynam-
ic and this means that for the structure an ideal
solution with as little trade-of{s has to be found in
order to respond with the best performance on a
average level to the cyclic climate conditions. In
this sense analysis of weather data and local site
conditions become the wost effective and impor-
tant tool for a successful climatic adaptation of
the the design itself.

Wang (2015) together with other authors states
that tensioned membrane structures have been ap-
plied with success in the tropics even though they
still present some defects specific to the tropical
regions. He points out that the wmost commmon de-
fects, according to a study in Malaysia, like deteri-
oration of roof coatings, fungal decay, wold growth
and dirt accumulation, as well as corrosion on {fixings
and anchor cables are closely related to the
tropical weather conditions where UV radiation and
precipitation are highlighted as the climatic ele-
ments which have the greatest influence on the
deterioration of wmewbrane structures in the trop-
ics. What is true in the tropical regions of Asia can
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be said also about tropical Awerica where, like
Hernandez (in JFabric Structures in Architecture” |
2015) states, the development of wmewmbrane struc-
tures is still suffering from wistakes in design and
wmanufacturing, as well as of rapid deterioration of
mewmbrapne covers due to a lack of availability of
appropriate wmaterials or an inappropriate waterial
selection, which has et to a reputation of an un-
reliable technology in the public opinion Consequent-
ly this led to a wmore conservative approach in the
building industry when it comes to the choice of
building system for new constructions.

It has to be remarked that these disadvantages, or
difficulties, of the use of wmewbrane structures in
the tropics are related wostly to the fact that
this technology is still considered as a developing
technology in these regions, where industry keeps
on struggling with establishing standardized building
practices. A high quality standard for wmewmbrane
structures is often compromised by the lack of
technical knowledge, the availability of tools and
materials which meet the state of the art tech-
nology, and in general the tight economic situation
of these developing countries. This situation not
always allows to apply the best available solution.
lt wust also be said that the wost encountered
difficulties are related to wmaterial behavior, wmanu-
facturing quality and structural engineering, and not
so wuch in regards to the potential climatic per-
formance of wewbrane structure. But this could
also be due to the fact that climatic performance
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is wostly not taken into account in the design
and/or not documented It is desirable in this sense
to aim future investigations at conducting, real tine
measurements of climatic indicators on wembrane
structures in on site, in order to obtain reliable
date on the climatic performance of wmembrane
structures in the tropics.

4 4 Outlook

It can be said that right now the development of
mewmbrane structures in the tropical regions s
flourishing. During the last 25 years wewmbrane
structures have undergone a development in the
tropics as never before, a ot of structures have
been built since 1990 to the present day with an in-
creasing level of quality and originality. Many young
companies have been established with a high de-
aree of professionalism and an interdisciplinary ap-
proach awmong engineers and architects The world-
wide tendency of globalization has given access to
the warkets of the industrialized world, and in-
creased the availability of high quality waterials
Furtherwmore, on a professional level the interna-
tionalization has let to the foundation of organiza-
tions which are starting of to establish their own,
networks. International conferences are now wore
frequently organized and facilitate the exchange
of information between professionals. Universities
have started to incorporate workshops and courses
on wmewmbrane structures which create the knowl-
edge basis in students and young professionals for
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a further popularization of wewmbrane structures
which can be observed to evolve slowly in the built
industry. The wmarket for mewbrane structures is in
this respect developing positively and has still
areat opportunities of growth

However, there is still much work to be done and
the success of further development of wewmbrane
structures in the tropics will not only depend on
the establishment of standards of reliability, safety
and durability. Neither will only their beautiful forms
and lightweight appearance or better and cheaper
wmaterials ead to a wore popular use, but the ca-
pacity of efficiently addressing unsolved design
problems and, ultimately, improving the conditions for
their users while preserving natural resources.
Therefore education at wiversities, training of
technical persomel, standardization of building tech-
niques, prowotional activities, exchange of knowl-
edge between professionals within and outside the
tropical regions is needed On the technical side
there is also wmuch room for innovation, as the tech-
nology has not yet been fully explored in terms of
optimization and adaptation to the tropical epviron-
wment. More durable waterials with better charac-
teristics concerning ewironmental behavior (fungus,
translucency, reflection, heat transwission) must be
developed Ultimately, membrane structures should
overcome the status/reputation of an exclusive,
expensive building solution which relies on high-tech
wmaterials, and instead become an every day solution
for sewi-open spaces in tropical regjons.
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5. Design Strategies - SUN

Solar radiation is one of the climatic elements that
have the greatest influence on the thermal com-
fort of human beings. Many studies, as those of
Bouyaret (2007, cited in Goshayesh, 2013), have
shown that diminishing the amount of direct sun light
in hamid climate can impressively improve the the
comfort |evel of indviduals in sewi outdoor spaces
Researchers like Ghaddar and Hoyano (201, 2010
respectively, cited in Goshayeshi, 2013) have found
out in site wmeasurements that the air tempera-
ture under wmewmbrane structures could be 2-4C
lower than awmbient temperature on a suwwny day
with low wind ventilation situation. These Iwestiga-
tions justify the high potential of effective shade
design in order to increase thermal comfort
Therefore in this chapter various strategies will
be presented to reduce the solar radation in sewi
open spaces covered by wmewbrane structures. As
a f{irst step towards a solar design concept the
orientation of wewbrane structure geometries in
relation to the daily and amual sun path will be an-
alyzed and compared, as well as shading techniques
in relation to the geometry of the wewbrane Fur-
thermore the wechanisms of heat and light trans-
wmittance will be addressed and set in relation to
the choice of wmaterials to wmeet tropical climate
requirements. Advantages and disadvantages of
shapes and anti-clastic topology will be introduced,
as well as therwmodynamic effects that are relat-
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ed to the behavior of classical anti-clastic shapes.
Finally several design tools for an effective solar
shading design of wewmbrane structures will be pre-
sented

5. 1 Orientation

The correct orientation of a building, or in this
case a wmewbrane structure, towards the sun is a
first step towards a design that responds effi-
ciently to the solar radiation in order to control
lightning and heat gains. Creating with a structure
a wmaximum of shaded area during an extended pe-
riod of the day and throughout the year is essen-
tial to achieve comfortable spaces in the the
tropics. The orientation and proportion of a shading
structure are the wost effective, and wost easily
adjustable parameters in an early design stage
The solar sun-path is a key concept to successful-
ly control these parameters

Seen {from the earth surface the sun performs a
daily wmovement on an imaginary arc on the sky, ris-
ing in the worning hours in the east and, reaching a
vertical position, called zenith, on wid day and falls
in the evening hours behind the western horizon
The inclination of the trajectory towards north and
south depends on the latitude and changes through-
out the year according to relative inclination of
the earth's axis towards the sun. The position of
the sun at the sky can be described by a horizon-
tal angle, called azimuth, and an angle in vertical
plane, called altitude or solar height. (fig 29)
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Fia 29 Solar sun-path

The proportion of the wewmbrane structure should
be in accordance with the solar sun path The sur-
face of the structure should ideally be oriented
perpendicular to the sun position As the sun woves,
an geometry has to be found which offers wost of
the time wmaximum protection {rom sun rays, whilst
providing a waximum shading area and offering a
favorable ratio of surface to volume This design
principle is recommended by Paul Gut (1993) who
explains in his book  Climate Responsive DBuilding -
Appropriate  Duilding Construction in Tropical and
Subtropical Regions” that  the heat exchange be-
tween the bulding and the eniromment depends
greatly on the exposed surfaces”

Having this in wind it becomes obvious to prefer de-
signs of shading structures which have an elongated
aeometry on an east-west axis where the surface
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towards the low points blocks the almost horizontal
sun rays of sun rise and dawn whilst  providing a
acceptable ratio of volume per exposed area to
solar heat gain (Fig 30)

5. 2 Effective shading

The effectiveness of a shading structure depends
largely on the correct orientation and the geome-
try. The ewplacement of the structure within its
surrounding ewironment is as important as correctly
interpreting the solar geometry of the [atitude
and the design of extensions and overhangs of the
structure, in regards to the desired shading area
and time. A key factor is to understand the anmual
sun-path and the characteristic sun angles on the
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solstice and equinox which are the wost important
dates to apalyze when it comes to shade design
(Fia 31)

The incidence angles vary according to the (ati-
tude where the structure is located The summer
or winter solstice (depended on whether the
northern or southern hewisphere) on the 21% of
June wmarks the wost southward oriented position of
the sun during the year, and the 21* of Decewber
the wost northward oriented position The corre-
sponding angles for the solar heights are corre-
spondingly the lowest and therefore the wost criti-
cal ones. The equinox at the 21*% March and Sep-
tember represents the wid point path between
north- and southward orientation of the sun, reach-
ing at the equator a zenth position at widday while
having equal hours of day and right In figure 32 it
can be observed how daily and amual solar sun-
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paths can be schewatically visualized according to
a proposed design of a mewmbrane structure with a
typical anti-clastic geometry. However, the analysis
has only been performed in a simplified scheme of
plan, elevation and section, but it also should be
conducted in three dimensions in order fully visual-
ize the shade which the wewmbrane surface
projects on the ground and on itself. A good tool is
a stereo-graphic solar wmodel that enables the de-
signer to project the shades at a selected [ati-
tude at a specific date and hour. Sun angles can
be read out in numerical values, and shade projec-
tions can be overlapped to create shade wmasks for
specific time frames. The analysis can then be
plotted out in two dimensional solar charts for the
critical dates. (Fig 33 and 34)

Dayly sunpath ST 1200 am

o« { -—

4 \¢ ¥

SOUTH Apnaal sunpath NORTH

Fig 32 Daily and anual sun-path shade effects
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As important as considering the shade projected by
the structure and the shade projecting on itself is
the shade which wmight be created by elements in
the surrounding enwironment. Understanding the ex-
ternal shading can in some cases help when shading
is difficult to achieve by the design of the struc-
ture. Careful analysis of the site can lead to dis-
covering that a building or a large tree is already
providing the shade which is required by the design
brief. In order to carry out such an analysis a site
survey is needed All relevant elements of the
built ewironment in the immediate vicinity of the
building site should be schewmatically wodeled in 3D,
and can then be projected and plotted on to a
stereo-graphic solar chart for {further analysis.
(Fig 35 and 36)

— — — —

Sun path e~ ~

Fig 35 Shadow projection of surrounding elements
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surrounding shade elements

Through careful analysis of the solar geometry
and the projection of shade it can be found that
the plan of the structure does not coincide with
the projected shade. The shaded area on the
around, which can be called a comfort area, is al-
ways shifted according to the sun position This fact
camot be peglected and should be addressed by
optimizing the design itself. Figure 37 shows a se-
ries of schewmatic diagrams for the relation of pro-
portions between the overhang width of the wmewm-
brane roof and the height of the edge borders. It
becomes evident that (ower and deeper overhangs
provide a larger shading area in regions close to
the equator. (Fig 37)

74



Overhang
Proportion
3:4

————

Overhang
Proportion
24

Overhang

Proportion

1 4
—~—

Fig 37 Relation between roof proportions and shade
projection
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When being confronted with design tasks like cover-
ings for large areas or facades, the repetition of
wodules with a rather siwmple geometry are in
some cases a solution which can provide an archi-
tecturally interesting, but cost-effective solution
whilst solving the issues of shading The f{ollowing
three examples show that by repetition and super-
position of single wodules a three-dimensional
screen can be created in which the concept of
self{-shading is inherent. As each wodule projects
shades onto the next, and vice-versa, the overall
shaded area is incremented and therefore the so-
lar heat gain is reduced This has direct impact on
the thermal comfort of persons behind or below
the superstructure. Siwilar solutions can be found in
the traditional Mediterranean an Arabic architec-
ture. (Fig 38, 39, 40)

Fig 38 Repeated hyperbolic, self-shading, seometry
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Fig 40 Repeated arc, self-shading, geometry
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5. 3 Heat and light transmittance

The building envelope is classically understood as a
wodifier or filter of the outside climate conditions.
Insulation of the inside space from outside heat or
cold are some of its primer functions, such as pro-
viding good lighting and ventilation conditions. Modern
membrane wmaterials open up a lot of opportuiities
to address these issues, but their behavior differs
drastically from traditional building wmaterials. Due to
the very low wmass of fabric mewmbranes their ther-
wal resistance is very low. The thermal behavior of
mewbrane wmaterials derives almost completely
from conwective heat transfer wechanisms on their
surface and their optical absorbency. This is, ac-
cording to ElNokaly, the reason why solar transwis-
sion, solar reflectance/ absorbency, ewissivity and
the surface wind velocity all play important roles in
the heat transfer and its calculation. (ElNokaly,
2003, cited from Harvie and Wu), (fig 41)

AN
=

Long Wave
Radiation

fig #H Heat transwission mechansms on membrane wmaterials
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Most of the wmewmbrane wmaterials used in tensioned
mewbrane structures are to a certain degree
translucent and provide good lighting conditions on
the inside. A typical graph of the spectrical re-
flectance, absorbtance and trapswission behaviour
of a PVC coated Polyester fabric can be observed
in fig 42 It becomes clear that wmost of the radia-
tion in the visble range gets reflected while only
a swmall percentage gets absorbed and trapswitted,
This is different to the shortwave range of the
spectrum, where a greater percentage gets ab-
sorbed and consequently re-radiated as long wave
radiation to the sky, and also to the usable space
below. For the use of wmewmbranes in the tropics
white wmaterials with highly reflective coatings on
the outside and low ewissivity coatings on the inside
should be preferred, as well as the use of totally
opaque waterials.
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Fig 42 Spectral reflectance, transwittance and absorbency
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The overall therwal performance of a wewbrane
is difficult to describe and even wore difficult to
predict. Several attempts have been wmade to cre-
ate reliable simulation wmodels (Harvie, Devuldner)
Most of these wodels relate to spaces enclosed
by mewbrane structures but in fact in the tropics
it can be assumed that wost of the time spaces
covered by wmewmbrapne structures are sewi-open
spaces, where these wodels apply only partially. In
sewi open spaces the actual outside climate plays
an important role, as these conditions can be con-
sidered intially the same as the inside conditions. In
this context Effects of natural ventilation, convec-
tion and indirect radiation and glare play an impor-
tant role on the heat exchange behavior of the
wmewmbrane structures in tropical climates (fig 43)

Solar radiation

Heat exchange wechanisms
(direct + diffuse)

Stack effect

NG
Evaporation

Re\qecﬂw\

1
1
I
1
I
{
1
1

i\
i
!
A Convection 5/ .
) ¥ L
A \ J : Radiation

S

il
r'J

T e e 1./ 2

A==

Cowective Ventilation

— LT

Conduction

Fig 43 Heat exchange wmechanisms on sewi-open mewmbrane



Figure 44 shows a typical example of the behavior
of sewmi open mewbrane structures in the tropics. It
can be clearly seen that the inside tewperature
of the covered space closely {ollows the outside
temperature, being a little bit higher at night time
due to the absence of solar radation. During day-
tine when the solar radiation peaks, the thermal
effects of radiation are witigated by the wem-
brane cover and inside tewmperatures are between
two and three degrees Celsius lower than outside.
This behavior clearly shows an increase of internal
thermal comfort, which can be attributed to the
climatic filtering/wodifying effect of the wmembrane
cover, that reflects a certain amount of the solar
radiation and provides shade on the inside, which in
turn lowers the long-wave heat radiation from be-
low the surfaces.
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5. 4 Therwmo-dynawic effects

Sewi open Mewmbrane structures in the tropics cov-
er big volumes of air/space with a thin layer of
wmaterial. Their large surface area is under the
effect of intense solar radiation while the space
below is open enough to be affected also by
aeneral climatic conditions ke the air tempera-
ture, wind and hawidity. This situation (eads to com-
plex thermo-dynawic effects on the in- and outside
of the wewbrane structure and has influence on
the thermal comfort conditions of the occupants.
One of the principal dynamic phenomena is the
thermal stratification, which basically describes the
rise of warm air up to the high points of wewmbrane
structures or the layering of warmer and cooler
air relative to the height of the covered space
The drect heat transfer to or from the fabric
roof contributes to the warming up of the air in
the immediate vicinty of the fabric wmewbrane and
the internal heat sources, as E[Nokaly states
(2003). This perwits to have wasses of air with a
lower tewperature at the height of the used
spaces at [loor |evel, providing wore thermal com-
fort. This phenomena has been wmeasured and de-
scribed extensively by Harvie and Devuldner and
can also be observed in wewbrane structures in
the tropics. (Fig 45)

But the therwmal dynamic effects here get addi-
tionally affected by copwective turbulence and
natural ventilation due to their sewi-open condition
Ventilation vents on the high points can help to dis-
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charge the warm air and create an additional ef-
fect, that is depominated  stack-effect” This ef-
fect is created by the difference of tewpera-
ture between the in- and outdoor air which in turn
creates a vertical pressure gradient resulting in
an air flow from positive to negative pressure ar-
eas. The warm air becomes buoyant, rises and es-
capes to the outside, creating a depression on the
inside that draws again air to the inside space be-
low the wewbrapne This causes a constant tewmper-
ature driven airflow (Forster, Mollaert, 2004).

The generated air flow can help to improve com-
fort conditions. Although the air flow at body height
has the same wmean tewperature as the air tem-
perature, the increase of air velocity crates a
positive effect on evaporative cooling, due to tran-
spiration on the human skin.
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Other thermodynamic effects between radiation
and copvection occur on the in- and outside of the
wmewmbrane surface. A special case is the use of
double (ayer wewbranes which can be ewmployed to
improve the thermal resistance of the covering An
additional layer is added and the solar heat gains
can be effectively reduced DBecause of the high
relative huwidity across wost of the tropical cli-
mates the use of insulating waterial is not recom-
mended, as it would trap wuch huwidity and create
favorable conditions for wold and fungus growth. In-
stead the resulting air gap between the imer and
outer wewbrane |ayer can be ventilated and
warm air effectively rewoved through high point
outlets. (Fig 46)

The spacing between the two layers should howev-
er be carefully engineered in order to achieve an
positive effect on the thermal comfort.

Air chamber

Layer 2 \ \)C

Fig 46 Ventilated double (ayer wembrane
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5. 5 Design and analysis tools

For an effective solar design with wmembrane
structure it is essential to conduct a proper apal-
ysis of the site and the climatic conditions. Meteo-
rological data should be accessible and information
on solar hours, mean radiant, and air temperatures
should be reviewed Also a solar chart of the cor-
rect latitude should be available, in order to ana-
lyze the solar path and the shading conditions of
the site. Furthermore a visit to the site with a
survey on shading elements and the wicro-climatic
conditions should be part of the analysis before ap-
proaching the design task. For the analysis of the
data several digital tools are available on the wmar-
ket, like Ecotect or other plug-in shading tools for
3D wodeling packages. Some {reeware online tools
are also available on various internet platforms:
http/ fwmwbdilditsolarcom/References/SunChartRShtm
However one of the best analogue analysis tools
for solar shading remains the Heliodon (Fig 47)

Fia 47 Heliodon
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6. Design Strategies - WIND

Wind is one of the wost powerful climatic elements
and has been exploited by humanity throughout his-
tory of civilization for wobilization and transport
over the seas It has also been a source of power
for wachinery using the windwills as the archetype
structure which converts wind into mechanical force.
In this sense the understanding of wind-patterns has
been essential for human development and survival,
and has regained importance in recent years in re-
lation to the search for repnewable energy sources
in advent of climate change.

Wind phenomena are closely comected to cultural
activities all over the planet and strongly affect
the well being of people, especially in the tropics
The anual wonsoon cycle is just one example, as
well as the trade winds, which define climate condi-
tions in the tropics and are an important factor on
the success of agricultural activity. But wind can
also become a threat, and natural disasters pro-
voked by tropical storms are becowing wore and
wore frequent and intense due to climate change.
Another effect of wind, which is of importance for
this study, is its positive influence on thermal com-
fort in hot and huwid climates Natural ventilation is
one of the wost ancient cooling strategies used in
architecture, while at the same time being consid-
ered one of the simplest passive strategies that
can be used in order to provide thermally comfort-
able conditions. (Elnokaly, 2003 and Albadra 2014)
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In this sense, understanding the wind and its {luid
dynamics can become an effective design tool
when plamiing habitable spaces in the tropics Espe-
cially wewbrane structures offer, due to their
light and flexible nature, a (ot of opportuiities to
improve natural ventilation by pure means of geom-
etry optimization and become a kind of climate
wodifier. Understanding the airflow rate and pat-
tern around the wewmwbrane structures is therefore
of vital importance in order to asses appropriate
comfort levels during the design process (Elnokaly,
2014)

In this chapter the wain effects of wind on a glob-
al and local scale will be introduced and a series
of design strategies will be presented which use
wind as a natural resource for natural ventilation in
order to improve thermal comfort conditions
Furtherwore, a series of apalysis tools will be pre-
sented which can help to inform and asses the de-
sSign process of wmewbrane structure with regards
to wind and air-flow dynamics.

6. 1 Wind effects

Wind can be defined as the wmovewment of atwo-
spheric gases which is caused by the differences in
atwospheric pressure, originated by the varying ex-
posure of the earth globe to solar radiation The
dynamics of wind on a global scale are as well
strongly influenced by the rotation of the earth
and the [riction with the earth's surface The wind
speed is determined by the gradient of differ-

&7



ences of air pressure. The steeper the gradient
between high and low pressure zones, the faster
the air {lows {rom one to another. On the other
hand the wind direction is subject to the relative
position of the pressure areas, but it is also influ-
enced by the Coriolis force and topography.
(Krautheim, Pasel and others, Derlin, 2014)

The tropical regions are dominated by the circula-
tion of the Hadley cells These are characterized
by ascending air wmasses around the eguator and
descending branches on their pole-ward sides of
the earth globe This circulation creates a con-
stant airflow on the northern and southern hewi-
spheres towards the equator, denominated the
trade winds. The intensity of these wovements is
largely controlled by the seasonal solar cycle and
creates the special atmospheric conditions of the
so called intertropical conwergence zone (ITC2)
(McGregor , 1998)

The tropical low pressure condition combined with
elevated water tewperature of the oceans and
and intense solar radation is likely to produce
tropical low pressure storm systewms, which are
aenerically called cyclones, hurricanes, in  the
american tropics; and typhoons in the asian regions.
Cyclones are a typical seasonal wind phenomena
which can develop destructive forces. They are
defined as warm-core, non-frontal, low pressure
systems which develop under their rotation high wind
speeds up to 250 kwm/h, which is an important factor
to take into account when designing wewmbrane
structures in the tropics. (fig 48)
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Fig 48 Mean pressure systewms and representative wind
vectors at the earth surface

The access and review of weteorological data is
therefore of special importance in order to under-
stand the wind behavior of the specific construction
site. A wind rose is a helpful tool to graphically
wmap the direction and speed of wind at a particu-
lar location. It allows the designer to trace spe-
cific wind conditions and provides data on the f{re-
quency and speed of wind, which is required to an-
ticipate exceptional wind situations or prevailing
wind flows, and take this information into account
for the design of the structure. (Krautheim, Pasel
and others, 2014), (fia 49)

On a wmeso-scale other wind effects also come to
play an important role and should be taken into ac-
count when visiting the site in the pre-design phase
of a project The land-ocean breeze is likely to

&9



Wind Speed
(w/s)

ﬂ 1550 (16%)

1

1080 (61%)

823 (27.6%)

514 (350%)

12% bl 309 (226%)
é 154 (00%)
Calm —>

000 (36%)

Sy

Fig 49 Wind rose

occur in all coastal areas of the tropics and is
originated by the thermal dynamics occurring be-
tween ocean and land During the day the [and
masses on the coastal shore heat up, the air pres-
sure drops and the warm air rises. The pressure
above the cooler water wass is relatively higher
and an airflow {rom seaside to the land is created,
which provides a cool breeze. During right time the
opposite occurs. After sun set the air tewpera-
ture on the |and-side drops and air pressure in-
creases while at the same time the relatively
warmer ocean creates a |[ow pressure area which
provokes a breeze with the iwerse flow direction,
from land-side to the sea-side. (fia 50)
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Fig 50 Land - ocean breeze

Avother similar phenomena which provokes local wind
effects is the wountain-valley breeze which is
originated by the thermal dynawics occurring be-
tween wountain and valleys, lke its name suggests
After sunrise the exposed wountain surfaces heat
up quickly creating a low pressure zone, while the
colder air wmasses are in the lower valleys at high
pressure zones. This creates an uprising air {low
from the valleys to the wountain peaks. During the
day the air wasses in the valleys also heat up
while at night the wountains, and the surrounding air
wmasses, rapidly cool down creating high pressure
zones. The air flow is now inverted, {lowing at night
from the wountain peaks to the valleys (fig 51)

Fig 51 Mountain - valley breeze
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On a wicro scale, local wind effects have to be
considered as well, because they are often over-
lapping or in counter-position to the general wind
conditions registered by wmeteorological weather
stations. Site visits in different seasons and time of
the day can provide a good overview on the intensi-
ty and direction of wind flows on the building site.
As wind is a dynamic force, different scenarios
must be copsidered Many aspects of the site can
have an influence on the wind flow like the topog-
raphy, roughness of the terrain, vegetation or the
existence of a [ake or river. These elements can
provoke an intensification, like the slopes of a val-
ley which create a {umel effect, or a total ab-
sence of wind and breeze, lke for example a
dense area of jungle next to the building site
which blocks the wind, creating a wind shadow. In-
crease of urbapization around the world is an issue,
so the urban wind effects should also be taken
into account when designing mewmbrane structures in
the tropics. Existing houses and buildings in the ur-
ban landscape can block wind flows, provoke turbu-
lences and create wind shadows, or accelerate
air speed in narrow streets, which act (ike chamels
creating the fumel effect which can cowert
breezes into heavy gusts Knowing the site condi-
tions prevents from having a lack, or an excess of
natural vepntilation The site can also provide valu-
able information about where to position the mem-
brane structure, and give hints to the correct ori-
entation and shape of the geometry. (fig 52, 53)
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Fig 52 Urban wind shadow

Fig 83 Fumel effect
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6. 2 Effective Ventilation

In the hot and humid tropical cimates ventilation is
one of the wost effective strategies to improve
the sensation of therwmal comfort (Goshayeshi, 2013).
Several studies have shown that particularly sewi-
open spaces, like wewbrane structures, have the
potential to wodify the wicro-climate in and around
their boundaries, by erhancing the wind speed and
thus improving the human comfort levels (Elnokaly,
2014). Increased air velocity allows to rewove ex-
cessive humidity from the built space and create
evaporative cooling effects on the skin of man and
structure.

The effectiveness of ventilation relies on the con-
trol of the air velocity and availability when climate
conditions are wost suffocating But the effective-
ness of ventilation should also be weasured in
terms of costs and energy consumption in compari-
son to its bepefits In this sense, natural ventilation,
without the use of any wechanical wmachinery, is
probably the best choice in order to create
healthy and comfortable ewironments with a sus-
tainable approach Passive design strategies there-
fore take into account the global and local wind
conditions as a primary resource for ventilation, and
ewision the building or structure as a climate wmodi-
fying apparatus which enhances satisfying comfort
conditions. Regarding the sewi-open wmewmbrane
structures, one of the wost influencing elements,
conceming the effectiveness of natural ventilation,
is the geometry of the structure itself (fia 54)
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Fig 54 Geometry and airflow

The structure as an object with a particular ge-
ometry wodifies the airflow pattern in and around
itself. Depending on the specific geometry and its
oriepntation towards the predowinant wind direction,
the structure wodifies the direction and speed of
the air {flow, which can have beneficial or counter-
productive results.

The possibility of flexible-freeform-geometric-op-
erations within the form-finding design process of
membrane structures allows to wodify the topology
of the surface in such a way, that aerodynamic
effects can be ephanced to increase the wind-
speed in and around the structure, and to improve
the effectiveness of natural ventilation (fig 55)
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Fig 85 Topology evhanced ventilation

The proportion and orientation of the structure
should be considered in a first step, as they are
commonly the first decisions to be wmade in a design
process. The shallowest section of the structure
should be orientated perpepdicular to the wind di-
rection, predominantly during the hottest season of
the year, in order to allow an dirflow under neath
the structure The geometry should be designed in
a way that even the swmallest breeze can be cap-
tured and directed towards the activity space ar-
eas. Open plan and no obstruction of the lateral
facades should be achieved, as well as the imple-
mentation of high-point openings which should be de-
signed to provide sufficient ventilation regardless
of wind direction (Forster and Mollaert, 2004)
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The stack effect and the pressure induced venti-
lation are common wmethods in vernacular architec-
ture for eprhancing natural ventilation These
wmethods can also be applied to wmewbrane struc-
tures. While pressure induced ventilation is depen-
dent on wind, the stack effect is caused by rising
warm air, creating a buoyancy action Dy having
openings located at high points in the structure,
the warm air can escape, creating an air flow
which will pull then wore air back in from the out-
side on lower levels This chimney effect by itself
canot create enough air flow to achieve a posi-
tive effect on thermal comfort Especially under
hot and humid climatic conditions, when the low tem-
perature differences between indoor and outdoor
temperature are not sufficient to create an ef-
ficient ventilation Even though the performance of
the stack effect in the tropics is far from ef-
fective, it should not be neglected and it is still of
wmuch benefit to (et the hot air accumulation, be-
neath the wewmbrane skin, escape through ventila-
tion openings. (Haw, 2012), (fia 56, 57)

Fig 56 Veutilation detail for arc structure
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Fig &7 Ventilation detail for a high point

The same strategy can be applied to double (ayer
membrane structures. The air space between
them can be vepntilated and the hot air be re-
woved {rom the gap through high-point vents, while
taking in cooler air at openings at (ower [evels
Even though this strategy has no effect on the
ventilation performance of the overall structure,
this way the thermal performance of the wem-
brapne roof can be improved (Forster and Mollaert,
2004)

The performance of the second ventilation method
is independent of low tewperature differences
Therefore, it has a higher potential to increase
the thermal comfort conditions in hot and huwid cli-
wmate. Pressure or Wind-induced natural ventilation
is based on pressure differences on and inside the
building skin, created by the wind The geometric
shape of the wewbrane skin has an influence on
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the airflow pattern around and through the struc-
ture. The part of the surface which is facing the
windward direction is compressed, creating positive
pressure. On the opposite, the surfaces on the
leeward side of the wind direction face a lower
pressure caused by higher air velocity. This pres-
sure, difference between the two opposite sides
of the wewbrane surface is the driving force of
the wind-induced natural ventilation (Haw, Selangor,
2012)

Additional to this general assumption that positive
pressure develops on the windward side of the
mewmbrane surface and negative pressure on the
leeward facing side, it wust be also taken into ac-
count that pressure drop,s and turbulence can also
occur on the (eeward side of singularities in the
membrane  geometry, lke for example parts of
the supporting structures like wast or arches
(Forster and Mollaert, 2004), (fia 58)

Fig 58 Ventilation by difference of pressure
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The wind driven airflow beneath and around the
wmewbrane structure is largely dependent on the
direction and speed of the wind The speed of the
airflow increases proportional to the wind speed
and to the difference of pressure between the
openings. While the wind speed is out of the de-
signer's control, it also offers great potential to
improve the pressure coefficient between air in-
lets and outlets in opposing pressure zones, which
wmakes it possible to effectively ventilate the
space bepeath the wmewbrane structure, even with
lower velocities of natural wind Greater wind ve-
locities are usually to be expected at high points,
therefore these elements should be exploited to
enhance suction and increase airflow through the
opevings. (Forster and Mollaert, 2004)

These effects can be studied during the design
process using scale wodels for wind tumel tests
where the overall ventilation performance of the
mewmbrane geometry and detail performance ,such
as ventilation openings, can be evaluated. (fia 59)
A wore time and cost effective analysis can be
achieved by digital simulations with the use of com-
puter fluid dynawics (CFD). A 3D wodel of the
wmewbrape surface geometry is placed into a virtu-
al wind tumel where the wodel can be tested un-
der different wind conditions, speed and directions,
as well as the influence of surrounding structures
and elements. Specific information about pressure
levels and air velocities can be plotted out at ev-
ery section or plan, what is of advantage. (fig €0)
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Fig 60 CFD analysis - air flow rate

101



The limitations of natural ventilation are clear. the
rate of ventilation wmay not be sufficient, due to
low or no wind, or very little tewmperature differ-
ence between inside and outside, but even though
natural ventilation is largely dependent on incontro-
lable climate conditions, it is still one of the wost
effective strategies to enhance positive thermal
comfort conditions. A strategy for wewbrane struc-
tures which has not yet been fully exploited when
it comes for example to the design of ventilated
facades in urban enironments. ({ia. 61)

Therefore the following chapters will address
some wmore common concepts of vernacular archi-
tecture and flud dynamics in order to trapslate
them into applicable passive design concepts for
wmewbrape structures,
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Fig 61 Ventilation strategy for facades
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6. 3 Cross ventilation

Cross ventilation is one of the wost well known
passive strategies for natural ventilation This con-
cept has been used widely in vernacular architec-
ture and has proven its effectiveness through the
history of architectural evolution The high huwidity
levels and warm temperatures of the tropics re-
quire waximum ventilation The lessons learned from
traditional architecture are that very open build-
ings with permeable facades and floor plans best
fulfill this requirement Free passage of air for
cross-ventilation through the interior is important
(Gut, St Gallen, 1993). Cross ventilation occurs when
air passes through the structure from one end to
the other. Therefore the long axis of the struc-
ture would be ideally oriented perpendicular to
the summer wind patterns, when cooling is wost
needed The windward side facade should be de-
signed with wore cover and swaller air-inlets than
the [(eeward side exhaust out-lets, in order to
take advantage of the Venturi effect (fia 62)

Prevailling wind direction

Fia. 62 Cross ventilation — orientation and proportion
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cross ventilation

Fig 63 Cross ventilation and vegetation

Even greater advantage can be taken of cross-
ventilation as a cooling strategy to improve thermal
comfort, when the  breeze which is directed
through the structure has previously passed
through areas covered with vegetation The wmean
temperature around trees and vegetation has
proven to be always several degrees cooler than
its surroundings. When such pre-cooled air is {lowing
through the wmewmbrane structure, the warmer air
accumulated bepeath there can be removed and
chilled by the cooler air provided by cross ventila-
tion A careful site analysis can provide information
about the feasibility of such a strategy. (fia 63)

6. 4 Ventari effect
The Venturi effect is also a longtime known physi-
cal phenomenon from the studies of the flow of
fluids, and can be used as a design principle for
natural ventilation and passive cooling Positive and
negative air pressure zones can be created by
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aeometric design in such a way that the air {low,
which passes through a mewbrane structure, can be
increased in velocity, enhancing a cooling effect
and have been studied extensively by Haw and Se-
langor (2012). The physical principle behind this con-
cept is described in fluid dynamics as follows:

,a fluids velocity wust increase as it passes
through a constriction in accord with the principle
of continuity, while its static pressure wmust de-
crease in accord with the principle of conservation
of mechapical energy” (Wikipedia, 2015) (fia 64)

Fia 64 Venturi effect —theoretic principle

Translating this theoretical concept to wmembrane
structures, it can be noted that the parameters
affecting the air {low velocity are related to the
initial wind flow speed and pressure; and the sec-
tion area of the inlet and outlet area The wost
fitted anticlastic shape to exploit this ventilation
strategy wost effectively is a conoidal geometry
where the proportions of high-point openings can be
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Fig 65 Venturi effect on mewbrane structures

designed in such a way that the speed of the air
flow within the structure increases. (fig 65)
According to the laws of fluid dynawics the volu-
wmetric air {low rate within the cone can be calcu-
lated with the following formula (fia 66)

Fig 66 Venturi effect — formula. volumetric air {low rate

Conoidal geometries are only one possible solution
to create a Venturi effect withihn wmembrane
structures. Other anticlastic geometries should be
explored in further studies and their effectiveness
for ventilation purposes should be tested,
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6. 5 Design and analysis tools

In order to design a wewbrane structure which is
properly ventilated and enhances positive thermal
comfort conditions, a proper analysis of both, the
wind flow patterns on a global and local scale,
and the behavior of the wewmbrane structure ge-
ometry in regards to the fluid dynawmics, is required
The wost effective tool to understand seasonal
wind flow patterns is a reliable set of wmeteoro-
logical data for the site, as well as the analysis
of local wind patterns which should be checked with
a handhold anemometer on several site visits at
different times of the year, and the day, in order
to get a reference on the actual wind speed on
site. Sometimes local people are also a good
source of information to find out about typical, and
special wind conditions of the wicro-climate on site

(fia 67)

Fig 67 Anewometer
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For the analysis of the wewbranes's geometry
aerodynamic behavior, it is of areat advantage to
conduct wind tumnel tests A wind tumel commonly is
used in aerodynamic research to study the ef-
fects of air woving around solid objects. A wind
tumel generally consists of a tubular passage
where the wodel to be tested is placed in the
widdle. Powerful fan systewms provide a undirection-
al air {flow with controllable speed The testing
wmodel can be equipped with sensors in order to
wmeasure aerodynamic forces, lke pressure distribu-
tion, or the air {low speed at different points. De-
cause wind-tumel tests are very expensive they
are only be recommended for large scale
projects. (fia 68)

Fig 68 Wind tumel for architectural wmodels
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For swmaller projects with lower budget a digital
analysis is probably wost suitable. Computational {lu-
id dynamics (CFD) can provide this kind of analysis.
This analysis method was developed in the field of
fluid wmechanics and uses numerical analysis and al-
gorithms to solve and analyze problems that inolve
fluid flows, which include as well air. These calcu-
lations are performed by powerfull computers,
which are required to simulate the interaction of
structure and ewiroment within a defined virtual
boundary condition. The wost sophisticated CFD
software combines the thermodynawic with the
aerodynamic effects and delivers results of spe-
cific accuracy which may give hints to patterns and
tendencies of the aerodynamic behavior of the
mewmbrapne structure. The output of the simulations
allows to visualize the airflow and also to extract
numerical results of different climate scenarios
and ventilating strategies Nevertheless, these re-
sults should never be trusted blindly, but should be
critically evaluated and set into the specific con-
text of the total ewironmental situation of the
site. Some of the wost commonly used software
packages for Computational fluid dynawics analysis
are the following:

-ANSYS Fluent software
—VirtualWind
-Ecotect+Winair

-IES

-Designbuilder

-CFdesign
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7. Design Strategies - RAIN

Rain and humidity are wmaybe the climatic elements
that wmost appropriately characterize the tropical
climates. Around two thirds of the amual global
precipitation fall down in the tropical regions, and
even wore in the cloud forests, where huwidity
levels are almost always close to 100% (McGregor,
1998). In these regions water is cycling constantly in
an accelerated flow, changing state from water
to vapor, and precipitating in heavy discharges and
elongated rainy seasons. The high volumes of rain in
combination with intense solar radiation have allowed
nature to develop the wost complex and diverse
ecological systems Humankind has largely bepefited
from this biodiversity, but has also encountered
struggles of survival with the vast amount of cy-
cling water in the tropical atimosphere. Protection
from the heavy, torrential rainfalls during the rainy
seasons has always been an issue for mankind in the
tropical (atitudes, and adaptation of architectural
typologies to climate is thus a necessity. Steep
roofs, with wide overhangs, and means of ventilation
to control the humidity, to achieve protection and
comfort, have been ewmployed throughout the trop-
ics. ln this chapter the effects of tropical rain
patterns and the influence of humidity on thermal
comfort will be addressed Strategical and techni-
cal issues on the design of mewbrane structures in
response to the tropical climate conditions of rain
and humidity will be outlined.
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7. 1 Rain and humidity effects

The characteristic condition of humidity in the tropi-
cal climates is the result of the intense solar ra-
diation and the warm ocean waters, which fuel the
evaporation process and allow an epormous amount
of water vapor to be suspended in the atwos-
phere, which flows continuously through the hydro-
logic cycle by the different wmeans of physical pro-
cesses (fia 69). In the warm and humid zones of
the tropical regions the relative humidity alwmost
never drops below 50% As a consequence, the
fregquency and intensity of precipitation is also very
high, with a mean amual rainfall well above 1000 win,
while the global wean amwal rainfall is usually
around 800 wmm (Mollison, 2012), (fig 70). The contin-
uous presence of a general cloudiness and the
formation of large cloud systewms, lke cumulus nim-
bus, are the physical evidence of the condensing
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Fig. 69 Hydrologic cycle
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Fig. 70 Mean global, seasonal precipitation

hawidity in the atwmosphere, and often precede the
typical heavy rainfalls (Koch-Nielsen, 2007)

Even though the rainfall and huwidity (evels are
one of the wost important quantitative indicators to
characterize tropical climates, they are at the
same time the wost variable, not only regionally but
also tewporally. The wmean amual rainfall volume
can vary drastically withihn a few kilometers, and
often shows important differences from one year
to another, not only in volume, but also in intensity,
frequency, duration and annual distribution. These
variations are subject to wany parameters, including
alobal warwing, as well as oceanic and atmospheric
anti-cyclic phenomena lke EL NIJO. Besides these
special phenomena the wost notable feature of
tropical rainfall is its anual regime, characterized
typically by one dry and one wet period, called
rainy season or wonsoon, with high intensities and
fregquencies of precipitation (McGregor, 1998)
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7. 2 Effective rain protection
and hawidity control

Protection from precipitation is one of the essen-
tial functions of a roof structure, especially in the
tropics. While wmewbrane structures are often re-
ferred to as high-tech, avantgarde building solutions,
the use of waterproof textile waterials for rain
protection is not new at all Umbrellas and rain
coats are of common use for rain protection on an
individual scale and deliver the perfect concept
wodel for tensioned membrane structures. (fig 71)

The effective protection {rom rain, also in combi-
nation with other climatic elements like wind, along
with the controlled evacuation of the water, away

Fig. 71 Umbrella and raincoat
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from the structure and its users, is one of the
wain goals to achieve within the functional design
approach. A second, but not (ess important task is
the witigation of the high huwidity, considering the
fact that the relative huwidity in combination with
temperature is the wost relevant factor responsi-
ble for our thermal well being The so called hi-
aro-thermal comfort condition is largely dependent
on the levels of humidity suspended in the air, rel-
ative to its temperature Therefore, it is a design
objective to reduce the amount of humidity in and
around the built ewironwment in order to increase
the thermal comfort. While the control of huwidity
can be addressed, in the case of sewmi-open wem-
brane structures, only through the application of
ventilation strategies, outlined in the previous chap-
ter, the protection from rain and the drainage of
water, which includes the analysis and design of the
mewmbrapne geometry itself, is more a task in the
field of structural and wmechavical design.

The first task in the design process {or rain pro-
tection and drainage is the analysis of the wmeteo-
rologic data and the specific site conditions It is
important to know the wmean quantities of rain, which
are usually to be expected on a annual and wonth-
ly basis, but only as a general information For the
specific design and dimensioning it is wore important
to know the extreme events expected to occur,
because the waximum amounts of water per
square wmeter in a certain time will be the limiting
factors for the dimensionng of drainage systems
and slope inclinations (Mollison, 2012).
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As a second step the proposed geometry should
be analysed with the criteria of rain protection and
drainage in wind Questions of wost feasible drain-
age paths on the surface and drainage points on
the edge should be answered Effective drainage
is of wuch importance in climatic regions where a
diurnal rainfall during the rainy season can reach up
to 30 wm The consideration of the winimum slope
inclination of the surface is also of important in or-
der to identifly areas of risk for ponding The pro-
jection of iso-curves onto the wmewbrane surface
very quickly reveals the drainage paths which are
driven by gravity and norwally direct the water on
the hydrophobic wmewbrane waterial to the [owest
points of the surface geometry. Areas where a
risk of water ponding is to be expected, can be
identified (fia 72)

Ponding describes the situation of water accumu-
lating on the wmewbrane surface, creating by its
own weight a depression on the surface which will

a) b) <)

Fig 72 Isocurves on different mewbrane geometries
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Fig 73 Water ponding

lead to attract even wmore water. This can create
a structural overload and provoke the falure of
the mewmbrane. (fig 73)

Therefore, this situation needs special attention,
even though ponding is more an issue for structural
consideratiops, it can not be neglected in the de-
sign of an efficient rain protection Analysis of the
curvature of the surface slope is required in or-
der to identify critical areas. ({ig74)

Generally rain hardly occurs without the presence
of wind Hence considerations of the combined ef-
fect of rain and wind on the wmembrane design
should be taken into account. The wind driven rain is
a design issue, because it considerably reduces the
protected area bepeath the wmewmbrane structure.
The raindrops are driven along by the gravitational
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Potential for
water ponding

Fia 74 Analysis of drainage and water ponding

force and the drag force of the wind The inclina-
tion angle of the raindrop trajectory will increase
in line with wind speed and it can be observed dur-
ing storws, that raindrops wove in an almost horizon-
tal direction, and travel through the wmembrane
structure, leaving the area underneath unprotect-
ed (fia 75)

Studies of different authors indicate that wind driv-
en rain is influenced by wmany factors, but the wmost
important dependencies on wind driven rain effects
are within the wmembrane shape itself, and the
aerodynamic effects created by it, so that the
raindrop trajectories in consequence are strongly
affected by the [ocal flow around the structure
(Choi, 1991). Geometries with high-points and over-
hangs, far projecting further than the perimeter
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of the habitable area, can redirect air-flows up
and over the structure at a distance further away
from the limits of the perimeter, and this way re-
duce the deposition of driving rain beneath the
mewmbrane cover (Straube, 2010)

The generally high levels of humidity can provoke
different problems on wmewbrane structures which
are at a {irst glance not as evident as the pro-
tection from rain or drainage. Having said that, rel-
ative huwidity has an important influence on thermal
comfort. The desian task is to avoid the accumula-
tion of humidity. In a sewi-enclosed structure this is
almost impossible, but effective strategies of ven-
tilation can significantly reduce the relative humidi-
ty beneath a wembrane cover A high relative ha-
widity can also lead to problems of wold and fungus
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arowth which is an issue for the aesthetic appear-
ance of wmewbrane wmaterials, because they pro-
duce colorful patches, from yellow to pink, green,
blue and black on and inside the fabric. Dut the
growth of fungus and wold can also turn into a
health problem and should be considered seriously
during the choice of wmaterials. Various manufactur-
ers include anti-fungicidal substances in the coat-
ings of their products.

The other issue about huwidity is the high potential
for condensation During rainy season the air in the
tropics is so highly saturated with water that the
slightest drop of tewmperature can provoke conden-
sation resulting in rain or dew. (fig 76)

Condensation can be a problem in wmewmbrane struc-
tures in different ways: In open space wmembrane
structures the surface can cool down below the
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Fig 76 Typical daily cycle of relative humidity and
temperature in humid tropical climates
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air tewperature when the wewbrane radiates
against a clear sky at night The surrounding
warmer air holds a certain amount of woisture
which condepnsates when the air gets in contact
the cooler mewbrane surface. The relative humidi-
ty of the air, which hits the cool wmewbrane, rises
as it cools down on the wmewbrane surface, until it
reaches its dew-point and condensation occurs.
Droplets built up and run down on the inside of the
mewmbrane skin until they encounter a dripping edge,
and fall down on the activity space below, which
can lead to further problews, if the actiities or
installations below are sepsitive to huwidity. (fig 77)
The susceptibility of wembrane structures to con-
densation is linked to their very low therwmal wass
and the poor insulation behavior of the wmembrane
wmaterial itself. Due to the thimess and resulting
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Fig 77 Condensation on membranes
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low wass, the wewbrane is unable to compepsate
temperature swings of the epwiropment. Apother is-
sue is the hydrophobic nature of coated wewmbrane
wmaterials. which does not absorb any excessive hu-
widity (Forster, Mollaert, 2004)

While the climate conditions are largely responsible
for the abundance of condensation, the use of the
building has also a lot of influence on how wuch and
when condensation is occurring A wmembrane roof
covering for example a sports center, where
large groups of people gather and increase by
their activity the relative humidity underneath the
cover, is wore likely to develop condensation, than
structures which host other actiiities or fewer
people. When condensation is expected to occur,
and camot be witigated by wmeans of ventilation,
the best strategy is to anticipate it during the
design stage by foreseeing the possible pathways
of draining condensation water, and the drainage
points. In case that the drainage points are watch-
ing with sensitive areas bepeath, dripping edges on
the inside can be introduced into the wmewbrane
detail design in order to effectively control the
condensation water. Although condensation is not
very likely to occur in sewi-enclosed spaces, humidi-
ty should be considered as a design issue and be
taken into account during the analysis of epviron-
wmental factors, in order to anticipate any conden-
sation problem In any case, sufficient weans of
ventilation should be part of the design strategies
in order to dissipate any possible condensation ef-
fectively (Forster, Mollaert, 2004)
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7. 3 Draining details

The drainage of water from roof structures is
aenerally solved by the force of gravity. Tepsioned
mewmbrane structures are not different {rom that
Their three-dimensional geometries of large curva-
tures are bepeficial for effective drainage, but
then also present difficulties in calculating of how
wmuch water per area will actually collect at dif-
ferent draining points. The drainage paths of the
water on the wewbrane surface wust be antici-
pated and draining barriers planned, to guide the
water along the edges towards the draining points.
These generally coincide with the vertices edges.
If neglected, there is the risk of conwerting the
entire perimeter edge of the wmewmbrane roof into
a waterfall, where the water is draining in
freefall, becowming unpassable for people during
heavy rainfall. of These water-barriers can be
welded onto the outer wewbrane side with a de-
fined offset from the edge The dimensioning
should be considered indvidual for every project's
specific climate pattern (fig 78)

The design and dimensioning of the draining details

Rainwaﬁey Rainwater run-off /
=
free

fall

Water
barier

Fig 78 Draining barrier for borders and edges
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is the wost critical part of the total drainage
strategy. The excessive amount of water which
can fall down in just a few wminutes during a tropi-
cal thunderstorm, wmake it necessary to assume
rather high water volumes to be on the safe side
when calculating the dimensions of gutters and
down-pipes. The wore generous they are designed
the wore efficiently they will drain the water and
less risk of ponding can be expected Accumulation
of dirt and biological wmaterial should also be consid-
ered. The obstruction of down-pipes can be avoided
by weans of checkpoints and rewovable weshes,
which act (ke filters (fig 79, &0)

Rainwater
barrier

Gutter

Fig 79 Drainiage detail 1
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Fig. & Draiviage detail 2

7. 4 Design and analysis tools

When seeking for a membrane design which effec-
tively addresses the rain protection and huwidity
control, it is necessary to conduct an analysis of
the weteorologic data on precipitation, relative hu-
widity and wind. The wonthly and annual data of the
closest weather station should be reviewed and
the wost severe situations identified in order to
derive relevant data for the design (fia &1)
Furthermore, the specific site conditions should be
taken into account. Various studies have shown the
very significant influence of exposure and orienta-
tion of building in a specific climate The combination
of high exposure and choice of the wewbrane
shape wmake the difference for the overall rain
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Fig 81 Weather station

deposition (Straube, 2010). In response to the analy-
sis, the design of the wewbrane geometry should
be coherent with the parameters of climate and
site conditions. At an early design stage the form-
found geometry should be analyzed with reference
to the slope inclination, drainage paths, and drainage
points as well as the design of overhangs, facade
protection and orieptation In order to address
these issues the use of a 3Dwodel with projected
contour lines or ISO-curves is indispensable. (fia 82)

Fig 82 Iso-curve projection for analysis of rainwater {low
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& Case studies

The following case studies are a collection of
membrane structure projects which have been de-
signed and built in Costa Rica from 2008 to 201 As
the country is located very close to the egquator
between the 8% and 10* degree of latitude on
the northern hewisphere, its climate is largely de-
fined by tropical wmeteorological patterns. The se-
lected projects have largely been influenced in
their design process by issues and thoughts regard-
ing the responsiveness to the tropical climate. In
some of the projects it was even explicitly re-
quested by the clients to address climactic issues
like shading, natural ventilation and the protection
from heavy rain Naturally, these aspects are al-
ways an obvious and intrinsic objective of any roof
design But, due to their complex geometries and
lightness, the climatic behavior of wmewbrane struc-
tures is not always easily predictable by a straight
forward design approach, neither is the complexity
of tropical climate to be underestimated The doc-
umentation on the presented projects exemplifies
an analytic design approach where the form-finding
process is not only guided by structural and aes-
thetic considerations, but also supported by the
analysis of climatic data, the site specific wicro—cli-
mate and simulations of ewironmental phenomena.
The intention of presenting the following case
studies is to outline one possible design path to-
wards an adaptation to tropical climate.
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Mewbrane cover for a shopping-center

Location: Guadalupe, San José, Costa Rica,
Year of completion; 2008

Architect: Gerardo Lopez

Structural Copsultor: Ramon Sastre

Manufacturer: Eurotoldos SA,

Cover wmaterial: PVC coated Polyester fabric
Covered area: 182 m2

This Tensile structure is located in San José, Cos-
ta Rica and was plammed in order to provide formal
hierarchy and a cover for the wain entrance area
of a shopping-center. The efficient shading and rain
protection was one substantial requirement of the
brief. The geometry is based on the outline of the
existing building structure and has an irregular
polyson shaped footprint in plan Three inclined
masts  hold up two high points, with conic shapes of
different sizes and heights, and one edge peak
projection, which all together generate a volcanic
cordillera-like topography. The upstanding, prow-like,
peak opens up in height and wmarks the entrance to
the shopping center's wmain avenue. The wembrane
structure creates a covered plaza that offers
place for different activities in a sewi-outdoor
space. In order to determine, whether natural ven-
tilation be efficiently evhanced by the openings of
the conic shapes at the high points, a CFD analysis
was carried out, which proofed that the geometry
of the wmewmwbrane increased the natural airflow by
convection and pressure differences at their open-
ings through the Stack-, and Venturi-effect
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Fig 83 Picture: Front view

Fia. &4 Schewmatic section
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t, details

Fig 85 Drawings: Plan, perspective, pattern ayou
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Fig 86 Flow vector analysis (CFD)

3008668

speed and pressure (CFD)

)

Fig & Air flow analysis
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Shading-sail for a wovie theater

Location; Escazi, San José, Costa Rica,
Year of completion: 2010

Architect: Mario Tre jos, 506 Studio
Structural engineer: Mapuel Ugarte
Manufacturer: Eurotoldos SA

Cover wmaterial; PVC coated Polyester fabric
Covered area: 60 m2

This shading-sail was designed as part of the fa-
cade of an existing building complex which hosts a
large wovie theater center The design intention
of the architects was to create with the orgavic
mewbrane structure a special element at the en-
trance to the cinema which would add at a formal
contrast to the facade The anti-clastic, butter-
fly-like, free-form shape seems to glide out of
the entrance while accomplishing at the same tine
the primary function of protecting the visitors at
the wain entrance from rain and sun The form of
the wmewbrane was found by identifying sywmmetrical
anchorage points and projecting thewm into space by
cables and horizontal wmasts, so that there was no
need for obstructing, vertical supports. The chosen
wmaterial was a polyester fabric, coated with PVC
During the design stage, various guestions arose
regarding the aerodynawmic behavior of the wem-
brane structure as an additional part of the fa-
cade, and the capacity of protection from rain in
combination with wind CFD analyses were carried
out to determine if the proposed structure would
work well together with the existing building.
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Fig 88 Picture: View {rom below

Fia 89 Perspective view
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Fia. 90 Drawings: Plan and front view

Fig 91 CFD analysis
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Tropical shelter

Location: San Pedro, San José, Costa Rica,
Year of completion; 2010

Architect: Students of architecture, UCR
Structural consultor: Jan-Frederik Flor
Manufacturer: Eurotoldos SA,

Cover wmaterial: PVC coated Polyester fabric
Covered area: 20 m2

The tropical shelter was designed and built during
an academic workshop at University of Costa Rica, in
which a group of architecture students was intro-
duced to wmewbrapne structures Starting from an
intial design concept the project was developed in
a practical way through its different design
stages, which was culminated with the f{abrication
and installation of a real scale structure One of
the objectives of the design approach was to
dewonstrate that the climatic behavior of the ten-
sile structure could ephance positive thermal com-
fort conditions. After the definition of space, wma-
terial and climatic requirements, the form-finding
process was iterated with information from shadow
studies and air flow simulations. The resulting hy-
perbolic geometry is based on a pentagon with two
low points and three high points, upheld by masts of
bamboo. The full wmembrane was fabricated and ori-
ented as a tewporary shelter according to the
optimum direction of the ewironmental analysis. The
results from the simulations were analyzed and
later compared with values on the real climatic
performance from wmeasurements taken on site.
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Fig 92 Picture: Bird's-eye view

Perspective / Perspectiva Scale Model/ Magueta a Escala " 7 \ |

Front Elevation/ Elevaeion Frontal J

Lateral Elevation/ Flevacin Lateral Perspective / Perspectiva

Fig 93 Drawings and wodels
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Projected Shadows, Winter Solstice (21. Dec.)
Sombras preyectadas ,Solsticio de Invierno (21. Dic.)

Calculation of wind loads and maximum deformations
Calculo de cargas de viento y deformaciones madximas

Projected Shadows, Equinoxes (21. Mar/21. Sep.)
Sombras proyectadas, Equinoccios (21. Mar/21. Sep)

Air flow analysis, flow vectors
Andlisis de flujo de viento, vectores de fiujo

\\7‘-_//
Projected Shadows, Summer Solstice (21. Jun.)
Sombras proyectadas ,Solsticio de Verano (21. Jun.)

Projected Shadows, Latitude 10°, North Hemisphere
Sombras proyectadas , Latitud 10°% Hemisferio Norte

Fig 94 Shading and CFD analysis

Air flow analysis, wind speed, Plan
Andlisis de flujo de viento, velocidad de viento, Planta

Air flow analysis, wind speed , Section
Andlisis de flujo de viento, velocidad de viento, Seccion
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Shading sail for a temis court

Location: Santa Apa, San José, Costa Rica,
Year of completion; 201

Architect: Ronald Ziircher

Structural engineer: Mapuel Ugarte

Manufactorer: Eurotoldos SA

Cover waterial PVC coated Polyester fabric mesh
Covered area; 12 m2

This swmall scale tensile project assignes with the
request for a shading sal for a temis court on
the property of a private residence The design
brief required that the wmewmbrane cover should
provide shade throughout the wost critical hours of
the day, when the sun is close to the zenith and
the solar irradiation wost intense. As the project is
located in the tropics, at a [atitude of 10° N, these
critical hours would be around wid day from 10 am
to 2 pm all year long Sun path studies and shadow
projections were carried out for the dates of sol-
stice and equinox. After the analysis, the design of
the shading sail was adapted in an iterative
process to the wost critical sun angles in order to
provide effective shading for the resting athletes
on the temis campus. The wmaterial choice has also
been considered with the idea in wind to positively
wodify the wicro-climate and erhance thermal com-
fort A white, highly reflective, wicro perforated
mesh with an effective W ({iltering capacity was
chosen, which would provide both, a high percentage
of trapslucency and permeability while reflecting a
important percentage of the solar radation
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Fig 96 Perspective view
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21 DEZ (730-1600) 21 MAR/SEPT (730-1600) 21 JUN (7.30-16.00)

Fig 98 Shading analysis
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Modular tent for expositions and fairs

- Design study -

Designer Jap-Frederik Flor
Renderings: Javier Castro

Cover wmaterial: PVC coated Polyester {abric
Covered area: 36 m2

The design proposal for this wmodular exhibition tent
was intended to create an attractive cover for
temporal exhibitions and fair stands. The design
requested a wodular structure which would be
easy to install and easy to transport The auto-
supporting structure is composed of circular steel
tubes which create a continuous frame boundary,
based on a triangular geometry. The wembrane
cover is spamned within this structural frame and
tensioned up to a hyperbolic high-point. Besides the
design intention to create an iconic and recogniz-
able forwm, the surface shape was designed to pro-
vide the capacity for optimal shading patterns
throughout the seasons in tropical latitudes Addi-
tionally, the design required to perform as a self
ventilating  structure, which was achieved through
careful form analysis and optimization This led to a
aeometry that geperates a Venturi effect in its
bottleneck-like high-point geometry and ephances
an acceleration of air flow, which was simulated by
computational fluid dynawmic analysis and. The found
form not only displays formal attractiveness and an
structural system which is easy to install but is
also an element which wodifies the surrounding wi-
cro—climate and the thermal comfort of its users.
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Fig 101 Elevations and dimensions
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Fig 103 CFD analysis — Air {low vectors and velocity (plan)
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9. Conclusions

The study was set out to explore how tensioned
mewmbrane structures can be designed in a way
that they adapt to the special conditions of tropi-
cal climates and ephance positive thermal comfort
conditions. The wain goal of the research was to
identify design strategies which have the potential
to employ the climatic elements themselves as a
resource for the thermal control of sewi-open
mewmbrane covered spaces. The ewmphasis in this re-
search was put on passive design strategies which
do not require any additional energy, other than
from natural processes. Many of these strategies
and physical principles are already well known, and
have been widely employed in the vernacular archi-
tecture, and inwestigated in other fields of re-
search Dut they have not yet been analyzed and
evaluated as design concepts for mewbrane struc-
tures in tropical ewironments. In this regard, the in-
vestigation correlates wmembrane structures, tropi-
cal climates and thermal comfort as the wain top-
ics of the theoretical {ramework, which serves as
a basis for the analysis and evaluation of the dif-
ferent design strategies The strategies are pre-
sented in a didactic mammer and exemplified by dif-
ferent case studies, intended to provide practical
guidance for architects and enginees inolved in
the early design stages of mewbrapne structures.

The research was f{urther subdvided into three
wain parts, starting with the description and analy-

142



sis of the characteristic elements of tropical cli-
wmate, followed by the correlation with thermal
comfort, and the implications which the humid and
hot conditions of tropical climate have on the human
well being As a third step, different design
strategies to erhance thermal comfort were out-
lined, addressing climatic elements, where solar ra-
diation, wind, precipitation and humidity were identi-
fied as the ones which have the wost important im-
pact on the thermal comfort. The design strate-
aies are based on various physical principles {from
the field of aerodynamics, as for example the
Venturi effect; thermodynamics, with the stack ef-
fect and therwmal stratification; and atwmospheric
conditions of humidity and precipitation The design
strategies where applied to three basic geometry
wodels which served to exewplify the possibilities
and limitations, of both, the design strategies and
the different geometry typologies they could be
applied to,

The results of this exercise allow to resume the
following conclusions:

— The comfort conditions of spaces covered

by sewi-open wewbrane structures are
largely influenced by the climate elements.

— Adaptation of structures, waterials and

spaces to climate is a pnecessity in the
tropical regions.
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Analyses and understanding of climatic pat-
terns is essential to design wewmbrane
structures, which give favorable response
to climate and satisfy the need for ther-
wmal comfort

Mewmbrapne structures have the potential to
wodify  their immedate  wicro-climate
through their geometry configuration and
orientation in the ewironment, and make use
of climatic elements as a design resource.

Case studies of sewi-open wmewmbrane struc-
tures from all around the world, and differ-
ent regions of the tropics show that they
are a suitable building solution as a re-
sponse to the hot and humid conditions of
tropical climate, because of their adapt-
ability to different climate conditions.

It has been proven that wany passive design
strategies and physical principles, known al-
ready from the tradition of vernacular ar-
chitecture, can be trapsferred and adopted
to tensioned wmembrane structures

Further studies and inestigations are re-

quired in order to apalyze the presented
strategies in wore depth, perform simula-
tions and compare them with site weasure-
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wments, in order to understand the relevancy
of the different strategies in relation to
the improvement of higro-thermal comfort
conditions.

While the great potential of the bio-climatic
strategies to improve comfort conditions in archi-
tectural spaces has been put in evidence by biblio-
arophic research and case studies, only seneral
rules of design could be established for the appli-
cation of these strategies in membrane structures.
This limitation is owed to the great variety of pos-
sible geometry configurations and climate conditions,
as well as the lack of data from site wmeasure-
ments which could validate the efficiency of the
strategies to improve comfort conditions. While sev-
eral attempts have been wmade by other re-
searchers in this direction, there is a lack of data
for sewi-open structures in tropical climates,
Therefore there is a great potential for future
research projects in this field, which will gain fur-
ther interest, when, in the advent of climate
change, the consideration of climate adaptive spa-
ces, which are independent {rom wechanzed cli-
wmate control systewms, becomes an indispensable ne-
cessity.

The attempt to elaborate a compendium of design
principles which will help to take decisions at an
early stage for climatic adaptation of wewmbrane
structures in the tropics is aiming to add tools to-
wards the progress of this development. It is fur-
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thermore the intention of this study to contribute
to a reconsideration of the design approach to-
wards a wore site specific and climate related
consciousness where the wain functions of architec-
ture, which are linked to the physical well being of
its occupants, are in a energetic equilibriim and
fluent harmony with the ewironment.
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