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ABSTRACT

THE EFFECT OF THE TURBULENCE AREA ON
HEATING AND COOLING ENERGY CONSUMPTION OF
BUILDINGS

Over the last decades, as a consequence of growth in global energy demand and
global energy-related carbon dioxide emissions, the application of building performance
simulation is a must for more efficient buildings with low energy demand. In this
study, the effect of the turbulence areas on heating and cooling energy consumption of
buildings is examined by the help of building performance simulation. Two 3-D models
sketched in ANSYS Fluent CFD program to represent control building as a stand-alone
structure and as in turbulence area. After sketching, they are meshed with multizone
mesh model. Later, the realizable k-¢ analysis used for fluid dynamics computations
while steady-state thermal analysis used for heat flux computations in ANSYS Fluent.
6 different wind cases were analysed, resulting 12 cases in total. The results show that
the energy need for heating and cooling energy is lower for the buildings which are in
the turbulence (vortex) area. Therefore, this research has a theoretical contribution to
the literature within its specific domain. It shows that researchers, practitioners and
urban planners should not ignore the turbulence effect on heating and cooling energy

consumption of a building for future works.



OZET

TURBULANS BOLGELESININ BINALARIN ISITMA VE
SOGUTMA ENERJISI TUKETIMINE ETKISI

Son yillarda kiiresel enerji ve kiiresel enerji baglantili karbondioksit
emisyonlarindaki artigin sonucu olarak, binalarin enerji performanslarinin simiilasyon
yardimiyla incelenmesi, daha efektif ve enerji tasarruflu binalar elde etmek i¢in zorunlu
bir hale gelmistir. Bu caligmada, tiirbiilans bolgesinin binalarin 1sitma ve sogutma
enerjisi tstiindeki etkisi bina performans simiilasyonu ile incelenmistir. Iki adet ii¢
boyutlu model, birinde kontrol binasi kendi bagina, digerinde tiirbiilans bolgesi iginde
olmak tizere, ANSYS Fluent hesaplamali akigkanlar dinamigi programinda cizilmistir.
Cizimden sonra, modelin Orgiisi (mesh) multizone 6rgii modeli ile yapilmigtir.
Sonrasinda ANSYS Fluent programinda, gergeklenebilir k-e analizi akigkanlar
dinamigini ¢ozmek icin, sabit hal enerji analizi ise 1s1 akiglarini ¢ozmek igin
kullanilmigtir.  Alt1 farkl rizgar durumu ve sonucunda toplam on iki durum analiz
edilmigtir. Sonuglar, tiirbiilans bolgesindeki binalarin daha az i1sitma ve sogutma
enerjisine ihtiyaci oldugunu gostermistir. Bu yiizden, bu caligma literatiire kendi 6zel
alaninda bir katki sunmugtur. Bu ¢aligma gostermistir ki, aragtirmacilar, uygulamacilar
ve sehir planlamacilari gelecekteki caligmalari i¢in tiirbiilans bolgesinin bir binanin

1sitma ve sogutma enerjisine etkisini goz ardi etmemelidir.
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1. INTRODUCTION

1.1. Background of the Research

In 2017, global energy demand grew by 2.0% while the growth rate for the previous
year was less than its half. Changes in global energy demand for the years between
2011 and 2017 are shown in Figure 1.1. In 2017, oil, natural gas and coal met %70
of this global energy demand increase while the rest was met by renewable resources.
As a consequence of this trend, global energy-related carbon dioxide emissions reached
all-time high of 32.5 gigatonnes with the increase rate of 1.4%, after three years of
remaining flat (International Energy Agency 2018a).

2.5%
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Figure 1.1. Change in Global Energy Demand, 2011-2017.

Source: International Energy Agency (2018b)

Ultimately, increase of carbon dioxide emissions resulting from global energy
demand growth cause global warming. On the other hand, the emissions cuts—which

are needed to reach world’s climate goals— can be achieved with the right energy



efficiency policies. In fact, the impact of energy efficiency policies has been important
over the last few decades. Without energy efficiency policies, the global energy demand
would have been 12% higher in 2017. Global energy demand with and without energy
efficiency with global domestic product growth between 2000 and 2017 is shown in
Figure 1.2. Energy efficiency is the major driver for uncoupling global energy demand
from global domestic product —which represents the economic development—

(International Energy Agency 2018c).
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Figure 1.2. Global Energy Use with and without Energy Efficiency, 2000-2017.

Source: International Energy Agency (2018c¢)

However, the implementation of energy efficiency policies has not been sufficient
to meet world’s climate goals. The positive impact of efficiency policies has been
overwhelmed by fast-growing economic activities in emerging countries that boost
energy demand (International Energy Agency 2018c). Decomposition of global energy
demand in world’s major economies between 2000 and 2017 is shown in Figure 1.3.
Energy efficiency improvement opportunities for the world are being missed and current
policies are not delivering the full potential gains that are cost-effective and use today’s

technology. This delayed energy efficiency actions will end up locking in inefficiencies



which means much strict actions need to be taken in the future (International Energy

Agency 2018c).

2000 energy  More buildings  Less efficient Increased Shifts in Improvements 2017 energy
use and appliances transport activity economic in energy use
patterns activity efficiency

Figure 1.3. Decomposition of Global Energy Demand in World’s Major Economies,

2000-2017.

Source: International Energy Agency (2018c¢)

On the other hand, IEA World Energy Outlook developed the Efficient World
Scenario (EWS) to demonstrate the potential. The EWS shows a world with 60% more
building space and 20% more people in 2040 (International Energy Agency 2018c). In
this world, global domestic product will be doubled for only a very small increase in
global energy demand in 2040 only if all countries will implement all the economically
viable energy efficiency potential that is available. Before 2020, the EWS would result
in a peak in energy-related greenhouse gas emissions, followed by a decrease by 12% in
2040 compared with today which is equal to over 40% of the abatement required to be
in line with Paris Agreement targets (International Energy Agency 2018¢). It would
also cut key air pollutants such as nitrogen oxides, sulphur dioxide and particulate
matter by one third compared to current air pollution. So, EWS shows the potential

for efficiency to the all sectors that contribute to the global energy demand.
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Figure 1.4. Global Energy Demand, GDP and Energy Intensity in the EWS,
2000-2040.

Source: International Energy Agency (2018c)

1.2. Problem Determination and Statement

The residential sector has the third largest share of the global energy demand with
20% (International Energy Agency 2018b). So, one of the most important reasons of
the growth in global energy-related carbon dioxide emissions is the residential sector.
It is expected that there will be %60 more building space in 2040. As a result of this,
the energy use in residential sector is growing year by year with stronger heating and
cooling energy needs in some districts. On the other hand, there is a potential to keep
the global residential energy demand constant till 2040, despite of the expected 60%
growth rate for the total building area.

This potential to keep the global residential energy demand constant would
need comprehensive efficiency policies, targeting new and existing buildings as well as
appliances. Incentives could drive consumers to adopt high efficiency appliances and

undertake deep energy retrofits, with market-based instruments encouraging innovative



business models.  Decision making can be supported by improved quality and

availability of energy performance information (International Energy Agency 2018c).

Also, since performance and efficiency are important interests in the construction
environment, building performance simulation is a powerful tool to study the different
aspects of building performance to reduce their energy consumption and support the
challenge against climate change. There are numerous factors that can affect the
building performance to study. Effect of the turbulence (vortex) area on heating and

cooling energy of a building is one of them and this thesis examines this effect.

1.3. Related Studies

In recent years, interest in performance and efficiency has been increased to
make construction processes better. For this trend, building performance simulation
has become crucial to analyse different parameters that affect efficiency of buildings.
Related to this thesis, there has been an increasing amount of literature on the effect

of nearby buildings and wind for building energy demand.

Reflection and shading of nearby buildings are investigated by Han et al. (2015a)
and they found that those parameters have a significant role in terms of energy
consumption. Liu et al. (2015) calculated the density of nearby buildings and the wind
effect on building energy consumption. Authors found that denser plan areas affects
the energy consumption due to the wind sheltering effect on the exterior surfaces’
convective heat transfer coefficients. They calculated 6.7% increase in the cooling
energy consumption and 3.5% decrease in the heating energy consumption. Also, the
effects of urban texture on building energy demand are investigated by a number of
researchers (Santamouris et al. 2001; Ratti et al. 2005). Those studies considered
various parameters that affect building energy consumption, leaving a gap for the
turbulence (vortex) parameter that may affect the heating and cooling energy

consumption of a building.



1.4. Aim and Objective of the Thesis

The aim of this thesis is to investigate the effect of the turbulence (vortex) area
on heating and cooling energy consumption of a building and decide that if it is a

significant parameter or not.

Therefore, the objectives of this thesis in order to fulfill the aim are as follows:

e To calculate solutions for 6 different wind cases, resulting total of 12 cases, by
the help of building performance simulation,
e To compare results to find out if the effect of the turbulence area on heating and

cooling energy consumption of a building is significant or not.

1.5. Scope of the Thesis

The scope of this research is mainly limited to the literature review, developing
3-D models that represent the building in the turbulence area, calculating the solutions

and comparing them to decide if the parameter is significant or not.

After a detailed literature survey, 3-D models for the control building as a
stand-alone structure and the control building with the tall building sketched in the
computational fluid dynamics program ANSY'S Fluent. 6 different wind cases calculated
by the help of ANSYS Fluent. Air flow and thermal analysis had been done. Later,
results are compared to evaluate the significance of the turbulence parameter on heating

and cooling energy of the control building.



1.6. Organization of the Thesis

This thesis has the following chapters:

In Chapter 2, recent research and statistics about global energy demand is
presented. Also, literature review of building performance simulation with its
historical background and building energy consumption factors in the literature
are presented.

In Chapter 3, the research methodology, including its theoretical background and
building performance simulation steps, is presented.

In Chapter 4, results and findings of the analysis in ANSYS Fluent is presented.
In Chapter 5, the discussion of this thesis with its limitations and

recommendations for future studies are stated.



2. LITERATURE REVIEW

2.1. Global Energy Demand

Global energy demand grew by 2.0% in 2017. It is relatively high compared to
an increase of 0.9% in 2016 and an average increase of 0.9% over the last five years.
As a consequence of growth rates in recent years, global energy demand reached an
estimated 14 million tonnes of oil equivalent in 2017. Considering the global energy
demand of 10 Mtoe in 2000, 40% growth since that time is remarkable. (International

Energy Agency 2018a).

* Other industries includes agriculture, mining and construction;
passenger cars includes cars, sport utility vehicles and personal trucks.

Figure 2.1. Energy Uses by Sector in IEA Countries in 2016.

Source: International Energy Agency (2018b)



The latest data on the sector’s energy use is shown in Figure 2.1. The
transportation sector has the largest share of the global energy demand with 36%,
followed by manufacturing industry with 23%, residential sector with 20% and services

sector with 14% (International Energy Agency 2018b).

The residential sector has the third largest share of the global energy demand
with 20%. More than half of this significant share is due to the heating and cooling
energy consumption as seen in Figure 2.2. As a result, these two energy consumption
components of residential sector represent a critical share of the global energy demand

with 10% (International Energy Agency 2018b).

Residential
appliances
20%
Water
heating
17%
Non-
specified
2%

Cooking

4% Lighting Space
3%  cooling
4%

Figure 2.2. Shares of Residential Sector Energy Use in IEA Countries, 2016.

Source: International Energy Agency (2018b)

On the other hand, energy use in the residential sector continues to grow year

by year. It grew by 21% between 2000 and 2017. Without the improvement of energy
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efficient building designs and investment trends, it would have been 12% higher in
2017. This amount of saving is considerably sufficient at the given level of economic
welfare expansion, population and residential building growth for those years. At the
same time, International Energy Agency highlights the potential of keeping the global
residential energy demand constant till 2040, despite of the expected 60% growth rate
for the total building area (International Energy Agency 2018c¢). For this aim, buildings
should be 40% more energy efficient. Considering the energy efficiency developments

in last decades, it is achievable.

For keeping the global residential energy demand constant, traditional engineering
design tools are inconvenient because of the following reasons: they are typically
solution-oriented, mono-disciplinary and very restricted in scope. On the other hand,
computational  building performance simulations are problem  oriented,
multi-disciplinary and wider in scope (Hensen and Lamberts 2011, p.1-14). They have

assisted to lower the growth rate of the global residential energy demand since 1960s.

2.2. Building Performance Simulation

In recent years, there has been increasing interest in performance and efficiency to
make machines, human activities and production processes better. Relevant
stakeholders strongly focussed on job performance, high performance computing and
economic performance. This also applies to the construction environment, where
building performance has grown to be a significant concern across the sector (de Wilde
2018, p. 1-14). For this concern, building performance simulation (BPS) is a powerful
tool to study the different aspects of building performance during its life-cycle using
a computer-based, mathematical model generated on a basis of fundamental physical
and engineering principles (Maile et al. 2007). BPS can help achieve some targets,
such as, improving indoor air, thermal, visual and acoustic comfort, reducing energy
consumption and environmental impacts, thus it is opening a new era to all stakeholders
in construction sector (Nguyen et al. 2014). Contrary to what is believed, BPS is
not only useful for pre-construction, but also in construction and post-construction

processes. It provides the quantification of aspects of building performance at relatively
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low effort and cost. Those performance aspects could be relevant to building’s design,

construction and operation & post-construction control (de Wilde 2018, p. 325-422).

2.2.1. Aspects of Building Performance Simulation

Design is the first key part for BPS. It specifies the look and the functioning
of structures by detailed drawings. It includes both architecture and engineering.
Also, decisions made in design process are crucial because of their effects on later
processes; construction, operation and control (de Wilde 2018, p. 328-343). Therefore,
building performance simulation starts with the design of the building. It is named
performance-based design (PBD) in the literature and it has been reviewed for numerous
aspects in many studies. Becker (2008) suggested a conceptual framework and
systematic approach with some formulated fundamental principles of PBD. Energy
efficient and environmental friendly building designs with PBD support were reviewed
for several perspectives such as; thermal, visual and acoustic comfort, air quality,
water and energy efficiency, lightning and daylight efficiency (Ward 2004; Roaf et
al. 2001; Day 2016). The passivhaus concept which is relatively new, rigorous,
performance-based and voluntary standart for ultra-low energy buildings to reduce the

building’s ecological footprint was reviewed (Krainer 2008; Hopfe and Mcleod 2015).

Construction is the second key part for BPS. It is the process of actually building
the structure according to the drawings that result from the design process. Even if
the design is perfect and efficient, performance of a building relates to the execution
of that design. As Ahire and Dreyfus (2000) pointed out, design and construction
management has equal importance for the ultimate quality of buildings. Buildings, as
a human-made, have many stake-holders and activities in the construction process. The
general field that aims to conduct this complex process is construction management
(de Wilde 2018, p. 374-377). Within this domain, total quality management (TQM)
is a crucial concept to direct the construction process. Howarth and Greenwood (2017)
reviewed TQM in aspects of key theories on quality management models, quality,
learning in organizations, project and corporate performance and health and safety

aspects. Also, ISO 9000 is defined as the international standard that specifies the
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fundamentals of TQM such as leadership, customer focus, process management,
involvement of people, synergy, continuous improvement, systems view, and effective

decision making (International Organization for Standardization 2015).

The third and the last key part for BPS is operation and control. Ultimately,
even if a building designed and constructed well, its performance under actual use
conditions still depends on the interactions between building, residents and a wide
variety of external factors (de Wilde 2018, p. 387-390). Those interactions need a
simulation practice for tracking, analyzing, diagnosing and resolving its issues. Building
management system (BMS) has been fulfilling this need for the last decades. It consists
of a cycle. Stage one of the cycle is about collecting the actual performance data and
analyzing it in terms of how it changes over time. Stage two involves the analysis
of performance data to detect abnormalities in the system. Stage three consists of
identifying the issues that cause abnormalities and finding solutions to them. For
last, stage four applies these solutions and tracks the results for future abnormalities

(California Commissioning Collaborative 2001).

2.2.2. History of Building Performance Simulation

A short historical overview of BPS is written by Spitler (2006) in his editorial:

“Building performance simulation: the now and the not yet”. He states that:

“Simulation of building thermal performance using digital computers has been
an active area of investigation since the 1960s, with much of the early work (see
e.g. Kusuda 1999) focusing on load calculations and energy analysis. Over time,
the simulation domain has grown richer and more integrated, with available tools
integrating simulation of heat and mass transfer in the building fabric, airflow
in and through the building, daylighting, and a vast array of system types and
components. At the same time, graphical user interfaces that facilitate use of
these complex tools have become more and more powerful and more and more
widely used.”
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Figure 2.3. Hype Cycle for Building Performance Simulation.

As many other technological innovations, building performance simulation also
experienced hype cycle (Fenn and Raskino 2008), as shown in Figure 2.3. The very
early developments of BPS started in 1960s, with the rise of the personal computers,
in the United States and Sweden. Later, it became one of the most significant topics
of the 1970s within the energy research community. During these two decades, several
methods had been introduced for analyzing single component systems (e.g. heating
loads) and most of the research activities were devoted to the fundamentals of load
and energy assumptions for buildings (Hong et al. 2000). BRIS, which is the very
first building performance simulation program, was developed in 1963 by the Royal
Institute of Technology in Stockholm (Brown 1990). Later that, DOE-2, BLAST,
ESP-r, TRNSYS and HVACSIM+ were introduced in early 1970s (Kusuda 1999). With
these developments, expectation of BPS was peaked in early 1970s. However, despite
of the availability of BPS tools, they rarely used in the construction industry because
of the high cost and difficulty involved in their implementation (Hong et al. 2000). As

a result, this peak of inflated expectations followed by the trough of disillusionment
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in early 1980s. Later, the situation has changed since 1990s when personal computer
software and hardware were both more affordable for BPS in both research and industry
(Wand and Zhai 2014). Also, harmful fluorocarbon-based materials and the wasteful
consumption of fossil fuels were blamed for global warming. So, creating effective
structures with reduced negative impact on the environment and less energy
consumption has become a challenge for the industry. This demand for green and more
effective buildings has made the application of BPS a must (Hong et al. 2000). As a
result, early 1990s can be seen as a start point for building performance simulation’s

productivity plateau.

On the other hand, with the realization of the importance of energy use in
buildings, the International Energy Agency (IEA) has funded numerous R&D activities
in the building sector. These R&D activities have been progressing simultaneously with
the BPS sector, starting with its first annex in 1977. The IEA Energy Conservation in
Buildings and Community Systems (ECBCS) now has 80 annexes shown in Table 2.1,
Table 2.2, Table 2.3 and Table 2.4. Seventeen of these annexes are ongoing projects.
Tasks are directed at energy calculations and efficiency technologies. Results are being
used to improve energy standards and guidelines (Hong et al. 2000). Considering the
annexes funded and developed by IEA ECBCS, it can be seen that building performance
simulation is one of the key technologies for the construction of modern-era buildings

which are more environmentally-friendly, health responsive and energy efficient.

Table 2.1. IEA-ECBCS Annexes from Code 1 to Code 6.

Code Annex Title Period
1 Load energy determination of buildings completed 1977-1980
2 Ekistics and advanced community energy systems 1976-1978
3 Energy conservation in residential buildings 1979-1982
4 Glasgow commercial building monitoring 1979-1982
5 Air infiltration and ventilation centre 1977-

6 Energy systems and design communities 1979-1981




Table 2.2. IEA-ECBCS Annexes from Code 7 to Code 35.
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Code Annex Title Period
7 Local government energy planning 1981-1983
8 Inhabitant behaviour with regard to ventilation 1984-1987
9 Minimum ventilation rates 1982-1986
10 Building HEVAC system simulation 1982-1987
11 Energy auditing 1982-1987
12 Windows and fenestration 1982-1986
13 Energy management in hospitals 1985-1989
14 Condensation and energy 1987-1990
15 Energy efficiency in schools 1988-1990
16 Building energy management systems: part 1 1987-1991
17 Building energy management systems: part 2 1988-1992
18 Demand controlled ventilation systems 1987-1992
19 Low slope roof systems 1987-1993
20 Air flow patterns within buildings 1988-1991
21 Environmental performance 1988-1993
22 Energy efficient communities 1991-1993
23 Multizone air low modelling 1990-1996
24 Heat, air and moisture transport 1991-1995
25 Real time HEVAC simulation 1991-1995
26 Energy efficient ventilation of large enclosures 1993-1996
27 Evaluation and demonstration of domestic ventilation systems 1993-1997
28 Low energy cooling systems 1993-1997
29 Daylight in buildings 1995-1999
30 Bringing simulation to application 1995-1998
31 Energy related environmental impact of buildings 1996-1999
32 Integral building envelope performance 1996-1999
33 Advanced local energy planning 1996-1998
34 Computer-aided evaluation of HVAC system performance 1997-2001
35 Hybrid ventilation in office buildings (HybVent) 1998-2002
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Code Annex Title Period
36 Retrofitting in educational buildings 1999-2003
37 Low exergy systems for heating and cooling 1999-2003
38 Solar sustainable housing 1999-2003
39 High performance thermal insulation systems (HiPTI) 2001-2005
40 HVAC systems for improving energy performance 2001-2004
41 Whole building heat, air and moisture response (MOIST-EN)  2003-2007
42 The simulation of building-integrated fuel cell COGEN-SIM)  2003-2007
43 Testing and validation of building energy simulation tools 2003-2007
44 Integrating environmentally responsive elements in buildings 2004-2011
45 Energy-efficient future electric lighting for buildings 2004-2010
46 Assessment tool-kit for government buildings (EnERGo) 2005-2010
47 Cost effectiveness of existing and low energy buildings 2005-2010
48 Heat pumping and reversible air conditioning 2006-2011
49 Low exergy systems for high performance buildings 2005-2010
50 Prefabricated systems for low energy renovation 2006-2011
51 Energy efficient communities 2007-2013
52 Towards net zero energy solar buildings 2008-2014
53 Total energy use in buildings: analysis & evaluation methods  2008-2013
54 Analysis of micro-generation in buildings 2009-2014
55 Reliability of energy efficient building retrofitting 2010-2015
56 Cost-effective energy & CO, emissions in building renovation — 2010-2017
57 Evaluation of embodied energy and for building construction  2011-2016
o8 Reliable building energy performance characterisation 2011-2016
59 High-temp cooling and low-temp heating in buildings 2012-2016
60 New generation computational tools for buildings 2012-2017
61 Business and technical concepts for retrofit of public buildings 2012-2017
62 Ventilative cooling 2012-2018
63 Implementation of energy strategies in communities 2013-2018
64 LowEx communities 2013-2018




Table 2.4. IEA-ECBCS Annexes from Code 65 to Code 0.
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Code Annex Title Period
65 Long term performance of super-insulating materials 2013-
66 Definition and simulation of occupant behavior in buildings 2014-
67 Energy flexible buildings 2014-
68 Design and op. strategies for high TAQ in low energy buildings 2014-
69 Practice of adaptive thermal comfort in low energy buildings 2014-
70 Building energy analysis of real building energy use at scale 2016-
71 Building energy performance based on in-situ measurements 2016-
72 Assessing environmental impacts caused by buildings 2016-
73 Towards net zero energy public resilient communities 2017-
74 Competition and living lab platform 2018-
75 Renovation with combining energy efficiency & renewables 2017-
76 Renovation of historic buildings 2017-
7 Integrated solutions for daylight and electric lighting 2018-
78 Supplementing ventilation with gas-phase air cleaning 2018-
79 Occupant-centric building design and operation 2018-
80 Resilient cooling 2018-

2.3. Building Energy Consumption Factors

The world is continually stepping towards a critical energy crisis due to an

increasing global energy demand compared to supply. This constant increase in global

energy demand causes numerous environmental problems with the scarceness of fossil

fuels and growing concern of COy and other greenhouse gas emissions

(Escriva-Escrivd 2011). Considering the share of residential sector in global energy
demand, which is 20%, analysis and conservation of building energy consumption
is crucial for improving the global energy efficiency (Yuan et al. 2016). Therefore,

an important amount of studies have been published on factors influencing building
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energy consumption. These factors can be categorized into groups of building related

characteristics, occupant related characteristics and nature and nearby environment.

2.3.1. Factors of Building Related Characteristics

Some of the most important factors that affect the building energy performance
is obviously related to the building characteristics. They formed the central focus of
a study by Yu et al. (2011) in which authors found even a slight difference in some
building related parameters would result in significant decrease in the building energy
consumption. As the European Union’s energy performance of buildings directive
addressed that decreasing the energy consumption of buildings is affected by not just

how they are designed, but also how they are built (Janda 2011).

Papadopoulos et al. (2002), Tso and Yau (2003), Saidur (2009), Chan (2011),
Escriva-Escriva (2011), Mourshed (2011), Yu et al. (2011) and Yun and Steemers
(2011) identified some factors such as type, orientation, age, envelope, floor area & size,
shape, thermal insulation, materials and construction quality as building characteristics
related parameters which affect building energy consumption. Papadopoulos et al.
(2002) investigated the energy renovation of existing buildings and found that design
parameters such as surface to heated volume ratio, size of the building, and also some
structural parameters such as thermal insulation of windows, roofs and walls affect the
building energy consumption. Chan (2011) reported that energy consumption and the
indoor climate of a building can be affected by some building envelope characteristics
such as wall color, glazing material, window-to-wall ratio, building shape, thermal
insulation, shading devices and green roof system. Tso and Yau (2003) give descriptive
information on domestic energy usage patterns and study the effects of housing type,

age and size on building energy consumption.

Factors of building related characteristics that influence building energy

consumption are shown in Table 2.5.
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Table 2.5. Factors of Building Related Characteristics in Literature.

Factors of Reference
Building Related Characteristics

Type Tso and Yau (2003)

Yun and Steemers (2011)

Age Saidur (2009)

Tso and Yau (2003)

Yun and Steemers (2011)

Size Papadopoulos et al. (2002)

Saidur (2009)

Tso and Yau (2003)

Yun and Steemers (2011)

Thermal insulation Papadopoulos et al. (2002)

Design/Structural parameters Escriva-Escriva (2011)

Papadopoulos et al. (2002)

Orientation Escriva-Escriva (2011)

Papadopoulos et al. (2002)

Envelope Saidur (2009)

Chan (2011)

Construction quality Escriva-Escriva (2011)

Indoor Thermal Quality Yu et al. (2011)

2.3.2. Factors of Occupant Related Characteristics

As Janda (2011) stated, buildings do not use energy, but people do. Schipper et al.
(1989)  found  that  approximately  half of  the  building  energy
consumption is related to the occupants and their behaviour. In this sense, a large
and growing body of literature has investigated occupant effects on building energy

performance for more than a century (Rosa et al. 1988). These previous researches
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has indicated the energy use in buildings as a social problem rather than a technological
one (Stern and Aronson 1984). From this aspect, it can be said that reducing energy
consumption of buildings not only requires changes in the building’s characteristics,

but also requires changes in the entire fabric of society (Rosa et al. 1988).

Occupants have a critical share in building energy consumption but it is poorly
understood and often overlooked in the building sector (Janda 2011). Effects of
occupants on building energy consumption may be divided into two main categories
in the light of previous studies. Some of the researchers have focused on the effects
of occupant presence, while others have focused on the effects of occupant behaviour
(Yu et al. 2011). Emery and Kippenhan (2006) conducted a survey on the effects
of occupant presence in four nearly identical houses and found that it increases the
total energy consumption. Tso and Yau (2003) identified the number of household
members as a significant factor that influence building energy consumption. On the
other hand, Ouyang and Hokao (2009) researched the potential of energy saving by
improving occupant behaviour in 124 households in China and found that more than
10% of building energy consumption can be reduced with energy-conscious behaviour.
The connection of occupant thermal comfort and building energy consumption has
investigated (Yu et al. 2011; Schipper et al. 2011) and researchers found that modifying
occupant behaviour for a balance between the thermal comfort and energy efficiency
is significant (Yu et al. 2011; Bohdanowicz 2006). However, changing the behaviour
of occupants who do not have energy-saving habits may be difficult (Kempton et al.
1992), most particularly when the change contains personal inconvenience for them

(Nair et al. 2010).

Factors of occupant related characteristics that influence building energy

consumption are shown in Table 2.6.
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Table 2.6. Factors of Occupant Related Characteristics in Literature.

Factors of Reference
Occupant Related Characteristics

Occupancy rate Emery and Kippenhan (2006)

Tso and Yau (2003)

Occupancy behaviour Janda (2011)

Kempton et al. (1992)

Nair et al. (2010)

Ouyang and Hokao (2009)

Rosa et al. (1988)

Schipper et al. (2011)

Yu et al. (2011)

Preference relevant to indoor comfort Bohdanowicz (2006)

Awareness of energy consumption Bohdanowicz (2006)

2.3.3. Factors of Nature and Nearby Environment

Climate can be identified as the long-term trends in the weather system (Drake
and Foster 1995) and it can not be determined or modified by human. It is one of
the most important factors that affecting the building energy consumption and a short
overview of the interaction between climate and buildings can be found in a journal
article by Lam et al. (2005): “Weather data analysis and design implications for

different climatic zones in China”. Authors state that:

“Building acts as a climatic modifier, separating the indoor built environment
from the external climate described by the prevailing long-term weather conditions.
The climate of a particular location tends to influence the shapes and forms of the
local buildings and dictates the types of environmental control required. There
is often a distinct correspondence between special architectural features and
different climatic zones. Proper selection of climatic variables and their analysis
can affect the building load calculations, performance of the corresponding heating,
ventilation and air-conditioning (HVAC) equipment and the accuracy of the
heating energy consumption estimation. The climate-specific properties of the
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building designs and building energy consumption can be obtained by evaluating
the long-term measured hourly/daily weather data. Understanding climatic
influences is an essential part of the building design process.”

Also, a number of researchers identified climate as a huge influential factor on
building energy consumption (Lam et al. 2005; Hviid et al. 2008; Oxizidis et al. 2008;
Wan et al. 2011; Yu et al. 2011; Jim and Peng 2012; Kalamees et al. 2012; Tagliabue et
al. 2012). Lam et al. (2005) qualified long-term hourly and daily weather data for five
cities in China which were selected to represent the five main architectural climates;
hot summer and warm winter, mild, hot summer and cold winter, cold and severe
cold. Temperature, solar radiation and wind conditions were investigated in the study.
Wan et al. (2011) researched the interaction between the local climates and future
building energy consumption for heating and cooling. They found that overall energy
use for space heating and cooling would be affected by the prevailing local climates and
the actual climate change in future years. They listed moisture content of air, wind
speed/direction, temperature and solar radiation as essential weather parameters. Yu
et al. (2011) investigated the effects of climate on occupant behaviour, thereby on
building energy performance. Kalamees et al. (2012) found that the cold in the winter
season is the most important factor on the heating energy demand, while the hot in the
summer season has the similar impact on cooling energy demand. Hviid et al. (2008)
presented a simple building energy simulation tool for integrated daylight and thermal
analysis. Tagliabue et al. (2012) researched the effect of the amount of natural light

using on building energy demands for heating, cooling and lightning.

On the other side, buildings are affected by not just their own characteristics,
occupant behaviour or climate, but also the nearby buildings and local environment
which could exert a mutual influence on building energy consumption dynamics. A
considerable amount of literature has been published on these impacts. Han et al.
(2015a) developed a systematic approach to disaggregate and quantify the influence
of mutual reflection and mutual shading within a network of buildings. Also, they
introduced the concept of the Inter-Building Effect (IBE) to understand the complicated

mutual influence within spatially proximal buildings. Urban Heat Island (UHI) effect
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is investigated by Han et al. (2015b). Heidarinejad et al. (2016) conduct a parametric
analysis to support the improvement of coupled simulations of solar radiation at
building surfaces and outdoor airflow in different plan area densities. Liu et al. (2015)
investigated the exterior surfaces’ convective heat transfer coefficients (CHTCs) at the
leeward, external windward and roof surfaces of a building which is located in an
urban environment with different plan area densities. They found that exterior surface
CHTC correlations have a direct impact on the urban micro-climate, thereby building
energy consumption. The effects of urban texture on building energy consumption are
investigated by a number of researchers (Santamouris et al. 2001; Ratti et al. 2005).
Also, there is a large volume of published studies examining the role of nearby trees
on building energy consumption. The first serious discussions and analyses of trees
emerged during the 1980s with the recognition of their impact on building energy use by
Heisler (1986). Akbari (2002) researched the urban shade trees’ benefits in improving
urban air quality and reducing building air-conditioning demand by lowering smog. Hes
et al. (2011) investigated the results and problems encountered when trying to model

trees effectively for understanding the impact of them on building energy consumption.

Factors of nature and nearby environment which affect building energy

consumption can be found in Table 2.7.



Table 2.7. Factors of Nature and Nearby Environment in Literature.

Factors of

Nature and Nearby Environment

Reference

Climate

Urban micro-climate

Amount of daylight usage

Mutual shading in network of buildings
Mutual reflection in network of buildings
Urban Heat Island (UHI)

Outdoor airflow

Solar radiation

Nearby trees

2005
2008
2008
2011
2011

Lam et al. ( )
Hviid et al. ( )
Oxizidis et al. ( )
Wan et al. ( )

Yu et al. ( )

Jim and Peng (2012)
Kalamees et al. (2012)
Tagliabue et al. (2012)
Wan et al. (2011)
Santamouris et al. (2001)
Ratti et al. (2005)
Hviid et al. (2008)
(2012)

Han et al. (2015a)
Han et al. (2015a)
)

)

)

)

)

)

Han et al. (2015b

Tagliabue et al.

Heidarinejad et al. (2016
2016

(
Heidarinejad et al. (
Heisler (1986

i (
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3. METHODOLOGY

The aim of this thesis is to investigate and quantify the effect of the rotor
turbulence area on heating and cooling energy consumption of buildings and find out
if it is significant or not. ANSYS Computational Fluid Dynamics (CFD) program
Fluent is used to simulate air flow and energy calculations. In order to achieve this,

the following steps will be taken:

Sketching two 3-D models in DesignModeler,

— The control building as a stand-alone structure,

— The control building & the tall building which creates the turbulence area,
Meshing both 3-D models,

Calculating the solutions for 6 different wind cases for both of the 3-D models
(6 x 2 = 12 cases),

Comparing the results to find out if the effect of the turbulence area on heating

and cooling energy consumption of buildings is significant or not.

3.1. Methodology Background

In this section, firstly the technical information of turbulence (vortex) areas is
presented. Later on, theoretical background of the meshing and solution method of

Fluent simulations follows.

3.1.1. Turbulence (vortex)

Cook (1986) explains turbulence (vortex) as a general flow around a surface
mounted obstacle in his book: “Designers guide to wind loading of building structures

- part 1”7. He states that:

“When an atmospheric boundary layer (ABL) wind profile approaches normal
to the spanwise direction of the obstacle, the wind speed increases with the height
above the ground. The flow at about two-thirds of the obstacle height comes to
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rest to form the front stagnation point. From this point the flow deviates into
four main streams. In one of these above the stagnation point, the flow goes up
and over the top of the obstacle. Below this point the flow goes down until it
reaches the ground where it has more kinetic energy than the incident wind at
this level. It is therefore able to move upstream against the wind, losing energy
until it comes to rest at a separation point on the ground. The flow rolls up into
a horizontal standing vortex next to the ground upstream of the windward face
of the obstacle. The third and fourth streams are formed by the air entering the
standing vortex escaping around either side of the obstacle. When the flow next
to the ground is observed, this vortex forms the shape from which it derives its
name of the horseshoe vortex.”

Velocity magnitude path lines and turbulence (vortex) areas forming around an
obstacle can be seen in Figure 3.1 and Figure 3.2. There are four type of vortexes
entitled as stagnation vortex, top vortex, side vortex and leeward vortex. This thesis
especially investigates the leeward vortex effect on heating and cooling energy

consumption of buildings.

- Eeiuardiggne_xjyg)

e

Figure 3.1. Velocity Magnitude Path Lines Passing Through the Vertical Center

Plane.

Source: Pancholy et al. (2017 Preprint)
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Figure 3.2. Velocity Magnitude Path lines at Ground Level.

Source: Pancholy et al. (2017 Preprint)

3.1.2. Meshing
Proper meshing plays a critical role in computer simulations which are the
prediction of real-world behavior. High quality meshing provides more accurate results.

Meshing in ANSYS Fluent has 4 main steps:

e Global mesh controls are defined (e.g., general sizing and mesh method),

Local mesh controls are defined (e.g., contact sizing and inflation),

Mesh is generated and previewed,

Mesh quality parameters are checked (e.g., skewness and aspect ratio)



28

Some of the most commonly used meshing methods can be seen in Figure 3.3, Figure

3.4 and Figure 3.5.

Figure 3.3. Tetrahedral Meshing Method.

Also in meshing, boundary layers are hard-to-adjust regions. Inflation is used for
these boundary layers in order to increase the mesh resolution for better results. It can

be seen in Figure 3.6.
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Figure 3.4. Sweep Meshing Method.

Figure 3.5. Multizone Meshing Method.
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Figure 3.6. Inflation in Meshing.

After meshing completed, its quality should be checked and improved if needed.
Different physics and solution methods have various requirements for mesh quality.
However, skewness and aspect ratio are the most commonly used mesh quality metrics.
Skewness formula is shown in Equation 3.1. Aspect ratio formula in 2-D can be
seen in Equation 3.2 and in 3-D can be seen in Equation 3.3. For better quality,

the recommended value is less than 0.95 for skewness and less than 100 for aspect ratio.

optimal cell size — cell size

ki = 3.1
SROWHESS cell size (3-1)
¢ rati length of the mesh element (3.2)
aspect ratio = .
P height of the mesh element
) circumscribed circle radius of the mesh element
aspect ratio = (3.3)

inscribed circle radius of the mesh element
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3.1.3. Solution Methods

3.1.3.1. Realizable k-¢ Model. In computational fluid dynamics (CFD), even

simple flows are difficult to simulate. The computational complexity grows
exponentially when accounting for turbulence flows which are irregular fluid motions
that span a wide range of scales in space and time. For this reason, selecting the right
method for turbulence modeling is critical for accurate fluid dynamics simulations.
While turbulence can be fully described by the Navier-Stokes equations, direct
numerical simulation is impractical due to massive resource requirements. Therefore,
the simplest models of turbulence are the two-equation models in which the solution
of two separate transport equations allow the turbulent velocity and length scales to

be independently determined.

The realizable k-e model which is one of the two-equation models is used to
simulate turbulence flows in this thesis. The realizable k-e model (Launder and Spalding
1972) is a semi-empirical model based on model transport equations for the turbulence
kinetic energy (k) and its dissipation rate (¢). The model transport equation for k
is derived from the exact equation, while the model transport equation for ¢ was
obtained using physical reasoning and bears little resemblance to its mathematically

exact counterpart.

The turbulence kinetic energy (k), and its rate of dissipation (€), are obtained

from the following transport equations:

) B e\ Ok
k) = —— YN P+ P —pe—Y, 4
k) = 5 Kw%) wJ* Py pe—Ya 4 S (34)

2

0 0 0 0
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where P, represents the generation of turbulence kinetic energy due to the mean

velocity gradients,

P, = —pulu; 3.6
k puzu] axz ( )
P, is the generation of turbulence kinetic energy due to buoyancy,
pe OT
P, = pBgi— 3.7
by = By Pr, 0z, (3.7)

Yy represents the contribution of the fluctuating dilatation in compressible

turbulence to the overall dissipation rate,

Y = 2peM? (3.8)

and Cl, Cy, C,, 0, 0 are constants.

1

Cle = 1447 025 = 192’ CM - W7
0 S ¢

o =10, o.=13 (3.10)

3.1.3.2. Steady-State Thermal Analysis. Heat flux is defined as a flow of energy per

unit time per unit area. In heat flux computations of control building walls, steady-state
thermal analysis in ANSYS is used. The steady-state heat equation is not dependent

on time. In other words, it is assumed conditions exist such that;

8u_

5 =0 (3.11)
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In this condition, ANSYS uses the following equation to calculate the heat flux

to the wall from a fluid cell;

q= hf<Tw - Tf) + Grad (312)

where h is fluid-side local heat transfer coefficient, T, is wall surface temperature,

T} is local fluid temperature and ¢,q is radiative heat flux.

3.2. ANSYS CFD Fluent Simulations

ANSYS CFD Fluent simulations part has three main steps. First step is sketching
two 3-D models which are the control building as a stand-alone structure and the
control building with the tall building. Second step is meshing both 3-D models with
fine quality. Last step is calculating the solutions for 6 different wind cases for both

3-D models.

3.2.1. Sketching

Two 3-D models were sketched in DesignModeler for comparing the effect of the
turbulence (vortex) area on heating and cooling energy consumption of a building. One
of the models contains the control building as a stand-alone structure can be seen in
Figure 3.7. The other model contains the control building & the tall building which
provides the rotor turbulence area is shown in Figure 3.8 and Figure 3.9. Both 3-D
models have bounding atmosphere box with the dimensions of 1000 meters of length,
300 meters of width and 200 meters of height. The atmosphere box has 60 million m?
volume. In both models, side surfaces (+y & -y faces) and the top surface (+z face)
of atmosphere box are defined as symmetry to obtain zero-shear slip boundaries while
bottom surface (-z face) of atmosphere box is defined as ground. The side surface (-x
face) is defined as velocity inlet while the other side surface (+x face) is defined as

velocity outlet. All surfaces of atmosphere box with boundary conditions are shown in
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Figure 3.10. Both 3-D models have empty area of 300-400 meters length on the side
of velocity inlet, 600 meters length on the side of velocity outlet and 125-185 meters
height above the buildings approximately. Adequate amount of atmosphere box and
empty area & proper boundary conditions are needed to provide enough space for
accurate CFD simulations. The wind comes from the -x direction and flows to the
+x direction. The control building has 15 meters of length, 15 meters of width and
15 meters of height with 30 centimeters wall thickness for all its surfaces. The tall
building has 75 meters of length, 75 meters of width and 75 meters of height. The
distance between two buildings is 10 meters and the control building is in the leeward
turbulence (vortex) area which is created by the tall building. Walls of the control
building are numbered separately and it can be seen in Figure 3.11. They numbered

one by one to obtain individual heat flux values in analysis as follows:

Wall 1 is the -x face of the control building

Wall 2 is the -y face of the control building

Wall 3 is the +x face of the control building

Wall 4 is the +y face of the control building

Wall 5 is the 4z face of the control building
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3.2.2. Meshing

Both 3-D models are meshed with multizone mesh model. It is a patch
independent meshing technique which generates a pure hexahedral mesh where possible
and then fills the more difficult to capture regions with unstructured mesh. Inflation
layers are defined for necessary boundaries. The wall of the control building is meshed
separately with extreme quality. Mesh quality of both 3-D models are checked with
the aspect ratio (eq. 3.2 & eq. 3.3) and skewness (eq. 3.1) metrics.

The mesh for the 3-D model of the control building as a stand-alone structure is
shown in Figure 3.12. It has 1,309,790 nodes and 1,271,670 mesh elements. Maximum
aspect ratio value of the mesh is 43,84 while the average aspect ratio value is 6,67.

Maximum skewness value of the mesh is 0,60 with the average skewness value of 0,09.

The mesh for the 3-D model of the control building with the tall building can
be seen in Figure 3.13. It has 765,374 nodes and 733,647 mesh elements. Maximum
aspect ratio value of the mesh is 50,88 while the average aspect ratio value is 4,90.

Maximum skewness value of the mesh is 0,51 with the average skewness value of 0,11.

The boundary regions between atmosphere and walls of buildings have inflation
layers to obtain accurate results. The section plane of the 3-D model of the control
building with the tall building to demonstrate inflation layers is shown in Figure 3.14.
Inflation growth rate is 1,4 and maximum layer number is 10. The first inflation layer

thickness is 5 cm and it grows with smooth transition.

The walls of the control building are meshed on an individual basis for extreme
quality. Mesh elements of the wall have 30 millimeters width to obtain precise thermal
analysis of the wall. The section plane of the control building’s wall from bottom view

is shown in Figure 3.15.
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3.2.3. Solution Methods and Parameters of the Analysis

After sketching 3-D models and meshing them, solution methods and
parameters of the ANSYS Fluent analysis become more crucial. Solution methods

are as follows;

e The realizable k-¢ model is used for the fluid dynamics computations.

e The steady-state thermal analysis is used for the heat flux computations.
e Incompressible ideal gas condition is assumed.

e Buoyancy effect is activated.

e Non-equilibrium wall functions are used.

e Gravity is enabled in -z direction.

The realizable k-e¢ model is used for the fluid dynamics computations because
it satisfies certain mathematical constraints on the Reynolds stresses, consistent with
the physics of turbulent flows. Incompressible ideal gas condition is used for better
air density calculations on different temperatures. Non-equilibrium wall functions are
used because of their capability to partly account for the effects of pressure gradients

in turbulent flows.

There are two different 3-D models for investigating the effect of the turbulence
(vortex) area on heating and cooling energy consumption of a building. 6 different
wind cases will be analysed for both of the 3-D models which results 12 cases in total.

The wind cases are as follows;

10 m/s wind and 3.7 °C outdoor temperature,

10 m/s wind and 23.9 °C outdoor temperature,

15 m/s wind and 3.7 °C outdoor temperature,

15 m/s wind and 23.9 °C outdoor temperature,

20 m/s wind and 3.7 °C outdoor temperature,

20 m/s wind and 23.9 °C outdoor temperature,
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High wind velocity values are selected such as 10 m/s, 15 m/s and 20 m/s to
obtain adequate leeward turbulence (vortex) area which is created by the tall building
and affects the energy consumption of control building. Outdoor temperature values
are taken from Turkish Standards 825 (Turkish Standards Institution Engineering
Service 2008) for Istanbul which is the most populated city in Turkey and have urban
areas same as the thesis simulation models. 3.7 °C represents the average winter
outdoor temperature in Istanbul while 23.9 °C represents the average summer outdoor
temperature. Thermal comfort temperature is selected 21 °C for indoor conditions. 20
centimeters of brick-wall with 5 centimeters of rock wool insulation and 5 centimeters
of mortar is selected for facades of the control building. Average thermal conductivity

of this facade system is 0.1461 W/m K.
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4. RESULTS AND FINDINGS

6 wind cases are analysed for both of the 3-D models in ANSYS Fluent CFD
program, resulting total of 12 cases. Averaged 1150 iterations are performed for
every wind case which results a total of 13800 iterations. Example of residuals versus
iterations graph for a case of this thesis is shown in Figure 4.1. Iterations were made

till the residuals converge adequately for accurate results as below;

e Continuity, k and € residuals decrease at least to le-3,
e X-velocity, y-velocity and z-velocity residuals decrease at least to le-6,

e Energy residual decreases at least to le-10.

For all 12 cases, after an adequate decrease in residuals, heat fluxes of walls of
the control building are obtained. Wall numbers of the control building are shown in

Figure 3.11 in previous chapter.

Heat fluxes for walls of the control building as a stand-alone structure are shown in
Table 4.1 while heat fluxes for walls of the control building in the turbulence (vortex)
area of the tall building can be seen in Table 4.2. Heat fluxes for facades of the
control building are shown in tables separately. Also, the total sum of heat fluxes is
presented. Negative heat flux values mean that the heat flow moves from the wall to
the atmosphere. On the other side, positive heat flux values mean that the heat flow

moves from the atmosphere to the wall.
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Thermal contours for both models in 3.7 °C outdoor temperature setting are
presented in Figure 4.2 and Figure 4.3. Thermal contours for both models in 23.9
°C outdoor temperature setting are shown in Figure 4.4 and Figure 4.5. Figures are
obtained from the middle plane section of buildings. Indoor temperature is selected as
21 °C for both models. Also, thermal contours for the wall 1 of the control building

can be seen in figures.

Wind vectors for both models in 10 m/s wind velocity setting are shown in Figure
4.6 and Figure 4.8. Wind contours for both models in 10 m/s wind velocity setting are
presented in Figure 4.7 and Figure 4.9. Wind vectors for both models in 15 m/s wind
velocity setting are shown in Figure 4.10 and Figure 4.12. Wind contours for both
models in 15 m/s wind velocity setting are presented in Figure 4.11 and Figure 4.13.
Wind vectors for both models in 20 m/s wind velocity setting are shown in Figure
4.14 and Figure 4.16. Wind contours for both models in 20 m/s wind velocity setting
are presented in Figure 4.15 and Figure 4.17. Velocity vector and contour figures are
obtained from the middle plane section of buildings. Turbulence (vortex) areas created

by buildings can be easily seen in wind vector figures.



(Buryzeg
omjeroduwo], 100pIN() O, L'E) 2INIONIIG dUO[R-PURIG © S SUIP[INY [0IJU0)) Y[} JO [OPOJA ) I0J INOJUO)) [RULIOY ], 'g'H oINS
0520 0620

. —— e |
_ s (w) 000} 0050 0

[0

00L€
929y
LGS’
9, LZ @injesadwa] Joopuj r
62E8
526
08L0L
Q0L kL
TE0TL
LS6721
€88°¢1
608¥%1
GELGL
19991

\ Buipjing [013u0) 8y} O | |IeM oot

JNoJUoD [ewwsay |
ainesadws)

00622 00'GL
) ——— e |
_ - b (W) 00°00¢ 00'0G1 0

[0

00L'€
99y
LSS’
Liv'9
E0¥'L

62€'8

$526
08L 0L
9011
ce0Zh
1561
£88°€L
60871
SELGH
19994
98G°L1
Tis8l

8EV 6L
¥9£°02

Jnojuo) [euuay )
aimesadws)




"(8ungeg emgjeredura], 100pIn(Q) O, L'¢) SUIp[ng [[B], oY) Yimm Surp[mg [0I3U0)) o] JO [9POJN o[} I0J INOJUO)) [RULIDY ], "¢ 9IS

0520 0520
. —— s |
_ ~ o (w) 000'L 0050 0

[0

00L€
929y
LGS’
9, LZ @injesadwa] Joopuj ure
62E8
526
08L0L
Q0L kL
TE0TL
LS6721
€88°¢1
608¥%1
GELGL
19991

\ Buipjing [013u0) 8y} O | |IeM oot

Jnojuo) [euuayy
ainesadws)

00'62¢ 006L

(w) 0000¢ 00051 0

[0

00L'€
99y
LSS’
Liv'9
E0¥'L

62€'8

$526
08L 0L
9011
ce0Zh
1561
£88°€L
60871
SELGH
19994
98G°L1
cis8l

8EV 6L
¥9€°02

noiog feuuay L
aimesadws)




(Buryzeg
amjeroduwa], 100pIN() D, 6°€E) 2IMIONIIG SUO[R-PURIG ® Sk SUIP[IME [0IIUO,) B[} JO [OPOJN 9} I0] INOJUO,) [RULIDY ], F'§ 9IMSI]
052°0 0520

.. .. .. I . . ]
>H > (w) 000'L 00S°0 0

Do L ainjesadwa] Joopuj

>H ® 2 (w) 0000¢ 00051 0




"(8unyeg emjeraduwa], 100pINQ) D, 6°€g) SUIP[ING [[B], oY YIM SuIp[mg [0I13U0)) d} JO [OPOJN o) I0] INOJUO,) [RULIDY ], G'§ 9IS

052°0 0520
T TEEEE 0 —
>H > (w) 000’} 0050 0

[l

Do L ainjesadwa] Joopuj 9¥'1Z

0o0'see 0062

>H > (w) 00'008 0005+ 0




"(8urgeg AJDOPA PUIA S/W ()]) 9INJONIG SUO[R-PURIG ® Sk SUIP[MNY [0IIUO)) d[} JO [OPOJN ) I0J 10309\ PUIA\ “Q°F 9INSI]




"(Sury3eg AJDOA PUIA S/W ()T) 2INJONIG SUO[R-PUR)S ® Sk SUIP[MY [0I1IUO.) S} JO [OPOJN Y} I0J INOJUO) PUIA\ L 'F 9IS

00'6ee 006

(w) 00°00¢ 00'054 0




T‘ilwn

} fitH)

|

i
J

i

il

|

300.00 (m)

150.00

100.00 (m)

50.00

75.00

25.000

Figure 4.8. Wind Vector for the Model of the Control Building with the Tall Building (10 m/s Wind Velocity Setting).
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Figure 4.14. Wind Vector for the Model of the Control Building as a Stand-alone Structure (20 m/s Wind Velocity Setting).
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Figure 4.16. Wind Vector for the Model of the Control Building with the Tall Building (20 m/s Wind Velocity Setting).
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5. DISCUSSION AND CONCLUSION

5.1. Discussion

Global demand for energy grew by 2.0% in 2017 with the fastest pace in this
decade. As a consequence of this trend, global energy-related carbon dioxide emissions
grew by 1.4% in 2017 and reached to 32.5 gigatons of a record high (International
Energy Agency 2018a). The graph of global energy-related carbon dioxide emissions
by years is shown in Figure 5.1. The IEA’s executive director said that “The significant
growth in global energy-related carbon dioxide emissions in 2017 tells us that current
efforts to combat climate change are far from sufficient.” (International Energy Agency
2018d). Ome of the reasons of this exceptional increase of global energy demand and
carbon dioxide emissions is higher heating and cooling energy needed in some districts.
Considering the significant share of residential sector on global energy demand and
eventually its effect on climate change, IEA highlights the potential of keeping the
global residential energy demand constant till 2040, despite of the expected 60% growth
rate for the total building area (International Energy Agency 2018c). For supporting
this aim and the challenge against climate change, this study focuses on a specific
aspect of heating and cooling energy of buildings in order to achieve more efficient

buildings with low energy demand.

To begin with, this research aims to investigate the effect of the turbulence
(vortex) area on heating and cooling energy consumption of buildings with the help
of the building performance simulation. Through a detailed literature review, it can
be seen that researchers have been using building performance simulation since 1960s
to study the different aspects of building performance during its life-cycle. Those
performance aspects could be relevant to building’s design, construction and operation
& post-construction control (de Wilde 2018, p. 325-422). Contrary to popular belief,
those performance aspects of buildings are affected by not just building’s own
characteristics (e.g. Papadopoulos et al. 2002; Tso and Yau 2003; Saidur 2009; Chan
2011; Escriva-Escriva 2011; Yu et al. 2011) or occupant behaviour (e.g. Rosa et
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Figure 5.1. Global Energy-related Carbon Dioxide Emissions.

Source: International Energy Agency (2018b)

al. 1988; Kempton et al. 1992; Tso and Yau 2003; Bohdanowicz 2006; Ouyang and
Hokao 2009; Nair et al. 2010; Yu et al. 2011; Schipper et al. 2011), but also the
nearby buildings and local environment. The effects of nearby buildings and urban
texture on building energy consumption are investigated by a number of researchers
(Arens and Williams 1977; Han et al. 2015a; Liu et al. 2015; Nikkho et al. 2017).
Numerous studies have attempted to explain the shading and reflection effects of nearby
buildings on building energy performance in the literature (Han et al. 2015a; Liu et
al. 2015). A considerable amount of literature has been published on the effects of the
wind on building energy performance (Arens and Williams 1977; Nikkho et al. 2017).
Similar to those studies, this thesis investigates an effect of a nearby building and local
environment. On the other hand, it investigates a new parameter in the literature and
ultimately aims to make a contribution to effective building design. Specifically, the
effect of the turbulence area—which is created by relatively large nearby building and
wind—on heating and cooling energy consumption of a building is examined with the

help of a building performance simulation.

ANSYS Fluent CFD program is used to simulate the outdoor wind flow for the
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control building itself as a stand-alone structure and the results for 10, 15 and 20 m/s
wind settings can be seen in Figure 4.6, Figure 4.10 and Figure 4.14, respectively. Wind
velocity values are selected quite strong as 10, 15 and 20 m/s for creating adequate
turbulence areas. When the wind is 20 m/s, it is difficult to walk against the wind. The
small turbulence areas that created by the control building can be seen in those figures.
Contrary to the other 3-D model, this control building as a stand-alone structure faces

the wind directly and is not affected by the tall building’s turbulence area.

Also, Fluent is used for simulating the outdoor wind flow and turbulence (vortex)
area that created by the tall building. The turbulence areas for 10, 15 and 20 m/s
wind settings are shown in Figure 4.8, Figure 4.12 and Figure 4.16, respectively. After
examining those figures, it can be easily seen that the control building is located in
the tall building’s turbulence area. This turbulence area creates irregular flow motions

which spans a wide range of scales in space and time.

After wind flow simulations, energy analysis for the control building as a
stand-alone structure and as in the turbulence area of the tall building is done by
Fluent for two different outdoor temperatures. Average seasonal temperature values
of Istanbul selected because of its similar urban texture to the 3-D model of this thesis
—which contains high-rise structures and regular low-side residential buildings too close
to each other. This urban texture is often encountered in the development and urban
transformation areas in Istanbul. An example for this urban texture from Istanbul is
shown in Figure 5.2. There are a lot of low-rise residential buildings that are located
in the leeward side of the high-rise buildings. 3.7 °C represents the average winter
outdoor temperature in Istanbul while 23.9 °C represents the average summer outdoor
temperature (Turkish Standards Institution Engineering Service 2008). Thermal
comfort temperature is selected 21 °C for indoor conditions. Heat fluxes of facades

of the control building calculated separately.

Heat fluxes for control building as a stand-alone structure and the control building
in the turbulence area of the tall building for 6 different cases are shown in Table 4.1

and in Table 4.2, respectively. In both 3-D models, for the same outdoor temperature,



71

Figure 5.2. Levent District of Istanbul.

heating and cooling energy demand of the control building is increased with the
increasing wind velocity. This energy demand increase is in connection with turbulence

areas which are bigger with higher wind velocities.

Finally, heat fluxes of the control building as a stand-alone structure and as in
the turbulence area of the tall building are compared to decide if the turbulence area
has significant impact on cooling and heating energy consumption of a building. The

percentaged heat flux differences between two models are shown in Table 5.1.

Heating energy demand for two models have difference of 2.3% for 3.7 °C outdoor
temperature and 10 m/s wind velocity, 2.0% for 3.7 °C outdoor temperature and 15
m/s wind velocity and 0.8% for 3.7 °C outdoor temperature and 20 m/s wind velocity.
Cooling energy demand for two models have difference of 2.1% for 23.9 °C outdoor
temperature and 10 m/s wind velocity, 2.0% for 23.9 °C outdoor temperature and 15

m/s wind velocity and 1.0% for 23.9 °C outdoor temperature and 20 m/s wind velocity.
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It can be easily seen that the heating and cooling energy demand is lower when
the building is in the turbulence area. The differences between heat fluxes of two 3-D
models are not very large, but it is not unexpected. Also, the difference between energy

demand of two models is decreasing with the increasing wind velocity.

In the literature, a number of researchers tried to minimize the mutual influences
between buildings that lead to increase in energy consumption in urban environments.
Han et al. (2015a) developed a systematic approach to disaggregate and quantify the
influence of mutual reflection and mutual shading within a network of buildings. They
found the reflection and shading effect play an important role in terms of impact on
energy consumption. Liu et al. (2015) examined the urban micro-climate environment.
In common to this thesis, they tried to calculate an aspect of nearby buildings and the
wind effect on building energy consumption with the help of EnergyPlus program.
They found that denser plan areas affects the energy consumption due to the wind
sheltering effect on the exterior surfaces’ convective heat transfer coefficients, with a
6.7% increase in the cooling energy consumption and a 3.5% decrease in the heating
energy consumption. It is important to notice that Liu et al. (2015) use the built-in
feature of EnergyPlus and it does not consider the effect of the infiltration rate in
their analysis. Also similar to the study by Liu et al. (2015), in this thesis, the control
building is modeled as a closed box and has not got openings. Its openings are assumed

to be perfectly isolated and are not sketched in 3-D models.

Like those previous studies, this thesis tried to determine a significant effect
on building energy consumption to minimize residential sector share in continuous
growth of global energy demand in recent decades. Results show that, the effect
of the turbulence area is not very significant on perfectly isolated control building
theoretically. The most important parameter that derives this conclusion is the model
of the control building —which is a perfectly isolated closed box—. However, in the
real world, openings are not perfectly isolated. Sherman (1980) showed that the energy
loss due to infiltration varied between 6% and 9% of the total energy in the United
States. Another study conducted by Emmerich and Persily (1998) confirmed that

infiltration is responsible for 13% and 3% of the heating and cooling loads, respectively
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for the United States office buildings. The other important parameter that derives this
conclusion is the facade system of the control building. The thermal conductivity of the
facade system is selected as 0.1461 W/m K (Turkish Standards Institution Engineering
Service 2008). It consists of the 20 centimeters brick wall covered with 5 centimeters
plaster and 5 centimeters rock-wool board. This isolation system is commonly used
in the Turkish Construction Industry even without making proper calculations because
of its low-cost and critical impact on building’s heating and cooling energy consumption.
This isolation system for the altering outdoor temperature and radiation, satisfied some
part of the insulate need for the turbulence area effect on building’s heating and cooling
energy consumption. Consequently, the effect of the turbulence area on heating and
cooling energy of a building remained limited because of the perfectly isolated openings

and facade system of the control building.

As a result, the energy need for heating and cooling energy is lower for the
buildings which are in the turbulence (vortex) area, but the largest difference between
two models is 2.3%. This difference is not very significant but it is expected for the
perfectly isolated control building. Therefore, with a more ideal modeling with openings
—which are not perfectly isolated in the real world— and real-case isolation system,
the effect of the turbulence area would be more significant for sure. Ultimately, this
research has a theoretical contribution to the literature within its specific domain. It
presents the turbulence (vortex) area as an important effect on heating and cooling
energy demand of a building. This effect should not be ignored for the design of the

new buildings and the retrofit of the existing buildings for future works.

Also, this study has some limitations as well. One of these limitations are related
to the design of the control building for building performance simulations. It is designed
as closed box for easier and faster analysis. This design feature limited the simulations
from being more realistic. In the future research, it can be designed with openings
to simulate exfiltration and infiltration better. Also, another limitation in this thesis
is related to the number of cases. Further case studies with various different 3-D
models can be conducted to validate the proposed results. Moreover, the number

of iterations are sufficient in this thesis, but much more iterations can be done with
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super computers for increasing results’ accuracy. Additionally, in future works, 3-D
models can be sketched more realistic and similar to the actual cities. The turbulence
area effect on building’s heating and cooling energy consumption can be calculated in
the urban areas more adequately, but again it needs more powerful computers. For
last, further studies are required to consider detailed variation of urban neighborhood

configurations, building shapes and wind profiles & directions.

5.2. Conclusion

With constantly growing global energy demand and energy-related carbon dioxide
emissions, effectiveness has become a challenge for all industries including residential
sector. This demand for effectiveness in the residential sector has made the application
of building performance simulation a must. For those demands, this thesis investigates
the effect of the turbulence area on heating and cooling energy of a building with the

help of BPS.

Firstly, literature about global energy demand and building performance
simulation is reviewed. The history of BPS between 1977 and present is examined.
Building energy consumption factors are researched in the literature and categorized
into groups of building related characteristics, occupant related characteristics and
nature and nearby environment. Later, the turbulence area on heating and cooling
energy consumption of buildings investigated to find out if it is significant or not. For
this investigation, following steps are completed with the help of BPS (ANSYS Fluent

CFD program);

Two 3-D models are sketched,
— The control building as a stand-alone structure,

— The control building & the tall building which creates the turbulence area,

Two 3-D models are meshed,

6 different wind cases for both of the 3-D models are simulated,

Heat fluxes are calculated for the control building,

Results are compared to find out if the effect of the turbulence area on heating
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and cooling energy demand of buildings is significant or not.

As a result of this research, it is found that the energy demand for heating
and cooling energy is lower for the buildings which are in the turbulence (vortex)
area. Therefore, this research has a theoretical contribution to the literature within its
specific domain and shows that researchers, practitioners and urban planners should not
ignore the turbulence effect on heating and cooling energy consumption of a building

for future works.
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