ISTANBUL TECHNICAL UNIVERSITY * GRADUATE SCHOOL OF
SCIENCE ENGINEERING AND TECHNOLOGY

POLYTECHNIC UNIVERSITY OF TURIN _* DOCTORAL SCHOOL

NATURAL VENTILATION OF HIGH-RISE BUILDINGS
A METHODOLOGY FOR PLANNING W ITH DIFFERENT ANALYSIS TOOLS
AND CASE-STUDY INTEGRATION

Ph.D. THESIS

Tobias SCHULZE

Department of Architecture - Construction Science®rogramme

Department of Energy - Energetics Programme

NOVEMBER 2015






ISTANBUL TECHNICAL UNIVERSITY % GRADUATE SCHOOL OF
SCIENCE ENGINEERING AND TECHNOLOGY

POLYTECHNIC UNIVERSITY OF TURIN % DOCTORAL SCHOOL

NATURAL VENTILATION OF HIGH-RISE BUILDINGS
A METHODOLOGY FOR PLANNING W ITH DIFFERENT ANALYSIS TOOLS
AND CASE-STUDY INTEGRATION

Ph.D. THESIS

Tobias SCHULZE
(502082019 - 188938)

Department of Architecture - Construction Science®rogramme

Department of Energy - Energetics Programme

Thesis Advisor: Prof. Dr. A. Zerrin YILMAZ
Thesis Advisor: Prof. Dr. Marco PERINO

NOVEMBER 2015






ISTANBUL TEKN IK UNIVERSITESI * FEN BILIMLER i ENSTITUSU

TORINO POLITEKN iK UNIVERSITESI * FEN BILIMLER i ENSTITUSU

COK KATLI B INALARDA DO GAL HAVALANDIRMA
FARKLI ANAL iZ ARACLARI VE ORNEK ALAN ENTEGRASYONU ILE
PLANLAMA ICIN BIR YONTEM

DOKTORA TEZ i

Tobias SCHULZE
(502082019 - 188938)

Mimarlik Anabilim Dal - Yap! Bilimleri Programi

Enerji Anabilim Dali - Enerji Bilimi Programi

Tez Dansmani: Prof. Dr. A. Zerrin YILMAZ
Tez Dansmani: Prof. Dr. Marco PERINO

KASIM 2015






Tobias Schulz, a joint Ph.D. student of ITU Graduate School o Science
Engineering and Technology,student 1D502082019,and Politecnico di Torino,
Department of Energy, studentID 188938, successfully defended thiesis
entited ‘NATURAL VENTILATION OF HIGH- RISE BUILDINGS
A METHODOLOGY FOR PLANNING WITH DIFF ERENT ANALYSIS
TOOLS AND CASE-STUDY INTEGRATION ”, which he prepared after fulfillir
the requirements specified in the associated tgsis, before the jury whc
signatures are below.

Thesis Advisor Prof. Dr. Ayse Zerrin YILMAZ e

Istanbul Technical University

Thesis Advisor Prof. Dr. Marco PERINO

Politecnico di Torino

Jury Members : Prof. Dr. Ahmet ARISOY

Istanbul Technical University

Prof. Dr. ismail Cem PARMAKSIZOGLU ......coovveveeeeeen.

Istanbul Technical University

Ass. Prof. Dr. Stefano CORGNATI i,
Politecnico di Torino

Ass. Prof. Dr. Valentina SERRA i
Politecnico di Torino

Date of Submission : 28 September 2015
Date of Defense : 13 November 2015



Vi



FOREWORD

While my name may be alone on the front cover i thesis, | am by no means its
sole contributor. Rather, there are a number opleebehind this piece of work who
deserve to be both acknowledged and thanked here.

First and foremost, | would like to express my deppreciation and thanks to my
supervisors, Prof. Dr. A¢ Zerrin Yilmaz and Prof. Dr. Marco Perino for thei

valuable guidance, hospitality, support and enapemsent throughout the research. |
am very grateful for their patience, motivationthersiasm, and immense knowledge
in building physics that, taken together, makesmthgreat mentors. They have
routinely gone beyond their duties to help me teroeme my worries, concerns, and
anxieties, and gave me confidence in both myseif sy work. It has been an

honour for me to work with them.

I would also like to thank the members of Istanbathnical University Faculty of
Architecture for their contribution in my studiesdafor hosting me so generously in
Istanbul. You all were so important to me whilevdung and staying sane in
graduate school. Thank you Feri§ener Yilmaz, Mine Acigil Dincer, Meltem
Bayraktar, Nge Gani¢, Cem Taneri and all the others. In regardbe wind tunnel
experiments, | thank Prof. Dr. Vildan Ok for greapport. | would also like to thank
my dissertation monitoring committee members iniclgdProf. Dr. Ahmet Arisoy,
Prof. Dr. Cem Parmaksiglu for all of their guidance through this procegsur
discussion, ideas, and feedback have been absoilweluable.

In the same vein, | would like to extend great ¥sato the members of the Citynet
group, who warmly offered their stories, supportl @ommitment. This piece of
research looks very different because of their inmfluence and expert knowledge.
It was a great opportunity for me to participatethrs European PhD program on
sustainable energy management, which received rigndrom the People

Programme (Marie Curie Actions) of the Europeanddis Seventh Framework.

| would like to express my appreciation to all thagho have offered me their time
when | collected necessary data for my case silayk you Nimet Kara and Tuncer
Kinikli from the Kanyon building management.

My sincere thanks also goes to Prof. Dr. Ursul&&icand the staff at Stuttgart
University of Applied Sciences, Department of BuilglPhysics, who has been a big
support for me during my studies.

| thank all my friends in Turkey and Germany whodalways been a big part of
my life. They have helped me, one way or anothremy struggle to complete my
Ph.D. Special mention goes to Silvine, for her geag encouragement. Thanks also
to Vijay and Sarah for their fantastic support,Aoett for imparting presentation
techniques and to Onder for having good times tanisul and for sharing the flat
with me.

vii



Finally, but by no means least | would like to sgpate my deepest thanks to my
beloved family, my parents Ursula Hamm and Reinh&chulze and my brother
Felix Schulze, who have always been a constantsaifrsupport to me throughout
my life.

Along the way, | have received support from too ynpaople to count. Though you
may not see your names here, in black and whit@wkthat your various
contributions have not gone unnoticed or unapptedial hank you

September 2015 Tobias Schulze

viii



TABLE OF CONTENTS

Page
FOREWORND ... ..o ettt e et e et e e e e e e e e aan s vii
TABLE OF CONTENTS ..ottt n e X
ABBREVIATIONS ..ottt ettt e e e e e e e e e e e e e eeennees Xiii
NOMENCLATURE ..ottt ettt ae e e e e s XV
LIST OF TABLES ...ttt e e e e e nnanes Xvii
LIST OF FIGURES ...ttt ettt e e e s XiX
SUMMARY e e e e e e e aan—— e ae XXV
(@ Y7 = [OOSR XXiX
L.INTRODUCTION ..ciiiiiieiieee ettt ettt e e e e e e e e e e e e e s s eeeeeeeneaannnns 1
1.1Design MethOdOlOQY ........ceevuuuuuuunnies e eeeeeeetnsnns s e e e e e e e e e e e eeeeeeeessennnnes 2
1.2Contributions Of the STUAY ..........ueuiii e 4
I T 1Y/ 0 11 [T 1SS 5
L. AASSUMPLIONS ...oiiiiiiiiiiiiiiiiee e e oo e e e e e e e e e ettt e e e e e e e e e e e aaaaeeaaaeas 7
1.5Structure of the THESIS ........uuiiiiiiiiiiieeeeen e e 8
2.LITERATURE REVIEW ...ttt 11
2.1High-Rise Office BUIlAINGS ........ccooiiiiiii e e eee e eeeeeeetnns e e e e e e eeea 13
2.2Natural Ventilation ............ooeiiiiiiiuiimmmmmae e 15
A N 1Y/ o I (o (o = S 17
2.2.2Ventilation StrategieS. ......uuuuuuuuuu s e eeeeeeiiaiiiasa s s e e e e e e e e e eeeeeeeeeeees 20
2.2.3Ventilation eleMEeNtS.........couiiiiiiiiii e 24
2.2.4VentilativVe COOIING .....ooiiiiiiiiiieeiiiee ettt e e e e e e e e e eeeeeeeees 30
2.2.5D€SIgN IMPACT......uiiiiiii it eerere e e e e e e e e e e e e e e e s 33
2.2.6C0NLIOI StrAtEGIES ....uiiieiee et 35
2.3Performance INAICALOrS ............uuuuueeit e e e et e e e e e e e e e aneeaas 38
PZ2RC 70 N 10 To [ To =11 o [V = 11 Y ST 38
2.3.2Thermal COMIOIT.........uuiiiiiiiiiiiiiiii e 39
2.3.3ENErgy CONSUMPLION.......cceeiiiiiiiiiiiiiitieemmmme e et e e e e e e e 14
2.4Airflow Modelling APProacChES ..........vuvuviiimmr e e e 42
2.4.1Analytical approaches ..........oooviiiiieiii e 42
2.4 2AIIOW NEIWOIKS ..o 47
2.4.3Computational fluid dynamicCs .............coi oo 48
2.5Previous Research Projects on Natural Ventilation...............cccovvvvvvvvvvnnnnns 49
2.5.1PASCOOL (1992-95) ...ccoiiiiieiie i erreee et e e 49
2.5.2IAE Annex 28: Low Energy Cooling (1993-97) ...cceeeeeeeieeviveeieeiiiiiins 50
2.5.3AI0LOS (1993-97) ceeiieee ettt 45
2.5.4ANatVent (1994-98) .....coooiiiiiiiiiiiiiie s s 58
2.5.5IAE Annex 5: AIVC (0ngoing SiNCe 1979) .....ccooeeeeiiiiiiiiiiiiiiiiiinnn 64
2.5.61EA Annex 35: HybVent (1998-2002).........ccceeeemeeeeiiiiieeeeeeeaeeeeenneans 65
2.5.71AE Annex 62: Venticool (0ngoing 2014 - 2017) ceeeeeveeeeeeeeiiinnnninnnnnn. 72



2.6Regulatory FrameWOrK ..........coovveeiiiiiiiiiiiies e e 72

2.6.1BS 5925 ...ttt ———————— 73
2.6.2EN L3779 ittt e e e 75
2.6.3EN L5250 ... ittt et r e e e e e e e e anann 75
2.6.4EN L5242ttt nna 78
2.7 CONCIUSIONS ...t e e e e e e e e e e e e ee e e e eeeneeeeeee 79
S.METHODOLOGY ..ottt e e e e e e e e e e e e e e e s s s bne s e ees 81
3.1C0oNCEPLUAI DESIGN ...ttt emmmmme et 82
3.1 ANatural VeNTIAtioN ..........uuuuiiiiiiiiiiii e 82
3.1.2Solar heat gain reduCtion..............ooit oo oo e e 85
3.1.3Thermal Mass aCtiVAtION.............coeeee i eeeereeeeeee e e e e e e e e e e e e e 58
3.2Preliminary Design and Tool Development ... . .eeeeieiiiiiiiiieneeeeeiieeeeeee.. 86
3.2.1Ventilation model calculation method ........cccceeiiiiiiiiiiiiiiiiii 89
3.2.2Thermal model calculation method............co e, 102
3.2.3T00! ValIdAtION ...eevveiiiiiiiiiieeee et 113
3.3Detailed Design Development through Energy Simaiati......................... 117
3.3.1Simulation ENVIFONMENT ..........uuuiiiieeiii et e e e e e e e e e e e e e e 118
3.3.2Control strategies for the naturally ventilateda®s ................ccccoee. 122
3.3.3Final natural ventilation System SiZiNg.....ccceeeeeeiviiiiieeeiiiiiiiieee e 129
3.4DeSigN EVAIUALION .....uveiiiiii i 130
.5CONCIUSIONS ...ttt et e e e e e e e e e e e e e e 132
4. THE KANYON CASE-STUDY BUILDING .....cccciiiieiiiiieieieeeeeeeeeeeeeeeeeeiies 135
Y| (=PRI PPTPPPP 135
A.200FIC8 TOWEK ..ttt ettt e e e e e e e e e e e e e e eenneeeeees 137
4. 2. 1INTrOAUCTION ..ottt e e e e e e e e e 137
4.2.2CONSLrUCtION IEMENTS ......oooiiiiiiiieiee s ettt e e e e e 813
4.2.3Internal heat gains ...........ooovvvviiiiiimmer e e e 142
4.2.4Mechanical HVAC SYSIEMS .....uuuuiiiiiiiieieeee e 144
4.2.5Metered energy CONSUMPLION ......coeeeieeeeeeeeeeeeiiiiies e e e e e e e e e e eeeeeeeeennnnens 145
A . 3CONCIUSIONS ...ttt eee e e ettt a s e e e e e e e e e e e e e eeeeeeebbbrennnnreree 146
5.THE CLIMATE ASSESSMENT ......uiiiiiiiiiiiiiiiiiiieeiiieiieeeeeee e e e e 147
5.AWHNOIE YA ... ittt aea e e 149
B5.LLLOVEIVIEW ..ttt e e e e e 149
ST 2T o SRS 150
5.1.3TEMPEIATUIE ...uuniiiieei et r e e e e e annes 152
5.1.4Adaptive thermal comfort IMitS ...........coocceeerrriiieeicc e, 153
5.2C000lING PO ......ccoiiiiiiiiiiiiiiiii et eeee e 154
B.2. LWING e e e 154
5.2.2PSYCNIOMELIICS ..ceeeiiiiiiiiiiiieie ettt 155
5.2.3EXCESS tEMPEIATUIES ....ceuuiiiiiiieeet s e s e et e e eai e e e e e eaaas S
5.2.4C00lING POLENLIAIS .....ccoiiiiiiiiiiiiiiiii e e e e e e s 159
5.3SUMMEr DESIGN DAYS ...ccoveeeeeeiiiiiiiismmmmmmm e e e e e e e e e et e e e e e e 161
5.3.1ASHRAE cooling design day approach .........cccccecooiiiiiiiiiiiiiiicnnnnn. 161
5.3.2ASHRAE summer design WEEKS.............uuuuuuiiiiiiiiieeeeeeeeeeeeeeeeeaiiinnns 163
5.3.3SWMD appProach ......cccceeeeeeieeiiiiiiiiiiiicee e ALO
5. 4ACONCIUSIONS ...ttt bbbttt e e e e e e e e e e e e e e e s e 167



6. THE APPLIED PASSIVE COOLING APPROACH ........cuvviiiiiiiiiiiiiiiinee 169
6.1Conceptual Case-Study Design Adaptations .........cccceeveeeeeeeiiiieiieeiiinnnnnns 169
6.1.INatural ventilation............ccoooiiiiiii e 169
6.1.2Solar heat gain redUCHION..............uuutmmn e et a e 17
6.1.3Thermal Mass ACHVALION ............coiiiiis ittt 172
6.2Preliminary DESIGN ....... oottt aeeees 173
6.2.2Case-study appliCAtION .........ccoeeeeeeies o et e e e e e e e aeeeens a7
6.3Detailed Design Development through Energy Simaiedi......................... 181
6.3.1SIMUIAtION SEIUP ....coi e e e e eeeeceeeeeeerree e e e e e e e e e e e e 181
6.3.2Final natural ventilation SyStem SIZiNg......cccceveeviiiiieiiiiiinneeeeeeeeeeeeeeee, 189
B.4CONCIUSIONS ....ooiiiiiiiii e e e e e e e e e e e e e e eeear e 195
7.DESIGN EVALUATION ..ottt ee ettt a e e e e e e e e s sssnsseanseneeees oa1
7. IWeEEKIY Profiles .....cooeeeeeeieeiee e 199
7.1.1Mechanical approach ...t e 200
7.1.2Passive approach ...t 203
7. 1.3HYDIid apProach ..........euvuueiiiiieee s 210
7.2ANNUAI ASSESSMENT....ciiiiiiiiii it errrrer e ee e 212
7.2.1Ventilation rateS .......coiiei et 213
7.2.2Thermal COMTOI........uuiiiiiiiiiiiiieie e 215
7.2.3ENErgy CONSUMPLION. ....coiiiiiiiiiiiiieiieitieeeenne e et e e e e e 227
7.3CONCIUSIONS ...t bbb e e et e e e e e e e e e e e eeereees 232
8. CONCLUSIONS. . ...t e e e e e e st reeeeeeeaaaaans 237
8. LINITOAUCTION. ...ttt e eeeeeeeas 237
8.2Summary and Conclusions from the Design Approach.............ccceeeeeee. 238
8.3Summary and Conclusions from the Design Evaluation......................... 242
8.4Limitations and Ideas for Future Work ..o, 244
B.5CONCIUSION ...ttt sttt et e e e e e e e e e e e e 247
REFERENCES ... ..ottt sttt e e e e e e e e e e e e s as st eeeeaaeessanns 249
APPENDICES ..ottt ettt 259
CURRICULUM VITAE ...ttt eeeaaaaaaaeeaaeaaasannnnns 293

Xi



Xii



ABBREVIATIONS

AFN
ACH
BEPS
CFD
CHTC
COP
E+
EMS
FCU
GWP
HVAC
IEA
NPL
OF
PEI
SHGC :
SWMD :
IAQ
T™MY

. Airflow Network

: Air Changes per Hour

: Building Energy Performance Simulation
: Computational Fluid Dynamics

: Convective Heat Transfer Coefficient

: Coefficient of Performance

: EnergyPlus Building Energy Simulation

: Energy Management System

: Fan Coil Unit

: Global Warming Potential

: Heating, Ventilation and Air Conditioning
. International Energy Agency

: Neutral Pressure Level

: Opening Factor

: Primary Energy Input

Solar Heat Gain Coefficient
Summer design Week Mean Day

> Indoor Air Quality
: Typical Meteorological Year

Xiii



Xiv



NOMENCLATURE

Nomenclature

A :
ACH
C
C
C

®
9

Py

RAD>¥®" oINI<s<A"TDOLX20TEI " AXISQQ

area

. air change rate per hour

: specific heat capacity

. coefficient

: thermal capacity of a body

: carbon dioxide concentration

: thickness

. acceleration due to gravity

: height of a construction element
: humidity ratio

: external opening sizing factor

. internal opening sizing factor

: length

: mass

: mass flow

. pressure

. heat transfer

: heat flux

. heat flux rate

. heat transfer rate

: thermal resistance

: flow resistance

> time

: temperature

: volume

: width

. velocity

: volume flow

: height above ground level

: window opening tilt angle

: wind speed profile exponent

: wind speed profile boundary layer thickness
: exponential EMS control amplifier
: linear EMS control amplifier

. density

: time constant

. areal diurnal storage capacities of a body

XV

m2

_l h
J RK™?
dimensionless

JK

ppm
m

rfs
m
kg water per kg air
dimensionless
dimensionless
m
kg
kg st
Pa
J
J m?
W M
w
m2 WK
kg i
S
°C
m3
m
m s*
m3 &
m
dimensionless
m
dimensionless
dimensionless
kg m®

S
Wkt



Subscripts

0 : reference

A : supply chimney zone
air :air

B : exhaust chimney zone

b : buoyancy

baro : barometric

C . convection

cl : adaptive comfort limit category 1 according to EB2%1 standard
chi : chimney

d : discharge

dif  : diffuse radiation share

dir  : direct radiation share

E . environment

eff : fluidic effective share

ext :external

I : zone capital letter placeholder

[ . airflow opening number placeholder

[ : thermal mass layer number placeholder
in > internal

m : thermal mass

max : maximum

met : meteorological station location

min : minimum

op : operative

P > in parallel

p . pressure

r : radiation

rm : exponentially weighted running mean
S . in series

S . stack

se :surface external

Si : surface internal

site : site location
tot : total or sum

\Y; : ventilation

w : wind

win : window

z . local height from start height
T : window transmitted radiation

XVi



LIST OF TABLES

Table 2.1 :
Table 2.2 :
Table 2.3 :
Table 2.4 :
Table 3.1:
Table 3.2 :
Table 3.3 :
Table 3.4 :
Table 4.1 :

Table 4.2 :
Table 4.3 :
Table 4.4 :
Table 4.5 ;
Table 5.1 :
Table 5.2 :
Table 5.3 :
Table 5.4 :
Table 5.5
Table 5.6 ;
Table 5.7 :
Table 6.1 :
Table 6.2 :
Table 6.3 :
Table 6.4 :

Table 6.5 ;

Table 6.6 ;

Table 7.1 :
Table 7.2 :

Page

Recommended night cooling control strategies fdiffierent investigations. 37
Determination of natural ventilation rates reproed from..........................74
Concentration levels of outdoor air and classiftcaof indoor air quality. ....75
Description of the categories used in the adaptigemal comfort model. ....78

Terrain-dependent COEffICIENES. ........... ommmmreeeeeerreeiieriiireiie ... 90
Deviation from 10 H design air change rate ................ccocovveveeevreevenennnns 115
Overview of the modelled natural ventilation cotgr.....................ceeeeen. 123
List of sensors for flow control in the EMS model............ccccccoeeiiiinnnnn. 127
Thermal properties of the building constructioaneénts also incorporated

TO Tt MOAEL... . e 139
Thermal properties of the building constructiontenals also incorporated

T0 the MOUEL.....co it 139
Thermal and visual properties of the window glgzin.............cccccceeeeennnnn. 140
Recommended equipment load factors for variouseffpes. ................... 143

Natural-gas and electricity consumption of the y@amoffice tower in 2008145
Annual wind velocity and direction statistics fetanbul, Turin, and

STULLGAIT. ...ttt e e 150
Cooling period wind direction statistics for Isbauh, Turin and Stuttgart.....155
Cooling period wind velocity statistics for IstarpTurin and Stuttgart. .....155
Average temperature difference at day and nighwdren external air, and
indoor operative comfort criteria indicating tHavatic ventilative cooling

0101 = 1= 1= 160
Cooling peak temperatures and temperature rangeesign day

(o= 1 [od¥ ] =1 1 o 1S3 162
SWMD peak temperature and temperature range figulelay calculationd65
SWMD solar path information for design day caltiolas. ......................... 166
Thermal properties of composition elements foe¢hdifferent levels of
tNEIMAI MASS ...t et srnne e 172
Inputs made for the flow path sizing pre-desigthfixed boundary

o] a0 1110 1S3 176
Brief overview of the simulation setup for thetash and the adapted
1] 0= 10 TP 182
Mean wind pressure coefficients as AFN input fwatk’ infiltration

(o= 1ol U ] =1 1o 1T 188

Simulated derivation between the EMS target aadired ACH in the

month with the highest target ventilation ratepetaling on the natural
ventilation SYStEM SIZE. ......ooiviiiiiiiieeeeeeeeee e 192
Floor area weighted average adaptive comfortr@iteached for the

adapted base-case scenario during occupied hepending on the natural
ventilation SYStem SiZING. .........ooov oo 195
Extreme summer operative temperature reductiothelsign adaptations....210
Parametric solar gain reduction scenarios fothbemal comfort evaluatio220

XVii



Table 7.3 ;

Table 7.4 ;

Table 7.5 :
Table 7.6 :

Passive cooling base-case comfort hours belovabade category 1l when
the adaptive temperature approach is applicalblé &dfice zone

orientations and iN 3 ClIMALES. ... ccceeeeiiiiie e 223
Primary energy input of electricity and natura gakWh primary energy

per kWh end energy usage according to GEMIS da@ba....................... 230
Electricity generation mix in 2010 according to /8IS database. .............. 231

Global warming potential of electricity mix andtagl gas in kg
CO.e per kWh end energy usage in 2010 according to [SEMtabase.....231

XViii



LIST OF FIGURES

Figure 2.1 :

Figure 2.2 :
Figure 2.3 :

Figure 2.4 :
Figure 2.5 :
Figure 2.6 :
Figure 2.7 :
Figure 2.8 :
Figure 2.9 :
Figure 2.10

Figure 2.11

Figure 2.12

Figure 2.13
Figure 2.14
Figure 2.15

Figure 2.16
Figure 2.17

Figure 2.18

Figure 2.19

Figure 2.20:

Figure 2.21
Figure 2.22
Figure 2.23
Figure 2.24

Figure 2.25

Page

Internal and external pressure distributionwdyant flow causes airflow
through a single large opening or through a loavet upper opening. ...... 17

Wind pressure distribution on a pitched roofding. ...................coooeee. 18
Comparison of wind pressure coefficients onflgade for a low-rise

building with different shielding conditionS..................ccooeeeiiie . 19
Single-sided single and double opening ventifati.............cccceeeeeeeeennnn. 21
Wind driven cross ventilation with two openingsge on each orientation22
Buoyancy assisted cross ventilation with tworopgs. .................ceeeeeeee... 22
Stack ventilation with solar and wind assistance.............ccccccceeeeernninnne 23
Central chimney ventilation. ............o oo 23
‘Termite’ chimney ventilation example. ... 24

:Geometrical representations of horizontally andieally movable sliding

windows and their resulting effective opening afresght, and width. ...... 25

:Effective areas with different height to widthieatscaled by the fully

opened window with equal area according to vars$&g and comparison
with the EN 15242 polynomial approXimation. eeeee.........evvveeviineneinnnnnnn. 26

:Effective area for a wide and a narrow pivoteddene scaled by the fully

opened window with equal area according to vars$&g and comparison

with measured data reported by IES MacroFlQ. ... 27
:Geometrical representation of a bottom-hung window the resulting
effective opening area and height...........cccoooiiiiiiiiiiiii 27
:Geometrical representation of a top-hung windod the resulting

effective opening area and height...........cccccooiiiiiiiiiiiiiiiii 27
:Geometrical representation of a side-hung windod/the resulting
effective opening area and Width. ...« 28
:Stack ventilation with sub-slab distribution..............cccccceeviiiiiiiiiieenenn. 28
:A characteristic airflow pattern and temperaturatgication in a room

with displacement ventilation. .............coueeeeemmmmmm e 29
:Three types of aerodynamic device: wind scoopdwixiract, balanced
VENTIALOT. ... s 29
:Natural ventilation air change rates applied oasuged...............cccceeennee 31

Boundaries of outdoor air conditions within whiakdoor comfort can be
provided by natural ventilation during the daythwindoor airspeed about
2 m/s (avery Ight Dre€ze). .......coooieeeeeii e 32

:Typical surface temperature cycle of an officearete slab using the

thermal mass as a heat sink with a constant fiaevaf 10 ACH. .............. 33

:Three ventilation strategies for tall buildingpward cross-flow with

direct connection between floors; upward croseg+lath segmentation;
ISOlAtEd SPACES. ...coiieiiiieieee e — 35

:Monitored and allowed CLZoONCENratioNS. ........ovvvevieeieeeeeeeieeeeee e e 39
:Pressure distribution and NPL for two openingsyaumb flow with the

same and different opening areas. ........ccccceeeiviiiiiiiieeeeee 44

:Pressure distribution and NPL for multiple opesibgioyant flow with

different OPENING AraS. ..........uuuueeetmmmmreeeeeeeeeeeeaeeeeeeneeeneeenneenneennnennnnnes 45

XiX



Figure 2.26

Figure 2.27
Figure 2.28
Figure 2.29
Figure 2.30
Figure 2.31
Figure 2.32

Figure 2.33

Figure 3.1 :

Figure 3.2 :
Figure 3.3 :
Figure 3.4 :

Figure 3.5 :
Figure 3.6 :

Figure 3.7 :
Figure 3.8 :
Figure 3.9 :

Figure 3.10
Figure 3.11

Figure 3.12
Figure 3.13
Figure 3.14

Figure 3.15
Figure 3.16
Figure 3.17
Figure 3.18
Figure 3.19

Figure 3.20
Figure 3.21
Figure 3.22
Figure 3.23
Figure 3.24
Figure 3.25
Figure 3.26
Figure 3.27
Figure 3.28

:Analytical results of a variant matrix for singdeded ventilation with small

temperature differences between room and ambieritte base-case is a
room depth of 5,75 m and 2,8 m ceiling height waittotal effective

opening area of 0,88 M?2. ..........oiiiiiimmeeee e a7
:Control Strategy 1 - Setpoint Control. ........cccoovvvviiiiiiiiiiiis 53.
:Effect of the control strategies. .......ccooeveeeiiiiii, 61
:Graphical pre-design tool for night COOlING. e eeveeeeeeeiiiiiiiiiiiiiiiiiiiiiennd 62
:Feedforward control during occupied office time.............cccoeeeeeeiee. 63
:Rule-based control of indoor air temperature (mtir@ode example).........Z0
:Design values of the operative room temperaturddiddings without
mechanical cooling as a function of the weightedbi@nt temperature. ....77
:Effective area of a bottom-hung window scaledhsy/fully opened

window with equal area. ..............uuuviieeeeeeiiiiiiiieeceeeeeeeeeeeeeeeee e 79
Maximum penetration depth for different ventdat strategies applied to a

wide, exemplarily square shaped office-tower, tdce wind driven cross
ventilation, buoyancy driven single-sided ventilatand central void
VENTHALION. oo 83

Building segmentation of a high-rise buildinghlwmultiple floors for each
segment (here 5 storeys each) and with a commusdg exhaust stack..84.
Simplified thermal-circuit model of the tool ddgped exclusive radiative
NEAt traNSTEN. ..coeeiiiee e 87
Example of the steady state ventilation desigjomoutputs for a 5-storey
building segment with a internal chimney, sized18 air changes per ho88
Example of the ‘HighVent’ design tool's majoetimal outputs. ............... 89
Local wind speed profiles depending on terraiateorological wind

speed, and height. ... ———— 91
Local external temperature profiles dependinghenheight....................... a3
Local atmospheric pressure profiles dependintherheight. .................... 93
Pressure drops across the whole flow path ftanstipply inlet to the
EXNAUST QULIET. ..o 95
:Electric circuit and airflow analogy. .......cccccoooiiiiii 95
:Pressure head at differently sized openings dépgrh the volume flow
according to Atkinson's equation for turbulentflo................................. 96
:Schematic overview of the exemplary 5 storey pgneent for volume

flOW CalCUIALIONS. ... 99
:Configuration for applying the electric analogythud to upward flow
ventilation of a seven-cell model of a five stolylding segment. ......... 100
:Fixed sizing boundary conditions natural ventidatmodel exemplarily

for a segment including two chimney and five sgarells. ....................... 101
:Schematic of the internal air heat balance. ... 103
:Schematic of the external wall heat balance model............................ 104
:Schematic of the external window heat balance ode....................... 105
"RC-model for the WINAOWS. .............uuiiicmmmme et 105
:Schematic of the internal floor / ceiling adiabatonstruction heat

balance model. ... 106
:Schematic of the internal ‘extra’ mass construtheat balance model. .107
:Long wave radiation exchange at the interior f@$a................cccvvveeees 108
:Long wave radiation exchange at the exterior seda...............cc.ccee.... 108
:Direct solar beam distribution on interior SUrfRCE...........ccccceevvviiiinnnee. 109
:Diffuse solar beam distribution on interior SUBAC..............cccvvveeeeeenn. 109
:Internal heat gains distribution. ... 109
:Layers of the Lumped Capacity Model (LCM) constiat. ..................... 110
:The heat flux balance at the surface Node..............ooeiiiiiiieiis 110
:Exemplary indoor air conditions together with poteld comfort limits

for 0 W/m? of solar radiation and different ailoagties. .......................... 112

XX



Figure 3.29
Figure 3.30
Figure 3.31

Figure 3.32

Figure 3.33:

Figure 3.34 :
:Ventilative cooling lower temperature limit forghit-time ventilation in

Figure 3.35

Figure 3.36
Figure 3.37

Figure 3.38:

Figure 3.39:

Figure 4.1 :
Figure 4.2 :
Figure 4.3 :
Figure 4.4 :
Figure 4.5 :
Figure 4.6 :
Figure 4.7 :
Figure 4.8 :
Figure 4.9 :
Figure 4.10
Figure 4.11
Figure 4.12

Figure 4.13
Figure 5.1 :
Figure 5.2 :
Figure 5.3 :
Figure 5.4 :
Figure 5.5 :
Figure 5.6 :
Figure 5.7 :
Figure 5.8 :
Figure 5.9 :

Figure 5.10
Figure 5.11

:Exemplarily indoor air conditions together witregdicted comfort limits

for 50 W/m? of solar radiation and different aglecities. .................oo... 112
:View from the inlet side on 12 zone AFN model esmnting one

building segment. ... 115
:Tool validation dynamic environmental input paraenge for Istanbul
extreme summer design day. ............... o e eerereereennnin i ——————— 116
:Tool validation dynamic internal output for IStahlextreme summer
design day and naturally ventilated base-casgasice. ...................ueeee.e. 117
Tool validation dynamic air change rate for Istalrdxtreme summer
AESION AY....cceiiiiiiiiiieee e ————————— 117

Linear amplifier correction factdrdependent on the external temperatii?®.

1YL= U 0 0 N o =1 4 o o 126
:Placement of the controlled 0penings......ccccceeeeveeiiieiee 127
:EMS controlled air change rate for a typical spniveek in Istanbul. ...... 128
Resulting EMS controlled air change rate for adgbsummer week in
ISTANDUL. . e 129
Performance evaluation wheel developed to actesdated passive
[od o] 0o o [ 1S3 o 1 131
Location of the case-Study Site. ........ceemmeerrrrmrrrmmmiiiiirreeeee e 135
Kanyon site with the office tower cross and litudjnal sections. ........... 136
Kanyon site plan at height of the residenti@hema floor........................ 136
Pictures of the Kanyon multiplex including thifiae tower..................... 136
Kanyon office tower CroSS-SeCHON. .......ccccoeeeeieiiiiiiiiiiiiiiieeeieeeeeeees 137
Kanyon storey plan geOMELIY. ............ e eeeeeeeeeeeeaeaiaaaeeaeeeeeeeeeeeeeeees 138
Exemplary office plan. ... 138
Exemplary office SECLON. ............uuuti e e eeee e 138
Three pictures taken from an exemplary officeest interior. ................. 138

Shading devices from INSIAE. .............. e eeeeeeeeeeeeeeieeeeiee e 141
External shading device drawing detail. ... .ooeeeeeeiiiiiiiiiiiieee, 141
Simulated effectiveness of the actual shadingadsvin a typical summer
and winter week period according to the ASHRAE IEWeather data. .141
Mean actual internal heat gains modelled relaigtig total net storey

area including the core and data CeNtreS. oo eeee e 142
The geographical locations of Istanbul, Turimd &tuttgart shown on a
Kodppen climate classification map for EUrop€. e ..ccovvvvvvvvvieiiieiieenne, 148

Typical monthly average temperature, wind spegdtive humidity, and
solar radiation for Istanbul, Turin, and Stuttgarmeteorological station149
Annual wind speed frequency distribution foafdtul, Turin, and

S 11 110 = o 150
Average daily mean, daily maxima and daily miaimind

velocCity iN IStaNDUL. ... ... e e 151
Average daily mean, daily maxima and daily miaiwind

VEIOCILY 1N TUNN. Lo e 151
Average daily mean, daily maxima and daily miaimind

VElOCity IN STULLGAIT. ......coieiii e ceeee e 152
Average daily temperature swing between dayrégiak. ......................... 152
Adaptive thermal comfort boundaries for Istanbul...............cccccoeeeeeee. 153
Adaptive thermal comfort boundaries for Turin............cccccvvvvnninnnnnnn. 153

Adaptive thermal comfort boundaries for Stuttgart..............ccccvvvvvnnnes 154
Boundaries of external temperature and humidithiwiwhich indoor
comfort can be provided by natural ventilationidgrday at high air

change rates with indoor airspeed at about 2 ndsiaytime climatic

data for Istanbul during cooling period. .....cc....ccoooiviiiiiiiii 156

XXi



Figure 5.12

Figure 5.13

Figure 5.14
Figure 5.15

Figure 5.16
Figure 5.17
Figure 5.18
Figure 5.19
Figure 5.20

Figure 5.21
Figure 5.22
Figure 5.23
Figure 5.24
Figure 5.25
Figure 5.26
Figure 5.27
Figure 5.28
Figure 6.1 :
Figure 6.2 :
Figure 6.3 :
Figure 6.4 :
Figure 6.5 :
Figure 6.6 :
Figure 6.7 :
Figure 6.8 :
Figure 6.9 :
Figure 6.10
Figure 6.11
Figure 6.12
Figure 6.13
Figure 6.14

Figure 6.15
Figure 6.16

:Boundaries of external temperature and humiditiiivwhich indoor

comfort can be provided by natural ventilationidgrday at high air
change rates with indoor airspeed at about 2 ndsiaytime climatic
data for Turin during cooling period........ccccoviiiiiiiiiiiiiiiiiiieeeeeieiees 157

:Boundaries of external temperature and humidithiwiwhich indoor

comfort can be provided by natural ventilationidgrday at high air
change rates with indoor airspeed at about 2 ndlaytime climatic

data for Stuttgart during cooling Period. .......c..cccvvireeeieeeiniiiieeeees 157
:Excess frequency of fixed outdoor temperaturetimi..................cce..... 158
:Excess frequency of outdoor temperature limitsvalmimate specific

upper adaptive comfort category limitS. .....cccccoooeiiiiiiiiieeeeeeee, 158
:Daily cooling potentials in the cooling period fstanbul. ...................... 159
:Daily cooling potentials in the cooling period fbornio. .............ccccuvueee. 159
:Daily cooling potentials in the cooling period f8tuttgart. ..................... 160
:Daily temperature multiplier profile. ..., 162

:Dry-bulb temperature profile for Istanbul, TurindaStuttgart climate
according to the ASHRAE 2,0% occurrence value {DgdDesign Day. ..163
:Typical/extreme period according to the ASHRAE |IEWeather data

and the related statistics for Istanbul climate................cccovvvveeeeerninnes 163
: Typical/extreme period according to the ASHRAE IEWeather data

and the related statistics for Turin climate..................cccciiieenee. 164
: Typical/extreme period according to the ASHRAE IEWeather data

and the related statistics for Stuttgart climate..............ccccoeeeeeeeeeeneennn. 164
:SWMD temperature profiles...........ooiiiieeeeeii 165
:SWMD external horizontal direct solar radiatiooftes..............cccc....... 165
:SWMD external horizontal diffuse solar radiatiaofies........................ 165
:SWMD external humidity ratio profiles. ..o 166
:Wind speed daily mean occurrence frequencies arah9 period

averages for the hottest 25% days of the year...................c..ooooe. 167

Maximum penetration depth for different venidat strategies applied to
the Kanyon, which are wind driven cross ventilatibuoyancy driven
single-sided ventilation and central void venidat ................................ 170
Modular five storey base-case natural ventitabailding segment......... 170
Side view of the enhanced shading window blirith Worizontal slats
showing slat geometry as modelled in the adapésd-sase scenarios

for passive COOIING. ..........oooiiiiiii et 171
Simulated effectiveness of the controlled blindmpared to the actual
shading devices in a typical summer and winterwvpsziod. ................... 171
Effective heat capacity for a one day period dfding elements for four
different levels of thermal mass and classifigatio.............ccccccceeviinnnns 173
Total wind pressure difference across the flahg from the inlet to the
OULIBES. e e e nnee 174
Total stack pressure difference across the flathis from the inlet to the

0 111 T SOPPP 174

Pressure drop across the flow paths from thplguplet to the exhaust
outlet for each storey of five segments with Segs each, calculated

according the unchangeing design boundary comditio......................... 175
Outputs for extreme summer conditions in Istdnbu............................ 177
:Outputs for typical summer conditions in Istanbul............................. 177
:Outputs for extreme summer conditions iN TUMN.ww....ceeeeeiieeeeeeeeeen, 177
:Outputs for typical summer conditions in TUMN...ooooviiiiiiiiiiiieeeeeeee 177
:Outputs for extreme summer conditions in Stuttgart...............cccc........ 177
:Outputs for typical summer conditions in Stuttgart............................. 177
:Outputs for extreme summer conditions iN TUMN . .cocoieeeieeeeieeeen, 178
:Outputs for typical summer conditions in TUMN...ooooviiiiiiiiiiiieieeeeee 178

XXi



Figure 6.17
Figure 6.18

Figure 6.19
Figure 6.20
Figure 6.21
Figure 6.22
Figure 6.23
Figure 6.24

Figure 6.25
Figure 6.26

Figure 6.27
Figure 6.28
Figure 7.1 :
Figure 7.2 :
Figure 7.3 :
Figure 7.4 :
Figure 7.5 :
Figure 7.6 :
Figure 7.7 :
Figure 7.8 :
Figure 7.9 :

Figure 7.10

Figure 7.11

Figure 7.12
Figure 7.13

Figure 7.14

Figure 7.15

Figure 7.16

:Plan view of one storey of Kanyon including antcalrchimney. ............. 179
:Outputs of the flow path sizing pre-design witkefi boundary

conditions for each segment and the three clin@issidered. ............... 180
:Geometrical representation of the simulation model........................... 183
:Geometrical representation of the model zonesoaiedtation. ............... 183
:Comparison of the monthly metered (2008) and satedl energy

consumption (typical year) of the as-built scemari............................... 189
:Monthly simulated electricity consumption of thiéerent consumers. ..189
:Ventilation potentials and control targets foatgbul climate................... 190
:Ventilation potentials and control targets for ifwlimate...............c....... 191
:Ventilation potentials and control targets fort&art climate.................. 191

:Floor area weighted average, zone minimum and aanémum

adaptive annual comfort criteria reached in ressfpethe three climates
investigated for the naturally ventilated basescssenario, a scenario
without improved shading, and a scenario withbatrnhal mass

activation at the ceiling..........coooovi i, 193

:Natural ventilation system sizing sensitivity ays#s in respect to the

annual area weighted mean adaptive comfort digtab during
(o Tt o0 o= 1 T3 Y USRS 194

:Natural ventilation system sizing sensitivity ays# in respect to the

annual area weighted mean adaptive comfort digtab during

(o Tt o0 o= 1 Vo3 Y APPSR 195
Design week simulation outputs of the as-bw@hkecin Istanbul............... 201
Design week simulation outputs of mechanicatilagion only case

without heating and cooling in Istanbul. ..., 202

Design week simulation outputs of the base-caseaso for passive
cooling but with uncontrolled ventilation and wetlt heating in Istanbul.203
Simulation results of the base-case scenaripdesive cooling but with
night-time ventilation only and without heatinglgtanbul....................... 204
Simulation results of the base-case scenaripdesive cooling but with
daytime ventilation only and without heating itaisbul. ......................... 205
Simulation results of the base-case scenaripdesive cooling but with
fixed-setpoint ventilation and without heating$tanbul. ........................ 206
Simulation results of the base-case scenaripdesive cooling with
adaptive temperature amplifier control but withbaating in Istanbul.....207
Simulation results of the base-case scenaripdesive cooling with
adaptive temperature amplifier control but withbaating in Turin.......... 208
Simulation results of the base-case scenaripdesive cooling with
adaptive temperature amplifier control but withbaating in Stuttgart....209

:Extreme summer design week simulation resultshieisouthwest zones

indicating the effectiveness of the passive captionceptual design

=0 F=T o £= 11 0] L P 210
:Design week simulation outputs of the base-caseasm for hybrid

cooling and ventilation in Istanbul. ... 211
:Simulated controlled air change rates over thessoaf an year. ............ 214

:Comfort analysis for the passive cooling apprdadtifferent climates

according to EN 15251 comfort categories duringupancy................... 216

:Comfort analysis for the passive and hybrid caphpproch in different

climates according to the internal relative hutyidével during
Lo Tt ol U o= 1 T3 Y PR 217

:Thermalmass distribution scenarios sensitivity analysistwthe annual

area weighted average adaptive comfort distributiaring occupancy. ..219

:Thermal mass convective heat transfer sensitariglysis w.r.t. the annual

area weighted average adaptive comfort distributi@ering occupancy. ..219

XXiii



Figure 7.17
Figure 7.18

Figure 7.19

Figure 7.20:

Figure 7.21 :

Figure 7.22

Figure 7.23
Figure 7.24

Figure 7.25

Figure 7.26 :

Figure 7.27
Figure 7.28

Figure 7.29
Figure 7.30

Figure 7.31:

Figure 7.32

:Protection of external