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Windows play an important role in heat transfer and natural veatil&ti buildings
while allowing many psychological benefits to the occugafiie goal of any office
building is to provide a thermallygomfor@ableindoor environmenthatrequires the
least energy consumption to maintaimoughout theyear. One of the emgy
reduction alternatives that can be incorporated in moge¥anbuilding design is
the installation of efficient windows. The windewshould allow thermally
acceptable indoor air qualijtype operatedeasily andhave apleasant desigwhile
beingenergy efficient.

Full-scale measurements were conducted m office room to analyze the
performance ofthe ventilation system. Air temperature, air velocitywall
temperaturesand humidity were measuredlhe experimental results togethesmnd
computationafluid dynamics CFD) analysis show that ventilatian an office with
the model windowcanremove indoor pollutastefficienty. The thermal comfort
predictionusedF a n g e r 6 swhichevaspropdsed in ISO Standard 7730ata
analysis revealed that theredicted mean vote (PMV) standard equatiovas
thermallyneutral

The objective of this work is to design windeizes for tropical climats usingCFD

code FLUENT version 6.3 and ANSYS for geometric generation. Input parameters
were obtained fromraoffice on the fifth level of asevenstory building such a
building is representative aypical government officébuildingsin Malaysia and in
Hoon, Libya. Input parameters were air temperature, air velp@hd relative
humidity. Thek-U  tudbulent fow and finite volume method (FVM) with SIMPLE
algorithm for treatment of boundary layemss used The ideal window should
createatemperature difference of at least 5 K between ingland outdoas, with air
velocity inthe center of roonbeing> 0.01 nis.



The study examine86 modek of a doubleglazed window with three opening
windows for controlling fresh air intake flow.e., the sideahead (A), top (B), and
bottom (C) opening window®f these models, theFD results of this study sived
thata 22% window to wall ratio (WWR) wittthe (A) opening (height 2n and width
0.4 m) is the best model Malaysia In Libya, 22%window to wall ratio (WWR
with the (A) opening(height 2 m ad width 0.8m) is the best modelThe
temperaturanside the office othe optimum modelwas 3 0.DK, and airflow was
0.36 m/s at 15 cm above theground office the outdoor temperature was 36K,
and airflowwas0.67 m/s.
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Tingkap memainkan peranan penting dalam pemindahan haba dan pengudaraan
semulajadi di dalam bangunan, di samping membenarkan banyak manfaat psikologi
kepada penghunya Matlamat manamana bangunan pejabat adalah untuk
menyediakan satu perseltan dalaman termh&eselesaan, yang memerlukan jumlah
penggunaan tenagang paling kurangintuk mengekalkakeadaantu sepanjang

tahun. Salah satu alternatif pengurangan tenaga yang boleh dimasukkan dalam
rekabentuk bangundnjan adalah pemasangamgkap cekap. Tetingkap patut dapat
membenarkan haba diterinmatuk mewujudkarkualiti udara dalaman yarggsuai

mudah dikendalikan dan reka bentuk yangnyenangkampandangaragi cekap
tenaga.

Satuukuran skala penuh dibuat di sebuah bilik pejabat umtekganalisis prestasi
sistem pengudaraanmerangkumi suhu udara, halaju udara, suhu dinding,
kelembapamelatif. Keputusan eksperimen bersagana dengan analisis CFD yang
menunjukkan bahawa pengudaraan di pejabat dengan tingkap model mampu
keluarkan peremar dalaman dengan cara yang cekap. Keselesaan haba telah
diramaloleh kaedah Fanger yang dicadangkan dalam ISO Standard 7730. Analisis
data menunjukkan bahawamalar(PMV) adalah headaareutral terma.

Objektif kajian ini adalah untuk merekabentukgktap optimum untuk iklim tropika
menggunakanpengkomputeranbendalir dinamikkod FLUENT versi 6.3 dan

ANSYS untuk menjanageometri tingkap Parameter input diperolehi daripada
pengukuran dipejabat ArasLima pada sebuah bangunan tujuh tingkat yang
mewakii pejabat kerajaan kisus untuk pejabat awamdi Malaysia dan juga
bangunan pejabat di Hoon Selatan Liby&arameter input adalah suhu udara,
kelajuaan udara dan kelembapan relative. Kaedah kb a g i aliran gel or
isipadu terhingga (FVM) dengan algoritm8IMPLE untuk rawatan lapisan
sempadan telahdigunakan. Tunhgkap unggul mewujudkan gedan suhu



sekurangkurangnya 5K antara dalaman dan luar bangunan dengan kelajuan udara di
tengdn-tengah bilik > 0.01 m/s.

Kajian ini mengkaji tiga puluh enam model tingkap kaca berlapis dengamiogh t
bukaanuntuk mengawal aliran pengambilan udaemariaitu sampingan hadapan,
(A), ke atas (B), darkebawah (C) membuka tingkapPencariarCFD merghasilkan
tetingkap yang 22% kepada nisbah (WWR) dengan (A) pembukaan dinding
(ketinggian 2m dan lebar 0.4 m) adalah model yang teMallkysia dar2m tinggi

x 0.8 m lebarterbaik Libyadaripada tiga puluh enam model, manakala suhu di
dalam pejabat motl®ptimum tetingkap adalah 300KLdan aliran udara 0.3@ / s

di ke atas15 cm m darilantai pejabat apabila ukuran luaran suhu adalah 307K dan
aliran udara 0.bm/ s.
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CHAPTER 1

INTRODUCTION

1.1 Background of the Thesis

As most people spend ma&0%) of their time indoors, and often share the same
space, knowledge and prediction of conditions in the indemvironmentis
importantfor the well -being and productivity obccupats. Moreover windows

have a significant effect on the energy performance of a buildind, iading
devices that have been used for long time to control solar gain and day lighting
Shading windows using coatings hiasen widely adopted although it has been
regarded as temporary measuyéVhaadet al. 2008), and solar radiatioiends to
increase the surface temperataf the glas€armodyet al.(2000). Window also
provide feeling of good being when occupa&ain look outside yet economically
viable to provide tirmallycomfortable environmer@armody et al(2000).

Green buildings incorporate passive methfuat energy efficiency which is applied
atthe design phaseéSome parameters listed for green bmiddindex include energy
efficiency initiatives (20%), daylighting (10%) and indoor air quality (29%lese
parameters can be linked to window desigiindows are considered as being the
site for a predictable thermal radiation. The soladiation ca exchange through
window during the coursef the day. Insulateddouble or tripleglazing; shading
devices and orientation of windows can reduce solar heat gain through wjndows
U.S. Department of Energy, accept@®97. Today, large governmentisfices
buildings usually have installed large amount of glassddaws in the building for
cade

The solar load of direcand diffused solar irradiation that penetrate through the
windows areconsideredo be the source of the external heat load anddépénds
on many factors such asme of year, time of dayan office orientationand
installation of solar shading to the windowthe velocity and directiorof external
wind andin addicton type of window Theexternal convection may be higher than
the internal convection during the summer periegpecially if large windowsare
installedin the buildings Natural ventilation and air conditioning can besedto
control indoortemperatureand to cool offices in building ASHRAE Standard
55(@2004.

Double glazedwindows are assumed to have a greater impagtanectual building
practice,Oesterle, et al(2001). An experimental investigatioof the novel glass
system is designed to overcome the glare exwbssing heat gain such tliamay
improve vsual comfort even in spaces with large glazed areas facing east or west,
Etzion etal. (2000). Interface effects of double glazed with ventilafmmenergy,
thermal comfortyentilation system andcgenergyconsumption compared to a single



systemwithout interface glazedhas shown promising benefits for green homes and
buildings Wong Nyuk,(2005.

To drive the flow of fresh air through buildings, natural ventilation systems will be
effective for this matter and in which these systems rely on naturahglri@ices,

such as wind and temperature difference between buildings and its environment.
(Stackeffect, pressureeffect), bothwork on the principle of air moving from a high
pressure to a low pressure z&uohui(2000.

Eftekhari,(1995) measureair velocities andair temperatures ia ventilatedsingle
sided office. The results havehown that highair speedsand low temperatures at
floor level and the opposite at head level, which indgttat the fresh and cool air

is distributing along the flar in the office. Velocity levels up to 0.4m/s was found at
floor level. Rooms with singlesided cross natural ventilation hatresir effective
depth of fresh air digtsution which had iduced bypressure difference due to room
geometryGuobui G. (2000. This effective depth can be determined by some
methods such as a numerical (CFD) technique wisicieveloped fodetermination

of the effective depth of air distribution in rosmwith singlesided natural
ventilation. The results of such a technighad shown that the effective depth for
thermal comfort might not be coincided with that &r quality during the summer.
The requirement for thermal comfort is the limiting factor to the effective room
depth. The investigation hashownthe effectiveness of window opening levels and
room heat gains on the air flow rate and effective deptiis technique is effective
for temperature climate where temperature difference between indoor and outdoor is
high (>v #), Guohui(2000)

Mokhtarzadeh, Dehgha(2011) performed a numerical study of the rate of heat
transfer associated with ventilatiamthe side and across the room generated by the
wind. Examination room was represented by-tiimensional rectangular cavity
exposed to an external flow from orsde only. The examinedoom was
represented by a rectangular tdimnensional cavity which was exposed to the
external flow from one side only.

Schaéin et al.,(1992) used twoand threedimensional CFD techniques in order to
simulate the bdirectional flow through large openings in buildings by coupling
indoor airflow to the outdoor flow. These researchers focused on the major flow
without putting intoaccount the details of flow near the wall, and heat transfer.
Recognizing the importance of aioW through the large openings in the natural
ventilation of singlesidedroom, Teh K. andLi, S.L. (1996) studied numerically
ventilation rate in a room with an open window with using-Reynoldsnumber
two-dimensionhand turbulence model.



1.2 Problem Statement

The tropical climate like Malaysia has constantly high temperatures and relative
humidity and that is due to the location of Malaysia which is close to the equator
where the temperature ranges between 25 € to 35€ throughout the year. d&e m
daily temperature is about 27€ and humidity values may exceed 80%. The climate
is highly affected by the two monsoon rains seasons with southwest ghdaso
monsoonRahman2005).

One passive method of thermal performance in reducing heataloddglare is
through the use of doublel®w glazed windows on offices in Libya and with the
increase of passive cooling which significantly contributes to eneaging for
building operators.Ardalan et al2015) proposed the window to wall ratio (WWR)

as one indicator to determine size of window openings for energy conservation in
buildings thus this is one of the criteria chosen for optimum window design.
Proposing a better model design of window dimensions using CFD to reduce heat
load and glare intoffices through the&loubleglazed window in Malaysia can help
building professionals in producing green buildings.

Although the use of air conditioning system is necessary to maintain a healthy and
productive indoor environmerit the tropical and dedebuildings it is usually
consume a large proportiod.7025 of the energy cosbperating the building.
Acquisition of theair conditioning system is also a concern for thmilding
engineerss there areeveral factor¢hatneed to beonsidered e.g. vable or non
variable volume, choice of refrigerant, sizing, control of particulates €here are

two problem statements availalite thisresearch(Zain Ahmed,(2008.

i.  The buildings in hot dry climate like south Libya has been a serious problem
dueto the high temperatusghigh solar irradiatiorbut low humidity level
andlow air velocity, Adel Akair and L&zl6Banhidi, (2007). These factors
can result to decrease in the indoor comfortable condition in buildings during
the hot summerdays. The nternal heat load can be higher than the external
load especially ithe building has large windowesulting from highsolar
irradiationlevel enteringthroughwindow during the day time. Solar heat
gain through windows can be reduced by insulated giazinadinglevices
orientationof buildingand type of windowDepartment of Energ{d1997).

i. Hot humid tropical conditions like in Malaysiavhere the high outdoor
temperature, high humidity anmbor air flow may lead tadecrease in indoor
comfortable codition in offices. Due tothe high intensity of solar
irradiation through windovwausessignificant cooling requirements. Large
glass wall with twosided openable windowsannot provide good passive
ventilation strategy in building. The increadseair velocity inside the office
to remove internal heat and large temperatlifeerence between outdoor
and indoor can be achieved through passive cooling. The air that is moved
through the exchange of indoor with "fresh” outdoor air can provide cooling
and &t as a heat caer medium,Abdul Majid Ismail (2015.



Abdul Rahman and IsmafR008) reported that the buildings in Malaysia consume
about 70% of energy for cooling the indoor environmant] ZainrrAhmed (2008)
reported that more than 40% of the enesggsumed by the Malaysian buildings can
be reduced if energy efficiencyg avell as application afustainable technologies for
building is implemented With increasing number of buildings, high fuel cesn
pushgreen buildings ifMalaysia;to adopt deign of suitable window size is logical
option to further tap green initiatives.

Roetzel et a(2010) irvestigated air flow of windhroughnaturalventilation single
side ventilation The study ecommends that peopt®ntrol naturalventilation is
through several parameters, such as windows open type, sizendbws, shape of
window, andnumberof the windows and placeme@ratia and De Herd@004).

The variables that are relatedaalirect effect in the buildinthermal environmental
analysis casistsof ambient air temperature, solar radiation, temperature of surfaces,
outdoor humidity, velocity and direction of winidatunsky et al(2013).

Standards Association of Australia presented in cldu8statedthat a flow rate of
0.031 /s to 0.04i /s through residential buildings (offices, residences, shops,
stores, corridors) was generally suitable for natural ventilatiRajapakshg2004)
shows that in Malaysia, comfortable indoor temperature should be in the range
¢ @ C to¢ YC. humidity 40% to 60% an optimum air movement 0.3 m/s to 0.5m/s
for a naturallyventilated condition Accordindy ASHRAE standard on thermal
comfort in Malaysia could be achieved below 28#69ASHRAE (2012)

Window provides passive strategy to iease indo@ventilationwithout active use

of energy. Cheong(2003) useacomputational fluid (CFDPHOENICSsoftwareto
simulate 3D numerical simulation for thé& conditioned lecture hadinvironment in
Singapore. Parametergonsideredwvere thefield air velocity and air temperature
where predicted and measuredide conditions were irgreat agreemen8.23%).

This proves that it is possible to simulate indoor conditions using numerical method
for the tropics.

Carlos et al,(2011) used double gled windows to predict indoor and outdoor
environment. The parameters were incident solar radiation, airflow rate and
temperature differencleetween indoor and outdoofOoi et al.(2007) used CFD to
achieve the mamum comfort for theoccupantThe k Uand Reynals stress models
for turbulentflow were used for the analysisliang and Che(2002) examined the
effective use of naturalrass ventilation in buildings.Ayad (1999) applied CFD
study of natural ventilation for the room with different ojmgnformationswhile
JongT. de and Bot G. PA. (1992) showed fulscaleset upto measure window
parameters for air flow by orsde opening casement window#ngaleeat el.
(2012) investigateavind driven natural ventilation system by using CFD inl thing
with multiple windows. Dahlan et al.(2011) assessed the influences of operative



temperature in three namr-conditioned multistore hostels in Malaysiavherean
operable wndow-to-wall ratio of 30%was studied byang Liping et al.(2007).

Assan and AFMumin (2010 investigatedthe effect of glazing type and other
energy conservation measures on the peak power demand-adnditioning
systems for fully glazed government and private office buildings in hot countries.
Qiong Li, et al.(2009) uged CFD to evaluate the thermal environment in the indoor.
To summarizeit is possible to use CFD to predict indoor environment for both
naturally and air conditioned situations and that window opening$oamztionto
some extent affect indoor environmeof naturally ventilated buildings in the
tropics.

Limited studies have been reported for window design in Malaysia yet it is one of
the important areas to improve ventilation imturally ventilated buildings.
Therefore for Malaysian conditiorthe double glazing window is possible to be
designed and it is able to have temperature difference between the inside and outside
by @& Awith air velocity of 0.36 m/s where distance is 2 m from glass window at
13:20 pm with the use of a computationaldlalynamics (CFD) program (FLUENT
version 6.3).

1.3 Objectives of Thesis

The main objectiveof this thesisis to developdesignfor window sizefor naturally
ventilated room capable of providing temperature difference between inside and
outside temperatureybat leastp C ard internal air velocity >0.01 re/using
computational fluid dynamic¢hrough 36 windowdimensionsat 15 cm (skirting
height) from the floar

The specific objectives assfollows:

1. To develop model fowindow sizedesign under tropical climatendition.

2. To predict pertinent parameters for thermal comfort inside building based on
window size

3. To develop model for optimum window design under tropical climate
conditions.

14 Scope and Limitations

In order to design optimum window size, thie flow was assumed to be turbulent
model (k-Q difference for window designJoel H.et al(1999. The indoor
ventilation isa major issue and the air temperature, solar radiabiamidity and air
velocity areof the most important parameters affecting the natural ventilation inside
the buildings Level 5 of Faculty of EngineerindJniversiti Putra Malaysihas been
chosen as a standard office rodracause itrepresents aypical office size in



Malaysia and away from end effect The data collection wabetweenJune to
August 2013. For deserimate an office was selected lioon city, South Libya in
summer 02009and expamental data weresed asnput variables forthe software
FLUENT version

Theair flow is limited tothe turbulent flow regime. The different models of window
to wall ratio (WWR) were 12%, 20%, 22, 32%, 34%43%, 51%, 54% 67% and
84%. Thirtysix models, (head, top and Bottom) opening windows haween
chosen.

15 Significanceof Thesis

This study is about passive stratetty improve thermal comfort in naturally
ventilaied office or room through window size.

Modern government offices and commercial buildings are equipped with huge
heat loads for the agonditioning systems. In the 1990s, there was a concern
about global warming resulted in a resurgenceimérest in natural cooling
strategies, including the use of solar poions, Allardet.al(1998). The addition of

a doubleskin decreases the heating loads by %ilt8 13%. It is observed that the
greatest reduction is done by the northern doskie, indeed, in this case, the
southern zones benefit fully from the solar profits which are not filtered by the
doubleskin and the northern zoneseaprotected by a buffer spac@ratia et.al
(2009.

Doubleglazed facades are assumed to have a greattampe in modern building
practices.They have been already a common feature in architectural competitions in
Europe; but there are still relatively few buildings in which they have actually been
used, and there is too little information on their behadliming operation Zdlner
et.al(2002).

1.6 Outlines of Thesis

Thethesisis comprised of sevecthaptersrganized in the following way:

Chapter 1. providesthe general background béat transfer and natural ventilation
for offices in building and sliling for windows;introducessubjects related to this
reearch; defines the prdem statement, andesearch objectives. In addition, it
includes the scope and limitation of thesearch

Chapter 2. present literature review: Thisltapter reviews upo-date litgatures on
the subject matter.The chapter also provides the reader with insights of the latest
development.



Chapter 3. describes theMaterials and Mthodsused in thisresearch The
experiment is described, which includes a preparationepso®fa test room
conducted in officebuilding located in Libya and Malaysia, abration of
thermocouple wirefor installation of thermocouple wires, windowsatare chosen
data collectionof air temperature, air velocity, solar irradiation, relatiuemidity
using dtalogger other measuring equipmenand a simulationworks using
commercialsoftware.

Chapter 4: presers resultsanalysesand discussios of the different approaches
used in the case studigsperiments and numerical results).

Chapter 5: Optimum Design of Window Configuratiodlodelling methodology,
analysisof modelsby CFD, and results andsdussion of Numericallodel

Chapter 6: Conclusions and Recommendatiombis chapter ancludes the findings
of each objective and recommemateas for future works.



CHAPTER 2
LITERATURE REVIEW

2.1 Introduction

Wind and solar energy atee most importanandamply availablenatural resources
that can be used fonatural ventilation in buildingsWith proper designthey can

represent amlternative technology to reduce energy consumption in buildings
facilitate thermaly comfortable and healthy indoor conditions This chapter

describeghe principal contents of the reviewed literaturebioth deserind tropical

buildings

2.2 Heat Transfer through Buildings and Windows

The transfer ofheatthrough buildingsdepends on many external factarscluding
weathey orientation of buildings, solar shadeseadbuilding, size, design, shape of
window, direction and velocity of the windDr. Bin Su, accesse@014). More heat
gainoccursthrough large windowslhe position othe sun isalso a major factor in
heat gain.

Windowsplay an importantole in the transfef heatinto buildings. The createa
psychologicalatmospherddaylighting) and to some extent thermabmfort forthe
bui | dccmpgrmdHotman J(2002).Figure 21 showsthethermal performance of
aglazed window)smail (2003).

{ Contduction
/ il /:li Solar Radiation S 01&1’
I

Radiatiom
) (); ‘( Convection ) Coxvection
1 > Thermal
< Radiation

Single glazing

Figure 2.1 : Thermal performancesthrough glazed window (Ismail 2003)

Solar he# gain coefficient (SHGC), shading coefficigf8C), U-factor, and visible
transmittance are the best features of thermal pedioce These characteristics and
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the visible transmittanceof daylight play an important role inrenergy use in
buildings. Otheimportant window terminology includes windemall ratio (WWR)
and projection factor (PFpepartment of Energf1997).

2.2.1 Solar Heat Gain Coefficient

SHGC amajorcharacteristiof theincidentenergy of windows thatancontrol solar

heat gain throughlgss(WINDOWS TECHNOLOGIES$. Solar heat is divided into
direct and diffusarradiation. Some of the radiation is transmitted directly through
the glass into the building, and some is absorbed from the glass and frame of
window; this radiation is alsandirectly absobed into buildings by convection,
conduction andradiation heat transfe(INDOWS TECHNOLOGIES. Generally,
windows withlow SHGC valuesare used in buildirgwith high air conditioning

load whereaswvindowsthathave high SHGC values avsel in buildingsthat need
passive solar heatirtgolman J.(2002)

2.2.2  Shading Goefficient

Windows are installed in buildings for naturantilation and lighting. &idieshave
been conducted omproving thermal comfort and health in indoor environments
and access to naturaghit. The window is alsahe mainbarier, albeit a weak one,
between inside and outdoor conditioRsesentlyhigh-performance energy effiaie
window and glazing systesrare usetb reduce heaandleakage thereby improving
comfort and redung condensation.High-performance windowsare characterized

by double or triple glazingtransparent coatingand inert gas letween layersof
glass. The $ading coefficient of heat transfer is the value that identifies one type of
thermal peformance glass in éhbuilding,Hotman J(2002).

2.2.3 U-Value

The U-factor indicateghe inverserate of heat transfer through the windaw the

unit area and per unit temperature differencEhe windows gain heat fromthe
outside during summer andose heatto the outside during winter. Three heat
transfermethodsoccurthrough windows. Conduction carries the heat through frame
walls andlayersof glass Convectionoccuss duringthe transfer of heat between the
air and surface glass. Thermal radiation emits heat through glass into the room.
These heat transfenodesneed to accurately estimate heat loss or gaiough the
window in the summer The U-factors are typically roughly 0.2 (for multipaned
windows with high-performance coatindow emissivity or low-E, and insulated
frames). Low-E coating for glazing, reflective coatingand tintel glass helpo
reduce the SHGGJotman J(20).

2.2.4  Visible Daylight Transmittance

Visible daylighttransmittances the percentage of visible ligtitat strikeghe glass
this lightwill pass through the windowDaylight is controlled from direct sunlight

9



skylight diffuses natural light into thebuilding. Glazing with high visible
transmittance appears relatively clear and provatkegjuatalaylight and views but
will create problems with glareGlazing with low permeabilitys best used ithe
visible glare conditiongre verystrong but it may be becausealim interiorsunder
certain weather conditionsTable 21 shows the characteristics of glass type. Good
illumination in the buildingthrough the window depends on thi@llowing three
factors; (a) window to floor arearatio (WRR) = (a.b) / L.W), (b) usible light
transmittance of the glazing coating to the total visible ltbht isincident on the
window glazing and (c) high visual light transmission (VLTdhat results in high
amounts ofdaylightentering thebuilding throughthe glazing wndow. Double-skin
facades, which are used primarily to reduce heating or cooling loads of the building,
can alg be used folighting andventilation,Gratia and Herd€003).

Table 2.1 :Characteristics of glasses, energy efficienayindows, accepted

(2012
Glazing type
glazed Tint low-e (e = 0.1) Clear lowe (e = 0.2) Reflective lowe
double pane
Total solar 0.701 0.377 0.633 0.124
transmission
(SHGC)
Direct solar 0.604 0.284 0.531 0.058
transmission
Light transmission, 0.781 0.444 0.721 0.8%
TV
U-value 2.711 1.776 1.95 1.638

(Wi K)) (air)

Therate of heat conduction througfe glass window is proportional to the average
thermal conductivity, the wall areand the temperature differendmit is inversely
proportionalto the glasswall thickness. This scenarids analogous t®©hmés law, in

which the electrical resistance is defined as the ratio of the voltage drop across a
resistor to the current flow across the resistor and the laeafér (q). The thermal
resistance of the glasagainstthe heat conduction resistance tife wall glass
window and the ratio temperature difference (TD) depends on the geometry and
thermal propdres of the materialslotman J(2002).

2.2.5 Heat Transfer Coefficient Calculation
The convective and radiati heat transfer coefficients were calculatethis study

by using the following equatiortdolman,(2001); the properties ofir are shown in
Table 22

q = qconv + qrad..: hcA(TS - Tﬂ ) te A(TS4 B TStf-) (21)
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Where

q Total heat fow
n Convectiorheat flow
n Radiationheat flow

The film temperatures determinedsfollows: (Holman 2001)

-I-f -_S sur
2 (2.2)
Where;
Y Film temperatue (K)
Y Surfacetemperature (K)
Y Atmosphericair (K)
b= Ti Volume coefficient of expansion (2.3)

Table 2.2 :Properties of air at atmospheric pressure, Holman 2001)

T(K) J 3 ux10° 3 2 N W/KOC 0 2x4 fn, [
(Kg/m®) | (kgim.s) | (m?/s) | Wm"C) | (m?/s) (KIkg®C)
100 3.601 0.6924 | 1.923 0.00925 | 0.02501 1.0266 0.77
150 2.368 1.0283 | 4.343 | 0013734 | 0.05745 | 1.0099 | 0.753
200 1.768 1.3289 | 7.490 0.01809 | 0.10165| 1.0061 | 0.739
250 1.413 1.599 11.30 0.02227 | 0.15675| 1.0053 | 0.722
300 1177 1.8462 | 15.69 0.02624 | 0.22160 |  1.0057 | 0.708
350 0.998 2.075 20.76 0.03003 | 0.2983 1.0090 | 0.697
400 0.883 2.286 25.90 0.03365 | 0.3760 1.0140 | 0.689
450 0.783 2.484 31.71 0.03707 | 0.4222 1.0207 | 0.683

The rate of heat transfer by free convection from the wall to the reagivén by
Newtorts law of coolingHolman(2001).

Where;
n s
h

0

v

y

Qeonv = h As(Ts - Tn)

Heattransfer ofconvection
heat transfer coefficient

Surfacearea
Surfacetemperature
Air temperature

(W)
(k)
()

(K)
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To obtainthe Rayleigh numberthe following equations can be used the basis of
Holman (2001)

_ _9b(T,- T,)L

R, =Gr Pr 2 . Pr (2.5)
Where
Y Rayleigh number
Oi Grashof number
0 Prandtl number
g gravitationalacceleration
b volume coefficient of expansion
3 kinematicviscosity
U Thermaldiffusivity
L lengthof boundary layer (m)
Y Surfacetemperature (K)
Y Outsidetemperature (K)

Equation (25) indicatesthat transition to turbulence oasuon the wall. The
appropriate correlation is then given lBguation2.6 to obtain

2

é a
I ]
i 0327R,)® 1
N, =10.825+ ' 5 U
I & 2 gerl
i @l+(0.492/Pryey 1
| é ay (2.6)
Hence heat transfer coefficient of convectimgiven byEquation2.7
h, = N,k
L (2.7)
Where;
Q Heattransfer coefficient of convection
0 Nusselt number
k Thermalconductivity
L lengthof wall

Theappropriate correlatiofor solar radiation passing througiwindow is then
given byEquation2.8
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Oraai = € ‘A(Ts4 - Tstr) (28)

Where; 1 g heatradiation of radiation (W)

The conduction heat transfer was calculated withlibdinite differencemethods
Heat trangdr coefficients were determined from the thermal balance on the plate
glass in transient statélence thetotal enegy is given inEquation 29

Qtotl = Qconv + Qrad = hA(Ts - Tﬂ ) +éAs (TS4 - Tstr) ) (W) (29)
Vyhere;
Y Total heat transfer through the mdows )
U g Heattransfer of convection (W)
U g Heattransfer of radiation (W)

The heat transfer by radiatiamevaluated byequation 210

h =—dd___ (W/mPK) (2.10)
A(TS - Tsur)
WhereQ radiation heat transf@oefficients

Thus, heat transferh (convection and radiatio) can be calculated using the
following equation:

h =h+ h, (W/m*>.K) (2.11)

Where

h Total heat transfer coefficient

Q Convection heat transfer coefficient
Q Radiationheat transfer coefficient

Thus, thetotal convectionheat transfer coefficierdf the wall glassis obtained; this
coefficient isrequired for boundary input in the CFD progranthe tablesthat

provide Libyan and Malaysian datarea presented in Appermis A and E

respectively
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2.3 Natural Ventilation through Buildings

People spend 90%f their timein indoor environmersf such as hons offices,
vehicles and buildings Awbi (1991). Thus, ventilationrhasan integral role in the
design of buildingsand occupants expect good starts$ for interior air quality and
thermal comforfrom windows and window openingShe energy cost of building
ventilation is normally 40% less than thatasfair-conditiored building ASHRAE
Standareb5 (2012). Natural ventilation which iseither standlone or mixed mode
(when combined witta mechanical ventilation systejmgan providea comfortable
working environmenin which low enegy consumption is also possibldeiselberg
(2004).

Heat flow rateoccurs because tie temperature difference be®vdhe interior and
exterior of the buildingsDependingon therate of the air exchang#je following

calculation can be obtained as shoimnthe following equation Mat and Peter
Wouters (2006):

0 "wd Y Y (2.12)
Where;
” Air density(kg/a )
W Ventilationrate
C Air specific hea{J/kgK)
YUY Temperaturelifference (K)

2.3.1  Driving Forces for Natural Ventilation

Driving forces for natural ventilatioare driven by pressurdifferenceand created
by either wind energy othe building or temperature differences (thermal buoyancy
or the stack effegtor a comhmation of both.Building designparameterssuch as
openings window type, and fenestratignaffect natural ventilation, as dosmgle
sided or cross ventilation.The most important parameter for natural ventilation
design inside buildings is the volurogair flow rate through the opening ardéora
singlesided ventilation througkhe head,which hasan upper and bottom opening
area(A), the volume air flow rate throughis area is approximatedwbi (2003)as
shown in the following equation

v=# A CE (2.13)

Where

V  Air flow volume

# Wind pressure coefficient
A Openingarea

g Gravitational
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h  Window feight
Y4  Temperaturalifference
4 Outdoortemperature

2.3.2 Wind-induced ventilation

The windinducedair flow into a building isaffected by the pressure distributiam
the building, more specifically at théenestratios in both the external and internal
walls. The air flow is influeced by the distribution of pressure around buildisugs
in the openings in thbuilding structure The timemean pressurbecause oWwind
flow or wind away from a surface salculated based diquation2.14, Awbi (2003

n # -mu (2.19
3N # -mu -0 (2.15)
3N # # # -my =30.-Mu (2.16)
n #-mu (2.17)
0 0O " QO (2.18)
0 OF " QO (2.19)
Where;
0 Wind-inducedpressure [Pa]
o Pressureoefficient
N, Externalair density [kg/m”"3]

Hoa £  Wind speed at a reference height §m/
Insideair pressure
Externalair pressure

The wind on thewindward side causea positive pressuréoverpressurepn the
windward sidebut results in a lack opressure in the leeward attte parallel sides
of the building, as shown in Figure 2.2vith reference to the static wind pressure

Ny o: Y theopening.
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Figure 2.2 : Pressure differences caused by wind on tHauilding, Awbi (2003.

Therefore the pressure difference caused by buoyanagythroughthe openng at
height(H) can be calculatebly using Ejuations 20 and 21

~

a0 f o (2.20)

(2.21)

C
1
s ]
oy
Q
)
C2
1
=
¢

Where;
The differenceof pressurdor the opening of height H1 isbtainedfrom Equations

2.22 and 23
o6 0 "o — (2.22)

v

Y6 =" "0— (0 '0) (2.23)

Where

“Y  Insidetemperature

Y  Externaltemperature

q pressurdifference between outdoors and indoafr

H Building height
g Gravitationalcongant, 9.8m/O
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The sumof driving forces eep thedotal driving forces caused by wind and

buoyancyas shown irEquations 2.24 & 225

KP=kO Y0 =(¥0 0 0 kO Y0
Where
0 Wind pressure
0 Buoyancypressure
KO Pressurelifference, Pa
Y0 Wind pressurdifferenceat the location
0 Externalpressure at the height of the location
0 Interior pressure at the height of the location
a) Interior pressuralifferenceat the height of the location
Y0 Exhaustpressuralifference

(2.24)

(2.25)

The dimensions of the static pressure coefficigamtametert are derived from

pressure measurements in wind tunneisler reducedscale models of buildings.
The value of# at the point on the surface of the building is determinedhiy
geometryof the building, thewind velocityrelative to the buildingand the exposure

(windward or leeward) of the buildindwbi (2003.

Therefore, the pressure difference caused by buoyangy,. agross the building is

calculated based dfquations 2.260 2.28
31, s Wambho i oMot 406
37, oz oo xg NS A £ - M o
=-3# M

Where

#«  Windwardpressureoefficient

#py Leewardpressure coefficient

0y,  Pressureoefficient

o A £ Wind speed at a reference height, [n/s
Ny  Externalair density [kgl ]
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2.3.3  Buoyancyinduced Ventilation (stack driven)

Buoyancy or stack pressure is due to variationthie air density of different
temperature across the openingt different heights. Differencesin temperature
occurbecause of ththermalpropertiesof air at different temperatured.he external
pressure and internal pressure distributtam be calculated usingguation 2.29,
Awbi (2003

0 0 ” QO (2.29)

External or internal pressure [Pa]

U¢ Pressurat areference level (floor) [Pa]

" . Externalor internal ai density at a reference level [kg/m3]
g Gravitational acceleration [m/s2]

H Height above the reference level [m]

Ny Externalair densitylkg/m”3]

Thus, the pressure difference caused by buoyarcyhrough an openmat height
H can be calculateds follows Awbi (2003:

i O n QO " (2.30)

Where

0 Externalpressure

N Internalpressure

"Q  Gravitationalacceleration [/ ]

‘O Heightabovethereference level [m]
§ Externalair density [kgl ]
Insideair density [kgi ]

If air is incompressible and theemperaturedifference is notsignificant when
consideringthe ideal gas lawvith regard totemperature and densitlifferences,
thenwe canuse Equatior2.31, Awbi (2003.

— e — (2.31)

<

Where;

" s External air density [kg/m3]
” Internalair density [kg/m3]
"% Externalair temperature [K]
Yo Internalair temperature [K]
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The air enteraind «its the buildingat a certain heightlepending o the opeimg
positionunlike with the neutral plane in the building§he height abos the neutral
ground isthe pressure differenag) = 0, as shown irEquations 2.32 to.34, Awbi
(2003

3 0 N QO " =0 (2.32)
Oomno i olgs 4 0s @0 (2.33)
Do Mg "0 2 (2.34)

Binggeli (2003) statedthat the stack effect is the air ventilation systémat occurs
whenhot air exits through the ceilingopening. As hot air riseswithin the building
and out through openings the ceiling, cold air is infiltratedthroughthe windows
and door openingsConsidering thahotair is lighter than cold air, the buoyaotdée
caugswarm air to rise.The dack effect works better when the air inkeis low as
possible andwvhen the upper level ofthe building is aslarge as possibjesuch
scenarios includamulti-space desigthat reduceshe size of the stadéffect Klote
(1991)

2.4 Natural Ventilation Strategies

The raturalventilation strategywhich is most suitable for a particular buildjraan
only be reached by careful consideratmina numberof factors, such as depth of
space with ventilation openingyof height, massf thermal exposed to air, building
location, heat gainand climate,Gan (2000). The most widelyused natural
ventilaion method is discussed below.

2.4.1 Cross Ventilation

Cross ‘entilation is a type of natural ventilatioas shown in Figure .2 For
successful crossventilation design, obtaining detailed information on the
distributions of air pressure in and around buildirsgeecessary Cross ventilation

or two oppositesidedof ventilation occurs when wind enters a building from one
wall and leaves through openings otie oppositewall.

————> ————>

Wind

Figure 2.3: Cross ventilation, Mat and Peter (2006
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In cross ventilationbuoyancy has no effediecausethe openings placed at the
same height However, if the opening are at different heighé, then thermal
buoyancy will affect the flow of air buoyancy amdll either work with or against
the wind dependg on theopeninglocationand thewind direction, Mat and peter
(20086.

When natural ventilationis designedto be driven by buoyancyforce, the outlet
openingis placedin the ceiling to minimize or take advantage of the effect of the
wind. This effect in singlesidedventilationwith small openings is limited tevind
fluctuationsor turbulenceThe effect of thermabuoyancy ventilation in sirg-sided
ventilationdepends on the height tife opening such an effectauses a difference

in temperature between the external and internal environméim béilding. These
types of opening are used for cross ventilation with small or large oeriragh as
windows for singlesided ventilationand doorson opposite side Cross ventilation

is suitable for spaces of depth > 2.5kd O5 H, where H is the ceiling heighwbi
(2003.

2.4.2 Stack Ventilation

Stack ventilation is wedl in buildings that require ventilation rat¢hat aregreaer

than achievableates using either singksided orby cross ventilation. This strategy
based orthe buoyancy is a main driving fordie stackheight becomesignificant.

The stackpressure is determined by the difference between the internal and external
temperature The position of air inlet and dat in the building depends the wind
presswe and could assist the stack pressure, reduce influenmaerse the effeabf

forcing throughto the ouside,Awbi (2003.

2.5 Thermal Comfort

Thermal comfort ventilation is required to provide or improve the comfort conditions

of building occupantwia physiological cooling Thermal comfort ventilations

often used in hot and humid climatérhermal comfort has been defined the

American Society of Heating, Refrigerating and Aonditioning Engineers,
ASHRAE (2013 as themental condition in whid satisfaction is expressed with

thermal environmenstandard, ANSI/ASHRAE 55, (2013. Thermal comfort
describes a personé6és psychol ogical state
whether someonis feeling too hot or too coldkanger P.O(1972).

Air temperaturemeanradiant temperatureelativehumidity, and air velocity are the
four basic environmental variablésat define the thermal state die environment.
Combined with the metabolic heat generated by human activitythendothing
worn by a personthese variableprovide the six fundamental factors thatidef
human thermal environmen®arsons, K(2003)
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251 Factors that Affect Thermal Comfort

Six primary factors directly affect thermal comfoifhey can be categorized into
environmental factorand personal factors Even if all these factors may vary with
time, standards usually refer to a steady state to study thermal coatifootgh
limited temperature variatiorsge allowed|SO1984; ASHRAH?2013.

2.5.1.1 Environmental Factors

Operative temperature ( )

The operative temperatuf¥ is defined as a uniform temperature of a radiantly
black enclosure in which a person exchathpe same amount of heat by radiation

and convection as in the actual aamform environment On the basis o€SN EN
ISO 773, "Y is derived from

0=0+ (1 01M0oA) ( (2.36)
Where
0 Air temperaturgC)
o] Temperature mearradiant(°C)

A Heat transfecoefficient

Coefficient (A)is calculatedrom the following equationCSN EN ISO 778:
A=073w?8 (2.37)

The air \elocity of an environment affects the heat transtafficient Whenthe air
velocity increasesthe coefficient ofheat transfer by convection increasendthe
Coefficientof heat transfer by raaiionhadchanges

Mean radiant temperature

The radant temperature is related to the amount of radiant heat transferred from a
surface, and it depends otoenitheat whichiser i al 0
also known asgts emissivity. The mean radiant temperature depends on the
temperatures anckmissivity of the surrounding surfaces.The mean radiant
temperature experienced by a person in a room sttigamingsunlightvaries based

on how much otheirbody isexposed tdhe sunFanger(1972. Figure 2.5shows a

typical comfort chart construadeby Fanger This chartshows the effecbf air

relative velocity on optimum mean radiant temperatures at various air temperatures.

The value of mean radiant temperaturg(C) , canbe calculatel by thefollowing

equation, Fanger(1972)

4 =41V +4 ! +4 ! 4V +4 1V [/ +! +1 +1 ) (2.38)
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Figure 2.4 : Comfort charts by Fanger (1972)

Air Velocity

ANSI/ASHRAE Standard 52013)defined air speed as theeaf air movement at
a point withoutconsideringdirection. Air speed is e average speed of the air to
which the body is exposed Wwitespect to location and time.

Relative humidity

Relative humidity (RH) is the ratio of ttectualamount of water apor in the air to

the amount of water vapor that the air could holda &pecific temperature and
pressureThe tuman skinis fairly efficient atsensingheat and coldThe wetness of

skin in different areas also affects perceived thermal comfort. Hynudrt increase
wetness on different areas of the bathgrebyleadirg to a perception of discomfort
The ecommenddRH is 50% to 70%,ASHRAE Standard 552013).
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2.5.1.2 ASHRAE Requirements
Metabolic rate

The ASHRAE 55 Standargl 2013 defines metabolic ta as the level of
transformation of chemical energy into heat and mechanical work by metabolic
activities within an organispthe rate isusually expressed in terms of unit area of
the total body surfacéetabolic rate is expressed in met units, whiah definedas

1 met = 58.2 W/m? The surface area of an average person is 1.8ABRHRAE
Standard 55 provides a table of metabolic rates for a variety of astiagighown in
Appendix H

Clothing insulation

The amount of thermal insulation worn byparson has a substantieffect on
thermal comfort because it influences heat loss eosequentlythermal balance.
The type of materiahnd the clothing are depesmt on air movement and relative
humidity, these factor£an decrease the insulating #lilof the material.In this
study, 1 clo is equal to 0.155 m&/W andatable of clothing insulatiois shown in
Appendix H

2.5.2 Models for Thermal Comfort
2.5.2.1 Predicted Mean \ote (PMV)

The predicted mean vot@NV) is the predicted mean vote on the therneaisation
scale of a large population exposed to a certain environmbty. is derived from
the physics of heat transfer combined with an empirical fit to sensdidiv.
establishes a thermaénsatiorbased on steadstate heat transfer between the body
ard the environment and assigns a comfort vote to that amowseneationPPD is
the predicted percent of dissatisfied people at each Fdvger(1972. PMV
changes from zero in either the positivetloe negative directionPMV is an index
that predictsthe mean value of the votes of person on the spuent thermal
sensation scale based on the heat balance otitharhbodyas showrnn Table 2.3.

Table 2.3 : Sevenpoint thermal sensation scale(ASHRAE (2012

+3 Hot

+2 Warm

+1 Slightly warm
0 Neutral

-1 Slightly cool
-2 Cool

-3 Cold
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Thermal balance is influenced by physical attivand clothing as well as the
following environmental parameterair temperature, mean radiant temperature, air
velocity, and air humidity. If these factorsare measured or estimatethen the
thermal sensation for the body da@prediced for thewhole body ascalculatel by

the PMVequatiorsin AppendixH.

2.5.2.2 Predicted Percentage Bsatisfied (PDD)

Predictedpercentage dissatisfied (PDy a quantitative nasure of the thermal
comfort of a group of peopl@ a particular thermal environmenihe PDD index
provides ifiormation on thermal discomfolty predicting the percentage of persons
who feel too warm or too cool ian environment. The use of these inths as the
basis for this methodesults inconsistency betweeBtandard 52013 and ISO
Standard 7730The PPD can be obtained from the PM¥¥ show in Appendix H.

2.5.3 Indoor Air Quality

Ventilation and shading can help contindoor temperatures andmeve indoor
airborne pollutants from indoor sources.Natural ventilation can also improve
indoor air quality by reducinmdoorpollutants.Natural ventilatiorreduces the level
of contaminants and improves indoor air quality (IAQ)he use ofventilation to
reduce indoor air pollutanthould be carefly evaluatedvhere outdoor sources of
pollutants, such as smoke or refusesnearby. Outdoor air isanimportant factor in
promoting good air quality.Moreover,air quality insidebuildings such ashomes,
offices, and schools,where people spend a large part of their, lifean essential
determinant of healthy life and weddking

Pollutants intheindoor environment gaincrease the risk of illnes\lthough most
buildings do not have severe indaair quality problemseven wellrun buildings
can sometimes experience @upes of poorlAQ (United States Environmental
Protection Agency (1970) Natural ventilation canmprove IAQ by redwing
pollutants.

2.6 WWR

WWR istheratio of the window area ¢ the total wall areain a particular interface.
TheBritish Local Government Board bylawstime 1920s and LondoBuilding Acts
1894 to 190%requireda WWR o 10%. The area includes the totateaof the
window and the surfacevall area as shown in Figre 26. In Malaysia the
Uniform Buildings bylaws of 1984 speci a minimumwindow-to-floor area ratio of
1/20. The WWR for the given fa@de will be (a x bjH x W). The visible light
transmittance (VLT) of glazing is the ratio of visible lightltetransmitted through
the glass to the total visible ligtitat fallson the glazing.The ratio of glazing area
to floor area for daylighting must be %o 25%asprescribed bysutherie(1995).
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Figure 25 : Wall and window dimensionsusedto calculate WWR .

2.7 Characteristics of Ideal Window

The designof theideal window depends on the optimization of many facioidthe

functionsthat follow the weather conditions and shapeaddfuilding. The lection

of the correct window requires sprfic advantages between differeeinergy
consumptiorperformance andthe decreasedeatgainin the tropics Reducing the
SHGC of windows has significanteffecton inside comfort level.Low-E provides
lower solar heat gain fowindows and rejects a geater amount oincident solar

irradiation Three main types of energy flow occur through the windows

1. Insulation heat flow through material of windosw commensurate with
temperature difference amglinversdy relatedto heat resistance (R value) of
heat that penetrates inside an officéluminum and vinyl frames have good
insulation value, high impact resistance, and good resistance to corrosion
(WBDG).

2. Visible transmittance is the amount of visible light in the visible part of the
spectrum that passehrough the glazing materialThe lowE cover must
reduce SHGC withutreducingtheview from visible transmittance.

3. The flow of air through buildings is used to impraaeoorthermal comfort
and redu@ energy use by equipmensuch as air conditioning systems
ASHRAE, (2012.

One way to reduce this demand improvement ofthe design of windowdn the
tropics, the entrance of solar radiatiehrough the windowsan be controlled in a
spectrally selective mannerSuch an approach reduces theergyused forair
conditioning and raises tl@mfortlevel in rooms,Durrani, et al(2004). Table 2.5
shows acomparison model dhewindow with other referencesASHRAE, (2013.
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Table 2.4 :Comparison of window requirement in different references

Refeences Ys Indoor Air Velocity Window to wall ratio
ASHRAE Standard 28.69 V=10.15 m/s to 0.50 m/s -
(USA)
Dahlan et al 2011 y 2K V=0.3 m/s 30%
(Malaysia)
Wang Lipling 2007 Yy 42cC V=.04 m/s 24%
(Singapore)
Refererceoffice in 27.8C V=0.36 22%
Malaysia on thamal
comfort

2.8 Purpose of Design \ihdow

The main design consideration of windows is mostg thermal performance
Evaluation of each variable, especially in the commercial, indystaat

institutional buildings is usually based onthree basic options: glazed céale

systems, curtain wall systemand manufactured or prglazed windows.Other

differencesshould be considere@speciallyin aspects related tappearance, cost,
customization, manufacturand installation.

Weather ad buiding type are given conditions in window desigihe aientation

of the window controls the daylight, siznd type of windowas well as thehading

systemsand frame typethat can be processed.The window designmust be
optimizedto achieve thenal comfort in naturally ventilateduildings and to reduce
solar heat gains insidbebuilding, ASHRAE Q013.

The purpose of this study is formulat@ew desigrfor window dimensions by using
CFD on data o& naturally ventilated officén Malaysia thereby obtaining smaller
temperature differen¢@rovidingthe building with daylightandcontrollingair flow
throughthe window. Ultimately, thermal comforis improved andnergy costare
reduced The opening window has threeades of movemenffront opening, top
opening and bottom opening) withnaair flow gap of 10 cm onlksides

2.9 Computational Fluid Dynamics (CFD)

ANSYS, which includes CFD analysis toolss widely used and welalidated
(ANSYS Fluent and ANSYS CFD)it is available sparately orincludedin the
ANSYS CFD bundle. Considering solver robustness, speed, development,
knowledge and experience, advanced modeling capabilities can praoeideble
results for fluid dynamics and create higality visualizations andstimatia. The
computationn this studywasperformedon thecommercial CFD software FLUENT
6.3. The CFD tools provide detailed knowledge of air flowype temperature
distribution and air velocity inside closed spaceThus mathematicabpplication
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modelshawe become populabecause ofccurate and acceptable CFD resudis
well asrelatively lowinformation equipment and labor cas@FD is a computer
based tool for numeridgl simulating the behavior of systemshat involve heat
transfer, fluid flow, and d&ter physical proceduse The specified boundary
conditions of the regiorare determinedy finding the equations of fluid over a
region of interest. In industry, CFD can solve many systantsis more cost
effective than other experimental investigations.The effects of geometrical
parameters on office room were investigatéal CFD. This software solves the
Reynoldsaveraged Navieii Stokes (RANS) equation for finite volume method
formulation. Two turbulence models were chosen for this stumdynely, k-U
realizablemodel for hotdry climate simulation and-WRNG model for humid
warm climate simulation and modeling.

2.9.1 Turbulence Flow (Laminar Flow and Turbulent Flow)

The uniform speed fluid hits the front edge of the flat plated the laminar
boundary lger begins to develop.The flow in this region ishighly predictable.

After a certain distancemall chaoticoscillationsbeginto develop in the area tifie

fluid; the flow is begins to transition to turbulen@nd eventually becomesuite
turbulent. The transition between these three regions can be defirtedns of the
Reynolds numberThe Reynolds number the ratio of momentum forces to viscous
forces and consequently quantifies the relative importance of these two types of
forces for given flonconditionsPurcell,(1977).

Re = — (2.39

Where

U Characteristic velocity scalen/s)

L Charactemsticlinearlength(m)

3 Kinematic viscosity of the fluida /s)
{

Dynamicviscosity of the fluidv=» 1 ¢IC
M Fluid density(kg/i )

Laminar andturbulent flows can be characterized aqgantified using Reynolds
number

0 < 4000laminarflow

0 > 4000turbulent flow

The flow of the fluid can be completely predicted by solving stesdte Navier
Stokes equations, which predict the velocity and the pressure ¢S modeling
parameters determine the average flow time, such as the averageeedr and

temperatureyia the turbulencemodel. RANS modeling requires less tinand it
solves the average flow parameter3herefore, RANS CFD modeling is most
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commonly used in many industrial applications &mdimulae natural ventilationn
buildings (ANSYS, FLUENT, 6.3)

Many modelsare used to predict the turbuleniscosity, such asthe sandardk-U
mode| k- U RNG ,nmealidablek- 0 mo dndk- ¥ mo dhethis.study
turbulent flowwas used.The RNGbased kb turbulence modehnd thek-0 model

are popular for industrial applicationsecause otheir good convergence rate and
relatively low memory requirementsThe model focuses on the mechanisms that
affect the turbulent kinetic energy (per unit mdss)

The RNGbasedk-0 turbulene model is derived from the instantaneous Navier
Stokes equationby using renormalization grougRNG) methods. The analytical
derivation results in a modéhat hasconstantghat aredifferent from those in the
standard & model, as well asadditional terms and functions irthe transport
equations for k and (Fluentinc.).

2.9.2  Turbulence Models

2.9.2.1 Standard k- UModel

The standard &) model in FLUENT within this class of models has become a
workhorse of practical engineering flow calculations. The stankdddnodel has
robustness, economand reasonable accuracy for a wide range of turbulent flows in
industrial flow and heat transfer simulation¥he standard kUmodelis based on

model transport equations for the turbulence kinetic energy (k) ands#ipation
rate (). These equations ashown inEquations 2.4@nd 241

—@kK+— @ kd)=—[u+— —]+O " - Y (2.40
And
—@ )= (RO)=—[(u+—= —]+0O -)O (241
The turbulent viscosity is computed by combing (k) as showim Equation 2.42
‘ "0 (— (2.42
In these equations) represents the generation of turbulence kinetic engegguse
of the mean velocity gradients. b hw & &, are constants, j . ,and
, are tre turbulent Prandtl numbers for k atfirespectively."Y ¢nd"Y are user

defined source terms.The modelconstants in the standardCkmodel have the
following default values

6 =144, 6 =192, 6 =0.09,, =1.0,, =13 (2.43
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2.9.2.2 RNG k- UModel

The RNG kU model using statistical thoique was derived from the theory of
renormalization. This model is similar to modellstanding butincludes certain
improvements. It contains additional texrm its equations to improve the accuracy
of rapidly strainedflow and the effects of turbulem in a swirl on the RNG-K
model accuracy and swirling flowThe RNG theory offers an analytical formula for
turbulent Prandtl numbersvhereask-U standard criterieare modelecby the user
with the use ofttonstant valuesdowever,the effective use ofthis feature does not
depend on the appropriate treatment in timarwall region. The cerivative
turbulence model of instantaneddavieii StokesequationsusesRNG methods As

a result, alerivation analytical model that is different from those in taadard k&
based constants on the model Ri¥@btained Additional terms and functiorere
presenin the transport and equations for k dihd

2.9.2.3 Realizablek0 model

The realizable model satisfies certain mathematical constraints on the Reynolds
stresseswhich isconsistent with the physics turbulent flowsNeitherthe standard
k-Umodel northe RNG k-Umodelis achievable. The realizablettand standard-k)
modek manifest in two important but different waysThe realizable ¥J model
contains an altermige formulation for the turbulent viscosity and transport equation
for the dissipation rate, kvhich haseen derived from an exact equation of the mean
squarevortex fluctuation. The realizablek-Umodel is based on model transport
equations for the tbulence kinetic energy (kjts dissipation ratel] equatonsare
presented ifequations 2.44 and 45, FLUENT 6.3Use0 s G(R006]) e

—( )= @RO)=—[(u+— —]+ OY =)0 'O+Y-4 8 (—=) (2449

0 =max[0.43,+— and =S¢) (2.45

In this equation, G is the gengom of turbulence kinetic energpecause of
buoyancy® and® are constants, is the turbulent Prandtl number fof and

"Y is a userdefined source ternThe difference between the realizabi&iodels is
thatd is no bnger constant. It is computérom Equation 2.45

§ = — (2.46)
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2.9.3 CFD Modeling Process

The generamodelingprocedure to solve any CFD problesishown in Figure 27.
The commercial softwar&6AMBIT 2.4.6 andFLUENT version 6were used.In
CFD terminology, the domais decomposethto subdomainsthroughgrid or mesh
generation. AIICFD codes contaithe following three main elements:

1) A pre-processor, which is used to input the problem geometry, generate the
grid, define the flow parameteand the boundary conditions to the code.

2) A flow solver, which is used to solve the governing equations of the flow
subject to th@rovidedconditions.

3) A postprocessor, which is used to massage the data and show the results in
graphical anckasyto-read format.

The majority of these CFD prograsris basedon the solution of NaviérStokes
equations, energy equaiis, mass and concentration equatioasd transport
equations for turbulent velocity and its scal&éhe numerical solution of all these
equations in three dimensions has been appbear flow and heat problems in
buildings. Frankeet al. (2010) proviled guidelines for best practicaad applied
them to urban flows. These guidelines, which amescribed briefly hereare a
collection of results from previous initiatives in the field of CFD in genefidie
guidelines focus on applications of statisiit steadystate RANS equationsfor
situations with neutral stratification without dispersion modeling
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Figure 2.6 : General modelingprocessesVenturino and Rubini (1995)

The computational domain tiie postprocessing stage could be helpful to find the
results. For any physical system, mass, momenturd energy are thapplicable
preservatiotaws, Ferziger and Per{@999).

2.9.4  Fluid Properties

A significant step in the preparation of the model is to determine the physical and
material propertiesThe nedium flow of the system is the air. Theopery analysis

of air for this analysigs taken from the opening windgwvhich hasa dynamic
viscosity 1.7894e-0.5 (kg/ m i), density1.2225 (kg. h# 1006.43 (j/kgK) and
thermal conductivity(w/m-k). These valuesare assumed constarfor all the
simulations Operatingpressure specifications affect the accountiffedent waysin
different flow regimes. Absolute pressure is the sum of the operating pressure and
the pressure gaug€orrected operatingressure,Pop = 101977.85 pa, is used in
simulation fromHolman J(2002)
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2.9.5 Numerical method
2.9.5.1 Equations of motion
For all flows, CFDFLUENT solves conservation equations for mass and
momentum.Conservatiorof divergence is the system of equatidhat governthe
time-dependent 3D fluid flow and heat transfer of a compressible Newtonian fluid.
The governing equatits are solved with the following assumptions:

1. Heat transfer and fluid flow are inestly state and 3D.

2. Fluid is turbulent flow, incompressihland single phase.

3. Temperaturendependece is the physical properties of the fluid flow and
heat.

On the basis ofthe above assumptions, the energy, momentamd continuity
equations for thistudycan be written as stated bing et al(2012):

Conservation of massdntinuity equation)

Whentaking U, V, and W, asthe velocity components in the x,and z directions
respectivel vy, ,(@{hetintelanelt Hé ui at eleafsi t ycr eas
the controlvolumes dx, dy, anddz equal the net rate of influx of mass to control

volume as seen in §uations 2.47 and.48:

—t+ —+—=0 (2.4-/)

— =Y =" 0w —"w 7 (2.48
Conservation of momentum (Navi&tokes equations)

Applying the law of conservation of momentunthex, y, and z directionsbtains
thefollowing equations

The X-momentum equation
” 4 N i —_ Qr ‘
60— 0— 00— =-g¢ — — — (2.49
The Y-momentumequation

" e— 00— 0 — =-ABe (2.50

The ZmomentunmEquation
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"o— 0— 0 — =- 2 (2.51)

Internal energy equation

The conservation of thermal energy in the volume conthaldy, anddz states that

the net increase in internal energy in the volume control is equal to the net flow of
energyvia convection in addition to the netflow by thermal and mass diffusion.
The energy equation per unit volume is presemtdtfjuation2.52.

—M[ — M4 — m4 — war — — — — 1
-1 (2.52

Effectivedensity

Heatcapacity

Dynamicviscosity

Thermalconductivity

Temperaturef coolan (C)

Diffusion coefficienfwh i ¢ h i s ¢A/u (ahaRrahdtl iumber for a
fluid.

C1_<=Kjl h}l =

2.9.5.2 Grid Generation usng CFD

The GAMBIT is a single integrated ppgocessor tool for CFD analysis used for
mesh generationlt enables the user to generate a grid in structured and unstructured
hexahedons pyramids, and prismsas well asssigis boundary zones to the gridh
combination of structured and unstructured celés generated for domains in this
study. The critical zones arthosenearthe window surfaces.The geometrymesh

used in the Libyan and Malaysian simulation giigla conjugate heat transfer and

air flow analysis

Slah Driss et al2016) presented the validation heat ventilation and thermal comfort
evaluation in a roomvia the CFD model. RANS modelingsedthe KU t ur bul enc
model.Numerical resultsvereobtained for the temperature distributiotige airflow
patternsand the turbulence characteristics inside the building

Li Yang etal. (2014)usedCFD numerical simulation tanalyzethe air velocity and
indoor temperature af room mountedwith wall air conditioningunitsin a summer
climate Results showd that the air conditioning system couldeindoor heat to
provide good indoor thermal comfahd airvelocity in activity areawherepeople
sit and stand
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James Lo and Novosel2013) exploredhe use ofocalized air flow to divide an
open office without pdition walls. The study usethe CFD model to simulate air
flow in an office ando address indoor air qualitfrfhe experimentvasvalidated by
CFD simulation temperaturedifferences between occupied and unoccupied area
reachedup to 2°C. Simulation results achieved significant energy saving
(approximately 12% of total cooling enejggnd indicatedhat occupancypased air
conditioning can effectively remove contaminants from indoor sources.

Ardalan et al(2015) reviewed resear on applicatiors of passive design strategies
for natural ventilation in tropical climate3hey found that ventilation openings,
WWR, and building orientation should be applied in future buildings.

WongP. et al.(2008) analyze the various CFD parartersfor thermal comfort with
various configurationef doubleglazedfacade to determine a new type aduble
skin interface configurationthis configuratiorwill provide thermal comfort indosr
in hot and humid climate thereby facilitatinghatural vetilation of skyscrapers.
This analysis was carried outith different ambient temperaturedifferent wind
speeds and different orientations of theloubleskin fecade at different periods
throughouthe day

Jennifer et al(2008) proposed a fotgtep omputational method that used b&@kRD

and coded radiation calculations to determine airflow and thesasfer through the
window. The &perimentalwork was tested on a fulkcale duahirflow window
system whichwasused to obtain various indoor and @ar air and window surface
temperatures for validating the computer method.yTieed FLUENT to model
conductionand convection within the window system and radiation from the inner
and outer surfaces of the window systeihe difference between the couted air

and surface temperatures and teasureentdata was generally less thaik; the

new computational method was validated and recommended for further use-in hour
by-hour energy simulations by an energy simulation program.

Whaadet al.(2010) preented the effects of selected shading devices (silver coating,
blinds, inted coating, and clear glass# 6 mm) on office room temperature
distribution with a glass window iatropical climate. The thermal effects of glass
with different shading devicesvere dependent on their optical properties
(reflectance, absorptipand transmittance).

Abdul Rahman and Ismail2008) reported that buildings in Malaysia consume
roughly 70% of energy for coalig the indoorenvironment Zain-Ahmed (2008)

also reportel that more than 40% of the energy consumed by the Malaysian
buildings can be reduced if energy efficiency and sustainable techndbgigslied

in building ventilation Thus, passive design is evitable for energy efficiency as
stated bySiewa C.et al (2011) who classified physical passive designsoifive
major groups to optimize the application of natural ventilation within building zones.
The categories of physical desgy wereair wells, fagde @signs, ventilation
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openings, corridors and shads gnd prtitions. Natural ventilation by crosslow

occurswhen wind enters o a building from one or morepenngs on one side and
leaves through one or more openings dhe opposite wall. The winddriver

ventilation depends on the indoor wind velggitdirection of wind and

configurationsof openingsas well asuilding layout and orientatian

Olufowobi and Adenugé2012) provided the basic approach to create window sizes
mainly to facilitate the promotion of the movement of air in the classroohoi
humid weather. Thanalysisenablesthe development ofjuidelines for designing
windows in the classroomo createahermal comfort.

Jameset al (2011) examinedhe effects of hypothetical apartments in a buildorg
natural ventilationby solving the cross ventilation rate agreementwas found
betweenthe CFD model andexperimental measurementsiang Yi and Chen Q.
(2003) used measurements a@&D simulatons to achievesinglesided natural
ventilation and buoyancy of natural ventilation withrga openings The
measurement data are used to valid€zf® models.The two modelsalong with the
RANS equationwereused formodeling and simulatg large eddy simulation (LES).
The CFD modelsdeterminedair temperatureair velocity, and rate of veniation to
develop predicion modelsin which the LES was in better agreement with the
measurmentdatathan those calculated by the RANf@del

Ayad Samir S(1991)appliedthe CFD techniqueo studynatural ventilation for the
room fitted with different opening formations The verificaion of the model was
compared withithe results oD steady flow around aquare cylinder immersed for
an extended periodn the atmospheric boundary layer with therresponding
measurementvalues. The results includenean air velocity and air pressure
distribution near the building and insidee room. The results considertanker
average speed, stream lines, the distribution of pressure around the buaitding,
vector medium speedn the resultsthe turbulent eddyiscosity inside the roors
simplified.

Guohui and Gan (2000) introducethe effective depth of fresh air distribution in
rooms undesinglesided natural ventilatiorusinga numerical CFD techniqueThe
effective depthwas based on the room air flow petn, air temperatureand local
mean age of aiResults showed that the effective depth for thermal comfort may not
coincide with that for air qualityin which the requirement for thermal comfart
summeris the limiting factorfor the effective room epth. The investigatioralso
showedthe effects of window opening levels and room heat gains on the air flow
rate andoomeffective depth.

Hassan et al(2007) investigated thevind effects of window combinations by
examiningventilation characteristis in buildingsvia CFD results and experimexht
work. In this study,singlesided ventilation with two adjacent openingstha far
right andfar left are given better natural ventilation thtie centetocation.
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Selkowitz (2004) suggestedhat the asessment of the adequacy of natural
ventilation should be based on the air velocity inside the unit rathestmgty the
amount of air changes per hooecausethe human body reacts mote air flow
rather than just air quality. The results consideredatlerage minimum air spee
per dayin the room was In/sin providingan acceptable level of natural ventilation
for aclimate or community.

Roetzelet al (2010) investigatedinglesidednatural ventilatiorair flow for a test
room andintegrated digibution of air flow andthermal comfort in the roomThe
study suggestghat peoplé control of naturalventilation is dependerdn several
parameterssuch adype of window opening window size window shape number
of windows and placement. Theseparameterscan better reflect the individual
characteristics of specific weather and buildisg.

Christine Walker et al2011)analyzel amilarities betweera scaled down model of
building and CFD withair as the working fluid for natural ventilatiodriven by
buoyancyto analyze aimovement and velocity valueslhis type of investigation
was also performed bgangaleeet d. (2012, who investigated winelriven natural
ventilationsystens by CFD in building with multiple windows.The simulatiorfor
cross and singleided ventilatios used (RNG) ki U turbulence model, and
comparison with an experimental resulthe CFD models appliedon the physical
mechanism of the air movementhe results arshownas a vector average speed,
size, magnitude of velocity, distributioof pressure pressurecoefficient, and the
effect of the incoming wind spedudbthinsideandoutsidethe building.This method
can be accepted for this work because of simiadow conditions.

Stavrakakis et al(2008) studied natural ventilatiofor cross openings at nen
symmetrical locations. Two measurement arrangements were examined for noon

and afternoon hours under warm and mildsummer included factors areair
temperature and velocity measurementhh@achamber.A CFD technique has been

applied tothe simulation wok. Three models, standard, RNG X, reailli zabl e
modelswereused in CFD. RNGKJ was i mnlaeampanativelyl better

model, particuldy for temperatureredictionsof the RNG kKU and the real
kiU mo dTéus shis formation is importanfor selecting the appropriate model

for this work.

Anastasieaet al (2013) investigad cross natural ventilatiofor building buoyancy
assisted by windhrough CFD and laboratory simulation Three initial Froude
numbers that correspondto the three dierent types of ventilatign namely,
displacement, transitionand mingling ventilationwere examinedby the effect of

the outlet opening position. Fdkale analyses through the 3D unsteady RANS
equations in conjunction with the energy equation aedurbulence model RNG k
Uwereusedto solve the problem.
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Ramponi and Blocke2012) conducted CFBsimulation of cross ventilationThe
outdoor and indoor winflow for buildings with effects otomputational parameters
was examined. They studied aesies of 3D steady RANS simulationand the
geometry included middievindward and middideeward opening

Hajdukiewiczet al (2013) verified and validatetthe CFD model of a highhglazed
meeting room in the Engineerihgilding. Comprehensive fielcheasurementsere
conducted in real timevith supported CFD model generation and validatioh.
previously proposed formal calibration methodologgrveda guide toward the
creation of the final CFD modeivhich showed satisfactory agreement with the
field measurements.

MontereyandBlockenhag2013) presented a systematic evaluation of the 3D steady
RANS CFD to predict the average wind pressure distributions on the windward
surfaces and leeward af mid-rise building with and without balconiesResuls

show that steady RANS can reproduce the mean wind pressure distribution across
the windward fgade of the building.The average deviations from the wituhnel
measurements are 12% and 10% for the building with and without balconies,
respectively.

DaHan et al (2011)assessed the influences of operative temperature in three non
air-conditioned multistory hostels in Malaysiaith an operabl&/WR of 30%. The
measured rooms were recorded with and without an operating ceiling fan from May
until July 200. The temperatures recorded amongdhalhostelsrangedfrom 29 °C

to 30°C because ofhe high mean outdoor temperatusehich rangedfrom 32.2°C

to 32.8°C.

Jong and Bof1992)used &full-scalesetupto measure for air flow bginglesided
opening asement windowsExperimental resultsconfirm the validity of the
approachin descriling the outflow of air and the inflow of ihitype of windowwhen
fully opered The work alscshowsthat the ratioof heightto length ofthe window
playedan important rte. The air propertieare describedand such descriptiocan
be a useful tool to predict the rate of ventilation in builditigit contain this type of
window. The Standards Association of Australia wasedin Clause 4.8 which
stated thaa flow rateof 0.03m*sto 0.04m®/s through residential buildings (offices,
residences, shops, storeand corridors) was generally suitable for natural
ventilation.

Wong and Li (2007) examined the effectiveness control methods for buikilmg
using passive cliate and conducted field measurement and computational
simulation. Ther results show that the best orientation of the buildingpish/south
andthat the highest surface temperature of extewslls occurrecat a middle floor
instead ofa high floor. They also found thag¢ast and west externahlls can reduce
the heat gainfrom solar radiation. The shading device dhe window helps to
reduce the adaing load and save energResuls indicate considerablenergy and

37



cost savings and alsodirectly lower workload on the environmertecausenergy
use alwaygorresponds tthe production of waste materialgong et d. (2003)

Chen(1996) compared five different k models, including the standakév, the LR

kiv, and the RNG k0 model. He recommendednly the RNG kO model for
simulations of indoor aiflow and noted that the performance of the other models
wasnot stable.

Rouaud ad Havet(2002) showed that thetandard kO and the RNG k0 model
effectively predict the mairfeatures of the flow in clean room3hey also claimed
that the RNG KU appearsmore suitable,whereasthe standardki0 model
overestimates turbulent diffusion.

Gebremedhirand Wu(2003) evduated five RANS models (thei kb, RNG K v, LR

kiv, Kiv, and the RSM) with thecode (PHOENICS 1999) On the basis of
convergence and computatiorsahbility criteria,they concluded that the RNG &
model is the most appropridia characteriing theflow field in a ventilated space.

Vasanth et al(2013) studied the standardimodel, RNG k0 model, realizable ik
mode| and standardikk mo d e | dthe experimantidkedults show that the
standard k0 modelfacilitatedthe CFD simulation of the @erimental results.

Shafqat Hussairet al. (2012) evaluatedhe prediction of indoor air flow and
temperature distributions. Thetested turbulence models for various thermal
conditions in two existing buildingsy using RANS modeling. The resultasteady
state governing equations were solved using FLUENHe numerical results for a
particular time of day were compared with the experimental dete. performance
of two-equation turbulence models (the standard, IRNG kU, realizable kb,
standard kr, and SST k¢ mo d e | s ) that &f theoretequation model
(Spallart Allamaras) andhatamong the twaequation models

Ayad (1999)used CFD to taidy the characteristics of ventilation for a roevith
variousopening configurations.The model is verifiedy comparing the results of
2D steady flow with experimental valuesThese analses have been taken as a
reference modeio allow computationaldomain atmospheric air to flow across the
room. Sinha et al(2002) analyzed air distributiom a roomnumerically with or
without the effects of buoyancy to the entrance or different outlet configuration of
the roomaundercross ventilationTelebany etl. (1985) andDascalaki et al(1996)
experimentallyinvestigated natural ventilation in singdeled ventilationEtheridge
(2001) presented charts for the design of-donensional natural ventilation fowo
rooms with onesided croswentilation. Mokhtarzadeh et al.(1990) and
Papakonstantinou et.g2000) focused on thanalyss aspectsof ventilation ina
singlesided roomvia CFD. Tahir Ayataet al. 005) investigatediia CFD the
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potential of using natural ventilation as a passive cooling systemew building
designs in a moderate climate.

2.10 Conclusion

An examination owindow design fonaturalventilation using scientific methods
neededThe literature showthat CFD ispreferablebecausét can be used for many
natural ventilation situatns. The WWRis used as one desigiterion based on
(Dahlan, N.D et al(2001) and Wang et al.2007) In this research, theD CFD
codeusedFLUENT 6.3 to predittemperature distributioand air velocity but its
application waslimited to researchrelated to windows in desert buildisgand
ventilated building. The K-epsilon turbulent modédbllowed Ooi et al.(2007), Jeol
et al (1999),Nohora H.B.(2005), Yomgsan et al(2007), Bangale¢2012),Cheong
et al (2003), Stavrakak et al (2008) and Arastasiaet al (2013) Furthermore, the
height to length rat®of window dimensios isbased odong and Bot
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CHAPTER 3

EXPERIMENTAL AND NUMERICAL SETUP

3.1 Introduction

The methodology adopted rfahis thesiscomprisesfield measurements in Hoon
City, Libya andthe Faculty of Engineering lecture officat the Univeristi Putra
Malaysia. The basic data areused to evaluate tHeMV and PPD. The field data
for Malaysiawereused agheinput parameter to design windswith the optimum
sizefor naturalventilationin anoffice by using CFD. The Libyan dataereusedto
validate theresults forthe Malaysian siteusing the same 36 modeladto checkthe
optimum design fothe Libyan site

3.2 Experimental Setup(Libya)

Datawerecollectedin 2009to deteminetheair flow and temperature profile inside
an office in a modern aiconditioned buildingn a desertField experiments were
conductedn the south of Libya, specifically in the city of Hoanthe province of
Al-Jufrah. The focuswas on air tempeature distributionair velocity circulation
and the temperaturedifference between outdawand indoos. These parameters
were judgedy using an appropriate simulation technique.

3.2.1 Building Description and Tested Ufice

The study was conducted on aui-story airconditioned building which is an
administrative office centdyuilt in 2002 This building is representatief Li by ad s
regional developmeniThe building is inHoon City, Al-Jufrahprovince,Southern

Libya, which liesat2 9 A 76 N dl alt5 A uedseo63eEkmsowtmogthet u d e
Mediterranean coastThe research was undertaken when the weather was hot and

dry during the summer seasiortheinlandregion that is primarily desert

The complex include main building, 14 office buildings, and aconference hall
the site is roughlyl4.2 hectaresThe conference halffacilitates functions of the
regionalsecretariat. It contains@mprehensive conference and concertthalican
accommodate600 people, as well as multi-purpose spaces, é&brary, and
maintenance facilitiesThe main buildings are blocks of four floonsth entrance
courtyards and halhat forma welcoming spatial group

The building sharis the use of large glass areéascreate a distinct functional entity
that reserblesa closed main squatkat issurrounded by wallike building masses

that protect against sun and desert wifithe external walleremade up of concrete

that consistof two sides each of whichis 20cm thick. Between these sides is
polyurethane foa that is5 cmthick; the foam prevents the entof heatinto the
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office. The duminum doubleglazed windowsconsist ofgreentinted glass and
sunscreenThe main doors, railingand sunshadesre madeof stainless steellhe

ground office is covered with marble; the internal and extenals arepainted

white, which reduces theffect of solar radiation orthe exposed surfaceThe types

of buildingsare shown in Figure B.andthetest offieis shownin Figure 3.2.

The tested cellular office was located on the third floor and windawsnorth to
20°E. lIts interior dimensions are 4.50 m 3.80 mx 3.20 m (lengthx width x
height) with a 30% ftior area

Figure 3.1 : Buildings in Hoon, Libya (Source: Al-Jufrah administration).

The \ertical doublegreen lowE window dimensions are 2.36 m2.36 mx 14 mm
(length x width x thickness) as shown in Figure.3, the schematis are shownn
Figure 33.
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Figure 3.2 : Test cellular office
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Figure 3.3 : Schematic ofthe testoffice.

3.2.2 Installation and Calibration of Thermocouple Wires

The acuracy level of the measuring elements is one of the important requirements to
carry ou measurement tasks in the experimental systemtyfieeK thermocouple

wires were calibrated before data collection. Calibration is the process of
establishing accurateeadingsfor a measuring devicé.o test thermocouple wirgs
anice bathwasused ashe reference temperaturEheice bath maintains the water
temperature (refenee temperature) to withid.1 € . This approachs the simplest
andmostwidely accepted calibratiomethod
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Figure 3.4 :Locationsof thermocouple wires inthe Libyan office.

Figure 3.5 :Locations ofthermocouplewires abovethe window of the Libyan
office.

3.2.3 Field measurements

3.2.3.1 Outdoor measurements

Solar heat gain, relative humidity, wind velocignd dry and wetbulb ambient

temperature were faciliated by the Libya Meteorological DepartmghtMD) at
Hoon The station was located in an open space without any buildings
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approximately 300 m from the tebtilding. The measurements provideto the
stationwere taken every 3 hours. The weather statioprovided essential data to
support the development of computatiomaddels (CFD)The measurememfataare
shownin Appendix A

3.2.3.2 Data Collection

The experimental measurements were condutietsveen July to September 2009
which is the hottes period ofthe year in LibyaSarah L.et al (2006) conducteda
field study to monitor the dudistribution for a year fom three regions across
Libya. Theirfield measurements were taken from July, Augasti September.

The air conditioner was operated fro8130 am to 6:00 pmlts temperature was
controlledto betweenl6 and 18 . The temperature stability and equilibrium was
established graduallpughly 30 minutegfter theair conditionemwas activatedThe
continuous collection of the data was carrieahf 09:00 to 18:00. All measured
signals were channeled ameaby data logger station anesecond interval Data
from the datalogger were uploaded toa PC using software provided by the data
logger company The dta acquisition system for acquiginthermocouple
temperaturancluded arelative humidity sensotthat consisted of @rogrammable
data logger (D80 and 85)Online transfer was possiblethrough the type T
thermocouple wiret a portable PCas shownn Figures 3.5 and3.6.

In this studythe measurement data aaarirradiation air temperature, temperature
on double glass surfaceand air velocity insidehe test office. The data were
collectedfor three monthsthe colleceddata are shown inpgpendix B.

Db kopzer
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Figure 3.6 : Thermocouplesin 12 locations in the office
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Figure 3.7 : Thermocouple placement on surfaces afouble-glazed window

Temperaturaneasurement arrangementscluding 16 thermocoupleswere placed
at eight segments of the center glaze ositeface and eight segments of the center
glaze inner surface (6 mmYhese arrangementseasure the surfademperature
(Figures3.5 and 3.6)Theexpeimentl designs presented in TableB

Table 3.1 :Design of experimentn the Libyan work

Shapes of hiding Materials Time Points

V  Twelve thermocouples
Types of V  Air-conditioner (1 to 12), distance (0.5
administrative an Office 9 am cm, 40 cm, 120 cm and

12 noon 200cm) from window,

Centre Air V Double glazing 15 pm show Figure 3.4.
conditioner buildings window 18 pm
in Desert Country V  Eight points on the outet

center surface and eight
on the inner center
surface, show Figure 3.€

3.2.4  Measuring Equipment and Materials

Materials and equipment required fbe experimental studies in Libyadused in
both neasurementare summarizeth Table3.2.
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3.2.4.1 Thermocouple wires
In this studytype (T) thermocouple wiresvereselectedto measure the temperature

within the range of 40 € to 1200 €. Thermocouple wires arexible, reliable,
and easy to &sthey arewidely accepted fotemperatureneasurements thefield.

Table 3.2 : Materials and equipment

ltem Measuring sensor  Uncertaint Specification Location
y
Glass surface Thermocouple wires  +1.0% 40 o C to 1200 o Indoor
temperaturesanc of type 06T C
Air temperatures
Irradiations flux  pyranometer 30%o 70C. indoor
Humidity model HX92A sensor  +/- 2.5% Indoor
RH
Data logger D80 (40-channel logger) to logged at imin  Indoor
and D85 With collect data Intervals
laptop computer
Wood angles To make test rig Indoor
Double glass inner surface (clean Outer and inner
window glass)

outer surface {ow
glazed glass)

3.2.4.2 Pyranometer

The LP02 pyranometer is @@mmonsolar radiation sensor that measures the solar
radiation insidethe office, as $iown in Figure 3. The pranometer can based
outdoors under the swandindoorswith solar simulators.lts orientation depends on
the application and may be horizontal, dndan be connected directly to commonly
used data logging systems.

3.2.4.3 Data L ogger D80

Data logger records environmental parameters such as temperature, relative
humidity, wind speed and direction, ligimtensity, water leveland water quality

over time.Figure 39 shows two types of data loggersamely,D80 and D85.To
improve he accuracy of thermocouplegkey may besalibrated by aalibration lab.

In this particular scenario, a calibration lab provided a certifitlade identifies
calibration data at certain temperatures.
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Figure 3.8 : Pyranometer sensorLP02).

To apply these corrections the calibration data logg, a polynomiamust first be
generated The techniquenvolves calculaing polynomial euatiors for account
adjustments.

Figure 3.9 : Data loggers D80 and D85

3.2.4.4 HX92A Sensor
The HX92A sasor, as shown in Figure 3.10, is protected by a stainlesstygpesh

filter that can be removed easily for cleaning. The sensor is used to measure
humidity inside an office
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Figure 3.10 :HX92A sensorsfor measuring humidity .

3.3 CFD Simulation (Libya)

CFD has become a helpful tool for designer§he @mmercial CFDsoftware
ANSYS-FLUENT 13.0 was used basedon the finite volume ofthe simulation
approachor the measurements Libya. This techniquenvolvesthe application of
CFD and las achievedconsiderablesuccess inoffice design its performance
advantages in analysiwere observedby Franke (2010). The study involves
modeling and simulation to solve fluid dynamic probdemsing CFD in three
dimensions. The CFD solver FLUENT 6.3 was used to simulate temperature
distributionand air flowin the office. Modeling and simulation were carried doyt
using FLUENT 6.3 The softwarewas chosen becausé its simplicity anduser
friendliness and becausié does not requirextra modules

3.3.1 Physical Model and Assumptions
3.3.1.1 Physical Model

The studysubject isa four-storyair-conditioned officebuilding in theadministrative
center as shown inthe schematiadiagramof office design inFigure.311 The
tesed office waslocated on the thit floor of a reinforced concrete buildingThe
office dimensions are 4.5 m x3.80 m x 3.20 (bWH), as shownn Figure3.12.

Double vertical glassverlooksthe northern facade of the buildindpe dimensions
for each layeare 2.36 nx 2.36 mx 6 mm(length, width, thicknesdpr each layer
and the space between the two surfaces is 20 mm.

The exterior walldace the eastand northwhereashe interior walls face the west
and south.The exterior walls are made of reinforced congratel they are ddie
walls, eachof which has a thickness @Dcm. Figure 313 shows thdlowchart for
the methodology adopted for thissearch
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Test Room

Figure 3.11: Sketch of the building.

The space between the two walls is filleith polyurethane foam aan isolating
material with a thickness of 5 cmThe office floor is covered with a marble
material. The internal and external faces tietwalls are paintedvhite. An ar
conditioner blowemvasinstalled asymmetrically in the officamdwaslocated orthe
southfacingwall.
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Figure 3.12: Sketch of the office room model

The distance between thi# eonditioner and both the ceiling and ground is 0.15 and
3 m, respectively. The oom is illuminated bythreesets oftwin fluorescent ligpts.
The main goal of tis study isto evaluate the internal distribution t&mperatures
starting from the window to theppositeendof the room,as well ago evaluate the
temperature difference betwettre outdoos andtheindoors of the office
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Figure 3.13 : Stepwise flowchart of CFD analysis othe Libyan office.
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3.3.1.2 Governing Equations
3.3.1.3 Code Validation

Code nalidation is importantin any numerical workbecausethe assurance of
numerical code is valid with other previous waqrkbereby &cilitating further
implementationsThe code validatioshouldobtainresultsthat are identicabr very
close tathose ofpreviousstudies Its capabiliesandits limits are well understoad

The codevalidations of thisstudydependon two numericalpapersasedon Cheong

K. (2003)in which PHOENICSwas usedor 3D numerical simulatiomf an office
environment insidea thermal airconditionedlecture hallin the summer. The
velocity and air temperature fieldatawere simulated inan air-conditionedroom
Numerical simulationhas shownclose agreement with the experimahtdata as
indicatedby an analysis and comparison tbe maximum accuracy erraf 8.23%
between the measurement asonulation results Ooi et al. (2007) analyzed
temperature and elocity distribution over various virtual planes for different
locations of the air conditioner blower to achieve maximum comfort for the
occupant.The k Uand Reynolds stress models for turbulence flow were used for the
analysis.

3.3.1.4 Boundary Conditions

The oundary conditions are significant for the numerical solution of this problem.
The type and the numerical valugisould be selectedarefully especially for the
turbulerce amount. The airinlet the outlet of the air conditionerand the wall of
bourdary ®nditionsare themain area of interestin this study. The CFD model
boundary conditions were provided by the experimental measmts of the wall
temperatureskigure 314 shows the surface boundary conditions used in the CFD
simulation based otine expemental work. The summary ofndoor loads in the test
office is shown in Tabl&.3.
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Figure 3.14 :Surface boundary conditions of the office
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Table 3.3 :Boundary conditions of the Libyan office

Boundary Type Count Heat transfer

Face wall Wall 1 T=297K Measurements
2009

Window wall Wall 1 T= 296K Measurements
2009

Outer glazed Wall 1 heat transfer Measurements

window coefficient 2009

Inner clear glass Wall 1 T=300 K Measurenents

window 2009

insidewall-1 wall 1 T=298 K Measurements

insidewall-2 wall 1 T= 298K Measurements

Inner wall Wall 1 T= 298K Measurements

Computers blocks 2 Heat flux 75 w/m”"2 x 2 ASHRAE.2012

Monitors Wall 2 Heat flux 10 w/m”"2 x 2 ASHRAE.2012

Lightings blocks 3 Heat flux 120 w/m”~2 x ASHRAE.2012

3

People People 2 80w x 2 ASHRAE.2012

Inlet air flow vent 1 T=293 K Measurements

(adapter) 2009

Outer air flow open 1 T=296 K Measurements

(adapter) 2009

Table Wall 2 Ignorant

Door Wall- 1 Ignorant

close
ceiling Wall 1 297 K Measurement20
09
floor Wall 1 300 K Measurement20
09

The coefficientof heat transfer through windomangedbetween 1.8v/K to 22 w/K
(AppendixA). Thevolume conditioner properties tie blocks are shown in Tabl
3.4.

The geometrymeshused inthis study is a conjugate heat transfer amd flow
analysisthatincludestwo partitions The firstpartition has402270cellsand832613
faces the second prtition has404059cells and828626faces. The total m@rtitions
have806329cells. Different types of cellean be used for meshing.
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Table 3.4 :Volume conditioner setting for properties of blocks

Code ANSYS-FLUENT 13.0

Turbulence model RNG (renormalization groupk-0
model

Algorithm Steady state (SIMPLE)

Analyzed area 4.5m x3.80m>x3.20m +2.36m x 2.36n
xX0.32m

Convection and radiation term QUICK Scheme

scheme

Wall boundary condition Standard lodow, adiabatic

Cells of mesh 806329

3.3.1.5 Geometry Mesh

Tetrahedron hexahedronand prism dmensional cells aravailable formeshing.

The hexahedron cell was chodegcause oits homogeneity with the office model
(CFD). Norruniform grids were used for the consideration of positions with large
gradients of solution vables (air velocity and temperaturdjhe three types of grid
spacing arel5cm (coarse), 10 cm (medium), and 7.5 cm (fin€he nonRuniform

grids were used in consideration of the positions with large gradients of solution
variables(air velocity and émperature). Grid refinement occurs on the window
surface in the presence of heat source, and the mwashested independently
(Figure3.15).

Figure 3.15 :Grid mesh generation
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3.4 Experimental Work and Numerical Simulation (Malaysia)

In this setion, air velocity and temperature withian office with cross natural
ventilation through windowsvas determinednside an office in the Faculty of
Engineeringadministrative building of Universiti Putra Malaysia. The fifth -floor
office was chosen becaigs layout and sizaretypical forthe office of aMalaysian
governmentofficial. The officecan be used as referencdo modeldimensional
analysis ofdoubleglazed windows The effects of these parametars temperature
distribution and air flow ecity from a window were judged using an appropriate
simulation techniquéCFD).

3.4.1 Experimental Work

The andysis of the Malaysianoffice was completed via a combination of
measurementwith experimental wrk to focus on specific areas.

3.4.2  Description of the Building and the Selected @ice

The field measurementas conducted irnthe Faculty of Engineeringf Universiti
Putra Malaysia. The sevenstory building was built in 200%ndis geometrically
facing and oriented at 24rom north to the true eastlt is located between the
ground floor workshop in the north and a lake in the souilne shape of the
building is cuboid, as shown in Figura.16.

Figure 3.16 : Testwindow of the dffice of the Engineeringfaculty at UPM

The keight ofthe buildng wasroughly 29.6 m from ground to topf the building
and theheight from thegroundto the ffth floor was 19 m. Figure 317 showsthe
plan of the fifth floor of the building The diagram shows thahe east and west
walls of the office are adjacemd other offices the north wall islocated in the
exterior, whereasthe southwall is located on the corridoiThe temperature data
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were recordedby usingthermocouplewire throughout the daily cycl€8 ani 4:40
pm). Measured parametenscludesurface ¢azed window temperatures and interior
temperatures.

TWindews

qﬁﬁ‘ Wead Test raom

Figure 3.17 :Schematic view of the fifth floor of the building

Temperature measurement arrangats include four thermocoupleires placed
near the openingvindow at the centerof the office near the doorand surface
windows these were used to measure tdr@perature. The expeimental designis

presentedn Table 35.

Figure 3.18 Testlecture office
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Table 3.5 :Design of experiment inthe Malaysian work

Shapes of building Materials Time Points
(solar time) V Installation
V  Air-velocity From 8:00 thermocouples wires
Types of building To distancg(0.05 m, 1m, 2
V Temperature 16:40 pm m and 3.85) from
Surfacewindows.

External Temperature,
air velocity and
humidity

3.4.3 Measuring Equipment and Materials
3.4.3.1 Installation of Thermocouple Wires

Experimental data for natural ventilation of tN&alaysianoffice were measured.
The main factors for driving forces of natural vktion are temperature,air
velocity, wind direction and relative humidty. The outdoor conditions are a
significant factor when studying natural ventilatiofhe measurementscluded
both outdoornd indoordataconditions

3.4.3.2 Measuring Equipment

The materialsand equipment required for performingetexperimental studieand
used in measurements are showhRigure 319and Table 3.

Figure 3.19 :Measuring equipment.
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Table 3.6 : Materials and Equipment

ltem Measuring senso Uncertainty Specification Location
SingleGlass Thermocouple +1.0% 400Cto Indoor
surface wires o] 12000 C

temperatures anc
Air temperatures

Irradiations flux  pyranometer 30°%o 70€C.  indoor
Data logger D80 logged at1  Indoor
With laptop To collect data min Intervals
computer
To measure air Velometer AVM Accuracy Outdoor and
velocity 440 with max  Indoor
reading of 30
m/s
Measure wall Infrared Indoor
thermometer

For software and Laptop
data analyses

To measure air therme Indoor
temperature hygrometer

and air humidity

inside the office

3.4.4 Field Measurement of UPM Test Office

The field measuremerftom the measurment data were used as input data for
simulationof atropical ofice. The dimensiosof thesingle office in thistudywere
2.85 mx 3.80 mx 2.60 m.Data logges werestatoned at three different points in
the indoorenvironmento recordair temperature.

3.4.4.1 Outdoor Measurements

Typical meteorologicaneasuremenisicludedthe daily average for one ye§2013

from Meteorological Station Malaysi This station is located inefaling Jaya
Kuala Lumpur, and itprovides essential data to support the development of
computational models (CHDfor entire simulatiors. The meteorologicalstation
measures wet bulb temperature, dry bulb temperature, relative humidity, global
radiation,wind velocity, and direction. The averageelative humidity does not vary
considerablythroughout the yeamnd is lowest inJuly (74.3%) andhighest in
November(83.1%). The average wind velocity in the city is 5.0 m/Bhe average
dry bulb air temperature was lowest in January (2€)0and highest in June
(29.2°C). The average wet bulb air temperature was lowest in January’(24ahd
highest in June (25.8C). The average wind velocity netire experimentabuilding

was lowest in January (5.0d/s) and highest in May (10.8 m/the table othedata

is shown in Appendix C. The outloor temperature was measufiey using the

58



Velocicalc Model 9545A The outdoor wind direction was recorded from
Meteorological Station Malaysia amadpliedin CFD.

3.4.4.2 Indoor Measurements

The data acquisition system for acquiring thermocouple air temperaturesgo
thermocouplewires and a data logger (D8(Q. The measurements ofhdoor air
temperature abpenedwindows andthe opened doowere takenat a oneminute
interval The measurement installation of thermocouplees for air temperature
surface of windowsand air velocity inside the offias shown in Figure 320. Two
measuresof air velocity (inlet and outlet)near opered windows provided the
component®f inlet air velocity and outlet boundary condition for the CFD model
the measurement setup for (V) air velocity (m/s), relative humidity &g (P)
pressure indogsrand outdoa wasmeasuredby usingVelocicalc Model 9545AThe
thermocouple wiresvere installed onglazed surface®f windows and in four
various positions inside the offi¢¥):, 0.05m near theopenedwindow (inlet) at 1
m, in the center ofthe office at2 m, 3.80 m near thepeneddoor (utlet) and1.5m
from the floorlevel (Z) at the level of asitting person(0.6). The accuracy of
thermoouple wireswas calibrated in thdaboratory anda certificatewas provided
to indicatethe calibration detail$or certain temperatures The outlet temperature
was measured usingelocicalc Model 9545Awhichwasusedto measureambient
temperatures outdoor relative humidity, and outdoor air velocity The
measurement&ereconductedvith anaccuracy of £05 °C. Thevelocimeter AVM
440 has an accuracy af.5% and max reading of 10.6 m/s The CFD model
validation of indoor air temperaturewas conductedfrom four points withinthe
office. The first point consisted of measurements of tdwor and indoor
environmental conditns on August 201%vith a specific focus orsevensequential
days

A

60 m

————
i
=

Figure 3.20 :Location of thermocouplesin the testroom.
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The fullscale field measurements were taken frihie start tothe end of August
2013 During the measuremeperiod (August22, 2013, the outdoor environment
wasmeasuredrom 8:00 am tak40 pmby usingthe \elocimeterAVM 440to check
ambient temperature, wind speeuhd relative humidity Solar irradiane (WA )
was measwud using goyranometesenor(LP02)

3.4.5 Experimental Work for Best Window Model Size

Theexperimental datwereusedto verify thewindow model The experimentsere
performed inthe Malaysiarmodel office which haddimensionf 2.85 mx 3.80m

x 2.60 m.The totalair volume is281 . The east and west walls of the office are
adjacent to other officeshenorth wall is exterigrwhereaghe south wall is located
on the corridor. The twodoubleglazed windowsused for testingvere mounted in
the center

of the front wallwith dimensionf 0.52 m x1.15 m. The test windowsvere ofthe
same sizeand the openingnechanisms shown inFigure 3.21. The measurement
devices for performing the experental studiesire listedn Table3.7.

g o

Layer of

TGN

Double Glazed

Figure 3.21 :Measuring equipment

The basic characteristics of the measuremiarttse officeareas follows

Air Velocities: Steadystate velocity measurements were obtained at three locations,
namely,nearthewindow, the centerof the office and near the dooihe accurag of

the measurementgas determined at +025 m/s for velocitiegn August 2013.

60



Table 3.7 :Measuring items

ltem Measuring sensor Uncertainty  Specification Location
Thermocouple  Double glazed surface +1.0% 'Cto Indoor
wi res of temperaturesand Air i c
temperature
Pyranometer Solar radiation 30°to 70C Indoor
Data logger D80 logged at 1 Indoor
With laptop To collect data min Intervals
computer
Velometer AVM  To measure air velocity Accuracy Outdoor and
440 with max Indoor
reading of 30
m/s
Infrared Measure wall Indoor
thermometer
Lux meter To measure light level
Pelican Case 112( To measure average a Indoor
velocity and humidity
Laptop For software and data
analyses
Thermo To measure Average Indoor
hygrometer air temperature
And air humidity inside
the office

Air and wall temperatures: Steadystate air temperaturesneasurements were
measured at three locations with thermocouwpies The side walltemperatures
ceiling, and floor of the model officeoom were fixed Layers ofdoubleglazed
windows were measured by thermocouple wifdse accuracy of the temperature
measurements was determined at 0. @d25€C for the thermocouple wires
Typical meteorological measurements includleeldaily averag for one garfrom

the Malaysianmeteorological statianinstantaneous measurements of outdoor air
temperatures, air velocitiggndhumidity wereused

Measuring Equipment

The materials and equipment used in experimental data for the verification of
window model are shown in Figure 3.22.
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Figure 3.22 :Required materials and equipment

3.5 Numerical Setup(CFD) Malaysia
At the Malaysian officeCFD simulation was conductdxy usingcommercialCFD

software The air flow andstratification & air temperaturevere simulated in a
naturally ventilated room occupied by onegmnin the office.
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3.5.1 Physical Model

The referenceoffice modeluseslarge glass areawith dimensions o230 mm x
259mm. Two 6 mm thickglazedwindows can be openedThe dimensions of both
inlets of windowswere 1.14 m X0.52 m as shown in Figure.33. The windows
were coated with hin silver film to reduce heat from solar radiation.

3.5.2 Geometry Mesh

The geometry was created3D forthe officeon the basis ofechnical drawingsand
field measurementghereby comprisinghe details in the CFD modeThe office
geometrymeshused in thestudyis shown in Figure3.24.

Two sngle gaced cpens

Figure 3.23 :Physicalmodel of the Malaysian test office

An unstructured hybrid mesh of kement generator with the adaptive mesh
refinement algorithmwas usedautomatically this meshallows a highly accurate
representation of théounday conditiors. The use of the mesh can reduce
numerical errors andmprove the consistency of crostomain solving. The
numerical grid consists of approximateB9030 unstructured elements, aral
hexahedroftype meshwasused for the shaped windows, office, corridos, tables,
computes, and humaa The total number of mesh cells fdre office room is
1066536.
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Figure 3.24 :Mesh model: Office model vew, Front glazed window wall

3.5.3 Boundary Conditions

Specification of boundary conditiernis essentiafor a realistic simulatiorresult A
general rule to applin establishingealistic boundary conddns is to follow mass
and energy conservationThe measurementiatawere collectedo supportCFD
simulation during field measurements in the test officdugust 222013 Outdoor
weather conditionsndthe speeds of the indoair and the air tempetare were
monitored throughout the dayThe office room is a highlglazed space with two
windows anda glazed wallthat coverghe majority of external wallsThe windows

of the officeface northto ¢ ¢ east the radiation model was included in th&X
simulation. The boundaries of this modeldicatethat the boundgrconditions are
specified for the simplified computational domainThe geometry used in the
computations is approximately the same with the original geomagrghown in
Figure3.25 The outdoor aienterecthrough the northeast facing window (window
gap) andexited through thesouthwesffacing door. Two air velocity components
were at the center of the gap (X component, horizontal and parallel to the wividow
componentvertical). The boundary conditions for air velocities measured between

0.15 and 0.23 m/s with ambient temperature measured between 30.6 @n@.34.
The heat source within the offiegashesa person working on his computefhe
temperature from the person wvasaimed310K, andthe generatedheat fluxwas 68
W/ & for the seategherson, ASHRAE2012. The heat flux by the computer and
monitor is set equao 75 and10W, respectively ASHRAE (2012. The surface
temperature ofhe glazed window wall and windues that facethe front of the office
rangedbetween 304 and 306, khat ofthe internal side wall&ras298 K, andthat of
the floor and ceilingvas300 and 299K, respectively. The door, chairsandtable
were assumedo be adiabatic,Hajdukiewicz, (2013) The emissivity and diffuse
fraction of all surfaces inside the office were assutodee0.9 ard 1.Q respectively
(FLUENT 6.3Usels Guide).

64



The measurement periadasfrom 8:00 am to 4:40 pm; this period wapplied in

the CFD simulation. The averagealues provided the boundary conditions and data
validation of the model.Table 3.6shows the summary of boundary conditions for
the CFD model othe office. The office hasa high-glazedexterior wal| with two
openable windowsandmost of the wallsvere coveredwith asilver coating. Thus

the radiation model was included in the CFD simulati®he single office has large
glazed window that coverall external wal. Thus, the solar radiation mode is
included inthe CFD simulation,and strong air tenperatures indosr are under
predicted

Irternal wall ljm
AT

Internal wall 2

v']Ol'lltOl

Figure 3.25 :Boundary conditions of the test office.
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Table 3.8: Boundary conditions for the CFD model

Boundary Type Heat transfer Mass & Radiation
momentum
Window gap Inlet "Y = o i@y (K) ®=0.67
(m/s)
®w=0.74
(m/s)
Outdoa Outlet "Y = o ig(K) 0 =0 U = o0
(opening) DF=1.0
Computer + Monitor Wall Heat flux=75w +10W
Internal sides walls Wall 4 =298K O = o0
DF=1.0
People sitting Wall generate heat = 68 O = o0
Wi DF=1.0
T=310 K
Ceiling of Room wall 4 =298K U = o
DF=1.0
Floor of Room wall 4 =300K U = o0
DF=1.0
Internal sides walls Wall 4 = 298K U = o
DF=1.0
The door, Table and wall Adiabatic O = o
chair DF=1.0
Glazed Window wall wall 4 =304K U = o
DF=1.0
Glazed Windows wall 4 =306K U = o
DF=1.0

3.5.4  Justification of Solution Convergence

The ®nvergenceprocess iNnFLUENT is monitored by the residualf different
variables such as 3D velocities, energy, arend weighted average surface
temperature.The solutiondoes notonverge until all the residusall below certain
values. In this study therecommended valudsy Jianhua(2010) areused. All the
residuals criteria are set pottexceptfor the energywhichis settop 1. Verifying
conservation of mass and energylso necessam@fter the solution is converged

value wthin 1% of the difference balance of mass and energy experience is
aaceptable. The mass flow rate antthe rate of heat transfer FLUENT indicates

that the imbalance in both cases results in a very small number of analytical and
simulation CFD solutios) thereby supportinthe convergence of simulation.

3.5.5 Turbulence model

Iterations are used in CFD to solve the solutions tdrIANS equatiorand the mass
conservation equation.The RNGk iU mod e | i's used in the
several studiegChen Q.1995)show that the model is appropriate for indoor flow
modeling. Followingthe equation Nielsen(2009 is used in numerical calculations
fortheRNGki U mo(@F®,IFLUENTYV 6.3)
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—(+=— M — z— 3 (3.1)

Where;

tis the time

} is the ai)r density (kagl

@ is the transport variablsuch as enthalpy, concentrationcohtaminant, velocity,
@the uj(J=1,2 . )

For three components of momentum, & kas thekinetic energy of turbulence, @
the U is thedissipationrate of turbulence energy, @ theisTthetemperature, @ the c
is the contaminant concentratibB is the coordinates, is the effective diffusion

coefficient and3; is the source term

Given thatRNG ki U mo d e | only for ahigh Reyholds number, transport
variables nearthe wall should be calculated by standard wall functjohdl
buoyacy effects are also chosen in the turbulence modelifidne fllowing
eqguations are used in the wall functi@FD, FLUENT V. 6.3):

For airvelocity
U=-28*-1T¢&0 (3.2)
For kinetic energy of turbule®

K=—p - (3.3)

o= - "z — (3.4)
For temperaturéHolman, 2002

a="0d Y Y (3.5)

Where;
U is the velocity parallel to the wall
U is thetotal shear stress

'Qis the von Karman constant

y is the distance between the first grid node and the wall
E is an integratiorronstant
y* is a length scale
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g is the heat flux

"Q is the convective heat transfer coefficient

“Y is the wall temperature

“Yis the emperature othe coolant (C)

In this study the Reynoldsnumberwas calculated followingPurcell (1977 in
Chapter T, thereby obtainir{§28553) Thus, this study uségrbulent flow

3.6 Optimization of Models

Windows play an important role in energy performance andt therefore be
chosen carefully. The lection ofglazingtype along withWWR is importantto
achiewe a desirable indoor environment and energy consumpti®he window
contributesto heat gain or heat lossd day lightingthe quality of glazing and size
of windows should be decided.

The study involvedhe design of an optimized/WR via the CFD methodor the
fifth floor in the Faculty ofEngineeringat UPM with differenty sized windows on
the northeastfa@de. Figure5.1 showsthe flowchart for the methodology adopted
for this study, and Table 5.1 presents the input and ougpatfar this thesis.
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Figure 3.26 :Methodology flowchart
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3.7 Summary

In this chapterthe methodology the experimental setughe measuringquipment
and data collecion from the researchconducted in Libya and Malaysia are
described. The experimetal parametersare used taneasure aitemperaturgair
velocity distribution andthe temperature difference betwettre outdoor and indoor
environmerg for an office that uses an air-conditiored office and a naturaly
ventilated office. Temperaturedifferenceswithin the office were also measured
These parameters were juddedusing an appropriate simulation technique. In this
study, numerical computation b€FD via FLUENT 6.3 software was carried ot
helpsolve the governing conservation equations
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Experimental Results(Libya)

The results of the experiments in Libya together with tfeasurment data were
compiled then tabulated and presented graphicallne internal and external air
temperatures, inner dnouter glass temperatsyevelocity, and relative humidity
weremeasured

4.1.1 Outdoor Environment Results

The highestambient temperature in the hot desert at summer season ranges from
38€C to 45 € . The climate was hedry throughout summeandvery cdd during
winter. Duringwinter, rainfall rarely occursandsnow occasionally occurs

Figure 41 shows the annualand fluctuations of average outdoor environmental
parameter and the relationships between ambient air temperature (AT), relative
humidity (RH), and airvelocity (AV), from the MeteorologicaDepartmenbf Libya
(MLD). Higher temperatureare observed during trimmer seasofiom Juneto
mid-September. The relative humidity rises and fallopposite tothe ambient
temperaturgewhich islow in the winter andhigh in the summer month3he ®lar
radiation graduallyncreass from 308 (W/mfto 808 (W/mp which peaksbetween

June to August.The averageelocity speedgsee curve), wasore or lesgonstant

or increased slightly betweehim/s © 6 m/s. The measurementesultsfor the
meteorologicaktationare presented iAppendix A.
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Fi g ur &ragh.ofithe annual climate data in Southern Libya VLD 2009.
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Figure 42 shows the climate variables throughout Au@@i9in Hoon, Libya; the
figure showsthe average dmpessand wehessfor summer days The design
condition fortheindoors isthe average maximum dry temperatwf32.9C , which
was observedon August 16 and 31 The minimum average dry temperatwes
27.5€C. Theaverage aivelocity fluctuaied between5.1 m/s to 122 m/s with 49%
humidity. The measurementi&atain August are presented Appendix A.
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Fi g ur &rapgh.ofxlimate datain Southern Libya, MLD (2009.

Weather datdor Hoon were obtained fronthe neteorobgical station. Figure 43

shows the hourly climate variables foa typical day in August2009 in Southern
Libya. The curves shovwhourly measurements afry andwet temperaturesas well

asair velocity and humidity for summelays In summer, thenaximun temperature
ranged between 38and 39C between12:00 pm to 3:00 pm respectively the

minimumtemperaturegare32 and 37 at9:00 amand6:00 pm respectively The

measuremerdataarepresented in AppendiX.
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Figure 4.3 :Graph of climate data from the Libyan station, MLD (2009.

4.1.2 Indoor Environment Results

The airconditionerin the office building in Hoomperated from 8:30 am to 6:00 pm.
The air conditioring temperature was controlled betwe&6 and 18 . The
temperature stability was established graduatlyghly 30 minutesafter the air
conditionerwas activated

4.1.2.1 Temperature Changeswithin the Office

The office room temperature attaineagnmaximum of 23.4 € at9:00 am Results
show thatthe internal air temperature wdswer than theexternal air temperature
during the summer.The rortheastorientation ofthe fagde showed that the solar
rays overcame thienestration systemithin one houythe solar raygluringsummer
significantly affectedheinternal temperatureskigure 44 shows the distribution of
air temperature at 12 points (P1 to P&ihin the test office Figure 4.5 showsolar
irradiationwithin the office Themeasuremerdataarepresented in Appendii.
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Figure 4.5 : Solar irradiation within the office (August 15,2009)

Temperature increased froti00 amto midday and decreased 4100 pm The
average temgrature readingvas take at 1200 pm. The distance of the measuring
device was 5 cm from the top of the windowhe distance from the top of the
window was 5m andwas 200 cm from the office center.The curve shows
temperature fluctuatienfrom the window 5 cmto 200 cm athe office center.
Figure4.6 shows the average internal temperature 5 cm to 200 cm therwindow.
Internal surfae temperature varied from 28%and 24.4 € to 24.8 € in the office
room when the airconditioning was being used.The measurment data are
presented in Appendii.
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4.1.2.2 Horizontal Temperature Distribution

Figure 4.7 showsthe average temperature in the office dioaizontal distancef
5 cm from thewindow to thecenterof the office at a distancef 200cm at 12 noon
The figure also shows thaverage temperature cur@8.6C at 5 cm from the
window, 24.6€ at 50 cm,24.4€C at 100 cm and24.8C at 200 cm The arr
temperaturenear the window (5 cm) was high because ofthe absorption and
emissionof heat from the window Table 4.1 showsthe average horizontal air
temperature fronthewindow.

Table 4.1 :Averagehorizontal temperature with varying distance

Distance (cm) Average interior temperature (C)
0.5 28.6
050 24.6
100 24.4
200 24.8
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Figure 4.7 : Average internal temperature (August 15,2009

4.1.2.3 Vertical Temperature Distribution

Figure 48 shows the average temperature reading in the office at a vertical distance
of 0.5m fromthe floor to the ceiling at a distano€2 m at 12 noon The figure also
shows theaverage temperature curge24.7C at0.50 mabovethe floor, 24.6C at

1 m and24.3€ at2 m. The curve showa slight temperature increasethe floor,

this increasewas lower in the ceiling. The measurment data are presented in
AppendixC.

The temperatureose from 9:00 am and at 1:00 pnthen beame stable at the
summit from 1:00 pm until 4:00 pmThe temperature gradually reduced because of
the high flow ofsolarirradiation inthedeserfrom sunrise to sunset.
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Figure 4.8 : Average internal air temperatureswith vertical temperature.

The prt of thedirect solar irradiationthatis incident atthe doubleglazedwindow
wall is reflected towardhe office until it reaches 3% outside and 23 inside by
6:00 pm as shown in Fige 49. The measurmentdataarepresented in Appendix
B.

45
40 - 38 =2 37
32 —_
& 35 - /
2 30 - 26 24
g g 23 ieeeens L SRR T, 23
1'6 e s L R, v
= 20 -
[}
g 15 -
2 10 -
S 5
0
9:00 12:00 15:00 18:00
Hrs
--#-- Office Temperature —e— Ambit Temperature

Figure 4.9 : Average internal air temperature and ambienttemperature.
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4.1.2.4 Temperature Differencebetween Exernal and Internal Office

The temperaturdifference between internal and external air wasghly 9 € to
15€C at approximately:00 amand 3:00 pmin the desertwhen the doublglazed
window was installedasshown inFigure 410. The observeddataare presented in
AppendixC.
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Temperature (oC)
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—e+—Diffemec between External and Internal Temperature

Fi gur eT edmplelr diffenencesbetweenexternal and internal office.

4.1.2.5 Average Temperatureabovelnner Glazed Window

In addition to orientation the classificationaffects surface temperaturesnd the
constructionmaterial. The doubleglass [ow-E) hasgood insulation propertieand

the concrete shaswthe best results ia desert(dry-hot) climate. Figures 4.11 and

4.12 showthe temperature andistribution of the inner and outer surface layefs
glass temperature for eight points in the glamster(W1-in to W&in) as well as the
inner glass layeand eight pointsn the glass centgiV1-out to W8B-out). For the
outer glazedlow-E) layer, the flow rate through glass in steady state was the highest
(W5-in) in the center ofheinner clear glasandat thepoint (W6-out) for the outer
glazed layer.The measurement dadeepresented in Appendi.
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Figure 4.13 :Average air temperaturesabowe the inner and outer glazed glass
windows.

4.1.2.6 Temperature Difference betweeninner and Outer Glazed Windows

Different temperature ranges between outer and inner glaksfluctuationsare
shown inFigure 512. The greatesttemperaturaifferencewas obsrved between
the inner and outerzone of the glass window fromw C to p v C. Different
temperature ranges betwee outer and inneregionwith fluctuationsare shown
in Figure 414. Themeasurmentdataarepresented in Appendik.

The highesttemperaturalifferencewasobserveetweertheinnerand ouér part of

the glasswindow fromw Ctop v C. The data ofdifferent temperature between
the glasarepresented iMppendix C
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4.1.2.7 Convective and RadiationHeat Transfer Coefficient of Windows

The outer convective and radiation heat transfer coefficiemtye calculated as
shown inFigure4.15. Theequations to calculateeht transfer coefficients netire
window arepresented inChapter 3. The data of convective and radiation heat
transfer coefficientarepresented in Appendix.C
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—&— Heat transfer coeff.( inner surface)

Figure 4.15 :Heat transfer coefficients (outer and inner windows).
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4.2 Numerical Results(Libya)

The CFD simulation package used in this studyFisJENT version 6.3 The
simulation proceduris conductedas followsto obtain simulation results

4.2.1 Temperature Distribution
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Figure 4.16 :Average tempegtures by CFD (9 am, 12 noon, 3 pm, and 6 pm)
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4.2.2 Airflow D istribution
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4.2.3 Comparison betweerExperimental and CFD Results
The experi menctoarp arreesdu Iwti st hwestshed t risé ansf u rd ehdec a

t emp e praftess Fe gd4l8s hows t he odomepargies asnremper at
the rThem.t heoreti cal asdowaepesi manfakcantl
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Figure 4.18 :Comparison betweenexperimental and CFD results
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Figure 4.19 :Comparison betweenexperimentaland CFD resultsof double-
glazedwindow.
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Figure 4.20 :Comparison betweenoutdoor and indoor temperatures
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Figure 4.21: Comparison of experimentaland CFD results of inner heat
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4.3 Experimental Results(Malaysian Work)
4.3.1 Outdoor Measurementsof the Meteorological Station

Full-scale field measuremenesults of outdoor conditions were takenfrom a
met eorol ogiin€wmd | astlaRmpBry testiteferenceyea). The
climate datandicate thathe averagenean wet and drtempeaturewas¢ vC and
o TC, respectively. The average relative humidity durinige yearwas 82.6% as
shown in Figure 24. The temperaturancreased t@ 1C, andhumidity wasat 78%
in August The averageoutdoor airwet anddry temperatur@aswell ashumidity for
eachmontin Ku a | a [Ispraespnted idppendix D
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Figure 4.24 :Relative humidity and meanwet anddry temperaturein 2013

Figure 425 shows the annual and fluctuations of average dry air temperature and
global radiation. The average dry air temperature was the highegtugust o 1t

C). The global radiation gradually decreased from 18.59 (MJmfto 17.81 (MJImp
and peakedbetween June to August. The measurement results fdhe
meteorologicattation are presented AppendixD.

87



Temperature (°C)

Global Radiation (MJm#-2)

26 : } : i : ¢ : } ¢ ; : f 0
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
Months of Year

— & MeanDrybulbtemperature  —ill— Average Global Radiation

Figure 4.25 :Average dry air temperature and dobal radiation (2013)

Thetablein Appendix Dand Figure £6 showthe fluctuation betweeraverage air
directionandaverageair velocityin August. The minimumair velocity wasat 5.5

m/s onAugust 18 andthe maximumvaluewasat 13.5 m/s onAugust 31 whereas
the average aiwvelocity on August 2(measurmentday) was 10.6m/s andthe wind

directionwas( TL
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Figure 4.26 :Average air direction and average air velocity in Augus(2013).
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Fi gu.rzi7l 4 u stthrdenate sariables throughouAugust 2013in Kuala

Lumpur. The figure presentsthe averagedry and wet temperatureselative

humidity, and air velocityfor the designatedlays The maximum average dry
temperature i@ C, and theminimum average drytemperaturas¢ @ C. The

average airvelocity fluctuatesbetween % m/s to 135 m/s and the maximum

averagehumidity is 85.1%. The measurementduring August wereobtained from
themeteorological @tion. Themeasuremerdataarepresented in Appendi®.
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Figure 4.27 :Temperatures, humidity , and air velocity (August 22,2013.

4.3.2 Outdoor MeasurementResultsof Field Study

The outdoorand indoormeasurement conditislmnd resul ts during
p er iino dAsu greimessented iIAppendixE. Ta bl & hétwise owmeé swlot s
omMugr220 B3 ol alB: t0i0tmddrp m

Figee 2d88hows t he relationship and the f|
and external ateat aosg faddBhgei oaambi ent t e
increases |linearly with the sol ar radi
tempepootutrasemd sol ac® 5.G0ii &t b:o2plni @ OpOm
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Table 42 Outdoor measurementgAugust 22,2013

Solar Ambient Temperature Wind speed  Relative Humidity Solar Irradiance
Time (C) (m/s) (%) (W/m"2)
8:00 30.5 0.98 69% 2014
8:40 30.7 0.89 64% 203.2
9:20 312 0.87 54% 388.4
10:00 313 0.83 57% 405.7
10:40 317 0.65 55% 412.9
11:20 32.4 0.72 57% 525.2
12:00 32.8 0.67 54% 674.3
12:40 33.7 0.78 57% 702.1
13:20 34.6 0.67 60% 750.4
14:00 34.1 0.83 65% 840.2
14:40 33.8 0.81 64% 726.7
15:20 33.6 1.18 70% 441.5
16:00 337 0.94 75% 358.8
16:40 32.6 0.64 69% 255.3
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Figure 4.28 :Outdoor environment measurements
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4.3.3 Indoor MeasurementResultsof Field Study in Malaysia

At the Malaysian offie, emperature and air velocity measurements werslucted

at various solar timesvith two windowsopenedo facilitate air flow inside Table

4.3 shows indoor measurements tife surface temperatures above the glazed
windows and theglazed wallas wellasthe averageindoor temperature, humidity,
wind speed and air pressureFigure 4.31s h o v Sflectuations between surface
temperatureshat areabove the glazed windows, glazed wall, and average ambient
temperature.

Table 4.3 :Indoor Measurements(August 22,2013

Solar Glazed Glazed Glazed Aver. Indoor Relative  Wind Air
Time  window wall window Temperature (C Humidity speed Pressure
(G-1) (G2) (G-3) ) (%) (m/s)
8:00 32.5 31.4 31.7 30.5 55 0.24 0.01048
8:40 34.6 31.8 34.1 30.6 53 0.14 0.02341
9:20 35.2 33.3 34.7 30.9 49 0.17 0.03841
10:00 34.6 33.6 33.8 31.1 45 0.15 0.03552
10:40 33.4 33.8 32.1 31.1 46 0.22 0.05427
11:20 32.7 33.8 33.3 31.3 46 0.17 0.05051
12:00 33.3 34.2 33.1 31.2 55 0.25 0.02541
12:40 34.3 35.7 34.7 31.3 44 0.20 0.04741
13:20 35.9 36.1 35.4 31.2 41 0.15 0.03671
14:00 35.4 34.8 34.6 31.2 49 0.15 0.02441
14:40 34.6 34.3 33.8 31.2 46 0.20 0.02234
15:20 34.4 33.7 33.8 31.0 49 0.27 0.01254
16:00 33.2 33.6 32.8 30.8 47 0.19 0.01048
16:40 32.7 32.9 325 30.2 53 0.12 0.01048
37
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S 33
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Figure 4.31 :Measurementof indoor environment.
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Figure 432 showsthe fluctuations betweerelative humidityand air velocity inside

the office. The air temperatureutsidethe officewaso ® # at solar noon(1:20

pm), whereashigh air temperature inside the office wago # atmidday The air

velocity inside the office was between 4.tb 0.27m/s and higher air velocityhat

reached a maximum of 0.27 mims observedt 8:00am The <curves of r
humi di t yai(r%)veanodci ty wer eanpdartaddreHl v gahneds tlt
was m/vwhéernhael r t emper at umaoy#n t he office w
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Figure 4.32 :Humidity and air velocity with air temperature inside theoffice
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Table 4.4 :Horizontal distribution temperature with distancefrom window

Solar Time T-1 T-2 T-3 T-4 Average Temperature
8:00 31.86 30.04 29.94 29.86 30.56
9:20 31.98 31.40 30.70 30.19 30.96
11:20 32.14 31.45 31.15 30.47 31.25
13:20 32.50 31.16 30.76 30.29 31.19
15:20 3187 31.26 30.76 30.30 30.98
16:40 31.78 31.37 30.70 30.3 30.20
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Figure 4.35 :Horizontal temperature distributions with distancefrom window.
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Table 4.5 :Horizontal temperature distribution velocity with distance
Solar Time V-1 V-2 V-3 V-4 Average
Velocity
8:00 0.23 0.22 0.20 0.22 0.27
9:20 0.21 0.15 0.18 0.20 0.19
11:20 0.18 0.12 0.15 0.16 0.23
13:20 0.16 0.11 0.15 0.15 0.15
15:20 0.21 0.18 0.20 0.21 0.24
16:40 0.18 0.175 0.15 0.18 0.14
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Figure 4.36 :Horizontal air velocity distributions with distancefrom window.
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Table 4.6 :Horizontal distribution of pressurewith distance from window

Solar Time P-1 pP-2 P-3 P-4 Average Pressure
8:00 0.018 0.010 0.016 0.015 0.0146
9:20 0.034 0.003 0.005 0.014 0.0139
11:20 0.011 0.007 0.015 0.011 0.0110
13:20 0.015 0.009 0.010 0.011 0.0112
15:20 0.040 0.026 0.040 0.035 0.0352
16:40 0.012 0.008 0.008 0.009 0.0095
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Figure 4.37 :Horizontal distribution of pressurewith distancefrom window.
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Table 4.7 :Outdoor and inlet wind velocity near the window

Solar Time Inlet Velocity Outlet Velocity
8:00 0.39 0.98
9:20 0.34 0.83
11:20 0.32 0.63
13:20 0.25 0.67
15:20 0.30 0.63
16:40 0.33 0.61
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Figure 4.38 : Inlet and outdoor air velocity

97



Tabl.e8anddFi g br 29 h otwh e di foffe e enp e eosbtt uarien e d by
masur ement 0fif nTehieed ematxhiemu m t e ncpee rdadt tuieneg d i
dayi meAug 2220 Whasppr ox BmMdQTehley sadlaarn omacébsor |
by the rwisudadive mpar at ure differesacehe et we
i ndsptohren emlcy easiimgt ¢empet heuo€efiaosi de

Table 4.8 :Temperature difference betweenambient and indoor temperatures

Solar Ambient Temperature Average Indoor Temperature Difference Temperature
Time

8:00 30.5 30.5 0.0
8:40 30.7 30.6 0.1
9:20 31.2 31.0 0.2
10:00 31.3 31.1 0.2
10:40 31.7 31.1 0.6
11:20 32.4 31.3 11
12:00 32.8 31.2 1.6
12:40 33.7 31.3 2.4
13:20 34.8 31.1 3.7
14:00 34.1 31.2 2.9
14:40 33.8 31.2 2.6
15:20 34.1 31.0 3.1
16:00 33.7 31.0 2.7
16:40 33.1 30.9 2.2
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Figure 4.39 :Temperature difference betweenoutdoor and indoor
environments.
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Figure 440 shows a comparisonof temperaturalifferenceson August16, 20, and
22,2013 The maximum differences of temperature dutimg mentioned daysere
betweeno@ C andog C, whereaghe minimum readings occurred in thrning
and reachebetweerD.3and¢® C.
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Figure 4.40 :Temperature differences forthree days

4.3.4 Verification of MeasurementResults

Temperature and air velocityeasurements wengerformedat solarnoon of the
office, with two windowsopenedto facilitate air flow inside té office. Table4.9
shows the indoor measurements dhe surface temperatures abotree glazed
windows as well aghe average indoor tempetat, humidity, wind speednd air
pressure. Figure 441 shows fluctuationsin average outdooand indoor wind
velocitiesin the office.

Table 4.9 :Indoor parameter measurements

solar Ambient Average outdoor Average Indoor outdoor Lux
Time  Temp. indoor velocity Indoor humidity humidity
Temp. Velocity

12:00 33.1 28.4 0.66 0.26 56% 55%  180.2
12:40 335 28.7 0.76 0.34 42% 44% 1325
13:20 344 28.8 0.82 0.33 53% 42%  100.7
14:00 33.7 28.5 1.17 0.30 45% 47% 100
14:40 33.3 28.4 0.93 0.22 56% 45%  113.9
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Figure 4.41 : Averageair velocitiesinside theoffice.

Figure 4.42shows the average distribution of ambient temperaturesde theoffice
from 12 noon ta2:40 pm The peak temperatuiaside the officewas¢ @ C at
1:20 pm.
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Figure 4.42 : Averageair temperaturesoutsideand inside the office.

Figure 443 shows the temperaturedifferences in the office. The maximum
temperature differenceudng the daytime waspproximately5.6 €. The solar
radiation reflection through the doubleglazed window reduces the WWR,
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consequentlyreducing theair temperature inside the officand reducing the
temperature difrence.
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Figure 4.43 :Temperature difference betweenoutdoor and indoor
environments.

Figure 4.44illustrates the outdoor and indoor humidityrhe humidity in the office
was gendlly lower thanthat outdoorsThe indoor humiditybegan toincrea® at
2:40 pm becaus®f thedecrease in temperatures in the éwvgn
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Figure 4.44 :Indoor and outdoor relative humidity .
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Figure 4.45shows the level of mtural lightinginside the office from 12 pm t&:20
pm, where the lighintensity wasetween 100.8ux to 180.2 lux
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Figure 4.45 :Level of lux inside the office.

4.4 Numerical Results(Malaysia)

Natural ventilation depends entirely on the circumstatitassurroundhe building
Wind velocity, wind direction and air temperature may chargjgnificantly at each
hour. This study ispredicatedn the effect of wind speed and air temperature in all
cases. The inlet flow through windowshat areinstalled inthe front wall andthe
outlet flow within the office andcorridor werein a steadystatecondition by cross
ventilation

4.4.1  Grid Independence Test

The gid independence tesd determined by testing the independence of hexagonal
cells in each office and windowis the crosssection by a series of tests with
different numbes of cells to obtain the more suitabteeshfor thecurrent geometry.

Three mesh cells are used in this study; the results for these cells are shown in Figure
4.46. Results of 210.000, 1.050.000, and 1.810.000 grids for velocity and
temperature are almost at equal grids. A computational cell with.0@b®as used

for all the numerical results because calculating the results for this grid requires less
time compared with that for 1.810.000 grids
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Figure 4.46 :Grid independenceestsof velocity and temperature.

4.4.2 Interpretation of Contours of Total Temperature Distribution

CFD resultswere simulatd usingtest officedata ovedifferent solar time. Figure
4.47 showsthe simulatedtemperature inside the office along # planewith solar
time from 8:00am to 4:40 pm. The results are almostearly the same with all
models and each models slightly different fromthe other. The figuresindicated
that the average temperatures simulated inside the ofiivgedfrom 303K to

304K when the oudide temperatures were betwe803K and 306K for all solar
times. The lower average temperature waghia early norning at 8:00ant higher

temperature inside the officihat reached 304.7 Kvas observed atsolar noon
(2:20pm). The temperaturé the corridor was lower thathat which is normally

obtainedin an office the difference in temperature rasdeom 0.1K to 0.5K. The

temperaturesn the side wallswith values between K and 2K, werelower than

thosein the middle of the office The temperature within theffice was slightly

higher at 8:00am, 9:20am and 11:20am because dhe emission of solaiadiation

and heat from the glasgall.

Figure 448 shows the temperature distribution at a height of 1.50 m from the office
floor through the whole length of the officeThe CFD results of teperature
distributionin the office are summarizeth Table 4.10 Temperatures near the side
wall were between 298 K and 302 K. The average temperatureside theoffice

were 303 K to 304 K at all times.
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Figure 4.47 : Temperature distribution of office walls (CFD).

104




XY Z=1.5

3.050+02
3.050+02
3.04e+02
3.040+02
3.046+02
3.030+02
3.030+02
>, - 3034 ' 3.02+02
<802 3.020+02
3.01e+02 3.020+02
3.01e+02 3.01e+02
: 3.01e+02
3.00e+02 e
3.00e+02 3.00e+02
3.00e+02 . 3.006+02
2.99¢+02
2.99e+02 orr s
2:99e+02 2.996+02
2.980+02
2.99e+02 : E. 2500 am S
2' z§e+g§ 2.98¢+02
.O8e+
X-Y Z=15m
X-Y Z=15m
Soein 3108402
3336402 ¥
331e+02 23:’22
Aidpecls 3.08e+02
e
A 3.07e+02
Sghis 3.066+02
ot Sgseie
3186+02
3.166+02 3.04e+02
3140402 2010402
3.13e+02 3.03e+02
3116402 3.02e+02
3006402 3.02e402
3.07e+02 3.01e+02
3.05e+02 3.00e+02
3.03e+02 3.00e+02
3016402 b 2990402
2.996+02 : 11:20 am 2.986+02
2086+02 2986402
2076402
3.060+02
3.06e+02 3.07e+02
3.056+02 XE ZELo 3.07e+02
3.05e+02 3.066+02
3.04e+02 3.06e+02
3.04e+02 3.056+02
3.03e+02 3.05e+02
2.036+02 3048402
3.03e+02 3.04¢+02
3.02e+02 3.030+02
226408 3.03e+02
3.02e+02
3.01e+02 ke
2015402 3.026+02
3.00e+02 o o
3.000+02 s
oS 3.006+02
2.99e+02 ol b0aEeH
2.996+02 OS2
2.98e+02 § & S
2.98e+02 2.980+02
2.97e+02 2.986+02

Figure 4.48 : Temperature distributions within an office above 1.5 m fromthe
floor.
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Table 4.10 :Temperature distribution (CFD) in an office above 1.5 m fromthe
floor

Solar Y=0.05m Y=1.5m Y-2m Y=3.85m Windows glass Wall Outdoor
Time wall sides
8:00 3034k 3032k 303.6K 3034k 306 k 299.7k 303k  303.5k

9:20 3042k 3045k 3044k 304 k 309.4 3079 3024k 3042k
11:20 3046k 3047k 3046k 3042k 311k 308.5k 300.7k 305.4&
13:20 3048k 3048k 304.8k 304.3k 309.1k 3094k 299k 308k
15:20 304.2 k 304.1 304.1 303.9 k 300 k 306.5 300 k 307 k
16:40 303.8k 3039k 3039k 303.7k 306.2 305.5 300.8k 306.1k

4.4.3 Interpretation of Contours of Air Velocity D istributio n

Figures 5.49 and 4.50 showsthe velocitydistributionsinside theoffice when wind
comesfrom the northeast directioeind perpendiculato theexposedwall, in which
the average wind velocityas 0.6 m/s. The CFD simulation periadare 8:00am,
9:20am, 11:20am, 1:20pm, 3:20 pm, and4:40 pmon August22,2013 The results
are similar with all models, altough the air flow fields oéach model are slightly
different from each otherThe modeindicatedthat the areas in front of the inlet and
at theside of walls showed high wind speed.
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Figure 4.49 :Air velocity distributions of office walls (CFD).

Figure 5.51 illustrates that the temperatures simulated at 8:00 am were 303.6 and 305
K at distances of 50 and 100 cm, respectively, from the windpgning. The
temperature at the floor of the office and near the table ranged from 301 K to 303 K,
whereas the outside air temperature at 8:00 am was 307.6 K.
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Figure 4.50 :Air velocity flow through windows.
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Figure 4.51 : Averagetemperature distributions with distancein an office
(CFD).
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4.4.4 Comparison between ExperimentaData and Numerical Results

In this study,airflow and air temperature measurements datavalidated by using
the compuationalmethodvia experimental measuremernitsa full-scaletest office
The experimental results and the numerical results with solas daraecompared.
Temperature ffiles

Figure 452 showsa comparisorbetweemumerical results (CFD) and experinta!
results of indoor and average outdoor temperatureshedrelationship with solar
time. The predicted temperatures are lineadjatedwith measured experimental
values The figure shows that the numerical (CFD) results abweell with the
expermental resultsthereby confirming thathe CFD simulations are acceptable
and achievable.

Table 4.11 shows the average temperaturé®m experimerdl measurements and
numerical (CFD) results. The percentage of accuracy between rihenericaland
expermentd measurements was 0% to 0.02%.
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Figure 4.52 :Comparison betweerexperimental and numerical results(CFD).

Table 4.11 :Experimental and numerical temperature values of the office

Time Outdoor Temp Indoor Temp Indoor Tenp. The percentage of accuracy betwee

Exp Exp Num the practical and experimental
8:00 30.5 31.0 30.4 1.9%
9:20 315 31.0 31.2 0.6.%
11:20 324 31.3 314 0.3%
13:20 34.6 31.2 31.6 1.3.%
15:20 33.6 31.0 31.0 0.00%
16:40 32.6 31.0 30.7 0.97%

Air V elocity Profiles
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Figure 4.53 showsa comparison betweethe numerical (CFD) and experimental
measurement results of indoor air velocitesfiles as well aghe average outdoor
velocity andthe relationship with solar time The predictedair velocity waslinear
ard parallel withthe measuredexperimentalvalues, thereby agreéeng well with
resultsthrouglout all solartimes Thus,the CFD simulations are acceptable and
achievable.
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Figure 4.53 : Comparison between CFDand measurement results

Table 4.12 showthe air velocitiesof numerical results (CFD), indo@and outdoor
measuremerdatg and theiraccuracy. The outdoor air velocities were between 0.64
m/s to 1.18m/sand the peak airelocity was measured a0 pm.

Table 4.12 :Eexperimental and numerical air flow value of the office

Time Outdoor Indoor Velocity Indoor Velocity percentage of accuracy

Velocity Experimental Numerical between CFD and Exp.
Experimental

8:00 0.97 0.24 0.21 14 %

9:20 0.87 0.19 0.17 1.2%

11:20 0.72 0.17 0.14 2.1%

13:20 0.66 0.15 0.12 2.5%

15:20 1.18 0.27 0.24 1.3%

16:40 0.64 0.14 0.12 1.7%
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45 Verification and Validation

The reliability of the CFD resultsis determined througherification followed by
validation.

45.1 Verification

Verification is the processof assessing simulation numerical uncertaifty and,
when conditions permit, estimating the sign and magnitideof the numerical
erroritself and the uncertainty in that error estimatdiSternet al2001).

T 1T 4.0

Wherethe subscript 1,G,Tand Prepresenthe iterationnumber, the grid size, the
time dep and other parameters, respectivelyConsidering thtathe errors are
assumed independettte simulation numerical uncertainty is then given by

YO Y Y Y 4.2

Given thatonly steag-state conditions are considered, ttemulation numerical
accuracy islependenon onlytheiterationnumber and the grid size.

The residual convergence value used in this sisidyrt . A smallerresidual value
doesnot significantly change of th calculated results but requsrextensively more
computation time.To achieve a solutiotihatis independent of the time step size, the
time stepmustbe small enough so that a single slepsnot rotate the interfadey a
distance greater than the dhast cell size. As a result, the time step used was quite
small, typically on the order of 1 second. In most cases, three revolutions of the rotor
are required to reach a stable solution (each case requires 30 to 36 hours of
computational time om 2.8 GHz Core 2 Duo workstatiowith 4 GB RAM
depending onhe size ofthe mesh file). Figure 454 presentedthe iteration
convergence obtained frothis studyd steadystate simulationFLUENT V.6.3).

112



10-06
€000 6500 7000 7500 8000 8500 9000 9500 10000 10500 11000

Iterations

} Scaled Residuals Jan 12,2015
l ANSYS FLUENT 13.0 (3d, pbns. mgke)

Figure 4.54 :Solution convergenceiteration obtained from steadystate
simulation.

Stern et al (2001) provides an estimate for the uncertainty in tloase of an
oscillatory convergence:

Uu=s—"y Y (4.3

Where 3 and3 are the upper and lower bounds of the solution oscillation near
thefinal iteration, respectively.

Transportequationsof naturalventilation

In completing CFD analysis for the whole shapehaf office room and windows,
settingup the governing equations (momentum, twouty and energyjs necessary
For the specific case of heat flux effemtd fluid flow through the office the
govening equations are solved with assumptiongOn the basis ofthese

assumptionsthe energy momentumand continuity equations for this study can be
written & statedy Hung et al(2012)

The continuity equatian
—+ —+—=0 4.9
The X-momentumequation:

6— 0V— 0 — =-—+ — — — 4.5
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The Y-momentumequation:

6— 0— 00— =- —+' — — — (4.6)

60— uL— 00— =- —%' — — — 4.7
The energy equation

"Had— O— 00— O— — — 4.9

" AEEAADEOROU
A Heatcapacity

* Dynamicviscosity
"QThermalcorductivity

4 5.2 Validation

Actual measurements and numerical simulationthefreference casdan which a
comparison wagerformedbetween experimental results and simulationsre
undertaken orthe optimum model at solar noon (1:20 pm)he calculatedair
temperatures and air velocitiby CFD simulationwere examined and compared
with the measurmentdata For the expgment, only measuremenastwo positions
(50 and 200 cm)ere carried oufrom the window (inlet) whereascontinuous
measurements fathe entireoffice were calculatedin CFD. Model and boundary
conditiors weremodified several times befothe best representation thfe indoor
climate in the test officevas achieved Then,final comparisonsvere performed
Table 4.13 shows the averagoutdoor and indoor temperatures, air velogitesl
humidity of the experimental measuremerasid thenumerical simulation (CFD)
results oModel 22%.

Table 4.13 :Comparison betweenexperiment and numerical results (CFD)

Models Outdoor Indoor Outdoor Indoor Humidity eeT.
Velocity velocity Temperature Temperature
Model 22% 0.67 m/s 0.37 307.6 300.8 53% 6.8
m/s
Experiment 0.62m/s 0.33 307.3 301.5 56% 5.8
reference m/s
case
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Figure 4.55 showsa comparison betweethe numericalsimulation results (CFD)
andthe experimental measurement results of indoor temperatures with distance from
window to the center of theoffice at solar noon (1:20 pm).The predicted air
temperatures are linearly related with measured experimental valbesnaximum

difference between measured air temperatuagsl airtemperaturesalculated in
CFD simulation deviadnsis 0.3 K.

303
g M 301.9
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[
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299 " :
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Figure 4.55 :Comparison betweenaverage temperatures of ¥perimental and
numerical resultsof Model WWR 22%.

Figure 4.56 shows a comparison betweerthe numerical and experimental
measurement results of indoor air velocities with distance fhemvindows tothe
centerof the officel.5 m abovethe floor, as well aghe relationship with solaroon
(2:20 pm). The maximum difference between measured air velocities and air
velocities calculated in CFD simulation devasiswas 0.02 m/s.
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Figure 4.56 :Comparison betweenair velocities of the perimental and
numerical resultsof Model WWR 22%

Figure 457 shows a comparison betweethe numerical simulation results and
experimental measurement results of average indoor temperasregll asthe
relationshipwith solar noon(1:20 pm). Significant agreement wasund between
the numerical an@xperimental values.The percentage of accuracy between the
numerical and experimental meesments of temperatures was %®.,2which was
minuscule and acceptable for engineering applications.
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Figure 4.57 :Comparison betweenrexperimental and numerical resultsof Model
WWR 22% (air temperature).

116



Figure 4.58 presents a comparison of the temperatlifeerencebetween outdoor
and indoor environments for the experimental and numerical proceduresdef
WWR 22%. The highest temperature difference wasesbied at 1:2pm.

Different Temperature (C)

Solar Noon 13:20:00 PM

m Different Temperture (CFD) m Different Temperture (Exp.)

Figure 4.58 : Comparison betweerexperimental and numerical resultsof Model
22% (temperature difference).

Figure 459 shows a comparison betweerthe numerical and experimental
measurement results of indoor averagevalocities,as well aghe relationship with
solar time (13:20 PMYor Model WWR 22% Resultsconfirm that the CFD
simulations are acceptable and achievahbled that the percentage of accuracy
between the numerical and experimental measurements.29as 0

0.37 7
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0.35

0.34 A

Air Velocity [m/S)

0.33 1

0.32

0.31

Solar Noon 13:20:00 PM
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Figure 4.59 :Comparison betweenexperimental and numerical resultsof Model
22% (averageair velocity).
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4.6 Results ofPMV and PDD

The office was simulated in CFBoftwareas a base caselhen, different models
were simulated to impve the eficiency of natural ventilation.Different WWRs
and window opening such adront, top and bottomwere simulated.To evaluate
the thermal comfort in @imum models, air temperature and relative humidity
obtained from the simulations weasdyzed by using two methodsivoni (1992)
andASHRAE Standard 582012. ASHRAE methods were applied to evaluate the
thermal comfort conditions in the officeThe office was occupied at 1:2Qom
without anair conditioning system. The office has a 2.0xr8.90 m door anc
WWR of 22% foradry-hot climate ané&warm-humid climate.

The factors for calculating PMV index, air temperatumad RH were obtained
directly from interior measurementair flow was obtained from CFD simulation
results and the man radiation temperature was set to b€ abovethe interior air
temperaturebased on CFD simulation result§juzhang Fua and Dingxin Wuc
(2015). Themetabolic rate is sett 1.2 MET, and the clothing insulatiaof hot-dry
climate and warnmumid are seiat 0.6 and 0.5respectively ASHRAE Standard 55
(2012. PmV was computedby usingthe CBE Thermal Comfort Program software
to calculate thermal comfoldased oPASHRAE Standard 552012) The outdoor
and indoor climatic measuremerits the naturally ventilated officeare given in
Table4.14.

The method presented in ASHRAE Sdandard 552012 was applied. This
methodconsidersthe acceptable indoor operative temperature based on the mean
outdoor temperature. ASHRAE Standard 552012) is a different methodof
determinng thelimits of thermal conditions in naturally ventilated offices.

Table 4.14 :Value of PMV and PDD forthe Malaysian and Libyan models

No A1 9 L. m. Meanradiant  Air RH Metabolic Clothing PMV PDD
Temperature. Velocity (%) met insulaion
© (m/s) (clo)
Libya 34.8 28.1 304 0.4 30 1.2 0.6 0.3 7%
model
WWR
(22%)
Malaysia  34.6 27.8 295 0.3 56 1.2 0.5 04 7%
model
WWR

(22%)

The interior comfort temperature chasgeéth different mean temperatiwbased on
80% and 90% acceptablenges andhe 80% acceptable ranges are used for normal
thermal comfort assessmenend the 90% ranges may be used when a higher
standard of thermal comfort is desirdgor this study, the acceptability limit of 90%
was adopted. Thus the average outdoair temperaturgin Malaysia and Libya

118






Thermal comfortin the officeswith an occupantvas studiedhroughexperimendal
measurementand numerical resultsThe thermal comfort index (PM\Mthatformed

the basis of the study is considered applicable within an anent for the

following reasons Fanger 6s i nvestigati on was bas
environmental conditions, including conditions when air temperature *C 3hd

relative humidity wasbetween 4% and 55%. In addition, a moderate thermal
environment isattainedwh en PMV v al uesascoldtogashatom 1 3
Figure 4.62hows the functional relationship between PMV and PPD insideesto

offices. At PMV neutral (0), 0.3 of the occupantsatisfied

%0 < PPD 2 100 « 95 s exp (~0.03353 PMV* - 02179 PMV:
o) ™
30

LU

1V 4

FIOONIOD (Nrcenfage cdisatalnd (7P
»

L] r= e ) J ] e ol L 4 . L § L
20 1. =10 0w.s 1) 0.s 1.0 1.5 2.0

Figure 4.62 :Comfort bandwidths of the Malaysian window model

4.7 Indoor Air Quality

This section focuses on IAQ indicators and pollutaeésh of which isliscussedn

terms of characteristics, guidelines, ideal levels, and hedftdtts. ASHRAE

Standards5 (2012) presents guglines and recommendatiof@ ensuringthat at
least 80% of the occupants would finde thermal conditionsacceptable or
comfortable.

The standardspecifies that ideal indoor relative humidity levelshould range
between 5% and 70% The concentratiof carbon diaide indoors variebased
on the location, occupancy, and time of dandtends to increase during the day.
Typical office levels are in the range of 6800 ppm(ASHRAE Standar®5-2012).
In Ventilation for Acceptable Indoor Air Qualityg minimum ventilation rate of
10L/s per persons recommendedo ensure good IAQ ithe office by using the
ventilation rate procedure.Air temperature in the officeshould be” ¢ YC.
Furthermore, the standarddicates that theighthour averageexposure limit for
carbon monoxideh®uld not exceed 9 ppmrlhe Environmental Protection Agency
recommends & 0 standard of 50g/& for annual exposure ant0 mgf for
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24 hous. The size range of concern to human health and IAQ i510.£ m
Therefore, the windowdesignthat canprovide anair temperaturef 27 C and air
velocity of 0.34 m/s fulflls the conditios for athermally acceptable office.

4.8 Summary

In this chapterexperimens andnumerical resultsverification and alidationresults
and theresults ofPMV, PDD, and IAQ conducted inLibya and Malaysiavere
presented The results from the experiments along with tieasurmentdata were
compiled in tables and graphsvieasurements of the outside and interior air
temperature, glass window temperature, relative humidity were colledtegldata
(ar temperature, air velocity, and relative humidity) were obtained from
meteorological stati@from Hoonand Kuala Lumpur The field data readirsgvere
collected and based on various conditions.

This chaptemalsopresented the CFD results, grid independencs, tesd validation

then comparethe resultswith thoseobtained from the field study in MaJsia. The
experimeral and simulation resultswere presented in terms dir flow and air
temperaturgrofiles The result can be utilized in many engineering and architecture
applications to obtain an optimum ventilation level and redhedemperatug in
buildings.
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CHAPTER 5

DEVELOPMENT OF OPTIMUM DESIGN OF WINDOW CONFIGURATION

51 Introduction

This chapter focuses ahe implementation ofCFD softwaresimulation Air flow
and air temperature from buildinggzere modeled bysing 36 models from te
WWRs. The experimentakesultswere used to develop a numerical modéelhe
stack effect is explained throughcross ventilation experiments along with a
description of the methods of physical modelwgh CFD. The physical and
numerical modelsvere goplied using results from experimental data.

5.2 Optimum Model

Increasd air flow and decrease temperature difference through windows
significantly affectthe thermal comfort ofn office. The Malaysiacase was use@ t
achieve the besWR in a hothumid climate. Predictions fora hot-dry climate in
Libya were optimized by CFD usinteresultsfrom Malaysia.

Finite element analysis and the optimum design of double glazed window were
investigated using the CFD software and its parameterized modeditigpdn The
optimum dimensions of the window wembtained and the air flow and air
temperature distribution inside the offiasere found to beuitable Table 5.1 shws

the input data iInFLUENT V6 for this thesis The optimum dimensions dhe
Malaysiamodel are a heightof 200 cm anda width of 40 cm (WWR=22%) The
optimum dimensions ahe Libya modelarea heightof 200 cmand awidth of 80

cm (WWR=22%) at 15 crabove thdloor.

Table 5.1 :Input data of simulation

Solver Pressure Based
Time Steay
Turbulent Model Spalart- Allmaras model
Materials Air, glass, aluminum and wood, fagde wall
Operating Pressure 0 Pascal
Operating Temperature 307.6 K
Inlet Velocity 0.67 m/s
Convergence criterion 1E-06
Number of Iteration Above 10000
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Table5.2 illustrates the output parametarsedto optimizethe model The output
parameters are optimized to determine the optindaubleglazed window foran
office.

Table 5.2 : Output data of simulation

No Parameters

1 Temperature Distribution
2 Air Velocity Distribution
3 Temperature Difference

The CFD modeling process, physical modaid assumptionthat goverrthe mode
as well asequations code validation, boundary conditions and mesh nuraber
preseted in the following sections

5.3 Phydcal Model and Assumptions
5.3.1 Physical Model

A schematic diagram dhe office designat the Faculty of Engineering buildingt
UPM that wasused as a reference casesiwwn in Figure5.l. The office is
geometrically facing and oriented at°Z2om northto true east The east and west
walls of the office are adjacent to other officesdthe north wall ison theexterior,
whereasthe south wall is locatedh the corridor. The shape of the office is
rectangular with overall dimensisrof 3.80 m x 2.85 m x 2.60 m (width, y
direction; length, sdirection;and heightz-direction, respectively) The office room
is located on the fifth floor of thbuilding; its location was choseto reduce and
effects oftheground andhe officeroof. This study was caied outusing36 models
of windowsby comparingaverage temperature and air velocity between mpdsls
well as decreasintpe WWR
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Figure 5.1 : Schematic diagram of the office

The analysisncludesvalues of the WWRand these casegeresimulated scenarios
that consisbf front (A), top (B), and bottom (CWwindow opening. The calculaton
of WWR for the given fa@das as follows:

WWR = (a x b) / (H x W). (5.1)

Where,

a. Height of window
Width of window
Height of fa@de wall

: Width of fagde of wall

sTo

The 36 models of dimensional analysis atite opening of desigred window are
shown inTables5.3 and 4.

The major assumptions involved in the investigatiamsas followsthe analysis is
3D Cartesian coordinate system astg¢adystate condition, the fluid properties of
material are constanand flow is isothermal and incompressibl@he numerical
techniquesvere solved byusing (Navieii Stokes) Continuity, energymomentum
and concentration equationgere usedor 3D analysis.Turbulent fluid flow was
applied in CFD Turbulence closure scheme RN@Jwas used in the model and
implemented ilrFLUENT (Stavrakakis2008). The governingequations providéhe
steadystate conditionsand the general form was usasiconducted byMarkatos et
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al. (1982). On the basis ofthese assumptions, thgoverning equationavere
calculatedasshownbelow.

Table 5.3 : Summary of various opening window configurations with

dimensional
Models | Method | High [ Width [ H | W ~ WWR WWR ~ WFR
of a b AGA 2windows) | AGA
Opening @ ® (& @p T ( & @p 1T
1 Ahead | 1.5 | 0.3 [26] 285 6% 12% 8%
2 Opening| 1.5 | 05 [2.6]2.85 10% 20% 14%
3 15| 08 [26]285 16% 32% 22%
4 15| 1.05 [ 2.6]2.80 21% 43% 29%
5 Top 15| 03 [26]285 6% 12% 8%
6 Opening| 1.5 | 05 |[2.6]2.85 10% 20% 14%
7 15| 08 [26]285 16% 32% 22%
8 15| 1.05 [ 2.6]2.80 21% 43% 29%
9 Bottom | 1.5 | 0.3 |26/ 2.85 6% 12% 8%
10 | Opening| 15 | 05 |26/ 2.85 10% 20% 14%
11 15| 08 [26]285 16% 32% 22%
12 15 | 1.05 [ 2.6]2.80 21% 43% 29%
13 Ahead | 2 04 |26]285 11% 22% 15%
14 | Opening| 2 06 |26]285 16% 32% 22%
15 2 0.8 |2.6] 285 22% 43% 30%
16 2 1.0 | 26280 27% 54% 37%
17 Top 2 04 |26]285 11% 22% 15%
18 | Opening| 2 06 |26/ 285 16% 32% 22%
19 2 08 |26] 285 22% 43% 30%
20 2 1.0 | 26280 27% 54% 37%
21 Bottom | 2 04 |26]285 11% 22% 15%
22 | Opening| 2 06 |26]285 16% 32% 22%
23 2 08 |26]285 22% 43% 30%
24 2 10 | 26/]2.80 27% 54% 37%
25 Ahead | 25 | 05 |26/ 2.85 17% 34% 23%
26 | Opening| 25 | 0.75 | 26| 2.85 25% 51% 35%
27 25| 1.0 |26]285 34% 67% 46%
28 25 | 1.25 | 2.6|2.80 42% 84% 58%
29 Top 25| 05 |26]285 17% 34% 23%
30 | Opening| 25 | g75 | 2.6]2.85 250 51% 35%
31 25| 10 |26]285 34% 67% 46%
32 25 | 1.25 | 2.6|2.80 42% 84% 58%
33 Bottom | 25 | 0.5 |26/ 2.85 17% 34% 23%
34 | Opening| 25 | 0.75 [ 2.6]2.85 25% 51% 35%
35 25| 1.0 |26]|285 34% 67% 46%
36 25| 1.25 [ 2.6]2.85 42% 84% 58%
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