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Abstract

The built form industry specifically the residential sector contributes directly on
energyconsumption and increase of ecological footprint. Bahshanging built form
typology and configuration from introverted to extroverted built forms increased the
need of cooling anthiumidity controlmeasures, by affecting human comfort within
the built form. Therefore, extroverted built foroontributed to theleteriorating of

the environmerdg comfort level and effectadicroclimatic conditionsTraditionally,

the courtyard built form did not consume excessive amount of energy due to its

sustainable microclimatic condition by offering thermal comfort.

A scientfic literature review of the courtyard built form and its design parameters
that affect the courtyard performance were analyzed. Moreover, Bahrain climatic

condition as the context of this study was evaluated to relate to the study.

This study is an evaation of the microclimatic condition of both the traditional fully
enclosed courtyard and the sesniclosed courtyard and its influence on the comfort
level for the courtyard itself and further its influence on the living room as a selected
occupied spacavithin the case study house. The fully enclosed courtyard was
integrated within an extroverted modular house for Bahrain case study. As the
introverted courtyard built form is achieved, openings were integrated in forming two
different courtyard shapesh@& study varying parameters were: the courtyard shape,
opening orientation, and active mode. Those parameters are assessed on thermal
comfort, natural daylight penetration, solar exposure, and airflow through simple

CFD representation.



Ecotect Analysis amputer simulation software was used to simulate the two different
courtyard configurationsCourtyardT that represents the fully enclosed courtyard
and CourtyardS that represents the semmclosed courtyardCourtyardsS presents

two shapeLourtyardS-U and CourtyardS-C. Three orientations and not all as the
West and East performance are similar were studied for each configuration and
shape: North, South, and West. The simulations were carried out iof 2line and

21 of December representing extreme seasons summer and winter.

The assessments of the results revealed that the fully enclosed couttyartyard

T" mitigates and modifies the courtyard and living room microclimatic conditions. It
recorded to have the l@st exposure to solar radiation, lowest solar heat gain, and
highest temperature differential within the living room, also highest air temperature
differential within thecourtyard, and adequate illuminance level and distribution
within the living room.The major value o€ourtyard T configurationis that ithas an
opening percentage of 30% in relation to the built form. The living room space
extends to 5.2208m in order to maintain the total area. The Northern and Eastern
courtyard wall has an additional@oand two window openings.

CourtyardSU demonstrated poor performance in all assessm@ugttyardS-C
resulted in modifying the courtyard and living room microclimatic condition,
specifically CourtyardS-C-W, however, it performance was not efficignths
CourtyardT. The major value ofCourtyardS-C-W configuration is that it has a
opening of 2.25Mmoriented on the West. The Southern side of the living room has
been deducted to regain the area that was added by the courtyard opening, thus, the
courtyard window and door openings shifted 200mm No@burtyardSC-W
receivedower solar radiation expase, lower wind speed within the courtyatzbst
temperature difference within the courtyard compared to the exterior, and the highest
hours of thermal comforiThe courtyard configuration, shape, orientation, geometry,
and percentage of enclosure affast performance. As the opening size increases,

simultaneously the wind speed within the courtyard increases.



It revealed that percentage of enclosure, opening dimensions, courtyard geometry,
courtyard shape, and indoor space geometry manipulates the téewds within

the built form. Sun and wind distribution and exposure in relation to the courtyard
shape and opening size demonstrated plausible explanation to their impact on comfort

levels.

Thus, the study concluded th&wourtyardT configuration promotes an efficient
microclimatic condition, and performs best in modifying temperatures, thermal
comfort, and light and air distribution. The study suggests some recommendations for

further studies in terms of courtyard performance.
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Chapter 1

Introduction



1.1.The World Environmental Assessment

This is the time where biodiversiiy relation with the ecosystem are at the spotlight.
The time that sustainability is compromised, headlining the forefront issue of
environmental, economical, and social magnituddse well-being of theplanet
wealth is at an unsustainable pressufée rapid human developmerdgconomic
growth levels increase in populatiomesulted into alegraded ecosystem that cannot
support the human demankdence producing an unsustainable ecological footprint
(EF). Ecological footprintis the level of demand that the human population stresses
on the ecological capacityit evaluatesby assessinghe measureof biologically
constructivewater and land zonesecessaryo produce resources thatpopulace
consumesAccording to a report by Living Plandahe unsustainable consumption
resulted into a 50% ecologicavershoot, in which the humanity's footprint is 2.7gha
per person while the planet's biocapacity is 1.8gha per person; thus estimating
enquiring 1.5 planets to provide the resources and absorb waste §2BM00Figure
1.1shows the ecological overshoatequivalence in amount of plant requiredyure

1.2 demonstrates the EF by component in relation to the total biocapacity that equals

to a one planet.

1960-2007 w
M Ecological Footprint

2007-2050, Scenarios
| R rate busii

Fig. 1.1. Global ecological dotprint (Source: Global Footprint Network, 2010).
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Fig. 1.2 Ecological botprint bycomponent 1962007 (Source:Living Planet,
2010).

The unsustainable human development depleted enormous quantity of resources in
the other hand offering an enormous quantity of carbon dioxide emissions. By
burning fossilfuels, the carbon footprint makes out 54% of the EF and is at constant
growth (Global Footprint Network, 20097 he International Energy Agenaraws
attention tothe major contributing sectors to the EF in 2008, electricity and heating,
transportation, and thieuilding industry (IEA 2010). The electricity and residential
building industry draws attention on the significant impact generated by the building
developments as shownfigure1.3 and1.4.
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Fig. 1.3 World CGQ emissions by sector in 2008 (Source: IEA 2010).
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Fig. 1.4. CO, emissions by sector (Source: IEA 2010).

The Middle East is from the utmost contributors responsible of carbon dioxide
emissions (Figurd.5 and 1.6). This part of the region in the world is at constant
increaseof carbon dioxide emissioneelating to theupsurgein economic and
population growth; thus, the urban development's and construction activities are
intensifying.
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Fig. 1.6. CO, emissions per capita (Source: IEA Statistics 2006).

The United Nations Environment Programme (UNEP) reports thatbtiiding
industry is liable for over 40% of energy usagee third of the world's greenhouse
gas emissionsand carbon dioxide emission through electricity at a growing rate of
1.7% per year of residential building2009 citing Levine et al 2007). The
residential buildings accounts for 23% of electricitjizdations (UNEP 2007)Figure

1.7 previews emissions generated from the building industry growth, and based on



the growth rate developing countries such as the Middle East will surpass the
developed countriesDrawing the eye specifically to the direct linkage between
sustainable deterioration and architecture typologies. This is not to state that other
measures and sectors are not putting in hand in the sustainable development such as
urban development, vegdtat, transportation, waste management, building
regulation, and structured roads. It is to state that the sectors contributing to the
environmental deterioration of increase of green house gases and resource
deployment are in direct link to the architeetutevelopmentvith the attestation of

the increase consumption @lectricity, heating, cooling, burning fossil fuels, and
excavating materials

Note: Dark red: historic emissions. Light red: projections 2001 — 2030. 2000 — 2010 data adjusted to actual 2000 carbon
dioxide emissions. EECCA= Countries of Eastern Europe, the Caucasus and Central Asia. Source: Levine et al, 2007.

3 Westam Euros
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Fig. 1.7. CO, emissions from buildings (Including through the use of electricity)
(Source: UNEP 2009, citingevine et al 2007).

The building industry conveys direct responsibility towards the environmental
degradationThis is not to argue that the issue facing is only in terms of energy waste
and consumption, however, the issue enlarges to humankind discomfort in terms of

microclimatic descent. As people rely more on active measures, the implications



reflect on the miaclimatic conditions of the urban form, such as typology

configuration, urban densitgnd material selection, to name a few.

Architecture development is not only defined in the increase of urban forms and
intensifying of construction activities. Archdeire development defines and
accentuateshe change of built form typologies and configurations. Built form
typologies links to the influence of passive and active design measures, and the
increase of environmental degradataiminishing human comfort ahmicroclimatic
conditions. Environmental microclimatic conditions parameters are daylight
penetration, direct solar radiation, thermal comfort, airflow, natural ventilation, and
shading measureBuilt form typologycategorizess two forms: an introverdeform

and extroverted form. The introverted building form is represented by the inward
looking courtyard building. Thenodernized block units that are outward looking
represent the extroverted form.

Vernacular typologies such as courtyard built form anephasized with passive
design that demonstrates the microclimatic effect of altering vernacular forms with
modernized forms infused with active measures. By changing the built form typology
and configurationthe microclimatic condition of the built forchanges affecting on

the human comforin terms of urban heat islarahd increaseneed of cooling and
heating measures, which then increases in energy consumption and resource waste
affecting the overall environmental conditiondighlighting that passive design
measuresn terms of archetype configuration and fomme vital components in

mitigatingthe environmental microclimatic condition.

However, concurrently it has the highest capability of achieving a significant EF
reduction by adhering to climati cultural, and environmental identities without
compromising living standards. As this was the case before modern architecture and
economic revolution, where the built environment responded in a sustainable manner

and answered to the climatic, culturahd functional identities.



1.2 Bahrain Environmental Assessment

Today Bahrain is a significant icon of urban growth in the Middle East. It is
developing into a metropolitan cityscape after the United Arab Emidatedo the
prompt increase in its economic growtlobalization reflects directly oBahrain's
urban morphologynd archetype typologyhe construction industry has thrived and
developed with new buildings amdanmade islandevelopments naming a fewcsu

as the Bahrain Twin Towers, Durrat Al Bahrain, Amwaj Islands, and Bahrain's
Financial Harbor. Hence, Bahrain emerged from being a city contoured with internal
parameters intcsteelframed glass extroverted high-rise buildings operated with
excessiveair conditioning systemsTable 11 demonstrates a comparison between
Old Muharraq city and its new extensigmeviding that the new extension consist of
large dwelling developmentnd different building forms; the old city encompasses
introverted courtyardorm, while the new extensiostresseson the extroverted

modernized building form

Tablel.1. A comparison between old Muharraqg city and its extengimsrce:
Hamouche, M.B. 2004)

Area (Hectares) Density 1: area Density 2: Density 3: Housing
covered (%) persons/hectares  dwellings/ typology
hectares
Old city of 340 70 250 +50 Low rise, inward
Mubharraq looking (with
courtyard)
New extensions 300 30 50 10 High rise,
reclamation outward looking
(flats)

The economic andconstruction industry are responsible for causing major
environmental issuesrom the change of building formesulting a deteriorate

environmentahnd microclimaticsystemsuch as deterioration of air quality, increase



of pollution rates that puts the human health at concern, depletion of natural resources

and increase of energy consumption.

As Bahrain'sextroverted built forndevelopments are increasing the energy demand
are substantially increasindrigure 1.8 illustrates the escalating consumption of
electricity. Bahrain energy consumption divides into four sectors, withdbiglential
industry beingthe principalof consuming 54% of the sum electricig shown in
Figure 1.9 (Radhi H. 2009). The populationincrease simultaneouslythe urban
growth increases, hence heat island effect increases resulting into the increase level of
electricity consumptiorfor air conditioning therefore resulting into such figure of
residential electricity consumptioWith sud rate of energy consumption, carbon
dioxide emission production increases shown inFigure 1.10. This increase of
carbon dioxide emissions is developing into a predicament considering the total area
of Bahrain and its population in comparison with otbaintries.RadhiH. states that

24% of the carbon dioxide production is due to building oper&2069)
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Fig. 1.8. Growth of electricity consumption in Bahrain (Source: Radhi H. 2009).
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The population growth is developing into a major source of the increase of carbon
dioxide emissions; as the growth persists, pressure will add on the construction
industry to provide dwellings, which on the other hand will pressurize the energy
demands andatural resources hence increaséit2006, Bahrain annual population

growth rate is at a 2.2% ranking as having one of the highest annual population

growths in the world, as illustrated Figure 1.11. The population growth threatens

2009).

the ecobgical baince and biodiversity.
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http://graphs.gapminder.org/)

These issuesire the results and impactslated to the lack of thermal comfort,
excessive direct solar radiation, lack of sufficient natural daylight resulting in the
need of artificial lighting, lack of adequate airflow and natural ventilgti@vided

from the extroverted built form.

1.3.Residential Building Form in Relation to Microcliamtic

Efficiency

Variations in housing typologies are highly influenced by climatic distinction.
Architectural building design form respond and alter to addptarspecific climate

as ewvironmental factors influence thmternalmicroclimatic conditions antuilding
performance in terms of consumption and efficierf®@ych environmental factors are
solar radiation, prevailing windyumidity, and climaic temperaturesBuilding form,
orientation, opening ratioand materialsreflect in providing a comfortablenternal
microclimatic condition and energy efficiencyence, emphasizing on passive
building design to improve the architectural resparfshe environmental factors, in

return to povide an efficient microclimatic building.

11



However, in such acute hot humid climate of Bahrain, the environmental factors are
intense with extreme solar radiation and high temperatures, thetease the
challenge of providing a comfortablenternal environment. These conditions
increases lighting and cooling demand to endow a contended thermal condition,
hence energy demand increasBse building design form and skin is the ultimate
boundary that relate and effect between exterior and interior toomsli This
relationship defines the balance of adequate penetration of natural light and thermal

comfort levels in terms of lighting and coolimgthin the building interior

Bahrainresidential building forms vary in scale and complexity of design. d¥ew
specifically indicating theconventionalmodular buildings they are designedn an
enclosed extroverted block structure. The structure im integration with an
extroverted courtyardAll openings areallocated at the external wallsDesign
regulation, pening ratig leas span, external obstruction, materials such as insulation,
and glazingtype are standard, howevethey are not defined by green design
regulations, or studies that identify and assess the appropriate regiitatres and
ratiosthat bestow comfortable internal conditions and efficient building performance.
Regulations should alter and assigned by careful studies taking into consideration
environmental conditionsThe current residential building form are inappropriate in
providing comfort from the harsh climate that been influenced from other regions.
The current building forms are the result of the rapid economic growtkeMistic
housing typology increasethe integration of active system and redues the
integration ofefficient passive systemsspired from traditional concepts along with

developing them into contemporary structures

Courtyard dwelling typology is an old passive design implemented in this rdgien
Arabianregion in the pastdeveloped courtyard form dwellings to respond and adapt
to climatig cultural, and social conditiondt represents an efficient bioclimatic

typology. The courtyard concept employs the courtyard in an introverted central form

12



in a certain orientation thatduces the negative effect of solar radiation and heat
gain, producing a comfortable outdoor and indoor climate with pleasant air
movementOn the other hanghassive design of introverted fully enclosed courtyards
has the capability to improve its pemioance through further development and
studies.The potential of improvemerdnd developmeninay possibly be through
changing the formand configurationof a fully enclosed courtyard into a semi
enclosed courtyard typologemienclosed courtyard typolagg may enhance the
building performance and its adaptation to Bahrain environmental condifibiss.
form canaugmeniatural ventilation, diffused natural daylight that increases thermal
comfort and decreases heat gain and application of cooling loads.

As the courtyard built form did not comply large amount of engogyided with the
increase ofenergy consumption and ecological footpridtie to the comfortable,
sustainable microclimatic condition it provided, the study will convey around the
microclimatic effect of courtyard typological form and configuration. In the following

section, each microclimatic affecting factor will be investigated comprehensively.

Design practices have the ability in mitigating and adapting buildings
environmentally. Solar radiation penetration can be in control in terms of natural light
quality and quantity. Solar penetration can be restricted through the building form,
building and opening oriertian, opening ratio, opening geometghading devices,

and material selectiorConsequentlycontrol provides comfortable natural daylight

that reducesthe need of full air conditioning systems it lowest temperatures.
Nonethelessair movement betweeand around the building have the ability to
mitigate building heat gain from solar radiation by cooling heat down and contain
overheat. Design practices can increase adequate air movement between residential
buildings and within thebuilding that can redce the need of cooling loads.
Therefore, developing the fully enclosed courtyard passive traditional concept into a
contemporary form of ser@nclosed courtyard typologglleviatesand represents a

better form of bioclimatic typology.

13



The criticalfactors considered raise the need to be environmentally contechiplate
building developments. By applying measures such as, green building standards,
environmental design through design optimization and systematic methodologies the
risk is preserve. Buildg design and configuration contribute to energy consumptions
in which it can increase or decrease heat kwgldwithin the building, solar
penetration, and comfort. Sustainable building and construction method in terms of
design hold back a large impam the further consequence of energy consumption,
and internal comfortable microclimatic environmenaking sustainable building a

must to reduce environmental impacts.

1.4 Aims and Obijectives

This thesis studyexamines and compares the potential of developing the traditional
concept of fully enclosed courtyard into a semclosed courtyard housing typology
within the hot arid climatecontext A proposal of seménclosed courtyard will b
compaison to the convertedconventionalextrovertedmodular housingnto a fully
enclosed courtyard:he conventional extroverted housing form will be converted into
a courtyard form due to the microclimatic effect that the courtyard form oBeth.

will be designed withaference to literature review findingsd recommendations to

achieveclose torealistic resultshat would act as a guideline for design

The aim of this research is to analyze the optimsemienclosed courtyard
configuration within Bahrais modular residential typology through #sitability,
efficient performance, impact, and appropriateness of its environmental features in a

hot-arid climate.
The objectives are:
A Assess the effect of thermal and lighting analysis provided from the acdirty

to reach an optimum solution into the living room.

14



A Assess themicroclimatic environmentalperformance of the proposed
courtyard in reflectance to the effect of solar radiation and natural ventilation

through airflow and temperature measurenasnarecreational space

This thesissite study is specifically located iAl Buhair, Riffa district identified as a
dense residential districtn order to bring abouthis thesisstudy, the following

factors willbe carriecbut:

A Appraise thecourtyard historical, cultural, and social dimensiarithin this
region and its application efficiency.

A Assess environmental conditiorthat affectthe courtyardmicroclimatic
efficiency and its consequence on the indoor environment.

A Acquire design guideéhes to draw a conventional fully enclosed courtyard
house integrated into the modular housing typologind analyze its
microclimatic efficiency.

A Acquire design guidelines to assist the development of the-esectised

courtyard model.

The conceptual building environment and block will be tested within Bahrain's
climate through the application of computer modeling and simulation software.
Results will undergo comparison to present the optimum-sesiosed courtyard
design form. In addibn, to present theeomparisonresultsbetween the traditional

courtyard and the contemporary seanclosed courtyard concepts.
This study is divided into the subsequent chapters:

A Chapter one compriseof introducing the effect of the alteration of the
introverted built form and configuration into an extroverted form in Bahrain
with regards to the microclimatic condition that subsequently effects the
energy consumption and overall environmental conditidme chapter will

introduce the research aims angechves.

15



Chapter two will encompass a comprehengeentific literature review of

the built form, environmental and desigmparameters effecting the
microclimatic performancef the courtyard.

Chapter three explains the study proposal in terms of p&snand
assessments, comparing different types of methodologies and software to
perform similar studies with regards to their limitations and advantages.
Additionally, describing the selected methodology and software to perform
the research assessment.

Chapter four describes the simulation methodology steps from Bahrain
climate analysis, computer model-sgt and validating thprocess decisions.
Chapter five will provide an extensive analysis of the simulation results
discussing the findings to identiffhé advantages and disadvantages of the
built form performance.

Chapter six will conclude a summary of the findings providing recommended

guidelines for future research.
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Introduction

Apprehensios regarding global warming and the limitation of natural renewable
sources increasthe demand of considering solutions that vernacular architecture
promotes in modifying indoor and outdoor environméviernacular architecture
narratesenvironmental architgure principlesas it capitalizes on the exploitation of
natural energyhrough developing architecture in harmony with the environment and
people.Modern architecture practicesnplify overheatingouilding interiors due to
solar radiation through thack of passive design measures in the building envelope
and openingNonethelessrelying heavily onartificial ventilation, natural ventilation
enhancementsare disregardthrough the design of built forms andrban forms
layouts. The airflow pattern withinand around the building effects the indoor air
temperatureTherefore increasing overheahd uncomfortable indoor and outdoor
environment.Passive design strategies of vernacular architecture endorse natural
ventilation with adequate air movement and itiun of solar radiationA local
vernacular architecture model is the courtyard housing designemipéymentof
courtyards in vernacular architectureliseto the auspiciougnicroclimatic condition

it develops. In general, the courtyard element is designed to promote airflow pattern
movement surrounding and within the built form, and adequate percentage of solar
radiation and shade that modifies the indoor and courtyard environhienteview

will focus onscientific studies influencingcourtyard design on the thermal, solar
radiation and airflow performance in theaditional introvertedcourtyard and
interiorsin order to develop the form into a functional semclosed courtyard

2.1Bahrain Location & Climate

Kingdom of Bahrain is located in the Arabian Gufigure 2.1. It is a borderless
country. It lies between 26°00' North latitude and 50°33' IBasgfitude. It situates at

the East coast of Saudi Arabia with a distance about twinty kilometers, and
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Qataris at the $uth with a distance of twensight kilometerslt is a collection of

33 islands, the largest island Bahrain is connected to Muharrag and Sitra with
bridges.According to Civil Aviation Affairs of Bahrain (CAA) The totarea is about

770 square kilometers; however, the largest island itself is 586.5 square kilometers
(CAA 2011).Bahrain from East to West is about sixteen kilometers at width, and
from North to South is about forgight kilometers at lengthlhe highest point on
Bahrain isthe Jebel ADDukhan with 134 meters above sea level. The island

surroundswith shallow inlets of water.

The study is specifically located in Al Buhair iastRiffa district. It is part of the
Central Governorate.lt is a cense residential areavith several commercial units

making a productive community.

Fig.2.1. Aerial view of Bahrain (Source: Google Earth).

Generally, the climate of Bahrain isttend aridwith high humidity levelsit has two
distinctive seasons; &gemperatewinter and anintense hot summer.During the
summer season, the temperature average reacl€std048C. High levels of
humidity and extreme heat increases discomf@vinter season is short with
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temperature ranging from 40 to 2GC. During thewinter season, humidity rises
over 90%.

2.2 Bahrain Housing Modules

Bahrain's modular housing units are westernized in their architectural design
characteristics They are structured through strict building regulations and

specifications.

The housing unitonsist of ground and first floor within a plot arefal02.4nf.The

plot size of the unityary from type to another however, the most common housing
unit footprint is 8mx12.8m without the boundary wall, and with the boundary wall is
11nx24m.The height of thdousingunit is 6.34m without the roof staircase, and the
total height with the roof staircase 18.56m The ground floor level and first floor
level each are 3.17nthe orientation of the unit is dependent on its site localibe.
comnon window opening dimesions for the rooms are 1.2mxfn3the kitchen is
1.1mx1m, and the bathrooms @&nmx0.8m The ratio of openings on the housing
facadevaries from unit toanother;however,the model in use is a common typical

housing model

According to the ministry of housing, the housprgjectsstandardspecifications are

as follows:

A Walls: are usually 200mm block work plaster and paint. The external walls
haveStoneface paint, and the internal walls have 2 coats of vinyl Emulsion
paint.

A Floor:it is concrete screeandis finished with ceramic tiles.

A Roof: it is usuallya precastoncrete slab. The insulation used for the roof is
waterproofing system insulation, and extruded polystyrene insulation.

A Ceiling: suspended ceiling with gypsum.
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A Insulation: for the roof,a protective waterproofing coating that covers the
polyurethane foam base and covers the concrete or block work base screed
and membrane thatelaid on the waterproofing coating.

Glazing:a double glaze.

Pavementthe exterior nofbuilt area surrounding the house is sand.

Door: the external door igluminum andhe internal doors amsood.

> > > >

Window: the frames are aluminum.

Therefore, the study will apply the specified materials fi®airain's Ministry of
Housing. Nonetheless, the built area, openings and opening ratio, and height will also

be in application in the study.

2.3. History of Courtyard Housing

Courtyard is an element in the architectural language that is communal throtinghout
history of manyurban civilizations. Courtyarfbrm integrated into man's dwellings is
encounter in the ancient civilizationstingback to 3000BC (Edwardst al. 2006).
Courtyard housings located from the Bronze period of Greece, throughout the
Classical period into the Hellenistic and Roman period, which then proliferated
throughthe Americas, Europe, Africa, Middle East, and the Far Bastving from a
civilization to anotherBronzeageMesopotamian, EgyptiaBumerian)ndus valley,

Asia minor, and the Mediterrane@ideir I. A. et al, 1995) Figure2.2illustrates the
proliferation of the courtyard housinglhe Arab nomads have applied the courtyard
concept in the desert surrounding a central open space with their tenfgrdoide

their cattle with security and shelter.
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Fig.2.2 Courtyard dwellings: (a) Greece, (b) Mongolia, (c) Spain, (d) Néiftica
(Source:Meir I. A. et al, 1995.

Through history, courtyarfbrm is evidentially in having a symbiotic affiliation in

the Middle Eastern societyhere a surviving number of courtyard housing dating
back to prelslamic and Islamic periods are locat€burtyard housing form is fully
enclosed which is known as thaditional design of the courtyarixamples of such
buildings are Chogha Zanbil from 1250 BC in Ir&usa palace of Dario that goes
back to the Achaemenid dynasty from 550 BC in Iran, Jami Fahraj Mosque from the
8th AD, Al Fustat which havéeen excavatedating back to 8to 9" centuryAD in

Egypt Mosque of Ugba in Tunisidating back to 670AD, and Bayt Al-Badr in
Kuwait from 1840 (Edwardst al.2006).

The courtyard housing archetypal form may differ from an area to another but it
remains a universdbrm, Figure 2.3 The early courtyard housing of Egypt dating
back to the 8 and 9" century AD have influenced the Maghreb (the western; Tunisia,
Moroccq Algeria, and Andalusia) courtyard housiitney developed regular square
rectangular courtyard surrounded with symmetric rooms asltapedreception

rooms.
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Fig.2.3. A view of Riyadh old urban fabric (Source: Edwards et al. 2006).

The courtyard element is an emergence of sogitural and environmental
attributes.It is a concept applied in various built forms worldwide considering the
main concept and role behind its application. However, in the Middle East, the
Islamic architectte developed courtyard housingaasrucialtypological element that
satisfiesthe necessityof having anexposedarea and a microclimatimoderatorAs a
characteristicof having a hot and warm climate central courtyard modifies the
microclimate of the house through psssivecooling techniqueby the air patterns
allowing cool breeze, provides adequate daylight, protection from dust, and privacy.
Therefore, contended outdoor activities are perfarmwéhin the private courtyard
dwelling including playing, working, gathering, cooking, and sleeping during
extreme weather conditionsience, the courtyard element became an important

feature within the Arab residence.

Courtyards evolved from a singleosty into a double storey, and from a fully
residential block into dtabernd; which is the commercialization of a residential
space, and into ahnsuld’, which are apartment blocks. Those tendensifing of
format of moving from a residential into"tabernd and"insuld' is due to economic
crisis, oil boom, and population growtHence, courtyard housing reduced with the

increasing of apartments.
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Through colonization periods, courtyards have been adopted as a social space rather
than a clmatic regulator. Housing forms have conformed to the European standards
into developing the courtyard house into a ville oil boom and population growth

with area limitation modern architecture canceled out courtyard housing depending
on mechanical veitation systems and artificial lighting. Thus, enclosed courtyard
housing or semenclosed courtyard concept have not been further studied or

developed to accommodate the presiaysneeds.

Nonetheless, courtyards developments in European and Amaretaopolis have an
ancient origin. Examples exist back to Imperial Rome and Renaissance. In Europe,
the courtyard forms have been formalized in the nineteenth cer@auyrtyards
occurred in medieval cities, yet they were usually in random shapes. Astythe ¢
fabric were devoid of adequate light and urban ventilation space due to the increase
of population and building structurdsading to the epidemics of illnessebhe
courtyard form offered some advantages, not only that it was responsive to the
envirommental conditions; it served the need to exploit wind, air, and solar exposure
through the courtyard and the dense structut@sh promoted sanitary order that is
vital for the public healthMoreover, it was economical to build hence, serving the
lower, middle, and upper class in terms of efficiency, aesthetic, and land utilization.
Orientation of the courtyard differed according to need, as in Germany solar exposure
was the priority, while Scotland priority was urban ventilaiisdwards et al2006)

By the nineteenth and twentieth century, the courtyard form in Europe and America

were being exchanged by nexchitectural form of developments.

2.4Types of Courtyards

Courtyards have been developed into various forms. Those forms sector into fully
enclosed and sereinclosed courtyards. They represent the extent of courtyard
enclosure inserted into the building mass. The fully enclosed courtgatte

traditional courtyrd design thaéncloses from all four sides and is vastly in use for
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residential built forms. However, the seamclosed courtyaris very rare, ithas few
openings; differing into the extent of openness, and is in use for various builtiforms
large scke not as a housing unin apparent example of a seariclosed courtyard

is the plaza or also known as the piaageerecouple of buildings surrounds open
space and has openings within thedonetheless, courtyards also differ into their
position as bing the central spaad the building or at the side of the built form.

Moreover, historical courtyard housing demonstrated the integration of more than a
single courtyard within a dwellind=igure 2.4 and 2.5. Multiple courtyards provide
privacy for the family and extend the dimensions of security. There are various types
of multiple courtyards. The rural housing have multiple courtyards in which one is
designated for the family, while the other which is chllee annexes designated as a
stable, area for farming equipment and tools. In addition, there might be an additional
courtyard for cooking. However, another type of multiple courtyards within the urban
society, the innermost courtyard is for family mensbeffering a private space where
females are unobserved, and the outermost courtyard usually by the entrance and men

reception area or majilis that is designated for male guests.

Fig.2.4. A plan of a singleourtyard(Source: Edwards et al. 2006).
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Fig.2.5. Bayt atBadr floor plan showing its multiple courtyards (Source: Edwards et
al. 2006).

2.5.Social and Cultural Dimensions

Architectural design is a sculpture of the cultural and social life of the people.
Behavioral factors are a significant element that effects the formation of people's
culture and its application in design. There are interaction of various forces that
influence the layout of the archetypal built form such as change in periods, different
ideas, and attitudes of the society towards certain elements such as privacy. Each
society through history developed a built environment that fits their needs. The
developmen of the courtyard expresses social values and satisfies climatic and
functional needs. Courtyards configure into various shapes and forms depending on
an environment to another and behavioral factors. The variety in form and control of
exposure reflectshe society's behavior that influences the built form design and
layout.

In the traditional Arab and Islamidties, social, behavioraland cultural factors in
terms of privacy and securitgxpressesvithin the building layout. Privacy is a

fundamental soo-cultural factor that articulates the society's values and behavior in
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physically shaping the built formand order of space#n the Arab region women
requireprivacy fromthe visual intrusions of the public. Therefore, cultural and social
roots focus on the segregation among public and private lives allowing women to
maintain their privacy. Thenclosedcourtyard transpireas the women domain as it

encloses all activities a private form to reduce social stress.

In addition, the European courtyard shares this similarity with the Middle East. Both
traditions and social structures of the European and Middle Eastern typologies
expressed gender division as a domestic ¢eyritThe courtyard in Europe was a
space for women and children separating them from the masculine frame of men
(Edwards et al. 2006 oning were crucial due to the need of privatke kitchen,
bedroom, and bathroom looked across the inner courtyart pdidlic rooms looked
toward the streeMen occupied the street and the rear courtyard.

Privacy reflects a paramount influence on #émelosed courtyardhtrovertedspatial
organization facade,openings, anentrance treatmenBy the means of having an
introverted enclosedcourtyard the spatial organization of rooms open toward the

central courtyard, thus giving spaces their priv&oyure2.6.
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Fig.2.6. A section through adjoining houses showing Betbacks maintaiprivacy

between them (Source: Edwards et al. 2006).
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Moreover, the increase amount of courtyardpace configuration of the men's
reception area "majilis" by the guest entraneed segregating the courtyards
between family area and guestarea controls he private domain without
compromising the guests comfort and entertainnmiéms. control of exposuneflects
through the housing facade by having a solid external envelope with minimal
openings that are above eye level preventing passers from visua. Qutbs the
courtyard, spaces looking into it have appropriate size of openings for light
penetrationThe location of the entrance and the opening points protects the housing
components from direct sight through the application of the "bent entrprineiple,

Figure 2.7. The bent entrance principle is shifting the entrance from the courtyard
axis and placing a wall parallel to the entrance by shaping the passageway from the

entrance to the courtyard and spaces.

Fig.2.7. Bent entrance in BeRadvan, Marrakesh (Source: Edwards et al. 2006).

From the beginning of the application cdurtyards,the social demand of privacy
reveals a synchronized relationship of expression between the built environment
architectural form and the occupants dressiRigure 2.8 It demonstrates the
application of layers in which the exterior mpletely veiled to emphasize

protection.
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Fig.2.8. (a) Privatedomain () PublicDomain (Source: Edwards et al. 2006).

However, by the shift of time and development, woreeposure has increased to the
outer shell of the society through their education, working habits and change in
lifestyle where women socialize with meAt the old period of time where enclosed
courtyardsarerequired women were enclosed into their doimdstilt environment

and only men represent the labor sectresent housing units demonstrate the
amount of exposure each family or society reveals through the structure in terms of
windows on the exterior envelope, the height of the fence, design efivieéope, and
interior spatial organizationg.herefore, through periods, civilizations social values
and needs he altered due to globalization and developments of the mind and society
reflecting on the built formHence, revitalizing the enclosed coatds into semi
enclosed courtyard housing meets the society's demands without compromising their

values.

Traditional enclosed courtyard form posses a significant meaning however,
revitalizing it concept with significant changes and development willfgatisdern
needsand environmentally functionTherefore, it is clear that people's values,
lifestyle, and beliefs developed a behavior that shaped the human built environment

linking the social and spatial orders.
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2.6.Design Guidelines and Principles

2.6.1Form, Geometry & Configuration

Fathy states that by simple analysis understandable howhe courtyard form
became adopted by Arabs due to the desert climate wisenatural to narrow and
orient the streets to seek shade and avoid hot desert wind by closed vistas (Ratti et al.

2003).

Form, geometry, and configuration of a courtyard affect its environmental
performance.Courtyad form integrated into the built envirorent is various in
shapessuch assquare, rectangular, circular, and polygormdbwever, the old city
fabrics convey the rectangular or square shape as the traditional form of courtyard.
Other shapes are rarely applied and may be influencetebplot andopography.

An example of a circular courtyard is the Samba village in Afficyre2.9.

Fig.2.9. Samba Village (Source: Edwards et al. 2006).

The geometrical proportions in terms of width, length, height, aspect ratio, and solar

shadow indeof the courtyarcchanges the microclimatic properties of the courtyard
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and its effect on the surrounding interiofglequate accessibility of solar radiation,
shading percentage, and effective air movement are by appropriate courtyard

proportions.

Ratti, Raydan, and Steemdrave been reviewing Leslie Martin and Lionel March
archetypal built form®ffect on the environmental performarfoelings done in the

60's (2003). The built form was represented as a series of urban arrays of two
archetypical hilding form; the courtyard, that represents the old form and the
pavilion, which represent modern architectufeom the originalresearch findings,
Martin and March comparison betweeourtyard and pavilion urban array, both with
the same site coveragd B60%; 25 courtyard forms and 49 paviliorend both
maintainng the same height artdtal floor area,Figure 2.10. Observations illustrated
that both forms can sum up to the same floor area and internaldejaiimhowever,

the courtyard have pladeghe ame floor space in a similar building depth on the
contrary requiring orhird of the pavilion heightAs the Fresnel diagranfrigure

2.11 demonstrates the concept of square geometry of each annulus having an equal
area (Ratti et al 2003).

Fig.2.10. Two archetypal urban patterns, based on pavilions and courts (black
represents buildings) with the same site coverage, building height, and total floor

space (Source: Ratti et al. 2003).
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Fig.2.11 Fresnel's diagram: all concentric squared annuluses liawesame surface

area, which is also equal to the area of the centre square (Source: Ratti et al. 2003).

Muhaisen(2006) have studied the courtyargeometricalproportion parameter in
relation to its effect on the courtyard thermal performance, shadntexposure.

The study took over four different locations: Kuala Lumpur, Cairo, Rome, and
Stockholmrepresenting different climatic conditian€airo represents the hot dry
climate. The climatic condition highlights its relation to the geometric formhef t
courtyard, in terms of courtyard height and ratio in courtyard performance by varying
solar exposure anshading tathe sun's position in each different counffpe study

was carried out otthe two extremedays, June Zland December 2'1representing

the summer and winter solsticas14:00

The investigated proportion parameters are examined by a ratio of floor perimeter to
height represented by;Rand width to length represented by @006). R ratio
represents the ratio of the cowtg floor perimeter P to the height H (P/H), ranging
from 1 to 10. Rratio represents the width to length (W/L), ranging from 0.1 and 1.
To represent realistic dimensions, the study the minimum width is 1m. As an
example, courtyard ratio d®; is 1 andR; equal to 0.1 demonstrates that it has a

height of 22m andmin width and 10m in length.

All the forms considered has a constant wall surface area to an area of 282m

regardless of the courtyard form proportion. The constant wall susfiaee isthe
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internal wall surface area of the courtyard. It is heavily considered due to the effect
they carry on the thermpkerformanceomparing to ground or exterior wall surface.

In this section, Muhaisen study will record the efficient geometric courtyard ratio in a
hot arid climate of Cairo. The study will be further elaborate within the solar radiation
exposure and shading section to relate best the geometric effect on thardourt

performance.

As the wallareas areequal, the sunlit area and shading on the walls are taken as a
percentage of the total unit area of the walls. The shaded area decreases; when R
reaches 1 ai$'s the shallowest form. In Cairo, by ranging, R, value alteration does

not have areffect, as it would produce an equal amount of vailaded arealhe
percentage of shading decreases rapidly whem&eases from 1 to 5. The most
efficient values for the hot dry climate in summer and winter ofaiRge letween 4

and 8 with 4 representing the deep form and 8 the shallow form. Efficient values of
R, are between 0.3 and 0.8g&re 212
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Fig.2.12 Rectangular courtyard forms relation between R1 and R2 ratio (Source:
Edwards et al. 2006).

Koch-Nielsendraws a recommended width of the courtyard that ranges from x to 3x,
having x the courtyard heightigure 2.13 (2002, p. 57)Moreover, Laffah states that
the common proportions of width to length are 1:1:8 and 1:3:6 (cited in Edwards et al
2006, p.149)Another factor is the courtyard area percentage in relation to built area
whereit is suggested that 25%0% of the plot is to be open (Reynold 2002, p. 177).
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Fig.2.13. Width to height relationship (Source: Keblelsen 2002).

Reynolds definegourtyard exposure into two parametric factors, which are aspect
ratio (AR), and solar shadow index (S8002, p.16 & 17)Aspect ratio is the degree

of exposurdo the skytherefore the higher the aspect ratio the greater exposure of the
courtyard to tke sky, hence more solar radiatioAR is calculated as follows
(Reynold 2002)

Aspect Ratio= area of the courtyard floor (n?)

(Average height of surrounding wall§ %(2.1)

Solar shadow index refers to winter sun exposure, where by havig &SI less
winter sun reaches theo®h wall and floor perimeter, hence deeper wa@lS| us
calculated as follow&Reynold 2002)

Solar Shadow Index= Suth wall height (m)

North-Sauth floor width (m) (2.2)

Ratti et al. have studidtie environmental performance tbfeerealisticurban forms

in a hotarid climate of Marrakesh(2003). All built forms have the same built
volume, within different forms. The three urban forms are a courtyard, which is a real
prototype, pavilion 1, which replaces each courtyard with a block, pavilion 2
integrates four courtyard forms into one bloElgure 214 represents the three urban
forms. The building height is calculated by preserving the total built volume. The
studied paameters are surface to volume ratio, shadow derdsafyight distribution,
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and skyview factor. The skyview factor is the measure of openness of the urban
form to the sky.Hence, these factors address solar radiation and thermal comfort.
Ratti et al. obsrved the study through computer imaging.

Fig.2.14. Axonometric representation on a 67.5mx67.5m site of traditional Arabic
courtyard (left: three floor courtyard) and of two pavilion structures (middle: micro
pavilion, three floors; right: pavilionsix floors) (Source: Ratti et al. 2003).

The factor ofsurface to volume ratio results show that the courtyard has the highest
surface to volume ratio of 0.58 comparing to the pavilidiais the courtyard is
exposed to heat loss in winter, and heat gaisummer, therefore the form will not
perform thermally well. By having a maximum surface to volume ratio, the courtyard
acts as a heat sink and reradiates the heat ind®epsesenting the relatiothatthe
thermal mass hang a positive effect on thiénermal performance of the courtyard.

The sky view factor results interpret that the courtyard form has the least sky view
factor with a 13.8C temperatureRatti et al. (2003) acquainted that in a hot arid
climate context, night and day temperature atisns must be taken into
consideration. As also, radiating temperatures affect thermal comfort. Therefore
concluding thatow sky view factor are beneficial in such climate, since low sky view
factor insure a increase in shading and reductionreflection resulting thermal

comfort between the open spaces of the courtyard
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Hence Ratti et al. study concludes that the climate, built typma, geometryand
proportion can change the built form performarsel adopt within the climate

context.

Therefore, confirming Muhaisen theory that a high aspect ratio (wide and shallow)
form performs as a sun collector, while a low aspect ratio (narrow and deep) performs
as a sun protector in hot and dry regibesce enhance coolimgsulting into a better

envronmental performance than an extroverted unit block form

Configurations of courtyard forms are in relation with several factors, such as the
urban fabric, orientation, and climatic properties. In hot eliimates, influence the
urban fabric, as the buform is dense and compact reducing surface areas to be in
exposure to high solar radiation and provide maximum shading. In addition,
courtyard house epitomizes with an introverted fdhmat avoids solar heat gain,
hence providing adequate daylight peagon and shading leveldlodern housing
units differ in utilizing extroverted courtyard application in hot arid climate, therefore
exposing the unit to excess solar heat gdiowever, configuration should enhance
cool air movement and develop efficient ventilation through the utilization of the
courtyard configuration and compact urban fabric, nonetheless, avoiding dusty wind.

Hakmi (2006 cited in Edwards et al 2006, p.187 201) worked on evolving the
traditional courtyard concept into the modern architectural character. He developed a
variety of possiblecontemporaryconfigurations for a singlefamily courtyard
dwelling thatfunction efficiently towards the local climatic @dwultural needsHgure

2.15.
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Fig.2.15. One and two storey courtyard layouts (Souidakmi 2006, cited in
Edwards et al 2006

He concluded that:

A Combining features of modern architecture with traditional courtyard form
generates innovative amanctional built environment.

A The European urban system in terms of detached and row residential units that
enquire setbacksoes not correspond to courtyard housing foundation where a
compact urban fabric is required.

A Dimensional plots of 12 x 12m to »414m are the optimum size to adopt a
courtyard form.

A Providing a central courtyard with at least closed three sides allosvs

courtyard tgprovidewith effective daylight and ventilation.

2.6.20rientation

Built forms interaction respectively to solar angle and prevailing wind direction is the
fundamental basis of orientatiollthough there are conflicts between efficient
prevailing wind orientation and solar orientation that must be taken into consideratio

and in detailed analysis for each sielditionally, manipulation of the urban fabric
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alignment in terms of streets and plot shape delivers effective orientatiagaferred

to earlier vernacular narrow streets and compact form layout minimizes solar
exposure and increase shading effect, hence shdemst and West facades of the
North-South oriented streets.

Koch-Nielsen(2002) states that in the case of latitudes closer to the equator such as
Bahrain,the sun has a high altitud#he North, and South facing vertical surfaces
receive minimum solar radiatioifherefore orienting large exposed surfaces North
South.East and Westertical surfaceseceiveexcess heat gaidue to the intense
solar radiationduring morning andafternoon periods which can be contained
through increasing glazing characteristics, thermal mass and insulation properties

Horizontal surfaces are the most exposed to intense solar radiation.

Along the line ofMuhaisers (2006)earlier study of thegeometricalcourtyard 6rm
relation to theenvironmental performance different climatic regions, Muhaisen
have studied the effect of the change of orientation. As the internal walls are
constantly vertical, the orientation would alter the azimuth angle of the single
surfacesResulting in having some walls constantly in shade and others exposed to
the solar radiation, affecting the thermal performance. Orientation concerning
climatic conditions and location affects the experience of maximum shaded area in
summer and minimum inwinter. Therefore, Muhaisen studied the effect of

orientation by rotating the courtyard.

The simulationinvestigated on the courtyard ratio of R 5 and R is 0.5. The
simulation hours were from 7:00 to 17:00 with an hour intervals. The alteration of the
orientation angle was from°@o 90° in 1 steps, studying the daily performance in
winter and summer. Minimum shadows are generated when the cougyardnted

along the EasWest axis, and as the angle increases the shadow range increases.

Muhaisen concluded that in theot arid region, orienting theoartyard long axis
between the Nor#$outh axis and the Northeg&tuthwest determines effective
coutyard performancewithin all seasons of the year (2006).iglée 2.16
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demonstrates Muhaisen theory as the sun direction for the regions located by the
equator, the sun passes overhead resulting the east and west walls receiving the most

amount of solar radtion.

Fig.2.16. Sun path on a longitudinal Northouth courtyard (Source: Kodkielsen
2002).

Regarding wind determined orientation to maximize natural ventilation and cool air
movement, is by orienting the windward side of the builgpegpendicular towards

the wind. Orienting the building and the openings at“a@&ards the wind direction
increases aivelocity, whichenhanceshe air movement withirthe building (Koch
Nielsen 2002, pg.45Figure 2.17 demonstrates the improvement of air distribution

by the suction effect.
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Fig.2.17. Wind orientation to increase airflow patte(S8ource: KockNielsen 2002).

2.6.30penings

Courtyard opening size and location enhances the climatic effect as it is in direct
relation to light penetration, air movement, and heat dassating openings affect

the structure energy use, heat gain, and loss. Openings that are at a risk of receiving
high solar radiation are to be limitedCourtyard housing external envelope
distinguishes with small, above the eye level openings, while the courtyard
surrounding spaces distinguishes with bigger openings for adequate light penetration
without heat gaindirect solar radiation, and glare

Regarding ventilationppening arrangements can optimize cooling, air movement,
and cross ventilatioriThe average interior air velocity, the volume of air flow, and
the route of air flow within a courtyard, or an enclosed space is dependable on the
location and the size of the openigy havingtwo openings on opposite walls, a
small openingon the windwead surface and large openings on the leeward surface,

higher air velocity generate&igure 2.18 shows the effect of air distribution and
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speed due to variation in opening siEaving openings in adjacent walls with an
oblique wind direction air distribign increases with the increase of turbulence.
Hence,it encouragesir mixing and efficient cooling effect within the spacan the
other hand, having variation in height on the opposite walls devedtipstive
distribution of air in the occupied zonBigure 2.19 shows a vertical section of air
speed and distribution due various opening positioning. Not all openings should be
located near the floor or ceiling because such action prevents an occupied zone to
have its maximum air velocity. For higher aelocities, some openings should be
located mid height, or with a combination of high and low openifgs.2.20
presents the difference of interior air velocity and distribution due to opening
locations.

Fig.2.18 Variation of air speed and wirttistribution due to openings different sizes

and location, horizontally (Source: Kodflielsen 2002).
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Fig.2.19 Variation of air speed and wind distribution due to openings different sizes

and location vertically (Source: KockNielsen 2002).

High and Low Openings

Fig.2.2Q Variation of interior air velocity distribution due to the different opening
locations(Source:Brownet al. 2001).

2.7.Environmental Dimensions

2.7.1Solar Radiation, Daylight and Shading Analysis
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The courtyard proportions and exposafectsthe courtyards admittance and control
of solar radiation, natural daylight within the internal spaces, and shading coverage.

Experiencing solar radiation extents on an exposed area depends on the latitude,
altitude of the sun, cloud coverage, the buddorientation towards the suand the

aspect ratio of the courtyard\s the sun altitude increases, simultaneously solar
radiation intensity increases. Cloud coverage affects heat transmittance, where in the
case of Bahrainthe absence of clouds allows heat to be in a-leage radiation

form. Three different types of solar radiation affect the amount of heat transmitted
into the building, which are direct solar radiation, diffused solar radiation, and
reflected solar radien. Radiationaffects directly the thermal comfort of the building
through heat gain. The ways that radiation develops heat gain effect are through
absorbed radiation that access directly from openings, heat exchange process by
radiation absorbed by thexternal building envelope surfaces and transferred into the

internal surfaces.

With reference to Muhaisestudy earlier, he has studied various effects of sunlight
and shade on circular, polygonal, and rectangular courtyard geometrical forms
through IEScomputer simulation prograntowever, focus is on Muhaisen studies

on rectangular courtyard forms as it represents the traditional kdamaisen (2006)

has examined exposure and shading on four different climatic conditions with the use
of two ratios inorder to obtain the optimum sunlit area in winter and wall shaded area
in summer. These ratios are expressed as R1, which is from 1 to 10, and R2, which is
from 0.1 to 1 and defined éallow (Muhaisen 20086)
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R1= floor area (m%)

height (m) (2.3)

R2=width (m)

length (m) (2.4)

In the case of climate relation, Cairo represents the hot arid climhee.study
examined the effect of height on the shading performarcéest the effect of height
variation on the shading conditions of a rectangular courtyard a reference model was
taken was taken with a R2 of 0.5 and a 3 meter high building. The test was against

different height ranging from one to five storeys in sumaret winter respectively

figure2.21

>
>SS

Fig.2.21 Investigated heightsf the courtyards buildingSource: Muhaisen 2006).

Results demonstrated that increase in the number of storey, simultaneously increases
shaded area. Yet, as the sun altituateases, the relation of height increase and
shaded area decreases. As the case in Cairo where the average rate of increasing

shadow due to increasing height in summer in 2.5% and wintg®%, Table 21.
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Furthermore, he states that the optimum perfooaaf courtyard in terms of shade

and exposure during summer and winter season is achievable at the height of two
storeys,Table 2.2 The wall surface areas are equal, the sunlit and shading area on the
walls are taken as a percentage of the total unét af¢he walls. The percentage of
shading decreases wheniRcreases from 1 to &s stated earlier, the optimum ratio
values during the whole year of R1 ranges between 4 and 8, while R2 ratio values
ranging between 0.3 and 0.8le concludedhigher courtgrd transfornng the
courtyard into a deep courtyard form provides more shading.geometrical shape

has greater influence in summer than wintéorsequently, courtyards with deep
forms provide less solar gain and more shadow in hot climatic regimnse

performsefficiently.

Muhaisen (2006) states that the courtyard can be an efficient modifier to the climatic
condition when proportioning the courtyard form to ensure adequate shading within
the summer conditions to decrease cooling needs and-adiation within the winter

to increase warmthTherefore understanding the link between geometry and

environmental performance.

Table 21. Average rate of increasing the shaded area and decreasing the exposed
area due to increasing height by one staf@gurce: Muhaisen 2006)

Kuala Lumpur Cairo Rome Stockholm

Summer Winter Summer Winter Summer Winter Summer Winter

4.3% —6% 2.5% —7.5% 3.4% —6.6% 6.3% —-13%
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Table 2.2 Reduction percentage in the maximum achievable shaded and sunlit area
(Source: Muhaisen 2006)

Building height Kuala Lumpur Cairo Rome Stockholm

Summer Winter Summer Winter Summer Winter Summer Winter
One storey 17 0 10 0 14 ] 25 0
Two-storey 14 5 8 14 il 16 19 3
Three-storey 10 11 6 23 T 22 13 4
Four-storey 6 18 3 27 4 25 6 5
Five-storey 0 24 0 30 0 26 0

Another study review conducted by Meir et al. (1995) undertook a study on the
internal shading in summer on twourtyards in a hot arid climate. The courtyards
are identical in shape and treatment, howererdifferent in orientation: South and
West, Figure 2.22. The length to width ratio (L/W) is 3.8, and height to width ratio
(H/W) is between the ranges of 0.470.56.

Fig.2.22. General layout of the monitored courtyards' area (Source: Meir et al.
1995).

They concluded that dit solar radiation reaches theushfacing courtyard during
morning and late aftaoon hours much less than thee¥¥facing courtyard Figure

2.23 and 2.24 However, trapped solar radiation and inadequate ventilation of the
courtyards resulted overheating, irrespectively to orientatibos, affecting the
thermal behavior.
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Fig.2.23 Internal shading of surfaces in courtyastidifferent orientation in August
(Source: Meir et al. 1995).
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Fig.2.24. Internal shading of surfaces in courtyard of different orientation in
December (Source: Meir et al. 1995).

Referring back to Ratti, Raydan, and Steemers study on the three urban forms;
courtyard, pavilion 1, and pavilion 2, in the fastd climate of Marrakesh, the
building form presents interesting results regarding shadow density and daylight
distribution(2003). Shadow density is taken in the street, while daylight values are an
average of all ground surfaces. Results concerning the shadow density and daylight
distribution parameter the courtyard recorded to have the highest value of shadow

48



density.However,overshadowing relates to low direct daylight. Hence cthetyard
has the lowest daylight distribution of 15%. However, by taking the courgjang;
observations record that the daylight factor is 19% in the courtyard, while in the street

its 10%. Therfore, daylight is effective through the courtyard

Thapar and Yannas performed a study haiw the urban form affects the
microclimatic conditions within various site locatioinsDubai, a climate that is very
similar to Bahrain The study was to analyze the microclimate urban form of Deira,
Bastakia and Dubai Marina in July 20QVhapar et al 2008)The studyis divided

into athree states: aompact lowrise courtyarda midrise, and a highise building

form. The study is based oon-site measurements and supported with further
software simulation investigation and validation. The parameters investigated are the
built form performance, the presence of vegetation, the presence of water bodies; all

effecting the thermal comfort ofeéturban space.

Each form has a different shading effect for similar built volumediigise 2.25
shows that a dense development of a courtyard block providedl-ahadedarea.
The shadow cast area increases from the function of thefornit the highrise
tower has the least shadow cast, while the dense courtyard has the highest shadow

cast.
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Fig.2.25 The area of shadow cast on the ground increases for a constant built
volume (of 57,120fas a function of builr form from (a) a 63.5m high tow®),
35.7m high blocks, (c) 21m courtyard blocks (Thapar et al. 2008).

By the analysis of the case studies, in hot arid climate of Bahrain, sunlajbttpon

should be towards theo8th longitudinal elevation that takes in large amounts of heat

in winterand less amount in summer period, hence benefiting of solar gain in winter.
A rule of thumb, avoiding heat gain by shading provides thermal comfort. Therefore,
the introverted form of courtyard reduces exposed surfaces to solar radiation and
increases she. However, the geometrical proportion of the courtyard must be
accurate to develop adequate shade and daylight. Narrow and deep courtyards
orientedin the EastWestdirection and elongated in the No#Bouth direction work

well in hot arid climatic conditions in which they provide shade from thedogle

sun in the morning and afternoon period. As the courtyardshade for most of the

day, it will gain heat less and lose heat by outgoing radiatiae.mo

As for adequate daylight admittance within the internal spaces, the daylight factor
performs as a guidelindhe daylight factor is the ratio between the daylight within
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an internal space and external at the same time. Daylight coincides with thed heat
the aun. Therefore, hot arid climateenefis from low daylight factor. For deeper
daylight penetrationwindow dimensions ought to be largaative to the floomarea,
hence higher daylight factdhat do not comply for hot arid climateg/hen the
distance into the roonfrom the courtyard edgexceeds 2.5 times the height of the
opening, daylight isess thaincreaseshe need of electrical lightindrigure2.26is a
diagram demonstratintpat the distance in theaternal space thaxceeds 2.5 times

the height of daylight opening, there will be little daylight.
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Fig.2.26 Daylightpenetrationfrom window in relation of window height to the floor
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area (Source: Reynold 2002).

The llluminating Engineering Society of North AmeridB$NA) lighting handbook

has developed codes and standards for indoor spaces in order to provide a healthy
visual environment. They recommend illuminance for specific visual tasks.
Controlling daylight provides in controlling light distribution, light quan and
absorbed heat gain. Glare causes discomfort, reduces task visibility, and hinders
occupant's visibility. Glare can be direct or reflected. Lighting design depends on the
occupant needs, and activities. The living room activity level selecteedentary

and light, as it is a place for relaxation and light activities. The living room space
includes flexibility of activities ranging from simple to medium tasks. Natural
daylight should provide general lighting for a range of various activitiesIHBRA

recommends an illuminance level between-300 Lux for a permanently occupied
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area with a visual task set as moderately easy; such as relaxation, dining, crafts,
reading, and entertainment such as playing the piano or table games (Rea M.S.,
2002).

Courtyard form may reduce sunlight penetration and glare according other factor such
as surface color. As the courtyard admits, reflects, and absorbs light, light surface
color and material may reflect substantial quantity of light towards the walls and
cealing that may produce glare. In order to reduce glare within the internal surfaces,
surfaces around the window opening must mediate between the dark surfaces and

bright window.

2.7.2Airflow and Ventilation Analysis

Air movement and pattern into the built form affects the thermal comfort, heat loss,
and heat gain through the building envelo@eurtyard built form is an effective
passive strategy for cooling in hot arid climatic regions as they characterize with large
diurnal temperature swingh virtue of the courtyarddesignis that cold breeze is
available regardless of wind direction as the wind will pass over and create low
pressure in the courtyarBixposed areas to the sun and shaded areas are different in
air density that causes air circulation between the interior courtyard and exterior
space, and between the interior courtyard and interior space of the building.

Natural ventilation and airflow is achievable in two forms; cross ventilation and stack
effect. Coss ventilation is a windenerated pressure difference by air movement
from the opening across the space. The stack effect is a tempgeterated
pressure difference by hot air rising toward the top opening allowing cold air to settle
at the bottom.

Due to solar radiation, daytime hours the courtyard heats up quickly creating a stack
effect due to temperature difference®wever, the stack effect will only be effective

when outside temperatures are cooler than inside with a minimum differencé®f 1.7
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(Kwok and Grondzik 2007, p. 145). On the other hand, another mean to increase the
stack effect is by increasing the courtyard heightl by increasing the distance
between high and low ventilation openinfiss in recommendation that the openings

are a different heights with an area for the inlet and outlet not less t#4 8f the

floor area (KockNielsen 2002, p.126)Cross ventilation increases by large opening
leeward surface and small opening on the windward surfa@eldition, wind would
increase within the courtyard and cross ventilation would increase by orienting the
courtyard 48 from the prevailing wind.

Orientation and built form configuration effects air movement by the creation of eddy
zones, Figure 2.27. Nevertheless,courtyard sizingfor ventilation and placing
openings affects the wind speed percentage within the courtyard. Fg2@e
demonstrates that wide courtyards have high wind speed in percentage, yet by
increasing the length of the courtyard the wind percentage also incidas®sy and

tall courtyards create wind shelter.

Fig.2.27. Configuration and orientation effect (B 19%5).
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Fig.2.28 Sizing courtyard for ventilation (Brown 1985).

A wind catching strategy byi®vani israisingthe height of the downwind courtyard
wall (cited in Reynold 2002, p.90As the wind moves across the lower roof and
courtyard opening, it will strike the high wall causing the wind to move over and

creating a down draft that can be enhanced by a lower outlet.

A study by Sharples and Bensalem (2001) was taken to compdoavaiatesin
atrium and courtyard building. Six different pressure regimes were examined by a

wind tunnel studyFigure2.29 The six case models were:

A Open courtyard with positive pressure

A Atrium pitch roof with no openings driving positive pressure
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A Atrium pitch roof with small openings in the leeward side causing negative
suction pressure

A Atrium pitch roof with large openings in the leeward side causing negative
suction pressure

A Atrium pitch roof with small openings in the windward side causing ipesit
pressure

A Atrium pitch roof with openings on both leeward and windward side causing

both negative and positive pressure.

& WIND DIRECTION
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Fig.2.29 Courtyard and atrium roofentilationstrateges used in the study (Sharples
et al. 2001).

They concluded that thepen courtyard have weak ventilation performance, while the
best is when the roof openings are positioned perpendicular toward the wind facing
negative suction pressures regimes. On the other hand, by placing the buiftling 45
perpendicular to the wind, tlegfect of all models become relativedimilar.

Al-Hemiddi and AlSaud (2001) performed an experimehatt asseshe cross
ventilation effect on the thermal performance of tlmurtyard housingin Saudi
Arabia Figure2.30
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Fig.2.30 Plan and section of the courtyard house in Saudi Arabiddg@kxhiddi et al.
2001).

The experiment was conductedsix phases, as follows:

Not ventilated courtyard
Only inner windows toward the courtyard are open
Only outer windows are open during nidpaturs

Outer and inner windows are open

D> > > D>

Outer and inner windows are open, but the courtyard is covered during the
day
A Outer and inner windows are open, but the courtyard is covered during the

night

The measurement®ncludedhat the courtyards internal t@eratures did not exceed
the external temperatures, enforcing the fact that cross ventilation significantly cools
the internal spacedn addition, the fifth phases reported to be the best due to its

largest time lag for maximum temperatyréigure2.31
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Time Lag Factor
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Fig.2.31 Fifth phase is the best for its largest time lag for maximum temperatures
(Al-Hemiddi et al. 2001).

Another study been performead investigate courtyard passive cooling effeft
natural ventilation in minimizing indoor overheating. The stwdgs on asingle
storey high massuilding; however,it is in a warm humid climatéy Rappaksha,
Nagai and Okumiya (2003An internal courtyard was integrated, and indoor airflow
patterns were controlled through the composition betweecotintyardandenvelope
openings Indoor airflow patternseffects the heat exchange between indoor air and
the building thermal masgor thisstudy,Computer Fluid Dynamics Analysis (CFD)
wasin use.The study compared two cas&sgure 2.32 The first case, thbuilding
ventilatesonly by the courtyard and all openings on the envelope are closed during
daytime. The second cas®enings on the longitudinal axis are open during daytime.
The study identifis that when the courtyard acts as an air funnel dischargdapr

air to the sky by openings in the envelppather than a suction zone, it modifies

indoor thermal conditions.
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Fig.2.32 Simulated aiflow patterns at human body height 1.1m (Rajapaksha et al.
20@).

Furthermorereferring back torhapar and Yannastudyof the three different urban
form effect on their microclimatic condition in Dubai. They hamalyzed the airflow
effect of the urban form of Dubai Marina (higise), Deira (mierise), and Bastakia
(low-rise) in July 20072008) Bastakia consisted of compact courtyard form. The
study simulated the forms as a fixed built volume using {amet software to run air
temperature and air flowResults inFigure 2.33 shows that the courtyard block has
the coolest aftow with the courtyard as the coolest area. However, the wapded
waslowest and the East and West sides were wahis may have been due to the
high level of shading effect of the courtyard foridevertheless, the courtyard

managed to reduce the humidity levels.
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Fig.2.33 Envimet predictions of air temperatures for 2.00pm on a July day around a
constant built volume (of 57,12C)on a 100x100m site as (a) a 63.5m high
tower, (b) 35.7m high blocks, (c) 21m courtyard blddksaparet al. 20@).

Regarding natural ventilation andcooling ventilation needsto be controlled,
requiring thatdirecting air movement to pass over warm surfaces. Ventilation
openings should be flexible ioperation and may be located ditferent height for
stack effect and diffeng sizes tamaximize suction effect. The use ahechanical
ventilation may be unavoidable hot arid climates, as it assess the removal of heat
gain A combination option may be in use where natural ventilation is in use in certain
period ofthe year (winkr), and active means are in use in other period of the year
(summer) Mechanical ventilatioraffectsthe thermal conditions within the internal
space and is not affected by any lighting systems or strategies.

2.7.3Thermal Analysis

The integration of a courtyard within the built form functions as a thermal mediator
between indoor and outdoor spaces. The building envelope responds to various
external conditions such as solar radiation, heat gain, and release of heat radiating
within the building. Thermal control and comfort in a courtyard dwelling is
achievable by considering many strategies such as effective ventilation and airflow

patterns, efficient daylight level admittance and absorbance, orientation, built form
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configuration, themal mass, high surface area to volume ratitgrmediate spaces
and material selection. All factors effect thermal comfort within internal spaces and

within the courtyard.

Intermediatespacesn the courtyard such deggia, whichis known traditionalf as
Liwan, act as thermal barrierprotecting inwarefacing walls from direct solar
radiation and heat gairleat gain can be avoided by obtaining effective balance
between surface exposure to solar radiation and shadow. Moreover, natural
ventilation assesesin the heat gain process and heat loss. With adequate natural

ventilation,heat will be releases substantiakgulting thermal comfort.

The building ability to store and release heat is relevant to the building volume, where
as the rate to lose gain heat refers to surface area. Therefore, there is the surface
area to volume ratio that indicates the rate that the building heats up and cools down.
To obtain this ratio, divide the total building surface by their volume. The higher the
ratio is the Igher the potential for heat gain during the hot period and heat loss
during the cold period. On the other hand, high ratio increases ventilation and
daylight (Raydan et al, cited in Edwards et2006, p.141).

In hot climate, in the case of Bahrathe building thermal massolsdown through

heat radiation during night hour§hermal mass is slow in cooling and heating air
temperatures as they increase or decrease. High thermal mass presumes an increase in
temperature time lag between interior aexterior temperatures. la courtyard
dwelling, by increasing the thermal magsEastWest facing walls, heat gamneduces

andtemperature variations balance

Materials have thermal properties that affect the space thermal comfort. Material
thermal proprties characterizes as absorbance, reflectance, and emisaiviigh
reflective material reducdseatgain and high emissive material increases heat loss

during night hours.
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Aldawoud (2008 have analyzed the thermal performance of courtyard buildifgs.
assessment considered several factors that are climate, height ranging from 1 to 10
floors and various glazing typeThe analysis performed on the courtyard and its

adjacent zones;igure2.34

Courtyard Model

Perimeter |

Interior —

Courtyard

Courtyard
Adjacent B Courtyard

Adjacent

Courtyard 4

Fig.2.34 Excluded common components for both mog&asirce: Aldawoud 2008).

The study findings were that integrating the courtyard within a building in various
climates is thermally comfortable and energy efficient. Hot arid climate presented an
increase in energy reduction, hence, proving the courtyficieacy of being
thermally comfortable by reducing the use of mechanical and lighting systems.
Moreover, as materials ddfectthermal comfort, glazing type and percentpgeved

to dfect the thermal performancand comfortof the courtyardAs Table 23 views
reduction in energy consumption in terms of mechanical and electrical systems to
mitigate the thermal comfortMoreover, courtyard is found to be in its optimum

efficiency in low and midrise building levels.
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Table 2.3 Courtyard thermaperformance compared with thermal performance of
courtyard having single clear glass with 67% glazing at 10 floors irhbatid
climate(Source: Aldawoud 2008)

Courtyard type Energy Reduction in energy
consumption consumption (%)

Courtyard/single clear glass 1367.271

Courtyard/double clear glass 1086.624 —21

Courtyard/double low-e 1018.27 —26

Courtyard/triple glass 971.298 —29

Sadafi N. et al. (2008) have studied the thermal effect on the adjoining zones of
having a courtyard in a tropical climate of Malaysia. The house consists of a ground
and first level. The study is through computer simulation by the use of Ecotect
Analysis. The material input for the house is from Ecotect library. The thermal
performance investigation was conducted for March, June, and December. The first
mode A was the house without a courtyard. The secomtle Bwas the house
integrated with a rectangul@ourtyard with 2.2x2.5m dimensiofigure 2.35 and

2.36 demonstrates the temperature difference between mode A and mode B in June
and December.
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Fig.2.35 Temperature difference between mode A and B for living are in June
(Source: Sadafi N. et a2008).
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Fig.2.36 Temperature difference between mode A and B for living are in June
(Source: Sadafi N. et a2008).

The thermal performance of the living room demonstrates a decrease in temperature
in both months. However, solar gain will increasgréasing the solar heat in the
dining area since it does not have enough openings to release, hence increasing inter
zonal heat gain of the living area. Results illustrate that integrating a courtyard will
enhance the thermal conditions by increasing mhtwentilation and internal heat
release through window openings. Therefore, by having openings both to the internal
courtyard and outdoor will experience a better thermal condition, than having an

opening only toward the courtyard.

2.8.Contemporary Dimensions

Vernacular architecture are hybrids of indigenous and foreign typography that change
and adapt, establishing a national identity of their dlaat should adapt with the
interchange of the present world (Curtis 2001, p.74, cited in Edvedrek 2006).
Conversely, the urban and architectural design of modern cities does not present the
application of Curtis statemeras well asconsidering vernacular architecture as old
disregarding their passive design strategies, valued principles adelings that
present the courtyards environmental and social legagsential factors that sculpt

the built form such as climate are overlooked, as evidenced by Bahrain's
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contemporaryypology of westernized freestanding units in the centre of exposed pl
with the extensive use of glazingand having internal halls replace the

multifunctionalcourtyard context

On the contrary, the built environment requires designers to benefit from vernacular
studies and their offering solutions in providing comf@turtyards haveot been
developed into contemporary formats, as they are neglected due their representation
of heritage and to globalization standard®urtyard typology must reposition
beyond the superficial distinction of traditional and modern. dsgential to develop

environmentally efficient courtyard housing compatible with modern developments.

There are few examples of attempts in revitalizing the courtyard concept. Such
examples are the Alakheel district in Riyadh, and a Dean's residenchdrcampus

of the American University of Sharjain the United Arab Emirate&Edwardset al.

2006) Those two projectsdemonstratesuccessful interpretations of courtyard

integrations in a modern built forim a hot arid climate such as Bahrain

The AlNakheel project developed a residential community with approximate 500
residential unitsFigure 2.37. The unit plots vary between 179sgm to 1475sgm. They
consist of a ground and first floor. There are three types of units differing in their
privacy scale. In the first type, the designer adopted the conventional courtyard
centrality within the built formwith internal spaces surrounding the courtyarde
second type, the designer employed three connecting courtyards amdpFasknta
different scale of privacy. The first courtyard is the entrance courtyard, the second
articulates the men reception arend the third articulates the women's area that is
set at the back of the residence. The third type of courtyard is similar to the second
type, yet it has a higher scale of privacy, where the third female courtyard is enclosed

on three sides.
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Fig.2.37. Al-Nakheel contemporary courtyard housing (Soursedelsalan2006,
cited in Edwards et al 2006).

The Dean's unit in the American UniversdlSharjah reconsidered the attributes of

the courtyard in terms of courtyard thermal comfort, transition spaces between the
courtyard and the interiors, public and private space treatment, facade treatment, and
view arrangement throughout the hou$ggure 2.38 The courtyard is oriented
toward NorthEast, and placing the entrance at the St\#st facade. The facade
opposing the street does not attempt of direct viewing or entry into the house. The
visitors have to turn $ao enter the receptioareaand another 90to access private
areas.Corresponding to the traditional house and entrance form, visitors have a
narrow view of the courtyard as they progress to the reception Rigae 2.39

demonstrates the house plan showing the transition space arrangements.

Fig.2.38 Dean's contemporary courtyard housing, American University of Sharjah
(Source: Mitchell, cited in Edwards et al 2006).
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Fig.2.39 Contemporary courtyard house plé®ource: Mitchell, cited in Edwards et
al 2006).

The facadetreatment also reinterpretthe traditional courtyard system by its
volumetric expression, massive walls, and integration of deep openings and niches. It
has three integrateelements, whiclare an outermost blank wall that surrounds the
house and open for light to access, a recesteegfacedwall that defines the private
spaces, and a stone face volume that represents the public fun@ihenspace
between the outermost blank wall and gublic volume providea shaded transition

that mediate®etween the harsh glare of the exterior and interior natural light, hence

reinterpreting the entry sequence of conventional courtyard.

Moreover, the unit relies on staggered wall surfaces on dlugh&East and South
Westfacade to reduce their exposure to solar radiation, as an alternative of relying on
thermal mass to mediate the microclimdacade openings are small and recessed,
and the facade is surrounded by arcade (loggia) having the fewate glazed to

allow adequate daylighfFigure 2.40 Glazing is operable to be open for ventilation
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and circulation. Nomeflective materials aren use for the floor to reduce heat gain

and glare.

Fig.2.40Q Internal courtyard facade showing arcaaed internal arrangement of

openings (Source: Mitchell, cited in Edwards et al 2006).

2.9.Summary of Literature ReviewFindings

Bahrain modular housing units have been analyzed in terms of plot area, openings,
height, and material specificationBreviais studies on courtyard house typology
presented the courtyards role, characteristic, and functionality in addressing its
historical, social, and cultural, design parameters, and environmental aspects.
Environmental performance studies are represented expansively, in terms of solar
radiation, daylight, shading, ventilation, and thermal paramet&dslitionally,
studying thecourtyard'senvironmental performance relation to the courtyarts

design prinigples geometry, form, configuration, orientation, and openings.
The courtyards main role and functions are:

A An environmental moderator enhances the interior climate through mitigating
excess solar radiation, and have adequate source of light and natural
ventilation. Also, protects the space from dust and sand.

A A secluded safe externapace thatcreates aprivate shelter zone for

recreation and managemergeds
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The major findings of the revised studies are:

A The climatic issue of Bahrain of having highmidity can be mediated by the
hot arid andhumid climatic context, agvidentially through the studies the
finding strategies were very similar in attributes, such as utilizing cross
ventilation dsign

A Regarding the effect of height on courtyaste/ironmental performance, the
ideal height must not exceed 10 storey levels (Aldawoud 20@7addition
the integration of a courtyard within a dwelling is optimum fdow-rise
structures withira hot arid climate context.

A In terms of solar radiatiomlaylight, and shading, the findings are as follows:

o Form and geometry effects the courtyard solar radiation penetration
and shading levels. Therefore, the recommended form for Bahrain's
climate is a low aspect ratio form, which is a narrow and deep
courtyad (Muhaisen 2006, and Muhaisen and Gadi 2005).

o Compact and dense built form to provide maximum shading.

o In terms of semenclosed courtyard, providing a central courtyard that
is enclosed from three sides will provide adequate light and ventilation
(Hakmi 2006, cited in Edwards et al 2006).

o Orientationaffectsthe courtyard exposure to solar radiation. Muhaisen
concluded that large exposed surfaces should be towards the North
South, having the long axis between Nort$outh and Northeast
Southwesthatis effective allyear long(2006)

0 Openings should be small with low daylight factor in the hot arid
climate.

A The percentage of courtyard area in relation to the structural built plot is
between 25%30%.

A In terms of airflow patterns and ventilation, firedings are as follow:

o By increasing the courtyard height, and distance between high and low

ventilation openings, the stack effect of the courtyard will increase.
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o Cross ventilation increases interior thermal comfort. It can be
increased by having larggpenings on the leeward surface and small
on the windward surface.

o Cross ventilation and wind speed can increase by orienting the
courtyard at a 45angle from the wind.

0 By increasing the length of the courtyard forming the structure into a
narrow form, he wind percentage within the courtyard would increase
creating wind shelter

A The thermal performance is obviously affected by the building principles in
terms of airflow patterns, heat gain, daylight accessibility, and shading levels.
By increasing the thermal mass of thastWest facing walls, heat gaimill

decrease.

With thorough review of previous scientific papers and books in the field of courtyard
archetypal form, several restrictions and limitation were identifgtddies &cked
sufficient investigations andindings regarding the environmental performance of
semtenclosed courtyardypology proposals.Many of the investigations were
studying the traditional fully enclosed courtyard lacking some investigating of
different slapesand configurationsf the courtyardbuilt form. The previous findings

will present as guidelines and principle indicator to be in application for this study
and develop a baseline modBhhrain building regulation and specification on their

modular lousing units will be in application within the study.
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Introduction

Passive systems and designs lost their recognition to active systems due to their
relation of being a nemodernistic approacilhe present architectural development
does not provide comfort within the hot climaliéhis study is set on the basis of
previous study findings and recommendations in terms of environmental performance
analysis of courtyardsThis chapter will define the parameters and the effect of
various variables that the study investigati@stablishes on,and various
methodologies employed to similar research topics in order to determine the best

effective methodology to be in conducttins study.

3.1.Study Proposal

This study will examine the performance tw-rise semienclosed courtyard
housing within Bahrain's hot arid climate with respect to the assessment criteria and
variable parameterslhe assessment criteria measurthg parameters are natural
daylight, shading, solar radiation, thermal comfarid ventilation.The parameters

are thecourtyard shapeopening orientation, anatctive systemJable 3.1 Any other
effecting variable are fixedn both courtyard form# terms of height and materials,

with respect to Bahrain's housing floor levels stprey'$ and Bahrain's material
specification. The courtyardize is fixed by adopting the traditionatommon
courtyardsize according to the literature review; the coamtyarea percentage in
relation to the built area is 25% to 30% of the plbixed variables allow
investigating the effect of the independent variables only to observe the outcome of
the simulation; that are the dependent variabdes$ive system relatioio the two
assessment criteria: thermal comfort and airflow is due to the effectdanhesoling

and heatingon the two measuremly. Active system does natffect daylight, solar
radiation, or shading measur@$e study methodology compares the fidlyclosed

introverted courtyard housing form to the introverted senulosed courtyard
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housing form,Figure 3.1 The traditional courtyard form will be referred to as
Courtyard T, and the semenclosed courtyard will be referred to@surtyard S

Table3.1 The parameters in relation to the assessment criteria

Independent
Variable/Parameter | Courtyard Shape Opening Active System
Assessment Orientation
Criteria
Natural Daylight X X
Shading X X
Thermal X X X
Solar Radiation X X
Airflow X X X
Traditional Courtyard Form Semienclosed Courtyard Forn
(CourtyardT) (CourtyardS)

Natural Daylight
Shading
Thermal Comfort
Solar Radiation

Airflow

Fig.3.1 Comparison between the traditional courtyard form and ssmiosed

courtyard form

The selected variables will be assessing in both courtyard f&@mstyardT and

CourtyardS The assessment will occur on an indoor space: the living room, and an
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outdoor space: the courtyard. To study the effect ofrtiependenvariables of the
courtyard housing form on the indoor space, natural daylight, and thermal comfort
will be assessed. However, to study the effect of the variables on the courtyard form
environmental performance, solar radiatishading,and airflow will ke assessed.

The assessment will occur on different timing and season for each orientation. The
hours of assessment are d@'@lockin the morning, 12'clocknoon, and 3'clock

in the afternoon. The days of assessment are on the summer solstice *Jwared21

winter solstice December 21
The study steps are as follows:

A At first, convert the extroverted Bahrain modular housing form into a
traditional introverted fully enclosed courtyandusing form.The given
model is oriented NorthThe converted form is referred &ourtyardT.
CourtyardT form will have the same builip dimensions as the modular
housing, including the courtyard aredherefore, the courtyard area
percentage will deduct from the built ar@ae options between 2596 30%
will be studied to decide the ultimate courtyard af@aurtyardT form will
adopt the exterior openings of the given model and will add additional
windows on the walls facing the courtyard. Moreover, the additional windows
will have the common winav size of the given model of the modular
housing, whichis 1.2mx1.6m.The living room will be in place in the same
position in the given model of the modular housifige courtyard house form
will be modeled without the boundawalls; however, the boundary wall will
exist as a recess between housing to follow Bahrain building regulations.

A Secondly, test the fixed variables on the traditional fully enclosed courtyard
form to compareCourtyardT and CourtyardS optimum environmental
pefformance and investigate the appropriateness of having aesetosed
courtyard form within the hot arid climate context, TaRl2

A Thirdly, develop a serénclosed courtyard form through the application of
the varying parameters and testing their effen the living room and
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courtyard performancéd;able 3.3 CourtyardS will have equal builup area
asCourtyardT.
A Lastly, after achieving the optimum semnclosed courtyard performance,

compare both form performances.

Table 3.2 Matrix of variables of Courtyard model

Parameter/Variable Opening
Space Courtyard Shape Orientation Active System
Fully Enclosed N/A A/C on in summer
Living Room A/C off in winter
Courtyard Fully Enclosed N/A Natural Ventilation

Table3.3 Matrix of variables of Courtyar® model

Parameter/Variable Opening
Space Courtyard Shape Orientation Active System
2 shapes North, South, West| A/C on in summer
Living Room for eachcourtyard A/C off in winter
shape
2 shapes North, South, West| Natural Ventilation
Courtyard for eachcourtyard
shape

Variable 1: The courtyard shape

The model isassessingnto two different courtyard shapet® demonstrate the effect
of different openings of a seranclosed courtyard'he first shape is a{dhape, and

the second is a-8hapeEachshapewill be assessinfpr every orientation and active
system mode. Hence, osbapewill be fixed to test its effect on all other variables

for both seasons and all timingBhe size of the courtyard will be fixed for both
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courtyard shapesNonetheless, the courtyard shape will maintain the recommended
shape for hearid climate by having a longitudinabrrow shaperhe options will be

looked up between 25% and 30% to dedideultimate courtyard area.
Variable 2: Opening orientation

The courtyard model openingf the different shapewill be assessingn different
orientations. Thepening orientation vary froMorth, South,and Westto evaluate

the impact oforientationwith respect to sun and wind on thleapeof the courtyard

into delivering best natural lighting levels, thermal comfort, and effective ventilation
The East orientation will not be studied due to several reasoning. First, due to the
similar measuremenesults between the East and West orientation. Second, since the
operational hours of the living room is mostly within the afternoon hours, which is in

relation to the social life of the people where most women in Bahrain are workers.
Variable 3: Active system mode

As in, a hot arid country as Bahrain, active systems in summer are always in function
to modify thermal comfort. Therefore, for the study the air conditioning system will

be on during the summer seadonall examining hours

3.2.Study Methadology

In order to investigate and test courtyard environmental performance, many research
methodologies have been in applicatiédl. methodologies have their positive and
negative attributes. However, thdirnctional application depends on thresearch

aim, objectivesparameters, variablesind the study resources in termspefiod
equipmentandlabor. Present technology assesses findings of high accurate results.
Such research methods are numerical, computer simulation, and field experimental
methodology.Each methodology will be exploredith respect to their advantages

and disadvantage® determinethe most suitable research method applied for this

study.
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3.2.1Numerical Method

The numerical method employs empirical equations to anatliee courtyard
environmental performangsolar radiation, shading percentage, daylight penetration,
airflow, and thermal effecin any climatic condition and site location. Data and
measurements of the courtyard have to be collected to formulate the numerical
equation and input data for analysis. In the equations the variables are defined and in
control. The numerical methodologg/at the risk of human error within any stage of
collecting, formulating, or processing the data. It is a time consuming methodology
and the results have to be validatdthrough thismethodology,some difficulties

might encounter such as the difficultftaking measurements for a specific time of

the year or all year long, and result accuracy.

Safarzadeh & Bagadori (20p5Snvestigates the passive cooling outcomes of
courtyards by the application of the numerical method. The andtaiseson the
thermal aspectsin terms of aiflow, solar radiation, solar absorptiodimatic
conditions,heat transfer, water vapa@oil evaporationThe equations are formulated
by collecting and inputting dataf the locationlatitude, sunaltitude, solar hour and
angle, and hourly ambient air and sky condition§hen the equations developed
through calculating the wind flow and pressu@n the other handthe process
requiredcomputer analysign orderto compare energy and cooling measuaas]

validateandfinalize the findings

3.2.2Computer Simulation
Computer simulation is an extensive tool utilized for research and analysis within the

design and construction field. It replaces mathematical equations and field

investigation. Computer simulation replicates agpresents the real world conditions
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in terms of climatic conditions, site location, orientation, and materlddsng
software tools it allows to study various parameters, variables either classified as
physical or environmental, various built form eitle®nceptual or realistic models in

a short frame of time. Moreover, computer simulation eases and allows the study in
differing scenarios in terms of location, orientation, climated form Additionally,

at the present time, different environmentaichitectural, rendering software are
compatibleand user friendly such as A@AD Architecture 3D Max, Revit, Ecotect
Analysis Integrated Environmental Solutions (IESRADIANCE, and Google
Sketch up.

Muhaisen (2006) have usdBS computer simulation»>gensively in his courtyard
studies of thermal performance, solar radiation, and shading performance within
different climatic and physical conditions such as Rome, Cairo, Kuatgpur, and
Stockholm. Through his studies, different parameters and varialglies looked at
such as form, proportion, materials, energy consumption, and efficidlhcgnalysis
wereperformed in easédowever, in order to use IE#e requires a period of time to
learn the software, which in the case of this study time is limited.

3.2.3Field Experimental

The field experimental methodologyalyzes the courtyard environmental conditions

in direct relation to the real world. €hefore, there is the risk of facing environmental
conditions that maybe are conscious or unconsciou$toa$ methodology holds on
some restrictions such as repeating the process of the collecting and analyzing data,
restriction to a climatic conditiomesults arenot applicable to any other situation in
terms of courtyard form or regiofthis process requires a long period of time that
consumes energy and resourdasithermore, some shortages may affect the method
such as availability of the technolognd equipmentsAt the end of the experiment

there is a need to validate the results through an additional method such as computer

simulation.

77



Tsianka (2006) performs an experimental study in Athens by the usage of high
technological instruments. The diuis to analyze the courtyard performance in terms

of reducing the cooling load and its cross ventilation performance. The field
experiment is undertaken on each site by analyzing solar radiation and absorption,
and the indoor and outdoor temperatures 3tudy requires a long period to conduct
and evaluate the results. Through the process of the experiment, validating the
weather profile and rehecking the results was required. Thus, the study is restricted

and cannot repeat the process and resultsodiie external changing factors.

3.3 Selected Methadology

Based on the comparison on the differing methodologigh vespect to their
advantages, disadvantages, and the study's parameter and variable, available
resources and timeframe in order to conduct the study, computer simulation
methodologywill be in use.The computer simulation method will be in usetest

and compare the traditional courtyard form and the smmlosed courtyard form in

terms of their environmental performance at all stageedeling the courtyard
models, testing theange ofparameters and variablemd comparing andnalyzing

the test fimings.

This methodology will be applicable due to its advantageous offerings listed as the

following:

A It is flexible in developing any form of model that a study requires for
conducting the research.

A The software validity that can produedficient and feasible results to be
translated into the real world.

A Testing and inputting various parameters and variables to be tested at any
climatic condition.

A The benefit to simulate any scale of project.
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A Various range of affordable software.
A Comptibility between diverse software applications.
A It has a comprehensive simulation process that can calculate various factors.

A Prompt and saves time in producing the research results.

Hence, indicating that computer simulation is a compelling and efficrezthod.
However, for any study to achieve positive and accurate results, the software
selection haso be carefully done.

3.4.Selected Software and Validity

Software selection is sensitive wheewery software has different limitations,
restrictions, capabilities, and functionalityat have to be looked at to meet with the
testing of the study parameteirs order to visualize and simulate the courtyard
performance within the context of its environmeéltie requirement for this research

is softwarethat is capable toneasure andimulatemicro-climatic condition of an
outdoor courtyard space, and an indoor context. Software capable of simulating
outdoor and indooais Integrated Environmental SolutiotES), and Ecotect Analysis.

For this study the following simulation software guidg-in will be in use: Ecotect

by Autodesk,RADIANCE plug-in, and WinAIR4 plug-in. Secondary software used

is AutoCAD Architecture for simple building design configuratiorddayout.

Autodesk® Ecotect® is sustainabledesign analysis software. Ecotect analysis
performs a vast range of simulation analysis that can improve and provide designers
competentin designing a sustainable built environmelit.is a comprehensive

detailed sustainable todThe software capabilities are as the following:

A It can draw models that replicate real world models or new conceptual
models.

A It can integrate datmodel fromdifferentsoftwaresuch as Auto CAD, Google
SketchUp, and 3D MAX.

A It can analyze models of any climatic region at any location.
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A It can display the sun path and position relative to the model at any location,
time, and date.

A It can calculate and visualize solar radiationtioe model surfaces.

A It can analyze the thermal performance of the model by calculating the
cooling and heating load and analyze the effect of occupancy.

A It can calculate the illuminance level and daylight factors.

A It can estimate the water consumption.

A It can analyze the building energy consumption and carbon emissions.

A Inputting and extracting data is an easy process.

A It has the compatibility of integrating phigs to perform other studies such as

WinAIR4 for airflow computer fluid dynamigsaandRADIANCE for lighting.

Researcherthat have similar research topics have selected EcAtelysis as the
simulation tool such aSadafi N. et al. (200&hat utilized the software to simulate

the thermal and shading performance of the courtyaedterace house in Malaysia
They stated that Ecotect is a compelling tool that simulates the environmental
performance of the built formMoreover, it is a tool with accurate, simple, and
visually responsive analysis performance (Sadafi N. et al. 2008). A rardge of

data tables can be exported to AutoCAD, EnergyPlus, RADIANCEBAWA, POV

Ray, VRML, and moreMarsh 2003 states that Ecotect is an inclusive building
environmental and design tool, which conveys a broad range of simulation and
analysis, functios to depict the way that a building would perfoigadafi N. et al.
2008.

Otherresearchrshave also chosen Ecotect Analysis simulation tool for their studies
such asKhaled AlSallal (2007)that also used RADIANCEo study daylighting
levels and glaréen a new university architectural department building in theé\il
University. Kharrufa and Adil (2008used it to study the thermal performance of a
room. Kruger and Dorigo (2008)sed Ecotect to investigatiaylighting for various
building orientations in order to improve tpeblic schoolroom's daylighting level
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and thermal performanc@lexandria and Jones (2008{udied the shading pattern of

the canyon geometry at different climatic regions

RADIANCE is a lighting simulation engine that calculates daylight factors and
illuminance lighting levels It uses ray tracing to perform the calculations.
RADIANCE pioneered high dynamic range imaging. It uses the Monte Carlo method
to samplethe light falling on arexact pointlt can work as an underlying simulation
engine for other software package such as Ecotect Analysis.

Calcagni and Paronidin2004) have use®RADIANCE tool to study the daylight
conditions on the atrium and its adjoining spaces. They statedRARIANCE is
widely used due to its scientific validity and study measwseover, according to
Hviid et al (2008), in his research paper he stated that bflaing simulation tools,
RADIANCE is extensively validated competitive program in its functionality that

Serves accuracy.

WinAir4 is a Computational Fluid Dynamics methddveloped internally by the
Cardiff University. It carries out detailed simutais of airflow patterns of the
environment with respect to the desidwditionally, it produces accurate results that
support the modeh terms of air pressure and cell temperathi@vever, concerning

the generated output of WinAir velocity flow vectisr not precisely accurate and

fully reliable. Therefore, the generated output information is to be overlaid with other
accurate velocity and frequency data as reference such as the wind rose of the country
that is generated from Ecotect weather tool. Yeis a simple plugn and user
friendly. Otheroptions are very much compleflexandria and Jones (2008) used
WinAir4 to study the air velocity in the canyon.

3.5Summary of Study Methadology

In conclusion, to analyzand approach the best courtyard form that serves the hot
arid climate context, a process of comparison simulation bet@eerntyard T and
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CourtyardS will be taken, with respect to the selected variables. However, before
processing this comparison, the optimQ@murtyardSis to be selected by simulating
the varying variablesThe selected methodology to perform the investigation is
computer simulationdue toits advantageous measures that serve the study's time,
resources, and manpowdikewise, the computer simulation software selected is
Ecotect Analysis, with the integration BADIANCE due to its substantial validation
and WinAir due its simplicity. In the following chapter, a detailed methodology
process and simulation of the study aim and objedtivie constructionwithin the

software allowing the study of the effect of the parameters.
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Chapter 4

Simulation Methodology



Introduction

This chapter will explain the simulatigrocessight throughresults of the analysis
were extractedn order to understand the parameters effect onpthposedbuilt
forms. An analysis of Bahrain's weather data will ineestigatedthoroughly to
comprehend the performance of the building within Bahrain's climatic context.
Further onthe models of the simulated buildings are going to be developed in order
to perform the simulation assessments on them. The simulation process will

enmunter all assessments with respect to the parameters; fixed and variable.

4.1 .Bahrain's Weather Datafor Simulations

Within this section, to analyze and understand Bahrain climate, the weathef data
Bahrainare extracted from the computer simulation software Ecotect Analysis using

the weather tool. The weather data is set to Bahrain International Airport.

Figure4.1 and 4.2 shows the weekly average temperature and humidity levels. The
highest temperaturesamge from 9 in the morning to 4 in the afternoaith
temperatures ranging between°30to 45C. While between those hours, the

humidity levels decreases.
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Weekly Summery
Avetage s omparanee )

Fig.4.1 The weekly average temperatofeBahrain(ECOTECT).

'Weekly Summery
Rolatve ity (%)

Fig.4.2 The weekly average humidaf/Bahrain(ECOTECT).

The hourly dry bulbtemperature starts to increaseound the month of April,
reaching its peak in Jurluly-August, and decreases in October, as showigimre

4.3. The dry bulb temperature gets in the thermal comfort zone from November to
December and March to May. The rest of thenths,temperatures are above the

comfort level.
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Fig.4.3. Hourly Dry Bulb Temperaturef Bahrain(ECOTECT).

The most frequent prevailing wind is from North, Nevitest, and NortiEast,
Figure 4.4. Figure4.5 illusrtatesthe highest temperatures of the prevailing wind are
blown from SoutkEast and SouthVest. During the summer season, a dry hot South
West wind bbws sand clouds known as gaws, while in winter prevailing Seagt
wind brings damp air known as the shanibthe highest frequency temperatures
coming from the norttwest are at & with a percentage of 2.8%he overall wind
temperatures range from ZDto 3F°C. Precipitation is very low with an average of

72mm per year.

o hrs

Fig.4.4. Bahrain wind rose showing the frequent prevailing wind from North, North
West, and Nortleastof Bahrain(ECOTECT).
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Fig.4.5 Bahrainwind rose showing the temperature of the prevailing wind
Bahrain (ECOTECT).

The duration of the average annual sunshine is 9.5 hours pefFidase 4.6 shows
Bahrairls annual incident solar radiation. The peak months with most annual solar
radiation are from May to August, and then decreases from November to February.
The average annual solar radiation measurement on a horizontal surface is
461.23kWh/m. The underheat! period solar collectioreads72.74kWh/ M. While,

the overheated period solar collecti@ads161.62kWh/ rf.
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Fig.4.6 Bahrain annual incident solar radiaticof Bahrain(ECOTECT).

Orientation assess in the performance of the building. In Bahttaén following
figures represent a stereographic diagram of the solar position. Fiyire
demonstrates the sun position ir’'2#f June at 9 O'clock in the morning, at §5.8
54.1°. Figure4.8 demonstrates the sun position irf'2f June at 12 O'clockt aoon,
at-119.0°, 84.3. Figure4.9 demonstrates the sun position irf'2f June at 3 O'clock
at the afternoon, at82.1°, 44.4. Figure4.10demonstrates the sun position irf'af
December at 9 O'clock in the morning, at 13927.8. Figure4.11 demonstrates the
sun position in 2% of December at 12 O'clock at noon-#72.4° 39.8. Figure4.12
demonstrates the sun positifam 21% of December at 3 O'clock in the afternoon; at
172.6° 39.9.
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Fig.4.7. Solar Position ir21* of June at 9 O'clock in the mornit§COTECT).

Fig.4.8 Solar Position ir21* of June at 12 O'clock at nogECOTECT).

Fig.4.9. Solar Position ir21* of June aB O'clock at the afternogECOTECT).
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Fig.4.1Q Solar Position ir21* of December at 9 O'clock in the morning
(ECOTECT).

Fig.4.11 Solar Position ir21* of December at 12 O'clock at noECOTECT).

Fig.4.12 Solar Position ir21% of December a8 O'clock at the afternoon
(ECOTECT).

Psychrometric chart represents the condition of air at a specific location. It describes
the relation between Dew Point, Air Volume, Enthlapy, relative Humidity, Vapor

Pressure, Wet Bulb Temperature, and Dry Bulb Temperature. The human thermal
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comfort zoneis defined within the chart without the need for additional cooling
ventilation system. When the built environment implements simple considerations,
comfort levels increase, such as natural ventilation. Bahrain's psychrometric chart
shows the lack of outwbr comfort zones in summer unless natural ventilation is
incorporated within the design that extends the comfort level. FgdRand1.14
represents the extended comfort levels achievable when natural ventilation is

implemented in summer and winter.

Fig.4.13 Psychrometric chart of Bahrain in summer (ECOTECT).
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Fig.4.14 Psychrometric chart of Bahrain in winter (ECOTECT).

4.2 Building Models Study

Two different courtyard configurationare simulated. The first form is the fully
enclosed courtyard representing thaditional courtyard form. The second form is
the semienclosed courtyardepresenting a developed form from the old courtyard
form. Consecutively to perform the study, first thextroverted Bahrain modular
housing as a thregimensional moddas modeled All structuresaremodeled through
the Ecotect Analysis software. Sequentiallycéanpare both form€ourtyard T and
Courtyard S first thepercentagef the courtyard is to be determinedth regards to
the literature review findingsThe courtyard ground are fixed in both courtyard
forms. Following that is modeling the building structureghe converted courtyard
form Courtyard T, and the two emienclosed courtyard fori@ourtyardS. Many of
variables interconnect and affect the built form performance; therefore, some
variables are assigned as constalt. models have the same building materials
applied from the Bahrain building regulatid@ourtyard T andCourtyardSwill have

the same exterior window openings that the extroverted modular ;Hooxsever,
they will have additional window openings looking upon the courtyastnal walls
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This is to ensure that only the courtyard form and emiation affects the
environmental performanc&ahrain weather file is loaded into Ecotscftwareto

analyzeclose torealistic results.

4.2.1Bahrain Modular House

The common modular housing form in Bahr&nn representation to be converted
into a courtyard formAs the housing characteristics been discussed eatlisra
low-rise building consistingdf a ground and first level each are 3.17m in heighe T
dimensions ar@mx12.8mwith a ground floorbuilt up plot area of 102m?, with a
6.34min height without the roofind roofstaircase The total height with the roof
staircase i40.56m The house has two different roof levels, along the East side of the
house its 1.65m and the West side its 2.05he living room floor area is 17.27m
Table4.1lists down the window opening sizes for the spatisrearea total of 11
window openingsFigure 4.15 and 4.16 demonstrates the modular house floor plan

and building elevations.

Table4.1 WindowOpening Dimensions

Internal Space Window Opening Size
Rooms 1.2mx1.3m
Kitchen 1.1mx1m

Bathroons 0.6mx0.8m
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Fig.4.15 Bahrain modular housing floor plan (courtesy to Housing projects
Planning & Design Directorate, Kingdom of Bahrain).
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Fig.4.16 Bahrain modular housing elevation (courtesy to Housing projects Planning
& Design Directorate, Kingdom of Bahrain).

94



A threedimensional model of the house is mdddlin Ecotect Analysis softwate

with the application of theBahrain regulationspecified materialsThe house is
modelled without the boundary walls; however, there is a recess between each
housing unit to maintain the building regulatiof$e building architecturenodelis
simplified to control the simulation calculation time, dadilitatesthe conversion

from the extroverted form into the courtyard forligure 4.17 and 4.18 shows the
SouthWest and NortiEast view of the house motisd.

Fig.4.17. SouthWest view of the Bahrain modular hodfsent view (ECOTECT).

95



Fig.4.18 North-East view of the Bahrain modular housar view (ECOTECT).

The material specification input in the Ecotect software is tabulated b&aive4.2

The window properties are listed in a separate table due to its different parameters,

Table4.3 Those material specified are applied for all models and specification as it is

a constant parameter.

Table 4.2 Building Material Specification input in Ecotect Analysidtware

U- | Admittance Solar Thermal | Time
Element| Material Description | Value | (W-m2.k) | Absorption | Decrement| Lag
(W- (0-1) (0-1) (hrs)
m2.kK
Wall 200mm concrete block | 1.800 3.360 0.506 0.78 5
with 10mm plaster either
side.
Floor 100mm thick concrete slal 0.880 6.100 0.475208 0.31 4.6
on ground plus ceramic
tiles.
Ceiling 10mm suspendeglaster | 0.500 0.900 0.368 0.32 0.7
board ceiling, plus 50mm
insulation, with remainder
(150mm) joists as air gap
Door | 40mm thick solid core pin¢ 2.310 3.540 0.404 0.98 0.4

timber door.
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Table4.3 Window Material Specification input in Ecotect Analysifiware

Material U- Solar Heat Visible Refractive
Element | Description | Value | Admittance Gain Transmittance Index of
(W- | (W-m2.k) | Coeff.(0-1) (0-1) Glass
m2.Kk)
Window Double 2.700 2.700 0.81 0.639 1.74
glazed with
aluminum
frame (no
thermal
break).

4.2.1.1Courtyard -T

The second model is the fully enclosed courtyard f@aurtyardT, a courtyard

integrated into the modular hougimepresenting the bagi@e model.CourtyardT is

the first configuration to be in comparison for the stuyfirst, the percentagef the

courtyard is in evaluation with the assist AfitoCAD Architecture software. Two

percentages are beingestigatedo determine which is best incorporated within the

modular house. The percentages are 25% and BBeocourtyard areaedlucts from

the extroverted modular house forrigure 4.19 previews the various applicable

options for the 25% of the courtyard in relation to the housing structignere 4.20

previews the various applicable options for the 30% of the courtyard in relation to the

housing structureTable 4.4 illustrates the dimensions of the various proportions for

both percentages.
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Fig.4.19 Various proportions for 25% courtyard in relatiém the built form
(AutoCADArchitecture).

A

B

C

Fig.4.2Q Various proportions for 30% courtyard in relation to the built form
(AutoCADArchitecture).

Table 4.4 Dimensions for 25% and 30% courtyard proportions

Courtyard Built-up Built-up Width | Courtyard | Built- | Courtyard
percentage| Length Dimension up Area
X Y X Y Axis Area
Axis | Axis | Axis
A 2.5m | 2.135m 3mx8.53m
25% | B 2.25m| 2.743m | 3.5mx7.314m| 76.8 25.6 nt
c | 8m | 128m 5, 3.2m 4mx6.4m m’
A 2.5m 1.28m 3mx10.24m
30% | B | 8M | 12.8m|225m| 2.015m | 3.5mx8.777m| 71.68 | 30.72n
C 2m 2.56m 4mx7.68m m’
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The optimum courtyard percentage and proportion to be applied in the study is 30%
option B, with a total area of 30.7h¥. The courtyard aspect ratio; degree of
openness to the sky 18.3047 Referring back to the literature reviegourtyard
geometry sectignoption B represents the best form because of its longitudinal form
elongated in the NortBouth direction and the internal space must not exceed 2.5
times the height of the opening to maintain adequate daylight penetration without the
constant need of @ficial lighting.

As the study will assess the living room as an internal space and the cowtygrd,

the living room space is determined witl@ourtyardT form. The living room unit
preserves its location in the Notifast of the structureepresentg in blue Figure
4.21demonstrates the relation of the living room to the courtyard and the striisture.
addition, it maintains the same total area of &7W’ as the extroverted modular
house.Table4.5 exhibits the living room dimensiamferring back to the figur&'he

living room is assigned in the Nortast location similar to the modular house with
those specific dimensions to maintain the exterior facade and not alter with the
window openings. As at the rear facade there is theglixoom window opening and
kitchen door and window opening, therefore, the living room space is extended to 5m
to maintain the total area but not go beyond and alter the kitchen door and window.
On the East facade, there are no window opening restrictiense, the living room
space extends up $2208m tamaintain the total area.
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Fig.4.21 The living room relation to the courtyard and the built structéet¢CAD

Architecture).

Table 4.5 Dimensions of the living room

Letter Dimension

A 5m

5.2208m
2.25m

3.6533n

2.75m

1.0115m

Im

I @ M m| O O W

1m

CourtyardT housing form maintains the Northern extroverted modular house
orientation, as the overall structure orientation is fixed. Nonethelsegfie height is

fixed, Courtyard T will maintain the same height consisting of two floor levels with
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similar height differential positions on the East and West sectibims. courtyard
exposed floor material is specified as sand, referring back to the extroverted Bahrain

modular house courdyd.

The exteriowindow-openingconfigurations aré&ept the same as the modular house.
The exterior facades of tlextroverted housing modudge maintained ilCourtyard

T housing form.Figures4.22 and 4.23 and 4.28ustrate the Courtyardl model,
representing the exterior facade and the alteration of the form from an extroverted
into an introverted building fornrMoreover, regarding the walls facing the courtyard,
the internal spaces are assigned with additional window and ajmeming The
window anddoor opening maintains the same dimensions of the extroverted housing
module. Thewindow-openingdimension isl.2mx1.3m, and the door dimension is
0.92mx2.1m.The living room wall facing the courtyard are assigned witio
windows; one on the Northern wall, and another on the Eastern wall, and a door on
the Eastern wallFHgure 4.25 shows the living room windows and door openings
facing the courtyard excluded from the rest of the building motle¢ window
material charactestics arefixed, therefore maintaining similar properties of the

extroverted modular house.

Fig.4.22 CourtyardT SouthWest exterior facaddeCOTECT).
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Fig.4.23 CourtyardT North-East exterior facadé€ECOTECT).

Fig.4.24 CourtyardT bird's eyeview (ECOTECT).
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Fig.4.25 Excluded Living Room facing the courtyard (ECOTECT).

4.2.1.2Courtyard -S

The third model is the serenclosed courtyard fori@ourtyardS it's the conversion
of CourtyardT from a fully enclosed courtyard configuration into a semtlosed
courtyard configurationCourtyardS is the second configuration of the study in

which the variables are going to ineassessment.

As discussed earliethevarying parameters th@ourtyard-Swill be tested on are the
courtyard shapegcourtyardopening orientation, and the active systems mode.
ConsequentlyCourtyardS configuration will study a kshape courtyard typology,
and a Gshape courtyard typology directed to three orientatidltsth, South, and
West.

CourtyardS configuration will maintain the original overall structure Northern
orientation, the overall building height with similar height differential positions on
the East and West sections, and the building material spéoificahere the
courtyard is specified as sand. The courtyard percentagmstant with a total area

of 30.7195mM. The living room area is constant with a total area of 17°27he
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overall plot area is constant with a total of 1024hthe ground flooonly. In the
Courtyard S building modelsconfigurations only the living room will have window
and door openings, for the specific means of differentiating the living room from
otherinternalspaces, and focusing on the living room internal space with its relation

to the courtyard.

The study of the variables develops a cycle tuning the building structure. As the
configuration alters in shape and orientation, the built up area $btpes and
adapts which consequently modifies the living room configurationterms of
dimension shape and locatjcgffectingand alteringhe exterior and internal facade,
hence affectinghe amount and position of the window and door openidgsid
testing eactshape with regard® orientation, all the affecteepresenting the cycle

are going to be explaingdoroughly Each configuration of each shape is designated

with its own code. Figurd.26presents a legend to explain each configuration code.

Thedirection of opening orientation
(North, South, West)

LA
Courtyard-S-U-N
I1

Courtyard configuration type

The shape type (idhape or &hape)

Fig.4.26 Configurations proposed legend

U-Shape Configurations:

The first shape is the-shape, developing three various configurations resulting from
the varying orientationThe first of the configuration is developing thesblape with

the opening oriented towards the North. This configuration coGeustyard S-U-N.
Figure 4.27 illustrates CourtyardSU-N opening subtraction and the final
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configurationwith the living room highlighted in bluerigure 4.28 shows the final
configuration modeled in Ecotect.

1 1

Fig.4.27. CourtyardS-U-N opening subtraction and final configuratioAutoCAD

Architecture).

Fig.4.28 CourtyardS-U-N final configuration mode[HCOTECT.

The following steps produce ti@ourtyardS-U-N configuration layout:

A At first, the courtyard internal West wall is shifted East, in order to maintain
and not alter the&itchen width, hence decreasing the courtyard area by a
6.58275m.
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A To maintain the total courtyard area and orient the courtyard into the North
direction, the Northern section of the built form specifically the living room
area is subtracted replacinguith the same amount of the deducted courtyard
area 6.58275Mm Therefore, forming a ‘$hape courtyard configuration.
However, by forming the t$hape and maintain the kitchen width, the living
room area is deducted.

A In order to preserve the original livimpom area of 17.27mthe deducted
living room area of4.531625rwill be added to the living room. From the
North side, 0.85995mMmis added, while from the East side 605.9616m
added. Therefore, the living room shape has been modified having it extruded
from the Eastern side towards the exterior changing the external Eastern and
Northern facades.

A Furthermore, the external and internal windows and door opening are
modified in terms of location and quantity, but upholding the opening
dimensions. The Northern external window is shifsdohg the living room
Northern wall, yet it maintains the same location. The courtyard internal
window and door openings are also shifted along tourtyard internal
Eastern wall, however, adding another window opening facing the courtyard.
Hence, the living room wall facing the courtyard has a total of two windows

on the same wall.

The secondof the configuration is developing thedhape withhie opening oriented
towards the South This configuration code iLourtyardSU-S. Figure 4.29
illustratesCourtyardS-U-S opening subtraction and the final configuratibigure
2.30shows the final configuration modeled in Ecotect.
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Fig.4.29 Courtyard S U-S opening subtraction and final configuratidkugoCAD
Architecture).

Fig.4.30 CourtyardS-U-S final configuration modeEHCOTECT).

The following steps produce ti@ourtyard S U-S configuration layout:

A At first, subtracting the full Southern built up area, to form ahéape
courtyard opening oriented from the South. The subtracted built up area is
16.092 M.

A Sequentially, the deducted built up area is added on therEasid Western
built form sides increasing thébuilt form width and the living room total
area. Each side is increased by a 185.4mm. Howeker,living room
increase$rom both the East and West side
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A The additional living room areaf 1.2384357rh will be deducted from the
Southern side of the living room to maintain the exteamal internafacade
openingand living room configurationTherefore,the living room Southern
side will reduce 508.514mm.

A The external and internal openings are the samiehe bastne model
CourtyardT.

The third of the configuration is developing thesbape with the opening oriented
towards the West. This configuration code @ourtyardSU-W. Figure 4.31
illustratesCourtyard S U-W opening subtraction and the final configuratidingure

4.32shows the final configuration modeled in Ecotect.

-

Fig.4.31 CourtyardS-U-W opening subtraction and final configuratiohufoCAD

Architecture).
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Fig.4.32 CourtyardS-U-W final configuration modelECOTECT

The following steps produce ti@ourtyard S-U-W configuration layout:

A Firstly, subtracting the full Western built up area, to form-shidpe courtyard
opening oriented from the West. The subtracted built up area is 26.55m

A In order to maintain the living room area, external and internal facades,
subtracted built up area is added on the Southern and Eastern sides of the built
form. However, the added area on the East side is restricted towards the living
room parameters, thumt adding any additional space in the living room. On
the Southside, the walls offset 2.308695m, and on the Esde,the walls
offset 1.86049m.

A The living room internal and external openings are maintained in the same

position as the badee modelCourtyardT.

C-Shape Configurations:

The second shape is thesBGape, developing three various configurations resulting
from the varying orientationln order to develop the -€hape, all configurations
deduct an area of 2.25niThe first of the configuration is developing tBeshape
with the opening oriented towards the North. This configuration coGeustyardS-
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C-N. Figure 4.33 illustrates CourtyardSC-N opening subtraction and the final
configuration.Figure4.34shows thdinal configuration modeled in Ecotect.

Fig.4.33 CourtyardS-C-N opening subtraction and final configuratiohutoCAD
Architecture).

Fig.4.34 CourtyardS-C-N final configuration modelECOTECT

The following steps produce ti@ourtyardS-C-N configuration layout:

A The opening in the North orientation is positioned in tkaxig longitudinal
section of the living room to preserve the overall shape of the opening itself.
The opening dimension in the North wall i9186nx2.0115m. However, as
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the opening is positioned subtracting from the living room area, hence
detaching the living room space, therefore, subtracting a bigger portion of the
living room. The detached living room area is 1.0145mhe subtracted living
room area is 2.0115mAs a reslt, a total of 3.2615Mis to be added to the
living room space.

A The additional living room space is added in the South part of the living room.
Hence, extending.44955mof the living roomSouthern side

A However, by adding an opening in the Northeriemtation, the courtyard area
increases, thus to maintain its area it has to be decreased3jn®’. The
courtyard decreases in the internal Soudide of the courtyard with
642.885nm.

A By the opening position, the external window opening position did not alter,
but the living room wall facing the courtyard is assigned with a different door
and window position. The window and door opening shift toward the
Southern siddy 1.0449m allowingenough space to integrate an additional

window along them.

The second of the configuration is developing thgh@pe with the opening oriented
towards the South. This configuration code @®urtyardSC-S. Figure 4.35
illustrates CourtyardS-C-S opening subtraction and the final configuratiémgure
4.36shows the final configuration modeled in Ecotect.
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Fig.4.35 CourtyardS-C-Sopening subtraction and final configuratioAltoCAD
Architecture).

Fig.4.36 CourtyardS-C-S finalconfiguration modelECOTECT)

The following steps produce ti@ourtyardS-C-S configuration layout:

A The opening in South orientation is centralized with the same area and
dimensions of the North opening.1186nx2.0115m. By integrating an
opening, the courtyard area is enlarged reducing the built up area. Therefore,
to maintain the built up area, the courtyard on the Northern side decreases by
offsettingtheinternal North wall by 6411Bm.

A As the internal Nortern wall enlarges, the living room area increases by
1.68819n° This additional space is reduced from the living room Southern

side not to alter the external built form facade.
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A The external window opening is maintained in its same position, but the
interral openings are fpositioned to fit into the living room space. The
window opening located on the Northern side of the internal courigard
shifted with the increase of the living room space. The door opeandg
window openinglocated on the Eastern sidbf the internal courtyard the
shifts North by 1661m.

The third of the configuration is developing thesape with the opening oriented
towards theWest This configuration code iLourtyardSC-W. Figure 4.37
illustratesCourtyard S-C-W opening subtraction and the final configuratiéigure

4.38shows the final configuration modeled in Ecotect.

Fig.4.37. CourtyardS-C-W opening subtraction and final configuratiohutoCAD
Architecture).

Fig.4.38 CourtyardS C-W final configuration modelECOTEC)
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The following steps produce ti@ourtyardS-C-W configuration layout:

A The opening in West orientation is centralized with the same area. Yet, the
dimensions of the opening differ. It has an opening of 1mx2.25m. By
integratingan opening, the courtyard area is enlarged reducing the built up
area. The courtyard on the Easturtyardside decreases by offsetting the
internal East wall b57.49%nm.

A As the Eastern walls increase in width, the living room area increases.
Therefore, to maintain the living room area, the South side of the living room
is reduced by76.75nm.

A By the internal courtyard walls and living room area modifications, the
window and door opening on the Eastern side of the internal courtyard shifts
North by 200mm.

4.3 The Simulation Process

The following assessment criterfar natural daylight, shading, thermal solar
radiation, andairflow will study the effect of parameters within botburtyard
forms; courtyard shape, opening orientation,and theactive system The first
process will test the effect of the parameters orsétectedndoor space; the living
room. The assessments thatgoeng to be simulated for the effect on the living room
are natural daylightthrough RADIANCE plugiin in Ecotect and thermal
performance of the living room by calculating the Thermaalysis The second
process will test the effect of the parametershendourtyard itself. The assessments
that will simulatedfor the effect on the courtyard aBelar Radiation by calculating
Solar Access analysisShading to analyze the shadowsnd Airflow through
WinAir4 plug-in in Ecotect
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All building models are to be in simulation in the selected hours of theQday: in
the morning 12 at noon, an@p.m. in the afternoon, within the 2 solstice afmmer
June 21 andvinter December 21Some simulations will only recorthe specific

month disregarding the day and time.

The following simulation assessments are in application congruously for all building

models ofCourtyard T andCourtyardS.

4.3.1. Thermal Analysis

The living room zone is clearly identified by being the only atéd interior space
thermally. All other interior zones are thermally deactivatétie living room zone
management is setupigure4.39and4.40views the zone management setup of the

living room.

N
Autodesk Ecotect - Zone Management =X

» E ¥ © T & |[ivingroom ]
)
General Settings | Themal Propertes | Information |
¥ SHADOW AND REFLECTION SETTINGS
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8. stairwel(s Hruod |
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060 | [e00 050m/s |y
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A Wim2
[No Schedue] > ] 2]
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Fig.4.39 Living room zone management general sett{B§2OTECT).
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Fig.4.4Q Living room zone management thermal properties (ECOTECT).

The internal designondition in term of clothing ishosen to be 0.6 clo casual trouser
and shirt. In terms of lighting level, 300lux is set which is betwbenvaiting area
Lux leved of 200(ECOTECT)

Regarding occupancy and operation, 10 people are determined to occupy the living
room space as 3mper person. The activity level is set as sedentary 70W to
understand the people heat outpithe infiltration rate of air exchange between the
zone and the outdoor environment is set as average 1.00 since there are window

openings and frequent opening doors.

Regarding the thermal properties of the living room zone, the active system is set as a
mix mode system with a thermostat range of a lower baf@ 46d an upper band of
20°C. The hours of operation is fixed to operate throughout theo2ds,asit is a

residential spacd&his setting will test the active system mode parameter.

In order, thethermal calculation calculates accurately materials and any leakages
effect. The calculation is checked by using each object alternate materials for the
coincide elements of wall, floor, and ceiling. Alternate materials are specified as the
same.The interzonal adjacencieare calculated with high precision to check any
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leakages between zones. All surfaces are to be calculated to ensure the exposed
surfaces are facing outwardBhen, seta performing a detailed shading calculation

for exposed surfaces withhigh surface sampling 10x10 grid.

The thermal analysis calculates only monthly without specifying any timing.
Therefore, the simulation timings assessment will be disregarteel. thermal
calculates various calculations for each zone by taking inteidermation the inter

zonal gain and solar radiation. Those calculations are hourly temperature profile,
hourly heat/gain losses, temperature distributions, indirect and direct solar gain, and

passive gain breakdowBach calculation is looked upon separately.

The hourly temperature profile calculates ithiernal living room and external hourly
temperatures stating the temperature difference and the average temperature.
Additionally, it represents the wind speed, imeand diffuse solar radiation derived

from the climate data loadefihe hourly temperature is calculated for thé& @flJune

and December.

The hourly heat/gain loss is calculated thee summer solstic21® of June anavinter
solstice 21* of Decemberspecifically for the living room zoneThis calculation
illustrates seven sectors that are HVAC load, conductiomsABpldirect solar,
ventilation, internal, and inteaonal. To understand and fully interpret the results of
each calculation, the sectdrave to beempathizedThe HVAC load is the amount of
energy required to maintain the zone at a comfortable internal temperature.
Conduction is the gain and loss through the building fabric, as the selected building
materials affect due to conduction. Sof temperature is théeat gain through
indirect solar exposure lypaque surface materials exposed to solar radiation. Direct
solar heat gain occurs through transparent surfaces such as windows. Ventilation
represents the heat gain and loss through ventilation via openirgoainty window
openings and rate of infiltration that is set earlier to an average. Internal gain is due to
occupancy, and artificial lighting that is set in the zone managementzbrtal gain

and loss occurs between adjacent zoAssin this study, th aim is to interpret the
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microclimatic condition of the space, energy requirements and load such as HVAC is
disregarded. Nonetheless, as the building materials are set as fixed variables, the
conduction calculation will be overlooke#loreover, a in this study, the only
activated thermal zone is the living room, the ir#enal gains and losses are going to

be overlookedFrom this calculation, only S@ir temperature analysis will be taken

into consideration as it's the most relevant to the assessemptenting indirect

solar radiation.

The temperature distributiocalculatesannuallythe hours throughout the year that

theliving room zone is within the comfort band without the need of a HVAC system.

The direct solar gain calculates an annual amalyst is set as monthly average that

illustrates as admittance factors.

4.3.2. Daylight Levels: RADIANCE

All models will be exported to Radiance to test and study the Lux levels, daylight
measures to identify the optimum lighting level provided frominly the courtyard
configuration which is the focus of this study in addition to other facad,the

indoor space developed from the opening size and opening orientation. An analysis
grid is placed to calculate the lighting levels. It is positioned on dwe filane with

an axial offset set to 600mtua calculate and simulate Lux levels at human leVieé

x-axis number of cells i25, while the yaxis and zaxis are 20The RADIANCE
analysis set up is shown below in Figdrél
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Autodesk Ecotect - Calculation Wizard... [

| radiance analysis | STEP110F 11 (SUMMARY) ToolHints Il HELP!

Output Options: | Final Render ~| ™ UseDOS 8.3 filenames [V Generate Point Data
[V Save seperate zane files ' Cunient 2D analysis gid
C:\Users\Meemo\Desktop| c1| ¥ Run in minimised window ©
- IV View images when done " Dbiects tagged as shaded
Scaling Factor: [0.001 » O e A
¥ Include Material Definitions I™ Check for Materialrad fles  Electric Light Objects

I™ Check for #Zone.rad files Tum Lights Off -

Sky Definition: ®| I UseECOTECT designsky [ Use ECOTECT sun angles

¥ RIF File Indirect reflections: Type: [lluminance (Lux) |+ || ModelDetail  [MEDIUM |+

Selected camera views [V | Viewtype: |Interior Side |+ || Light Variabiliy: [MEDIUM [~

Current model view |~ Image Size: (640 |x[480 | Image Qualiy: |MEDIUM |+

Use Wizard || Always skip this wizard. << Back OK  Cancel

Fig.4.41. Radianc@nalysis calculation Wizard (ECOTECT).

The lighting analysis will calculate illuminance image Lux of the living room
interior. No artificial lighting will be included in the calculation. In the summer
season of June, the sky definition is set to sunnylewh December, its set to
overcast sky. In the RIF file, four incident reflections are chosen to base the
calculations. The model detail, image quality, and light variability are all set as

medium level to control the calculation time.

The RADIANCE autmnatically opens the calculation window to generate and display
all information. The Radiance interface opens to display the -thneensional
perspective image of the interior, which can display the contour lines, contour bands,
and daylight factorsn thesame output image. However, the RADIANCE image can
be viewed in Ecotect by importing the image back in Ecotect. The import is done
through the grid management in the analysis grid. After importing the data, a visual
of the Lux levels are displayed on tigeid analysis.The average, minimum, and
maximum Lux levels are identified in Ecotect from the visual after importing the

calculation output.

4.3.3. Simple Airflow Simulation: WinAir 4
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A simplified CFD analysis via WinAir4 analyzes the courtyard thermal condad
identifies the optimum airflow developed from the opening size and opening
orientationin terms ofairflow rate, flow vector, and air temperature. ADZirflow
analysis grids selectedwhich is a plane that calculates the CFD cell blockages. The
andysis grid is positioned on the full floor plane of the building model covering the
exterior and interior spaceshe grid axial offset is set to 600mm. Thaxs and y
axis number of cells are 54 while theaxis number of cell is set to 3The slice
position of theanalysis grid plane is set to 600mm from the floor level to calculate

and simulate the airflow at the human level.

All Ecotect building model file are exported to WinAir4 after selecting the

calculation and setting the setup as shown betdvgure4.42

( B
Autodesk Ecotect - CFD Grid Analysis o]
Computational fluid dynamics - analysis grid setup.
Blockages %
Bounda(ies Inside Outside CoveredinZ
Wind Settings Speed: Direction:
[2z00mss ] [160.0 |
Air Yiscosity: Air Density:
[1.8e-08 | [1:2kg/m3 ] &)
Monitoring Cell X Position: Y Position: Z Position:
: o | [o | [0 ]
Leave all as zero to use centre point of current grid
Conditions Int. Temperature:  Ext. Temperature:  Ext Contaminant:
[20.0C | [te0cC | [o |
WinAir Control File No. [terations:
Save Interval:
™ Horizontal &ir Flow
[ Difset Heat Gains
Help... 0K | Cancel l

Fig.4.42 CFD analysis grid setup (ECOTECT).

The CFD analysis grid set up includes blockages, wind setting, monitoring cell,
conditions, and WinAir control fileBoundary blockage is selected to determine the

boundarycondition on themodel surfaceThe wind setting is set by the loaded
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climatic data of Bahrain by specifying the minimum wind speé@.00 m/s, and
North-West wind direction of 160Air viscosity and air density is default by Ecotect.

The air viscositycalculatedis 1.8e054. The air density is 1.2kg/m3. In order to
calculate the effect of June and December weather conditions on the built form, the
external temperature conditions are set according the average temperatures loaded
from the weather file. The external tperature condition of December is set t6Q6

and in June is set to 5. The internal temperature conditions are fixed {€20he

WinAir control file are setting specific to WinAir. The following aspects are marked:

to run the WinAir application, Autatart the calculations, and equalize the air flow.

WinAir4 calculation window opens to run the CFD calculation of the model. As the
calculation completes, by viewing the domain data, the results of the CFD calculation
can be viewed within WinAir4 applicatn plugin by selecting the 1J section plane
and choosing the specific analysis to be viewed. However, the CFD results can be
viewed in Ecotect. Hence, the WinAir CFD calculation data is exported back to
Ecotect by loading the CFD data in the analysis gaidulation section. The Output

file is loaded into the model to display the WinAir CFD calculation results into
Ecotect. From the analysis grid, the type of data is chosen for viewing and analysis,
such as the cell temperature, flow vector, and airflat®.However, the flow vector
output by WinAir is not fully reliable, as it has to be overlay with other generated
data such as the speed from the wind rose.

4.3.4. ShadingAnalysis:

The shading analysis displays the shadow assembly to study the effect of the
courtyard built form in terms of daily sun path, solar radiation, and shadow range.
Each model shadow is evaluated tloe two extremedays per year which are the®21

of June and Zlof December. Each day is simulated three times to represent various

postions of the sun at different times of the day. The different timings are 9a.m. in
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the morning, 12p.m. representing midday afternoon, and 3p.m. representing late

afternoon.

4.3.5. Solar Access Analysis

This form of analysis will simulate a visual of the incident solar radiation on the
courtyard surface to understand the effect of the building configuration on the solar
exposure. To perform the calculatiat,first an analysis grid should be placed over
the courtyard area. The analysis grid oelinbers aréecreased in size, havingaxis

as 25, yaxisas 20, and zaxisas20. The grid is placed on the courtyard surface to
analyze the courtyard material surfatéen, the chosen calculation is incideokas
radiation, whichwould demonstrate the total, direct, diffuse, solar radiation #ilat f

on the courtyard surfac&he simulation will run for a specific period of time. June
21%is selected to represent summer, between the timing of 5 a.m. to Bgcember
21%s selected to represent winter, between the timing of 7 a.m. to Tpenaverage
hourly value is selected to give in the overall average by calculating the sum of all
values in each metric and then divide the amount by the number of hourly values
added. A detailed shading calculation will be performied.order to selecthe
shading accuragythe surface samplinig set adull with a 25x25 grid, and the sky
subdivision is set as medium with 5¥gure4.43will demonstrate the Solar Access

Analysis calculation wizard summary.
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| solar access analysis | STEP&0F 8 (SUMMARY) Tool Hints HELP!

Calculation Type: | e e
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Fig.4.43 Solar Access Analysis calculatienzard summaryECOTECT).

4.4. Conclusion

The two types of courtyards undergo several environmental assessments to evaluate
the best performing courtyard type in terms of microclimatic conditions. The building
types with regards to the varying parameters, are medednd simulated in Ecotect
Analysis computer software. Several calculations are performed to analyze the
courtyards. In terms of assessing the living room performance, thermal and
RADIANCE analysis are deulated. In terms of assessing the courtyard performance,
WinAir, shading, solar access, solar exposusmalysis and simulatios are
calculated.

Each type of analysis calculated titeo courtyard type and each opening
orientation.All building models undergo similasteps for each analysis setup and
calculation.The total number of thermal analysis calculations for all courtyard case
studies are 105. The hourly temperatprefile analysis for each month of June and
December are 2iests. The heat gain/loss analysis for each month of June and
December are 21 tesfShe annual temperature distributions are 7 tests. The direct

and indirect solar gains are 7 calculations for each type.
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The total number of RADIANCE analysis calculatidos all courtyard case studies
are4?2 sets for each month of June and December, at the three chosen hours of 9 a.m.,

12 p.m., and 3 p.m.

The total number of WinAir analysis calculations for all courtyard case studid? are

sets of tests for each monthJune and December.

The total number of shading simulation for all courtyard case stadéed2sets of
tests for ach month of June and December, at the three chosen hours of 9 a.m., 12

p.m., and 3 p.m.

The total number of solar exposure analysis oédtion for single day hourly
exposure id4, for each 021% June and December.

The total number of Solar Access analysis calculation for single day hourly exposure
is 14, for each of Ziof June and December.
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Chapter 5

Results andDiscussion
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Introduction

By running the simulations, all results are in process within this chapter. The
simulation results are visualized, extracting numeirdeah of each simulation detail.
The extracted details are wind flow vector and temperature gradient, shading
percentage, Lux levels, direct and indirect solar heat gaid\Watt per hour solar
exposure The extracted numerical data using Excel are sunzewhrigraphically
represented, and tabulated. In order to comprehend the bahatbithe different
courtyard configurations, it is important to verify the factors that affect the
simulations. As discussed earlier, the independent factors, or the varyamepers

that are the courtyard shaped configurationand the opening orientation, influence
the dependant factors performances; which are natural daghghthermal comfort
within the living room, airflow, solar exposure, and shading within the ganat

5.1.Results

5.1.1. Thermal Analysis Results

The thermal analysis performs several calculations, which are annual temperature
distribution, hourly temperature profile, direct solar gain, and hourly heat gain. Each
calculation is analyzed separately, and ttiea relation betweerll analysis and

couttyards are expressédppendix A)

The total hourly heat gain analysis calculat8skAir, which is the indirect solar
radiation absorbed on the internal surfaces and mateftadsindirect solar radiation
unitis measured by Watt per hour. Figdré illustrates a chart presenting a summary
of the total indirect solar heat gain for all courtyard configurations between

Courtyard T andCourtyardS.
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Fig.5.1 SolAir total hourly indirect solar heat gain analysis for Courtyafdand
CourtyardS

Solarheatgain is directly related to the building shape, the configuration exposure to
solar radiation and sun's positionComparing he Ushapeto the Gshape and
CourtyardT, it presents the highest figures ioflirect solar heat gaiexposure in
both seasons presented by June and December, asailangsrcourtyard due to the
large openingxpo®d to solar radiation. Within the-thape CourtyardS-U-W has

the highest indirect soldreatgain in both months of Juneceiving 2195Whand
Decembereceiving 1472WhThis is justified, aourtyard SU-W has the largest
courtyard opening comparing it ©©ourtyardSU-N and CourtyardS-U-S, which

admits a higher rate of solar exposaral least shading

Within the Gshape, the season clganeffects solaheatgain values. As in June,
CourtyardSC-W has the least solaheat gain receiving 1497Wh while in
DecemberCourtyardS-C-N has the least solar exposueeeiving 779WhHowever,
in JuneCourtyardSC-N has the highest sol&eatgain receiving 1751WhThis is

justified that in DecembeCourtyardS-C-N has the least sol&eatgain is due to the
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low sun position in winter season, in comparison to June's high sun's position. As the
sun is high, the living room area is exposed to ex¢rawmlar radiationMoreover,
Courtyard S C-W receives the least indirect solaatgain, due to the West opening
orientation that as the sun rotates towards East its low, allowing the courtyard and

living room to be exposed to shade more than solar radliat

Courtyard T presents the lowest indirect solar heat gain value in June by comparing it
to CourtyardS. In DecemberCourtyardT receives800Wh, which isa higher value

of indirect solar heat gain than Courtys3¢C-N that receives 779Whbut a less
value than Courtyar@U-N that receives 931Whas the North orientation receive
the least solar heat gain in Decemb&he analysis reading shows a 374Wh
difference in indirect solar heat gain betw&ayurtyard T and the least configuration

of CourtyardS receiving solar heat gairCourtyardSC-W. Hence, the fully

enclosure oCourtyard T presents an advantage of the least heat gain.

The Direct solar gain analysis calculates the monthly average. Therefore, the whole
month of June and December are calcdldte present the sunirhe calculations
presents that in the month of June direct solar gain occurs between 5 a.m. to 5 p.m.,
while in December it occurs between 7 a.m. to 3.p.m due to the late sunset in June,
and late in sunrise in December. Moreover, gba's angle and position affects the

direct solar gain in both months.

CourtyardT in the month of June receives 560Wh of direct solar heat gain. In the
month of December, it receives 830Wh, which is a higher value of direct solar heat
gain than JuneFigure 5.2 illustrates a chart of the direct solar heat gain of
CourtyardT in both seasons.
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Fig.5.2 Hourly drect solar heat gain for Courtyard in both months of June and

December

The Ushape in general presents higher solar gain due to its large opening that allows
a higher exposure to the solar radiation. Within thehidpe, in Jun&ourtyardS-U-

W receives the highest direct solar gain of 2167Wh in comparisGoudyardS-U-

S, which receives the lowest direct solaatgain of 788Wh.While in December,
CourtyardS U-W also receives the highest direct solar heat gain of 2094Wh. Hence,
the opening orientation and the size of the opening increases direct solar heat gain.
Figureb.3illustrates a chart of the direct solar heat gain of tkehape in June.
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Fig.5.3 Hourly drect solar heat gain for Courtyar&U in June

The Gshape, in the month of Jun@purtyardSC-W receives the least solar heat
gain of 745Wh due to the opening size, operrigntation,as the West sun position
is lower. Nonetheless, in Decemb@uourtyardS-C-N receives the least solar heat
gain of 581Wh due to the opening orientation, anddiedolar position in the winter
seasonFigure 5.4 illustrates a chart of the direct solar heat gain of th&h&pe in
June.
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Fig.5.4. Hourly drect solar heat gain for Courtyar&C in June

ComparingCourtyard T and CourtyardS, Courtyard T demonstrates the least direct
solar heat gaifmn Junedue to the least solar radiation absorption, as an affect of its
fully enclosed configurationCourtyard S C-W also presents a low direct solar heat
gain, which may provide thermal comfort within theia@al hot summer season of
June. The direct solar heat gain difference betwgaurtyard T and CourtyardS-C-

W in June is 185Wh, and in December is 270\WMbwever,in the winter season
adequate heat gain is needed to mitigate the cold weather and rezlbheatihg load

in winter. Therefore, by having a medium or an average value of heat gain within the
winter season is thermally comfortableable 5.1 tabulates a summary of the direct
solar heat gain d€ourtyard T andCourtyardSin both seasons.
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Table 5.1 Summary oflaily direct solar heat gain analysis for Courtyaifdand
CourtyardS configurations

Configuration, Shape, Orientation Solar Gain in Solar Gain in
June (Wh) December(wh)

Courtyard -T 560 830

Courtyard -S U- Courtyard S U-N 1145 653

Shape | CourtyardSU-S 788 1133

Courtyard SU-W 2167 2094

C- Courtyard SC-N 994 581

Shape| CourtyardSC-S 748 1125

Courtyard SC-W 745 1106

The hourly temperature profile calculates the direct and diffuse solar radiation for the
internal living room space, and the external weather conditions presenting the
difference of temperature and the average indoor temperature. S.algessents a
summary of theaveragehourly temperature profile calculation for ba@lourtyard T
andCourtyardSin both seasons.

Table 52. Summaryaverage of théourly temperature profile analysis for
Courtyard T and CourtyareS configurations

Living Room Average
Average Temperature
Configuration, Shape, Orientation Temperature (°C) | Difference (°C)
June December June December
Courtyard -T 38.46 22.7 3.087 4.379

Courtyard -S U- CourtyardSU-N | 37.4 21.49 2.11 3.17
Shape | CourtyardSU-S | 37.35 21.45 1.97 3.12
CourtyardSU-W | 37.39 21.45 2.01 3.13

C- CourtyardSC-N | 37.45 21.4 2.08 3.07
Shape | CourtyardSC-S | 37.35| 21.47 1.97 3.14
CourtyardS-C-W | 37.32 21.42 1.95 3.1

CourtyardSU configuration presentCourtyardSU-N in having the highest

average temperature differential in both seasons. On the otherGmmtyard SU-S
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has the lowest average temperature differential in both seasons. HoGeweyard

S U-N maintains the highest average temperature due to the high solar heat gain in
both seasongzigure5.5 and 5.&6hows the hourly temperature profile foourtyard

SU-N andCourtyardS-U-S in JuneThe opening position as its windward assists in
increasing the temperature differential of the Northern opening, as it has the most

frequent prevailing wind.

(NGTE Vs shown are oot Bt ot ar e shees

Fig.5.5 Hourly temperature profile for Courtyafr8U-N in June (ECOTECT)
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Fig.5.6 Hourly temperature profile for Courtyafr8-U-S in June (ECOTECT)

CourtyardSC configuration presentSourtyardS-C-N in having the highest average
temperature differential in Junéye to the assistance of wind pressure and frequency.
CourtyardSC-S has thédnighest average temperature differential in Decerdberto
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low solar position in winter that increases shadléhough, both opening orientation
have high solar heat gai@ourtyard-S-C-W has the lowest average temperature due
to the opening orientation and solar positiéigure 5.7, 5.8, and 5.%hows the
hourly temperature profile fa€ourtyard S-C-N, CourtyardS-C-S, CourtyardS-C-W

and in June.

NGTE Ve shown s aramac Bmparairss o o Emvarsies

Fig.5.7. Hourly temperature profile for Courtyar&C-N in June (ECOTECT)
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Fig.5.8 Hourly temperature profile for Courtyaf8-C-S in June (ECOTECT)
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Fig.5.9 Hourly temperature profile for Courtyar8C-W in June (ECOTECT)

In terms of average temperature differen€égurtyardSU provides a higher
temperature difference th&@ourtyardS-C in both seasons. HowevérpurtyardS-C
provides a lower average temperature tBanrtyardS-U. This is justified due to the

large opening size that increases temperature difference. However, due to the low
solar heat gainCourtyardS-C maintains to achieve a lower range of average
temperature within the living room. Specifically in June, thentassists in reducing

the cooling load and providing thermal comfort, although the average temperature is

still above the thermal comfort zométh reference to the psychrometric chart

CourtyardT has the highest living room average temperature compaoe
CourtyardS configurations within both seasons. However, due to its fully enclosed
configuration and receives the least solar heat gain; it has the highest average
temperature difference between the courtyard and the living room in both seasons.
Therdore, CourtyardT performs as the best temperature modifier in presenting
thermal comfort within the courtyarérigure5.10 and 5.1demonstrates the hourly

temperature profile ad€ourtyard T living room in June and December.
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Fig.5.1Q Hourly temperature profile for Courtyard in June (ECOTECT)
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Fig.5.11 Hourly temperature profile for Courtyafd in December (ECOTECT)

The annual temperature distribution calculates the total amount of hours and

percentage that the configuration is withime comfort zone in relation to the

psychrometric chart without the use of HVAC as the comfort band is witiiD 16

20°C. Table5.3 provides a total summary of the annual temperature distribution in

terms of hours and percentage of the living in all the courtyard configurations.
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Table 5.3 Summary of annual temperature distribution for Courtyarand
CourtyardS configurations

Configuration, Shape, Orientation Total Hours in | Total Percentage in
Comfort (Hrs) Comfort (%)
Courtyard -T 1397 Hrs 15.9%
Courtyard - U- CourtyardS-U- 1834 Hrs 20.9%
S Shape N
CourtyardS-U- 1854 Hrs 21.2%
S
CourtyardS-U- 1838 Hrs 21%
W
C- Courtyard S-C- 1844 Hrs 21.1%
Shape N
CourtyardS-C- 1854 Hrs 21.1%
S
CourtyardS-C- 1863 Hrs 21.3%
W

CourtyardT living room presents the least hours and percentage in providing thermal
comfort within the psychrometric chart. As the psychrometric chart includes humidity
levels, while in the study humidity is not part of the analysis, it reflects a direct

connection in reducin@ourtyardT living room thermal comfort.

CourtyardS divides into two shapes; U and C shape. The first shape is-tihape.
Looking intoCourtyardS-U-S living room, it has the highest hours in comfort, while
Courtyard S U-N living room has the least houlsooking into the second shape, C
shape CourtyardS-C-N has the least hours in comfort, whl®urtyardS-C-W has

the highest hours in comfort.

Comparing the kshape and Ghape,CourtyardS-C-W provides longer hours in
comfort thanCourtyardSU-S within the living roomThis is due to the least solar

heat gain it receives, the small opening size, the high ratio of enclosure, and the solar
exposure that the West orientation receives less than the $tar#fover, comparing
Courtyard S and Courtyard-T, CourtyardS-C-W provides longer hours in comfort.
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Courtyard T demonstrates the least hours in comfort from KodlirtyardS-U and
Courtyard S-C.

Drawn from all the thermal analysis calculatio@surtyard T configurationsums up

to achieve the higest thermal comfort. It receives the least direct and indirect solar
heat gain in the summer month. WhileDecemberjt receives higher direct solar
heat gain tha@ourtyardS-C-N andCourtyardS-U-N, and higher indirect solar heat
gain thanCourtyardSC-N. Yet, the North opening orientation for all thermal
analysis calculation presented to have low thermal comfort in comparison to
CourtyardT. Furthermore,CourtyardT provides a higher average temperature
differential in both seasonslue to the lowsolar heat gainHence, modifies the
indoor temperature to achieve thermal comfort levels more efficiently than
CourtyardS. On the other hand, it has been analyzed that it provides the lowest

comfort hours, which is due to the lack of humidity studies.

The second configuration that achieves thermal conifestis CourtyardS-C-W.
Comparing it to the otheCourtyardS configurations, it has the lowest indirect and
direct solar heat gain in June. Moreover, it has the lowest average temperature in
June, ad the highest hour and percentage of comfort. Although both configurations
are not within the comfort zone provided by the psychrometric chart, yet if provided
with natural ventilation, the comfort zone extends to encompass both configuration
results in poviding thermal comfort. Those analysis calculations support that the
fully enclosed courtyard performs better in modifying and providing thermal comfort

more than the senginclosed courtyard.

5.1.2.RADIANCE Results

A natural daylight level is a key measurara providing occupants comfort within
an indoor spaceA view to the outdoor environment provides psychological and

physiological comfortAdequate daylight penetration reduces the need of artificial
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lighting. Daylight is the penetration of direct and indirect solar radiation through
openings. It is affected by the opening size, indoor space geometry, glazing
transmittance and reflectan¢¢owever, daylight should take in control to control the
quantity of light distribution of light, and heat gaif.he occupant activity level
within the living room is identified as sedentalfgSNA recommenddhe living room

an illuminance level of 26800 Lux of weltdistributeddaylight for various ranges of
activities(Rea MS., 2002) RADIANCE calculated the illuminance levels within the
living for each courtyard configuration in June and December in the morning,
midday, and late noon houlRADIANCE illuminance simulations are imported into

Ecotect.Refer to Appendix B foall results.

CourtyardT results viewed that is has the highest average Lux levels mtrlZue

to the high solar angle. In the month of June, all average values are beyond the
recommended standardbe highest value at 12 p.m. with 857.89 Luxthe month

of Decemberat 12 p.m. average value is within the recommended standards with
270.18 Lux,and however9 a.m. reaches the approximate of the recommended
standards with 199.74 LuAt 3 p.m. in both seasons, daylight level is the least due
to the low solar angle and position, and the effect of having a fully enclosed narrow
courtyard with the given heightrigure 5.12 shows the illuminance level and
distribution of CourtyardT in June at 12 p.m. in Ecotect, as the month of June
receives highesolar radiationThe light intensity of the hot spots by the window
during this hour is at its peak. The Northern window receives morehligyhever less
intensedue to the exterior windowlhe east window of the courtyard has the most
excessive intengitlevel reaching up t05460 Lux, while the Northern window of the
courtyard reaches up to 2520 Lux. The hot spots by the window are forms of strips
parallel to the window; however, the intensity reduces by going further away creating

a smooth flow of lightntensity.
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Fig.5.12 CourtyardT RAD illuminance simulation in June at 12 p.m. (ECOTECT)

Regarding light distribution, between 9ma and 3 p.m., the living room is exposed to
three spots of excessive light, which decrease in size, yet the intensity of the glare
spots increase in intensity, as it reaches its peak at 12 p.m. and decrease by 3 p.m. As
the excessive intensive light deases, the overall distribution of light is well
maintained. The intensive light areas are by the window openings. Lighelis
distributedat a smooth intensity levddetween 12 p.m. and 3 p.Mhe best well

distributed light is at 3 p.m. as it has teadt and smallest glare spots.

CourtyardSU is calculated for its three orientations; North, South, and West. Within
the peak hours, with the highest heat g&@wourtyardSU-W exposes excessive
illuminance levels within the living room at both hoursl& p.m. and 3 p.m., and
during both seasons. In Junat 12 p.m. the average value of illuminance level is
1278.43 Lux, while at 3 p.m. its 3885.58 Lux. This extreme illuminance levels within
the living room is due to its Western opening orientation asuheexposure is high

and its opening orientation within those hours exposes the living room to excessive
solar radiation. Nonetheles§ourtyardSU-W has the largest courtyard opening,
hence higher exposure to solar radiation and higher accessibility of lighting within the

living room that equals to occupants discomfort.
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CourtyardSU-S is exposed to less soladiation thateceives the least daylighting
level within the peak hours of the monthJeine,as all illuminance levels are higher
than the recommended levels. At @.2n.,it receives 928.89 Lux. In December at 12
p.m., it also provides the most adequate lighting ©6.27 Lux.Figure5.13, 5.14,
5.15shows the illuminance level and distribution@durtyardS-U-N, CourtyardS

U-S, andCourtyardSU-W in June at 12 p.m. in Ecotect, as the month of June

receives higher solar radiation

Fig.5.13 CourtyardS-U-N RADIlluminance simulation in June at 12 p.m.
(ECOTECT)
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Fig.5.14 CourtyardS-U-S RAD illuminance simulation in June at 12 p.m.
(ECOTECT)
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Fig.5.15 CourtyardS-U-W RAD illuminance simulation in June at 12 p.m.
(ECOTECT)
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However, in terms of lightindistribution,CourtyardS-U-S is the most adequate and
comfortable with the least intensive glare spots. All at 9 a.m. produce three iatensiv
glare spotghat decrease in size yet increase in intensity by .rnidowever, as the sun
changes in position and gets higher, the intensive light by the window reduces and
increases the smooth distribution of light within the living room. The North and West
orientation have the highest levels of intensive illuminancet light reaches the
middle areas of the living room causing extreme discomfort. This is due to the solar
position, opening orientation that allows high solar exposure, and the courtyard

opening size that affected the courtyard configuration.

CourtyardS-C is calculated for its three orientations; North, South, and West. Within
the peak hoursCourtyardSC-N exposes excessive illuminance levels within the
living room at both hours of 12 p.m. and 3 p.m., during the month of June. At 12 p.m.
its average valuef illuminance level is 932.81 Lux, while at 3 p.m. its 491.78 Lux.

In June, all illuminance levels are beyond IESNA recommended standards. In June,
CourtyardSC-N and CourtyardS-C-S are equivalent to each other in illuminance
levels. YetCourtyardS-C-S is still lower. This is justified to the small opening
orientation, and significantly the window opening position differential between the
North and South orientation within the courtyard that with high solar position allows

excessive solar radiation.

Courtyard-S-C-W receives the least and most appropriate illuminance levels within
the living room, although all orientations receive beyond the comfortable
recommendation levels. In June, at the peak hour of noon it receives 813.62 Lux.
During December,Coutyard-S-C-S is the most appropriate and reaches the
comfortable levels.In December, CourtyardSC-W and CourtyardS-C-N are
equivalent in illuminance levels although the North orientation receives less, and both
receive less than the South orientatiohisTis justified to the opening orientation and
solar position that expos€ourtyardS-C-S living room to eceive more illuminance

levels. Figure 5.16, 5.17, 5.18shows the illuminance level and distribution of
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CourtyardSC-N, CourtyardSC-S, andCourtyardS-C-W in June at 12 p.m. in

Ecotect, as the month of June receives higher solar radiation.
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Fig.5.16 CourtyardS-C-N RAD illuminance simulation in June at 12 p.m.
(ECOTECT)
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Fig.5.17 CourtyardS-C-S RADilluminance simulation in June at 12 p.m.
(ECOTECT)
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Fig.5.18 CourtyardS-C-W RAD illuminance simulation in June at 12 p.m.
(ECOTECT)

In terms of light distribution, in June, all at 9ra produce three intensive glare spots
that decrease in size yet increase in intensity by noon. However, as the sun changes in
position and gets higher, the intensive light by the window reduces and increases the
smooth distribution of light within theJing room. CourtyardS-C-W is the most
adequate and comfortable with the least intensive glare spots. Although at 9a.m. the
average level of illuminance is not well distributed creating various values, however,
the intensity is the least. At 12 p.m. theeeage illuminance level and high intensive
glare spots are similar in distribution betwd&aourtyardS-C-W andCourtyardS-C-

S, however, the intensity levels Gburtyard S C-W are less providing more comfort.

The window opening distribution affects dayligpenetration and the size of the
intensive light spots. AlthougRourtyardS C-W and CourtyardS-C-S have larger
intensive light spots within the living room tha@ourtyardS-C-N, yet the
illuminance level of the intensive light spot@burtyardS-C-N is higher.This is due

to the window placement, &ourtyardS-C-N has both windows othe East side of
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the courtyard the west wall of the living roojn Therefore, the sun position and
courtyard opening affects light penetration.

In generalCourtyardS-C receives better daylight levels within the living room than
CourtyardSU, although both shapes are not within the comfort or IESNA
recommended illuminance level§.able 5.4 summarizes the average value of
illuminance Lux level for all courtyard configations at each orientation in both
months at all calculated houtds. June, all exceed the 200 Lux levels. In June,
Courtyard S C-W receives the best daylight illuminance levels at 9 a.m. and 12 p.m.,
yet CourtyardS-C-S receives the best at 3 p.m.DecemberCourtyardS-C receive
adequate light within the recommended range, wliteirtyardS U exceeds the
recommended rangd& herefore, the opening size of the samclosed courtyard
demonstrates a great difference of daylight within the living roasnthe opening
decreases in size it promotes comfortable illuminance level to satisfy the living room

activity.

Table 5.4 Summary of the average illuminance Lux level for all courtyard
configurations at the studied period

Configuration, Shape, June Lux Levels December Lux Levels
Orientati on 9 12 3 9 12 3

Courtyard -T 477.76| 857.76 | 438.61 | 199.74| 270.18| 146.02
Courtyard- | U- | Courtyard | 472.52| 1012.92| 768.58 | 252.38| 342.88| 184.27

S Shape| SU-N
Courtyard | 472.91| 928.89 | 469.04 | 225.02| 315.27| 164.24

SU-S
Courtyard | 442.77| 1278.43| 3885.58| 356.21| 486.44| 260.33

SU-W
C- Courtyard | 527.79| 932.81 | 491.78 | 199.78| 271.64| 145.96

Shape| SC-N
Courtyard | 514.73| 895.22 | 448.2 | 212.25| 287.9 | 155.01

SC-S
Courtyard | 430.46| 813.62 | 472.1 | 200.47| 272.55| 146.23

SC-W
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CourtyardT receives higher illuminance levels th@ourtyardS-C-W in June, while

in December it receives less at 9 a.m. and 12 p.m. However, in June, at 3.p.m it
receives less illuminance levels th&ourtyardSC-W. In December, although
CourtyardT receives less illuminance levels, y&ourtyardS-C-W is very much
similar in values.Both, CourtyardT and CourtyardS-C-W are similar in light
distribution within the living room, due to the window opening position. Both provide
adequate light distributiortHiowever, the only difference is the illuminance level.
This is justified by the courtyard opening and the opening orientation. The west
openingaffected the living room geometry its width, and decreasing the courtyard
width. Therefore CourtyardS-C-W receives better illuminance level€ourtyardS

C-W provides the most comfortable illuminance level within the living room in both

seasons.

5.1.3.Airlfow Results Through WinAir

The CFD simulationoutput by WinAir is exported back to Ecotect. The CFD
simulatedand recorded each configuration cell temperataedl pressureand flow
vector. Celsius Centigrade represents the cell temperat@al pressure is
represented bthe Pascal unitRg. Wind is represented by flow vectors to indeat
the wind speed andrgiction.WinAir calculates the pressure of wind surrounding the
courtyard. The wind speed is represented hyles per second.However, the
generated output of WinAir velocity vector will not be considered in terms of figures,
yet it will be backed up with the generated prevailing wind frequency from the
weather tool wind rose of Bahraifherefore, the wind speed will be represenby
Km/h. The values were extracted from a horizoraat verticalanalysis grid. The
horizontal slice position of the analysis grid is close to the ground surface at around
600mm. The initial wind speed input is 0.2m/s. The initial wind temperaturé inp
obtained from the temperature wind réseJune is 3%C, and for December is 1.
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