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ABSTRACT

Abstract of thesis entitled: The study of window design to enhance natural ventilation
in  residential buildings in Hong Kong

Submitted by: Tianqi Liu

For the degree of: Doctor of Philosophy

at The Hong Kong Polytechnic University in August, 2020

Due to the rapid economic development and urbanisation in the past two decades in Hong Kong,
energy consumption in high-rise residential buildings has risen sharply. Energy statistics in Hong
Kong show that from 2007 to 2017, the percentage of electricity consumption for air-
conditioning (AC) in the residential sector increased from 33% to 38%. The significant increase
in cooling energy use is due to the impact of climate change and the higher thermal comfort and

indoor air quality requirements.

Natural ventilation uses available wind to reduce cooling load, dilute indoor air pollutants and
provide thermal comfort in buildings. In favourable climates, residential units with natural
ventilation can save 10%-30% of the cooling energy use. Thus, natural ventilation is an effective
means to reduce energy consumption for air-conditioning. Wider use of natural ventilation in

high-rise residential buildings is, therefore, receiving considerable and increasing attention.

Windows are typically provided in residential buildings. Occupants are expected to adjust its
opening degree for natural ventilation. However, the continuous increase in energy consumption

for air-conditioning in residential sector in Hong Kong indicates that Hong Kong people have



not made efficient use of natural ventilation to reduce cooling energy use. Natural ventilation
performance of a residential unit is determined by the interactive effects of window type, window
opening degree, relative positions of window groups, window orientation and local wind
conditions. While window orientation and local wind conditions are often subject to site
constraints, other window design options are within the control of building designers. On this
basis, it is necessary to investigate the influence of window designs in residential buildings to
encourage wider and more efficient use of natural ventilation for reducing cooling energy use
and providing thermal comfort. Such information will be useful to users, building designers and
policymakers as well as researchers in search of improvement in natural ventilation in Hong

Kong and elsewhere in the world.

Taking all the considerations given above, this thesis presents a study of the influence of window
designs on natural ventilation performance in residential buildings in Hong Kong. In this study,
carefully-design and novel methodologies were adopted to achieve the intended research
objectives, which include walk-through surveys, site measurements, controlled experiments,
computational fluid dynamics simulations, energy simulations, market surveys and statistical
analyses. In the statistical analyses, novel approaches including the Central Composite Design
method, the Squeeze theorem, the response surface regression method and the artificial neural

network were used.

Natural ventilation performance of three window types that are commonly used in residential
buildings in Hong Kong was evaluated. Their common use were identified by walk-through
surveys. The evaluation took into account the interactive influences of four possible window
orientations, two relative positions of window groups (cross and single-sided ventilation modes)

and nine representative coincident wind data sets. The wind data sets were developed based on
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a decade’s hourly meteorological data in Hong Kong. The results lead to the conclusion that
amongst all window types, side hung window is most effective, followed in descending order are
top hung window and sliding window. As for the relative positions of window groups, it was
found that if window groups can only be located on the same side of a residential unit (single-

sided ventilation mode), side hung windows and south-facing top hung windows are preferred.

According to walk-through surveys on window opening habits of Hong Kong residents, it was
found that there are limited and inefficient use of natural ventilation in residential buildings in
Hong Kong. To encourage wider use of natural ventilation, the optimum window opening degree
was investigated. The results show that the optimum window opening degree for Hong Kong,
taking into account the seasonal wind conditions and all possible design options, should be in the

range of 0.6 to 0.9.

Considering that most residential buildings in Hong Kong are permanently limited to locate the
window groups on the same side of a wall to become single-sided ventilation, the use of transom
window (TW) of different designs to enhance ventilation was thus investigated. Site
measurements were conducted at two carefully selected units to determine the influential design
characteristics. The results show that indoor air change rate is most sensitive to the presence of
TW and the rate is affected the most by the position of TW to the window, followed by wind
speed, size of TW, orientation of TW, and wind direction. It was found that depending on the
TW’s physical characteristics, the improvement in air change per hour (ACH) because of its

incorporation ranges from 117 % to 190%, and the average is 153.5%.

Based on the improvement in ACH created by TW of the best and the worst designs, whether

enhanced ventilation can achieve thermal comfort and further reduce energy usage for cooling
6



are questions that are yet to be answered convincingly. For this purpose, cooling energy usage
of a simple air-conditioning system and a hybrid system (using enhanced ventilation created by
TW supplemented with air-conditioning) for achieving the same thermal comfort in high-rise
residential buildings in Hong Kong were compared. The results found that depending on the TW
design, average improvement in ACH ranges from 117 % to 190%, and the associated cooling
energy saving from hybrid system ranges from 22.2% to 22.7%. These results confirm the
effective use of TW in reducing cooling energy use and providing thermal comfort in high-rise

residential buildings in Hong Kong.

From the above, the academic contributions of this thesis on the study of window designs in
enhancing ventilation in residential buildings in Hong Kong are in four aspects. They include the
identification of the most effective window type, the optimum window opening degree, the TW
designs to rectify poor ventilation associated with single-sided ventilation that cannot be avoided
in most residential buildings in Hong Kong and elsewhere in the world, and the cooling energy
savings for the use of TW. It can be seen that the objectives are original. The methodologies
adopted are novel. The results are validated and verified and the findings are expected to be
useful to the users, building designers and policymakers in Hong Kong as well as researchers for
better utilization of natural ventilation to cut cooling energy use and to those living in countries

with similar climatic conditions to Hong Kong.
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CHAPTER 1 INTRODUCTION

1.1 Background

Hong Kong is located in the sub-tropical region with an extremely hot and humid climate for
nearly half the year. As such, air-conditioning is essential for enhancing the indoor environment.
According to energy statistics in Hong Kong, the percentage of electricity consumption for air-
conditioning (AC) in the residential sector increased from 33% to 38% in the past decade (2007-
2017) [1]. The significant increase in consumption was due to the ever-growing demands for
better thermal comfort and higher natural ventilation requirements, especially during the hot and
humid summer months [2]-[4]. This indicates that it is necessary to use strategies to reduce

cooling energy consumption.

1.2 Utilizing natural ventilation in residential buildings

Natural ventilation is a gift from nature. It is a process of supplying ambient air to displace indoor
air to provide a healthy and comfortable environment in buildings. Unlike mechanical ventilation
such as using fan or AC, natural ventilation is driven by natural forces without demanding any
extra energy in the process. Thus, utilizing natural ventilation is a preferred option for reducing

cooling energy use especially in the moderate seasons in Hong Kong [5].

Unlike commercial buildings being sealed with large glass windows and require high level of
indoor environmental quality, residential buildings are more flexible to be designed for utilizing
natural ventilation. Better utilization of natural ventilation has been receiving considerable and
increasing attentions for years [6]. With careful building design and in favourable climates, using
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natural ventilation in residential units can save 10% to 30% of total energy consumption for air-

conditioning [7].

1.3 Research gaps, objectives and significance

1.3.1 Research gaps and significance

The availability of natural ventilation in residential buildings is determined by a combination of

external and internal factors [8].

External factors include the urban form (e.g., density and site coverage), the building typology
(e.g., building form and dimensions), and micro-climatic conditions, which are often subject to
constraints or beyond the control of building designers and architects. Thus, in this study, the
urban form and building typology are carefully defined to represent typical characteristics of
residential buildings in Hong Kong. While for micro-climatic conditions, as natural ventilation
is mainly wind-driven, the availability of natural ventilation is affected the most by the wind
speed and wind direction [9], [10]. Given wind speed and wind direction are highly unstable and
changeable, in the study of window designs, careful considerations have been given to these two

parameters.

Internal factors include the floor layout, apertures, and orientation, which can be altered by
building designers and architects the way they deem appropriate [11]. Among these factors,
previous research has already indicated that aperture design plays a significant role in natural
ventilation performance [8]. Building aperture means any designed opening in a building

including any door, window, and skylight. In aperture design, window, which can be provided
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in a wall or door in residential buildings, is considered the most important because it can be used
by the occupants to adjust the ventilation rate. In general, windows on a wall are called “window”,

while windows in a door are called “transom window”.

Although many researchers dedicated to window design investigations, there are limited
literature in the public domain for building designers and policy makers in search of performance
improvement in natural ventilation and building energy use. Therefore, the objectives of the

study are to answer the following four questions:

1. What is the most preferred window type for Hong Kong residential units to enable natural
ventilation utilization?

2. What is the optimum window opening degree taking into account seasonal wind
conditions of Hong Kong?

3. Can transom window enhance natural ventilation in high-rise residential buildings given
single-sided ventilation cannot be avoided for most of the residential units in Hong Kong?
What are the impacts of different TW designs on ventilation?

4. Can enhanced ventilation created by transom window reduce cooling energy usage and

provide the desired thermal comfort?

To address the above questions, this study consists four major parts of work as follows.

Part 1 focuses on evaluating the influence of window types on natural ventilation performance.
Many research works have already been done in identifying the window types that can enhance
ventilation performance in residential buildings. However, little has taken window sash and

interactive effects into consideration. As there is no clear definition for different types of
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windows, to begin with, the different window types were classified according to the way the sash
and the frame are held together. A walk-through survey was then conducted to evaluate the most
used window types in Hong Kong and the residents’ window opening habits. The interactive
effects of different design factors on ventilation performance were examined. They include
window type, wind conditions, relative positions of window groups (cross and single-sided
ventilation modes), window orientations, and floor layout. Nine sets of representative wind
datasets were used to represent the wind conditions. A hypothetical residential unit was used to
represent typical floor layout of residential units in Hong Kong. Statistical analyses were
employed to quantify the influence of different factors. Based on an optimisation process, the

most preferred window type for Hong Kong residential units was determined.

Based on the walk-through survey results, the residents’ window opening habits were identified.
Part 2 is to evaluate the optimum opening degree to encourage wider and more efficient use of
natural ventilation. The evaluation was based on three most used window types, operating under
nine sets of representative wind datasets in Hong Kong, four possible window orientations, and
two ventilation modes. The hypothetical residential unit was again adopted for the evaluation.
Regression analysis was employed to quantify their influence on natural ventilation and to
extrapolate the optimum window opening degree for different internal designs and wind

conditions.

Transom window (TW) has been confirmed effective in enhancing ventilation in residential units.
However, the investigations are either on their presence or relative positions on a single house
basis. There has been no consideration of other physical characteristics of TWSs and the high-rise
characteristics of residential buildings. Adding that in the design of openings, the openings’

physical characteristics on ventilation is often investigated, there should be no exception for TWs.
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Part 3 of this study aims to evaluate the impacts of different physical characteristics of TW in
enhancing natural ventilation in high-rise residential buildings in Hong Kong. Site
measurements were conducted to select the influential design characteristics of TW and to assess
the uncertainty of simulations. A residential unit in a public housing estate was identified to
represent typical public housing unit in Hong Kong. The local wind environments were
determined by statistical analyses. The effectiveness of TW and the impact of different designs

in enhancing natural ventilation were evaluated.

Despite TW has been demonstrated to be effective in enhancing natural ventilation in high-rise
residential buildings in Hong Kong, virtually no work has been done to demonstrate its
effectiveness in reducing cooling energy consumption and providing the desired thermal comfort.
For this purpose, Part 4 of this study is to compare the cooling energy usage of a simple air-
conditioning (AC) system with that of a hybrid system (using enhanced ventilation created by
TW supplemented with air-conditioning) for achieving the same thermal comfort in a
representative residential unit identified in Part 3 and other characteristics identified in Parts 1
and 2. The hour-by-hour air temperatures and the cooling energy use of the hybrid and the only
AC systems were predicted. The simulated air velocities and temperatures were used for thermal
acceptability analysis. The results confirm the effective use of TW in reducing cooling energy

use and providing thermal comfort in high-rise residential buildings in Hong Kong.

The results of this study are expected to be useful to the users, building designers and
policymakers in Hong Kong as well as researchers for better utilization of natural ventilation to
cut cooling energy use and to those living in countries with similar climatic conditions to Hong

Kong.
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1.3.2 Organization of this thesis

This thesis is organized in 8 Chapters.

Chapter 1 introduces the research background, gaps, and significance, as well as the outline of

this thesis.

Chapter 2 reviews relevant literatures and research works in wind conditions, window types,

window opening degrees and transom window designs.

Chapter 3 explains the research methodology adopted in this study, including site measurement
methods, simulation methods, statistical analysis methods, and the identification of the

representative studied units.

Chapter 4 focuses on the evaluation of different window types on natural ventilation performance.
The evaluation was conducted based on three commonly used window types, two ventilation

modes, four window orientations and nine coincident wind datasets.

Chapter 5 presents the study of optimum window opening degree on natural ventilation
performance. The optimum window opening degree was determined by how the window type,

ventilation mode, window orientation and wind conditions were integrated.

Chapter 6 examines the impacts of different physical characteristics of TW in enhancing natural
ventilation in high-rise residential buildings in Hong Kong including its presence, position on

the door, aspect ratio, opening area, position relative to window and orientation.
28



Chapter 7 investigates the effectiveness of transom window in reducing cooling energy use. The

cooling energy use of the hybrid and the only AC systems were compared.

Chapter 8 provides the conclusions of this study and recommendations for future work.
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CHAPTER 2 LITERATURE REVIEW

To identify the research gaps in previous studies, relevant works in four aspects were reviewed.
They are wind conditions, window type, window opening degree, and transom window designs.

Research gaps are highlighted in each section.

2.1 Wind conditions

In previous studies, representative wind conditions (wind speed and wind direction) are often
determined based on prevailing wind conditions [12]-[14] or annual-mean wind conditions
[15]-[17]. When based on the prevailing wind conditions, the highest frequency of occurrence
of wind speed and wind direction in an annual meteorological database derived from rose
diagram are used [13]. While when based on the annual-mean wind conditions, the annual mean
wind speed along with several main prevailing wind directions are used [15]-[17]. As such,
representative wind speed and wind direction are separately determined to ignore their coincident

characteristics.

Recently, the use of coincident wind data sets has been investigated in meteorology and wind
energy studies. M. Bilgili et al. [18] used the artificial neural networks method to predict the
local wind conditions and compare them with a reference meteorological database. The results
indicate that wind speed and wind direction often occur simultaneously to confirm that coincident
wind data set provides a better and more reliable meteorological data for meteorological research.
Fu et al. [19] investigated the wind-resistance of high-rise buildings. The investigation found

that when evaluating the probability of occurrence of wind, the distribution functions for wind
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speed and direction could reflect their dependent occurrence. To fill the research gap, there is a
need to develop representative wind data sets based on coincident wind speed and wind direction

to represent typical wind conditions for Hong Kong.

2.2 Window type

On window design, the impact of window type is one of the most investigated aspects. However,
by far, there is no clear definition for different window types and the classification varies from
region to region. One common classification is by the window shapes to have a round circle
window, arched window and bay window, etc. [20]-[22]. As far as natural ventilation is
concerned, windows are more often determined by way of sash and frame are held together [23].
There are four major window types, side hung (SH), top hung (TH), bottom hung (BH) and

sliding (SLD). Their geometry and opening areas are given in Table 2-1.

i

I

Window types

1

Sliding window

Classification Sid

e hung
Abbreviation SLD
6
Geometry H\Al e
L

Opening area
(=ZAx)*
Note: "0 is the window opening range, which is the opening angle for SH, TH and BH windows,
and is the sliding length for SLD window

A=L2-5in(0)+L - H- sin(0) cos(8)+(L-Lcos(0)) -H A=1/2L -H-0

Previous research works have focused on evaluating the preferred window type on natural
ventilation. Yang et al. [24] conducted wind tunnel tests and simulations to confirm that
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ventilation performance of BH window increases with the opening angle. Heiselberg [25]
measured discharge coefficients of SH and BH windows by laboratory experiments and found
that they did not vary much. It was also concluded that for both single-sided and cross ventilation,
SH window is preferred in summer and BH window is preferred in winter. Roetzel et al. [26]
compared different window types for different climatic conditions and concluded that for non-
heating seasons, SH window opening to inside can serve as a reducer to increase the incoming
airflow speed and thus is preferred over SLD windows and TH windows opening to outside. Gao
and Lee conducted a series of measurements and simulation studies to evaluate the influence of
ventilation modes [27], window types [12] and external obstructions [28] on natural ventilation
performance of high-rise residential buildings in Hong Kong. The results indicated that
ventilation performance is most affected by window type and concluded that SH window is most
preferred for subtropical climate. Miramontes et al. [29] conducted a similar study for low-rise
residential buildings in Colima of Mexico. It was concluded that louvre window is preferred over

SH and BH windows for tropical climate.

It is noted from the above that many works have already been done on the preferred window type
to enhance natural ventilation in residential buildings. However, the window performance has
been investigated either independently, without considering the interactive effects of the relative
positions of window groups and window orientations [13-17], or the studies have been based on
very limited wind data sets [14-19]. The wind data sets (wind speed and wind direction) assumed
were often independently selected based on the highest cumulative frequency of occurrence or
mean values of an annual meteorological database. However, the coincident wind speed and wind
direction, which are always provided for good quality meteorological data [18], have never been

considered in previous works.
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Because of the lack of relevant research, there is a need to address the interactive effects of the
ventilation modes, window orientations, and coincident wind conditions in the evaluation of the
influence of window types on natural ventilation performance of residential units in Hong Kong.
A mathematical model is also necessary to enable quick estimation of ventilation performance

and to facilitate quantification of influences of different design variables.

2.3 Window opening degree

Window opening degree (DEG) is defined as the ratio of the opening range to the maximum
openable range. Opening range refers to the opening angle (maximum openable angle is assumed
90 °) for hinged windows like top hung, side hung and bottom hung windows, and refers to the
sliding length for sliding windows. While for DEG, despite it is often used by residential users
to adjust the window opening area, its influence on natural ventilation performance is rarely used

as a studied parameter. Instead, window opening area is often used in previous research works.

Heiselberg et al. [25] conducted a series of laboratory experiments on the performance of SH and
BH windows and confirmed the influence of window opening area on ventilation performance.
Others are mainly focused on evaluating its influence on the discharge coefficient, which
indirectly affects ventilation performance and the residents’ window opening habits. Regarding
influence on the discharge coefficient, Hult et al. [30] performed CFD simulations to confirm
that it increases with window opening area. Heiselberg et al. [31] found that the discharge
coefficient is affected not only by window opening area but also by the geometry of window
openings, and airflow conditions. Yang et al. [24] conducted wind tunnel tests and CFD
simulations to identify that loss coefficients exhibit an inverse square relationship with discharge

coefficients. It was found that a large increase in ventilation performance can be achieved by the
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partial opening of windows. In relation to window opening habits, Schweiker et al. [32]
employed a stochastic analysis to confirm that it is determined by the environmental conditions
and the residents’ lifestyle. Fritsch et al. [33] measured the window opening areas of four office
premises to develop a stochastic model. It was concluded from the developed model that habit is
determined by the outdoor temperature and the occupation period. A similar result was found by

Herkel et al. [34].

There is no doubt that many works have already been done on window design and window
opening area but they are always separately investigated. Besides, little literature has considered
window opening degree (DEG) as a studied parameter. No investigations to date have been done
on identifying the interactive influence of DEG with full considerations of the window design
options, wind conditions and users’ habits for efficient natural ventilation. To address this gap,
there is a need to identify the window opening habits of Hong Kong residents and the optimum

DEG for efficient natural ventilation to reduce cooling energy use.

2.4 Transom window designs

Many research works have evaluated the influence of relative positions of window groups on
natural ventilation. In the evaluations, the relative positions of the window groups are often
classified into two ventilation modes: single-sided ventilation, where window groups are located
in the same side of the wall [35], and cross ventilation, where window groups are on the
perpendicular or parallel walls [36]. Evola and Popov [34] evaluated the influence of relative
positions of windows and confirmed that cross ventilation is preferred. J. Perén et al. [35]
conducted CFD simulations to evaluate the influence of the vertical position of window outlets

and found that there is no significant influence. Gao and Lee conducted a series of site
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measurements and simulations to investigate the influence of relative window positions [31] for
high-rise residential buildings in Hong Kong. It was concluded that cross ventilation is most

preferred for the Hong Kong environment.

Besides, much of the research on natural ventilation has already concluded that cross ventilation
is most preferred [37]-[39]. However, for high-density high-rise environments like in Hong
Kong [40], high-rise residential towers are often designed with four identical wings linked by a
cross piece to form X-shaped towers. On each wing, there are two to four residential units
arranged in a back-to-back manner to optimise the spatial efficiency. As a result, the residential

units in Hong Kong are permanently limited to single-sided ventilation [41].

Transom window (TW), a glass panel mounted on the top of a doorframe, was first introduced
in the 14" century for increasing natural light and decoration [42]. At that time, TWSs were often
sealed for privacy, preventing insects and for protection from severe weather [43]. With poor
ventilation associated with single-sided ventilation has become a concern, TWs have later

evolved to become openable to facilitate effective ventilation in residential units [44]-[49].

2.4.1 The Influence of Transom Window Designs on natural ventilation performance

Previous research works have focused on evaluating if TW is effective in enhancing natural
ventilation and the influence of the relative positions on its effectiveness. Howard-Reed et al.
[44] conducted a series of site measurements to confirm that even occasional opening of TW can
enhance the indoor air change rate. Chen et al. [50] employed CFD simulations to compare air
change rate under cross ventilation created by floor opening with that facilitated by TW. It was

found that the adoption of TW can achieve better performance. Chiang et al. [45] used numerical
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simulation to examine the distribution of air contaminants and the temperature field in a kitchen
in Taiwan. It was found that a properly located TW can effectively improve indoor air quality.
N. Chao et al. [46] conducted a similar study for a bedroom in Taiwan. It was concluded that
depending on its position relative to windows, TW can effectively dilute the indoor CO;
concentration and maintain indoor thermal comfort. Recently, Aflaki et al. [49] performed site
measurements and CFD simulations to evaluate the effectiveness of using TW to create cross
ventilation in a residential unit in Malaysia. It was found that TW can increase the air change

rate by 27% under favourable wind conditions.

It is evident from the above that the effectiveness of TW in enhancing natural ventilation has
been confirmed and is significant. However, the TW performance has been investigated either
on its presence or relative positions in a single house. There has been no consideration of other
physical characteristics of TWs and in the context of characteristics of high-rise residential

buildings.

2.4.2 The effectiveness of transom window in reducing cooling energy use

Whether enhanced ventilation created by TW can achieve thermal comfort and further reduce
energy usage for cooling are questions that are yet to be answered convincingly [44]-[46], [49].
However, many research have already found that for subtropical climates, natural ventilation can

only be used during a limited period of time in a year and in favourable climates [51], [52].

To fill this research gap, it is required to investigate the effectiveness of TW in reducing cooling
energy usage and providing thermal comfort in high-rise residential buildings in Hong Kong.

However, based on results of previous studies, instead of relying purely on enhanced ventilation
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facilitated by TW to replace air-conditioning system (AC system) to achieve thermal comfort,
the use of enhanced ventilation supplemented with air-conditioning (hybrid system) should be

investigated.

2.5 Summary

The research gaps were identified in this Chapter which includes:

1. To identify the influence of window types on natural ventilation performance of
residential units in Hong Kong, taking into account the interactive effects of ventilation

modes, window orientations, and coincident wind conditions.

2. To identify the window opening habits of Hong Kong residents and the optimum DEG

for efficient natural ventilation.

3. To investigate the impacts of different physical characteristics of TWs in enhancing

natural ventilation in the context of characteristics of high-rise residential buildings.

4. To investigate the effectiveness of TW, integrated with other aperture designs in reducing
cooling energy usage and providing thermal comfort in high-rise residential buildings in

Hong Kong.
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CHAPTER 3 METHODOLOGY

This chapter presents the methodology adopted for investigating the influence of window designs
on natural ventilation. The investigation methods, as outlined below, include site measurements,
CFD simulations, and energy simulations. To set internal and external conditions for CFD and
energy simulations, methods to derive the representative wind conditions and the representative
residential estate and unit are also discussed. Other methods adopted for specific studies such as

walk-through surveys and market surveys are discussed in the relevant chapters.

3.1 Site measurements

Site measurement has been recognized as the most reliable way to provide accurate results and
is the most authoritative reference to modify the simulation modelling [53]. In natural ventilation
studies, measurements are often taken in existing buildings or actual sites [54], [55] and the
temperature and velocity are recorded [12], [56]. However, site measurements have limitations
due to the constraints on instrumentation for measurements (i.e. instruments for measurements,
labours, site constrained), unsteady external wind conditions, and the essential uncertainty of the
experiments. Besides, it is difficult to determine the natural ventilation performance in an urban
environment due to the complex and compact surrounding obstructions so site measurements are

often employed to support simulation studies.

In this study, different sets of site measurements were conducted at different sites. They were

done for providing data for validation of CFD settings, for identifying influential parameters for

further studies and for verifications of simulation results.
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Tracer gas decay method is the most widely used method to assess ventilation rate through
openings. By this method, a proper amount of tracer gas is injected into the internal space and
readable tracer gas sensors are used for recording the concentration at the sampling points during

the monitoring period to evaluate natural ventilation performance.

SFe was chosen as the tracer gas in this study because it is easy to measure at low concentration.
It is non-toxic and more importantly, it is not a natural component of air [57]. Thus, it is by far
the most commonly used tracer gas in ventilation studies [58]. Details for the site measurements

are introduced in Chapters 4 to 7.

Air change per hour (ACH, /h) was used to quantify natural ventilation performance.

3.2 CFD simulations

Computational fluid dynamic (CFD) simulation method was used to simulate the outdoor and
indoor airflow of the buildings so as to enable the prediction of the achievable ventilation rate
and indoor air velocity for different window designs. FLUENT 13.0 was employed for the CFD

simulations [59].

By numerically solving a set of partial differential equations in the computational field, it can
provide a high-efficient, accurate prediction of the fluid flow characteristics, including the air
velocity, pressure distribution, etc. The CFD simulation method fills the limitations of the site
measurement method in reducing the cost for measurements, allowing quick assessment of
different designs, providing visualized and comprehensive numerical information, and enabling

the simulation of airflow under different physical conditions.
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The Reynolds-Averaged Navier-Stokes (RANS) turbulence modelling approach is used in this
study for solving the numerical solutions of the airflow. The RANS was selected for its less
computing time comparing with other modelling methods (i.e. large eddy simulation method or
the direct numerical simulation method) since it solves the time-averaged flow parameters and
is the most widely used in natural ventilation studies [60]. The governing equations are given

below:

Continuity equation:

Si_o (3.1)

Momentum equation:

i( u.u )—_a_P+i %4_%_ u'u'
ox, L ox X, Hlox Tax P

] 1 ] i

(3.2)

Where u; and u, are the mean and fluctuating airflow velocity component in the direction of X; ;

P is the mean pressure; p is the density of the air; puu; is the Reynolds stress.

The objective of the RANS’ turbulent models is to solve the Reynolds stress that accounting for
the fluctuations of turbulence in fluid momentum by two principle approaches; the eddy-viscosity

model and the Reynolds-stress model [61]. As far as window design study is concerned, two
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turbulence models based on the RANS approach are introduced below. The default settings of

the models were used for further investigations.

3.2.1 k-epsilon standard equations

The k-epsilon (k-¢) standard equations have been widely and successfully used in indoor airflow
simulation for its reasonable accuracy [62], [63] and less computing time [60]. The three-

dimensional of k- standard transport equations are given by:

M:i ,U"‘ﬁ ﬁ +Pk_pg (33)
8XI axj L O-k ij_

opeu) _ o [( o m\oe],c ep o & (34)
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Where Kk is the turbulent kinetic energy; ¢ is the dissipation rate; P, is the production of the

turbulent kinetic energy and is determined as:

—F OU.
P, =—puu, 7‘ (3.5)

The turbulent viscosity 4, is calculated in terms of k and & by:

k2
Hy ::DC,I? (3.6)

The five modelling variablesC,, ,C,.,C ,o, and o, keep default model constant with the value

267~ u

of 1.44,1.92, 0.09, 1.0 and 1.3 respectively.
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3.2.2 k-epsilon RNG equations

The Re-Normalization Group (RNG) has been extensively used for indoor airflow simulations
[61]. Comparing with the standard k-¢, the modification of € equation make it accounts for the

small scales of the fluid motions with the form as:

o(peu.) 0 U, | O¢ g . g
— = +=+L|—|+C_ —B -C, p— 3.7
8Xi an |:(,U O'g axj le k k ng k ( )
Where
. Caa-".)
C,.=C,, +—1+[3773 . (3.8)
n= S% . S =(25;; )" (3.9)
1,0u ou;
S, ==—(—+— 3.10
3G ) (3.10)

Where u; is the mean and fluctuating airflow velocity component in the direction of x; ; Values

forC,,C,,,C,,0, and o, are 1.42, 1.68, 0.0845, 0.7194 and 0.7194 respectively; 7, =4.38 and

£=0.015.

3.3 Energy simulations

Energy simulations were used to evaluate cooling energy reduction derived by the utilization of

natural ventilation for different window designs.
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Performance evaluation was accomplished by the use of the building energy simulation
programme “EnergyPlus” [64]. EnergyPlus has been successfully used in similar studies [65],
[66] and its simulation accuracy have been verified against other programs for building thermal
behaviour evaluation [67]. It is a component-based system simulation program. It allows the
addition of an extra component to model natural ventilation. In it, a building’s thermal response
to outdoor climate conditions (e.g. outdoor temperature, humidity, solar gain), internal heat gains
(e.g. equipment, human occupancy) [68], [69], airflow rate through buildings and the
corresponding heat removal by convection [70] and cooling equipment can be accurately
predicted. The result generated by EnergyPlus after the simulation run is comprehensive. It
allows users to extract the required data, which include temperature, moisture content, mass flow

rate in selected nodes, and hour-by-hour cooling energy usage.

In this study, based on the achievable ventilation rate and indoor air velocity for different window
designs predicted by CFD simulations, together with the energy usage and temperature predicted
by energy simulations, thermal acceptability and cooling energy usage for different window

designs can be determined.

3.4 Representative wind conditions

Representative coincident wind conditions are required for CFD simulations. They were
developed by reference to the hourly meteorological data of Hong Kong in the last ten years
(2004 to 2013). Based on the meteorological records, the first step is to define for the maximum
(Xmax), average (X ) and minimum (Xmin) values each studied parameter (X). Given natural
ventilation is mainly wind-driven and there is only small difference in temperature between

outdoor and indoor happen in the moderate seasons in Hong Kong where natural ventilation is
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often used [71], [72], thus the studied parameters include only the wind speed (Xspd) and wind
direction (Xair). But as there are bound to be extreme wind conditions that are rare and anomalous,
the Central Composite Design (CCD) method and the Squeeze Theorem, as recommended by
other studies [73], were employed to remove the extreme values and to determine the

representative wind conditions.

For determining the required values for Xspa and Xair, it is necessary to determine the minimum
required number of data sets (NB) that can provide not only high precision in further analysis but
also reduce simulation time. NB can be estimated by Equation (3.11) which is 9 in this study

[74].

NB = 2% +2G +CP (3.11)

Where G is the number of variables (=2); and CP is the centre point value which is normally set

as 1[75], [76].

oo P IR o
w 1o m
O
Bi-1 0 1 iP m Axial points
; 1 B Factorial points
o 7 - O Centre points
o & S °

Figure 3.1 Illustration of the determination of range of variable

Besides the centre point, CCD method involves factorial points and axial points (Figure 3.1).
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In Figure 3.1, the axial points are Xmax and Xmin Which are lying on the circumference of the

circleand X is the centre point value. They were normalised to +B and—p , where B equals V2.

The Squeeze Theorem [77] was then applied to remove the extreme values in intervals of 0.1 m/s

for Xspa and 30 degrees for Xgqir and to keep the centre point unchanged for determining Xmax and

Xmin. The interval (=0.1 m/s) for wind speed was determined based on the same decimal point as

the meteorological data, while that of the wind direction (=30 degrees) was by common practice

[78]-[80].
Table 3-1 Representative coincident wind conditions

Run Xecod Xn
i Xspd Xadir Xspd (M/s) Xair 12 (Degree, °)
1 -1 -1 1 30
2 1 -1 4.8 30
3 -1 1 1 150
4 1 1 4.8 150
5 -B 0 0.21 90
6 B 0 5.59 90
7 0 -B 2.9 5.15
8 0 B 2.9 174.85
9 0 0 2.9 90

Note: ! North is 0%, 250% of the wind direction (181° to 360°) belonging to sky vault positions
at the back of the window surface were considered by modelling the window at four possible

orientations (North, East, South and West).

Upon the removal of the extreme values and the determination of Xmax and Xmin, the

representative coincident wind conditions (Xn), coded as -8, 1, 0, +B (Xcod) in Figure 3.1, can

be determined by Equation (3.12). Results are shown in Table 3-1.

— 2(xn_ )Z)
cod X _X

max min
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3.5 Representative residential estate and unit

Hong Kong is famous for its rapidly developed economy, urbanization and high population
density [81]. Population estimates show that the population density in Hong Kong is 6830
persons per square kilometre [82], ranking in the 8" most densely populated city in the world

[83].

The high population, other than natural increase, is attributed to the cumulative influx of
immigrants from Mainland China, resulting in a growth of population from 6.49 million in 1997
to 7.39 million in 2017. Adding to that is the sharp reduction of the average household size from
3.3 to 2.8 in the past decade years, leading to a sustained high demand for residential housings
[84], [85]. In 2017, the number of domestic households was 2.54 million. It is almost impossible
to review the floor layout of all residential units in Hong Kong to study the window design on
natural ventilation enhancement. Thus, residential estates must be carefully selected to represent

typical characteristics of residential units in Hong Kong for the intended studies.

There are two types of domestic housing in Hong Kong, which are private housing and public

housing accounting for 53.8% and 45.4% (0.7% for temporary housing) households respectively.

Private housing, which is developed by private developer, plays an important role in the housing
needs of the society. Private housing is usually characterised by its flexible design (i.e. the variety
of window types; window dimensions; flexible ventilation modes). It is developed to satisfy the
needs of the property market and end-users. The building designers are thus given more freedom
in the window designs. Therefore, for the evaluation of the optimum window type and window

opening degree, a hypothetical unit, which was formulated to represent typical characteristics of
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private housing, was used as a studied unit. The hypothetical unit has been employed for several

other ventilation studies in Hong Kong [86], [87].

Public housing, affordable rental housing for middle and low-income residents, has been
provided by the Hong Kong Government since 1954. The Hong Kong Housing Authority,
committed to design public housing, has everlastingly updated its design concept and
construction process to satisfy social, economic and market demands [88]. To optimise cost
effectiveness and spatial efficiency, the public housing blocks in Hong Kong are of standardised
and compact designs. The compact design characteristics made the public housing permanently
limited to single-sided ventilation. Therefore, the evaluation of using transom window to
facilitate ventilation enhancement is based on a representative residential unit selected from a

typical public housing estate in Hong Kong.

Details of the hypothetical unit and the representative residential unit are presented in Chapters

4 and 6.

3.6 Summary

The theoretical backgrounds, reasons and key features of the methods used across the four major
parts of work of this thesis were introduced which include site measurements, CFD simulations,
energy simulations, representative wind conditions and representative residential estate and unit.
Details of each method in achieving the intended objectives of this study are introduced in

individual chapters.
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CHAPTER 4 INFLUENCE OF WINDOW TYPE

This Chapter presents the investigations of the influence of window type on enhancing natural
ventilation in a residential building in Hong Kong. The investigations have considered the
interactive effects of window types, other aperture designs and local wind conditions. To achieve
the intended objectives, walk-through surveys, site measurements, simulation validations, CFD
simulations and response surface regression analysis were conducted. The response surface
regression analysis was employed to formulate a prediction model to quickly examine the
ventilation performance and to facilitate quantification of influences of different design options.
The nine representative wind data sets formulated by the Central Composite Design method and
the Squeeze Theorem (introduced in Chapter 3) were used for CFD simulations. Further, a multi-
criteria optimisation method was used to identify the most preferred window type for Hong Kong

residential units.

4.1 Walk-through survey

Walk-through surveys were conducted in the evening in October 2017 to ascertain the most used
window types and windows opening habits in residential buildings in Hong Kong. Facade images
of 31 constituent residential estates of Centa-City Index (CCI) ! amounting to 9965 windows
were taken. The 31 residential estates were chosen because the constituent estates in CCl are of
sufficient representation in Hong Kong. This time period was chosen for having the highest

occupancy in most residential units [89] and the most moderate weather condition [90] .

! The Centa-City Index (CCI) is a monthly index based on all transactions records as registered with the
Land Registry in Hong Kong to reflect property price movements in the previous 1-2 months.
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The results of the walk-through survey for different window types are summarized in Table 4-1.

While results of window opening habits are reported in Chapter 5.

It can be seen that among different window types, SH window is the most used (63.9%), followed

by TH window (35.85%) and SLD window (0.26%).

Table 4-1 Summary of window types

Number of windows
Type NT KLN HK Total Percent (%0)
TH 562 2711 299 3572 35.9
SH 1114 4410 843 6367 63.9
SLD 6 12 8 26 0.2
Total 1682 7133 1150 9965 100

Remarks: NT= New Territories; KLN = Kowloon; HK= Hong Kong Island

4.2 Site Measurements

Site measurements were conducted at a carefully selected site to provide data for validation of
the CFD settings. The unit on the third floor was selected because: 1) the building block where
the unit is located is situated at an isolated site with few external obstructions to enable a focused
study of the influence of window types under varying wind conditions (Figure 4.1); 2) it consists
of two different types of windows (SH and TH) of the same area to enable direct comparison of
performance of two types of windows; and 3) the studied area dimensionally matches the

hypothetical unit to be used for further studies (bedroom dimensions) (Figure 4.3).

As mentioned in Chapter 3, the tracer gas decay method was adopted for measuring ACH [91].
Before each set of ACH measurement, all furniture and doors were properly sealed to avoid

unintentional infiltration. Windows in the room were fully opened for 10 minutes to ensure
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indoor and outdoor temperatures were the same to remove the buoyancy-effect. The windows
were then closed and a proper amount of SFs (measurable but not exceeding the maximum
precision of B&K 1302 (=130 ppm)) was injected into the space to achieve an initial
concentration of 100 ppm. Since SFs is heavier than air, a mechanical device was used to ensure

SFe concentration of the entire studied area was in equilibrium.

=

Tennis court

Pak lok path

Block 1: Studied building block

Block 1

Figure 4.1 Site layout of the studied building block

Upon achieving equilibrium, the studied TH windows (W1 and W2 in Figure 4.3) and SH
windows (W3 and W4 in Figure 4.3) were fully opened simultaneously. Tracer gas
concentrations near the four studied windows were then measured at 40-second intervals. Figure
4.3 shows the four measurement positions (P1 to P4). They were set 500 mm from the middle of
the opened windows as recommended by a previous study on airflow through windows to avoid
interactions of two adjacent window openings [44]. Bruel & Kjear multi-gas analyser type 1302

was employed for the SFe concentration measurements.
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Figure 4.3 Measurement positions in the studied unit

Outdoor meteorological conditions on the two measurement dates were monitored in accordance
with American Society for Testing and Materials (ASTM) standards [91]. The portable

meteorological station was set up at an unobstructed location 10 meters from the studied unit to
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measure the prevailing wind conditions. The station consists of an ultrasonic anemometer HD
2003 for outdoor wind direction and velocity monitoring; and temperature sensor for outdoor air
temperature measurement. Wind conditions during measurements are shown in Figure 4.4. The
mean wind speed and wind direction, which are 1.3 m/s and 30° (North East direction), were

used as boundary conditions for simulation validation.

All sensors were calibrated before site measurements. Readings were recorded at a one-second

interval. Accuracy of the measuring instruments is summarised in Table 4-2.
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Figure 4.4 Wind conditions during measurements

Table 4-2 Accuracy of major instruments

Measured parameter Instrument Accuracy
Tracer gas concentration Bruel& Kjaer 1302 +2.5%
Outdoor wind speed and temperature HD 2003 anemometer Both £1%
Indoor temperature Temperature Logger +3.5°C

Figure 4.5 compares the decay in SFes concentration for the two window types under fully opened
condition. The decay process was classified into three phases, as shown in the figure. Phase one

was the injection process where SFs concentration was charged to 130 ppm level. Phase two was
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the mixing process where the SFe concentration (ppm) at all measurement positions became the
same. Phase three was the decay process where the four windows were opened, and the SFe

concentration at the four measurement positions decreased gradually.
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Figure 4.5 Decay curves of the two window types
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On mass balance, as SFe was in equilibrium in the space, the mass balance equation could

therefore be expressed as:

dC, (1)
VeXT:_CiXQe"'COXQe (4.1)

Where \, is the effective room volume (mq); C; is the indoor SFs concentration (ppm); C, is
the outdoor SFs concentration which is zero (ppm); Q; is the effective volume flow rate (m?/s)

and t is time (s).

By integration of Equation (4.1), and based on the initial concentration of SFe for C(t1) and tz, Qe

can be rewritten as:
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4.2)
Where C(t,)is the concentration of SFe at the end (ppm); and t, is the end time (t).

The air-change per hour (ACH) is then defined as:

ach = & >§/3600

e

(4.3)

As the four windows were opened together, there were minor disturbances in air flow from
individual windows but judging from the decay slope, it can be concluded that SH windows
performed slightly better than TH windows. The calculated air-change rate based on the decay

process can be used for simulation validations.

4.3 Simulation validations

In the simulations, the outdoor meteorological data recorded during site measurements were used
as the boundary condition (Figure 4.6). A three-dimensional model of the building block where
the studied unit is located was established and the mesh was generated by Integrated Computer
Engineering and Manufacturing (ICEM) Software, which is a grid generation software under

ANSYS workbench.

Domain height and width, based on a previous study with similar terrain characteristics, were set

as 5 times the width (5WD) and 3 times the height (3HT) of the studied building block [12],
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while the domain length was determined by trial simulations. Trial simulations were done by
increasing the domain length in multiples of the length (LG) of the building block, from 1LG to
15LG. It was found that simulation results differed only by 2.5% between 5LG and 15LG.
Considering the need to maintain a balance between computing time and accuracy of results, the
domain region was finally set as 5LGxX5WDx3HT, which corresponds to 154m x71.85m

x90.75m.
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i
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Figure 4.6 Computational domain region and boundary conditions.

In this study, no external obstructions were included in the computational region. This is
considered an adequate simplification because there are no major obstructions around the studied
building block as mentioned earlier. Thus enables a focused study on comparing the performance

of TH and SH windows.

Grid generation was started with the smallest control volume 0.005m from the crucial walls; and
a stretching factor of 1.3 was adopted to expand the grid size. Grid refinement to the walls,
grounds and places with large gradients were performed by the unstructured hexahedral mesh
and the prism methods to become 320,676 volumes. To enable grid independence test, a finer

grid of 960,647 volumes, determined by a mesh generation software ICEM [92], [93], was used.
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Simulation results based on the two grid volumes showed that there were negligible differences

in air distribution and ACH, confirming that the grid independence test was satisfactory.

The renormalisation group model, k-epsilon RNG turbulence model, was used to simulate
steady-state ventilation performance. The SIMPLE (Semi-Implicit Method for Pressure-Linked

Equations) algorithm was used to couple pressure and velocity.

A wind power law (Equation 4.4) [94] was used to adjust the site measurement results to obtain

the incoming air velocity profile.

u, (HT )
u _[HT J @4

Where HT,; is the reference height where the meteorological station was located (=10m); U

is the mean velocity at the reference height during measurement; and « is the power-law exponent
having the same terrain characteristics as used in a previous study (i.e. open terrain, grassland

with few well-scattered obstructions) is taken as 0.2 [95].
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Figure 4.7 Comparison of simulated and measured results
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Figure 4.7 shows the comparison between simulated and measured results, illustrating that the
differences between ACH in simulation and real measurements, both for SH and TH windows,
are in the range of 17%. Given the range of differences is within acceptable limits [5], and the
consistency in the two sets of data, validations were regarded as acceptable. It is therefore
reasonable to adopt the k-epsilon RNG turbulence model and the associated parameter settings

for further CFD investigations.

4.4 CFD simulations

After validating the CFD simulation settings, and identifying the representative coincident wind
conditions, further CFD simulations were done to investigate the performance of different

windows types based on a hypothetical residential unit with different window positions.

4.4.1 The hypothetical unit

Hong Kong is a small place. However, the number of domestic households was 2.54 million in
2017. It is almost impossible to review the floor layout of all residential units in Hong Kong to
study the influence of window type on ventilation performance. The hypothetical unit formulated
to represent characteristics of typical residential units in Hong Kong was thus employed for the
study. It was formulated based on an extensive survey of floor areas, floor layouts, window
dimensions and construction details of residential buildings in Hong Kong. Considering that it
would be rather complex to deal with wide combinations of surrounding buildings, the
hypothetical unit was assumed located on the ground floor at an isolated site. This, according to
a previous study, does not affect the investigation of the influence of interior design parameters

on the ventilation performance [28]. The floor layout of the hypothetical unit with different
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window positions to represent single-sided ventilation (Figure 4.8 (a)) and cross ventilation
(Figure 4.8 (b)) are given. The three types of windows are of dimensions 780mmx600m

(WDxHT) and are amounted on the same position of the wall.
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Figure 4.8 Floor layout of the hypothetical unit (west-facing windows)

Single-sided and cross ventilations were considered because they correspondingly represent the
least and the most preferred ventilation modes [27], [96] to facilitate evaluation of the interactive
effects of window types, ventilation modes and window orientations on ventilation performance

of residential units.

4.4.2 Further simulations

Based on four possible window orientations, three window types, two ventilation modes and the
nine representative wind conditions (Table 3-1), a total of 216 (4x3x2x9 =216) cases were
generated for CFD simulations. FLUENT 13.0 [59] was used for simulating the air change rate

(ACR) through each window (total 4 windows) in the hypothetical unit.
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ACR can be determined by the decay method and by integrating the velocity vector across
window openings. Considering that solving the concentration equations in the decay method is
time-consuming, previous studies have confirmed the satisfactory use of the integration method
for single-sided ventilation that is convective dominant [16], [97]. In this study, regardless of the
ventilation mode, the studied windows were assumed fully opened to the outside to receive
incoming air to result in a convective dominant ventilation [39]. Thus integration method was

used in calculating ACR.

ACR is defined as:

n
QZJdeA:%ZZM x Ny x Ay
J = (4.5)

Where v, is the velocity vector; n; is the velocity vector normal to the windows; A is the cell i
face area of the window; n, is the total number of cells at the window and j is window j of the

building. According to the mass conservation law, incoming and outgoing airflow rates should
be the same and thus a factor 1/2 is used in Equation (4.5) (assuming the difference between

incoming and outgoing flow is less than 0.002kg/s [98]).

FLUENT surface integration was used to calculate ACR. Thus the creation of surface is
important not only for integral outcomes, but also for visualising the flow field around openings.
Given there were 280 cases (216 studied cases as mentioned above plus 64 testing cases
(completely different from the studied cases) for verification of the resultant RSR model

(explained in Section 4.6.2) to run; 1120 outputs (4 windows in each case) to generate; and to
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analyse 3360 window cell areas Ai (Equation (4.5)), co-simulation tools were used to execute
simulation runs and to organise the vast volume of output data. Journal script [99] was employed
to automatically vary input and boundary conditions to generate simulation cases and to organise
the output data. Python [100] was employed for algorithm analysis to commit simulation runs
and to check consistency of the incoming and outgoing airflows to confirm suitability of

Equations (4.3) and (4.5) for calculation of ACHs.

In further simulations, only the wind effect was considered. This approximation is acceptable
because the windows were amounted at the same level and the separation between floors were

air-tight to diminish the buoyancy effect, making the wind-effect dominant [35], [101], [102].

4.5 Response surface regression analysis

The response surface regression (RSR) was employed to develop the mathematical model to
facilitate investigation of the interactive effects of different parameters on ventilation
performance of residential units. RSR has been proved to be one of the most efficient and highly
accurate metamodeling approach, which has been widely used in other research areas, in
particular chemistry and biochemistry for the optimisation of experimental processes [73], [74].

It has also been proved to have high accuracy in studying interactive relationships[75], [76].

Based on the 216 sets of CFD simulation results, a computer software Design-Expert [103], [104]

was used to generate the RSR model. The RSR model is used to relate ACH with the studied

variables, as shown in Equation (4.6) [105]:
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j=1

i=1 i k> i k>jl>k

Where ACH is the response value; x; is the i response variable (i = j,k,I); b;represents the i®

coefficient (i= 0 to 1 for linear; jj to jkl for interactive).

A family of regression models was generated by Design-Expert. Among them, an acceptable
model was selected based on the sequential model sum of square (SMSS) test. They include
checking the degree of order, the variance inflation factor (VIF), the coefficient of determination
(R?), the adjusted R?, the predicted R?, the p-value, and the signs of the coefficients. A third order
model, according to previous research works, is considered the maximum for a regression model
with acceptable level of accuracy [73], [106]. The VIF value was used to remove variables with
high multi-collinearity. Although there are no straight requirements of an acceptable R2value, a
model is generally considered good if R?is more than 0.5 [107] and the difference between the

adjusted R?and the predicted R? is less than 0.2 [108].

The predicted RZ(szredicted) is calculated by using the predicted residual sums determined by

removing one case from the 216 simulation cases as shown in Equation (4.7):

R? | PRESS

Predicted SS

(4.7)

Total

Where PRESS is the predicted residual error sum of squares, SS;. is the total sum of the squared

residual.
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The p-value is used to determine the significance of a variable, and an acceptable value is

typically equal to or less than 0.05 [109]. The signs of the coefficients are used to judge if the

model is reasonable.

The verification of the resultant model was done based on testing data sets.

4.6 Results and Analysis

4.6.1 The RSR model

After performing the 216 CFD simulation runs and calculation of ACH (by Equations (4.3) and
(4.5)), Design-Expert was used to build the RSR model and the model that passed the SMSS test

is shown in Equation (4.8).

0.610RN
N [0.40TYP
ACH =—0.96+4.38SPD+0.009DIR+0.29VENT,, + {0.120RN_+ S 4
" ]0.03TYP
0.900RN, ™
1.33SPDxTYP,  (0.12VENT,, xTYP
1.81SPD xVENT,, + S s (4.8)
0.42SPDxTYP, = |0.05VENT,, xTYP
SH TH
0.410RN_ xTYP.  [0.020RN, x TYP
N NT T (0.37 SPDXVENT, x TYP
0.240RN,_ x TYP. +{0.100RN, xTYP_+ SH
SH ™ " ]0.35SPD xVENT,, x TYP
0.420RN, xTYP,  |0.470RN, xTYP,_ ™

The abbreviation for the quantitative and qualitative variables are summarized in Table 4-3.

It is worth mentioning that the resultant model consists of a mix of quantitative and qualitative

variables. To deal with the qualitative variables (VNT, ORN and TYP), the dummy variable
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method was adopted to assign the value 0 or 1 to indicate the absence or presence of a particular

condition except the base group against which the comparisons are made. In this case, the less

preferred conditions identified in the review of the calculated ACH were chosen as the base group,

i.e. single-sided ventilation (SV), west facing window (ORNw), and sliding window (TYPs.p).

Accordingly, for ORN, only north (N), south (S) and east (E) were coded, and likewise for VNT

and TYP, only cross ventilation, SH window and TH window were coded.

Table 4-3 Independent variables and coded value in RSR model

Abbreviation Description Unit/ Code
SPD Wind speed m/s
DIR Wind direction Degree
VNT Ccv Ventilation mode - Cross ventilation No=0/Yes=1
SV Ventilation mode - Single-sided ventilation Base
N Orientation - North No=0/Yes=1
ORN E Orientation - East No=0/Yes=1
S Orientation - South No=0/Yes=1
wW Orientation - West Base
SH Window type - Side hung No=0/Yes=1
TYP TH Window type — Top hung No=0/Yes=1
SLD Window type - Sliding Base

Table 4-4 Summary of standardized coefficients (B)

Interactive variables (Product Term)
Independent variable 1 SPD | VNTey ORN VNTcv -TYP
ORNn | ORNe | ORNs | TYPsy | TYPrH

SPD 832 | — — — — — 0.70 0.67
DIR 005 | — — — — — — —
VNT CVv 496 | 3.44 — — — — — —

SV (Base) — — — — — — — —

ORNN 061 | — — — — — — —
ORN | ORNEe 012 | — — — — — — —

ORNs 090 | — — — — — — —
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ORNw (Base) | — — — — — — — —
TYPsH 3.88 | 2.52 1.19 0.41 024 | 042 — —
TYP | TYPm 1.62 | 0.80 | 0.83 0.06 0.10 | 0.47 — —
TYPsip(Base) | — — — — — — — —

The R?, adjusted R? and predicted R? of the resultant model are 0.86, 0.85 and 0.83, respectively,
and confirm goodness-of-fit of the resultant model. The standardised coefficients (B) were used

to quantify the influences of the independent and interactive variables. Results are summarised

in Table 4-4.

It can be seen that positive coefficients have been generated for all independent variables. This
is considered reasonable because the less desired options were set as the base group. The

influence of the independent and interactive parameters are discussed in subsequent sections.

4.6.2 Model Verification

To examine the accuracy of the RSR model, a verification based on external validation is

presented in this section [110].
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Figure 4.9 Comparison of simulated and predicted ACHs
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External validation was performed using 64 testing data sets which are additional cases generated
from the range of data from which the model was derived. Use of these 64 additional cases is to
fulfil the 30% rule [111] (i.e. the use of 30% of the studied cases (216x0.3=64 cases) as testing

data sets).

ACH of the 64 cases was predicted by simulation and the RSR model (Equation 4.8). Results are
compared in Figure 4.9, showing that the R? is 0.95 and confirms that the RSR model can be

used for further analyses.

4.6.3 Influence of independent variables

4.6.3.1 Wind conditions

It is no surprise (Table 4-4) that ACH is most sensitive to change of SPD (B= 8.32) because ACH

is mainly wind-driven [112]. However, it is noted that DIR has been removed from Equation (4.8)

and it shows the smallest influence (B=0.05) on ACH.

The removal and the small influence of DIR can be explained by the variance inflation factor

(VIF). VIF for variable m (VIFR, ) is given below:

1

VIF =
n1-R?

(4.9)

Where RZ is the R? of the RSR model on the exclusion of m, which is 0.96 for the exclusion of

DIR.
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Based on Equation (4.9), VIFpir is calculated as 15.8 which is much greater than the generally
acceptable value of 10 and this confirms a serious multi-collinearity with other variables [113],
[114]. The serious multi-collinearity can be explained by the angular-linear relationship between
SPD and DIR [115], [116]. This angular-linear relationship happens because DIR is periodic (0°
to 360°) while that SPD is random and highly variable (0 to +0). The joint probabilities of

distribution [19], which is a normal distribution [117], is often used for describing their

relationship.
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Figure 4.10 Average ACH with wind speed

Figure 4.10 shows the relationship between ACH and SPD, illustrating that ACH increases with
SPD and the two exhibit a nearly linear relationship. The linear relationship can be explained by

the two analytical models presented earlier (Equation (4.3) and (4.5)).

4.6.3.2 Ventilation modes

Changing the ventilation mode from SV to CV is the second most influential variable on ACH

(B=4.96).
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To explain, Figure 4.11 shows the ventilation performance of CV and SV modes, represented by
two parameters, x/D and U/Urs. Where x is the horizontal distance from the centre of the window
(m); D is the horizontal distance between the centre of the window and the opposite wall (m); U
is the average wind speed at distance x (m/s); and Uy is the external wind speed at reference

height (m/s).

| ¢ CV
¢ ——» External flow A SV

17T 7T 7717 71T 7T

Incoming flow f Incoming flow
Figure 4.12 Indoor airflow distribution of west facing SH window

It can be seen that U/Urs for CV at all x/D values are consistently higher than that of SV.
Furthermore, U/Urs of CV exhibits a U-shape while SV has a decaying trend. Figure 4.12 depicts

a more intensive and well mixed airflow distribution of the CV than SV modes for a west facing
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SH window. These can be explained by the fact that window sets of CV serve separately as air

inlets and outlets while those of SV serve simultaneously as air inlets and outlets.

4.6.3.3 Window types

Changing window types from SLD to SH and TH is the third most influential variable on ACH
(B=2.75). To explain, the effectiveness of window openings in admitting incoming air into
internal space (Q*) can be calculated by Equation (4.10) [118], [119]. Results are summarised in

Table 4-5.

Q*=—= (4.10)

cC
T
>

Where Uy, - A is the ideal air flow rate through a window opening (m®/s); Q is the air flow rate
through a window opening calculated by Equation (4.5), taking both friction and contraction

losses into account (m®/s); A is the window opening area (m?).

Table 4-5 Q* and AP of three window types

Window type | Dimensionless flow rate | Pressure differential AP
Q* (pa)
SH 0.26 3.80
TH 0.23 3.54
SLD 0.11 2.33

It can be seen in Table 4-5 that SH window has the highest Q* (=0.26), followed by TH (=0.23)
and SLD (=0.11). Given U is the same for all window types, the higher Q* for SH and TH

windows can be explained by Equation (4.11) [31].
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Q=C, Aqfﬁ (4.11)
Yo

Where C, is the discharge coefficient; AP is the pressure differential across the air inlets and

outlets (Pa), and p is the air density (kg/m3).

It can be seen in Equation (4.11) that Q is determined by Cq and AP. However, previous studies
have already concluded that Cq4 does not vary much by window types [25], [120]. Thus, the better
performance of SH and TH windows can be explained by the difference in AP, summarised also

in Table 4-5.

The higher AP for SH and TH windows is attributed to the effect of window sash on airflow
through a window opening. Figure 4.13 depicts cross-sections showing the increase in AP
between incoming and outgoing air entrained by window sashes for a west facing window. It can
be seen that SH window returns the highest AP (=11.2 — (-10.3) pa), followed by TH (=10.28 —
(—9.93) pa), and the lowest is SLD. AP (=10.02 — (-5.48) pa) because there is no window sash

for SLD window.
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Figure 4.13 Pressure distribution of west facing SH, TH and SLD windows
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4.6.3.4 Window orientations

The influence of window orientation is smaller than that of other variables (B=0.41). This again

can be explained by the VIF.

VIF of the independent variables were calculated by Equation (4.9) and are summarized in Table
4-6. It can be seen that VIForn is the highest (= 3.45). The relatively high VIF points to
collinearity with other variables. To investigate, additional RSR models were generated by
removal of one of the studied variables each time to see the influence on VIForn. It was found
that by the removal of SPD, VIForn dropped to 1.35 to confirm that ORN had high collinearity

with the most influencing variable, SPD. The results explain the small influence of ORN on ACH.

Table 4-6 Summary of VIF

Variable R?2 VIF
SPD 0.26 1.35
CON 0.55 2.22
TYP 0.60 2.50
ORN 0.71 3.45
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Figure 4.14 ACH by window orientation

Figure 4.14 shows the change of ACH by ORN. It can be seen that south facing window is most
preferred, followed in descending order by north, east and west facing windows. To explain, the
hourly meteorological data of Hong Kong for the last ten years were used to compute the average
wind speed for the four orientations. Results are also compared in the figure, showing that they

share the same pattern of variation and confirm the collinearity between ORN and SPD.

4.6.4 Influence of interactive variables

It can be seen that there are product terms in the RSR model (Equation (4.8)), implying that there
are interactive effects on ACH by TYP, SPD, VNT and ORN. Given the focus of this study is to
evaluate the influence of TYP on ACH, its interactive influences with other variables are

discussed.

From the signs of coefficients in Equation (4.8) and the B values in Table 4-4, it is noted that
improvement in ACH can be obtained when TYP is varied together with SPD or/and VNT, or

with ORN.
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Figure 4.17 Influence of VNT by window types

To better explain the above, the influence of SPD, ORN and VNT on ACH by TYP (SH, TH and

SLD) are shown in Figures 4.15, 4.16 and 4.17 respectively. It can be seen in the figures that
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amongst the three window types, SH window always performs the best, followed in descending

order by TH window and SLD window.

Given the interactive effect of TYP with SPD, VNT and ORN on ACH, to enable the selection
of a suitable window type for the maximum ACH to save cooling energy, the desirability

function method [121] was employed for a multi-criteria optimisation.

A multi-criteria optimisation using the desirability function method can be mathematically

defined by Equation (4.12) [122].

ACHACHVD< ACHL’ d=0
ACH ACH Y
ACH, < < ACH = ACHVD L
L ACH CHVD = T d [ ACHT—ACHL j , )
4.12
ACH —~ACH '
ACHT <ACH,p < ACHU . d :( AC?:HVD— ACH U j
T U
ACHACHVD > ACHU' d=0

Where ACHachvo 1S the achieved ACH; d is the desirable range from 0 to 1, indicating the level
of achievement of the desired design; subscripts L, T and U are the lower, target and upper limit
of the achieved ACH; and s and t are the weight index to emphasize or de-emphasize the

importance of a desirability level (they are both given value of 1 for having the same importance).

Based on the 216 CFD simulation results and Equation (4.12), Design-Expert was again

employed for the optimisation process. The optimisation was done based on the average wind

speed of Hong Kong by orientations in cooling seasons (where air-conditioners are usually
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needed) from April to October [51] of the last ten years. The maximum achievable ACH (ACHmax)

for different apertures designs are summarised in Table 4-7.

It can be seen in Table 4-7 that SH window returns the highest ACHmax for all aperture designs,
followed in descending order are TH and SLD windows. The ACHmax for SH and TH windows
are 124% and 97% higher than the SLD window. By taking the median, being the typical value
of a data set, as an acceptable ACHmax, it is noted that SLD window cannot fulfil the requirements
for all apertures designs. If the use of single-sided ventilation mode cannot be avoided (this is
typical for Hong Kong residential units design [123], [124]), the use of SH windows (excluding
west facing windows) and south facing TH windows is acceptable. The use of west facing

windows should always be avoided.

Table 4-7 ACHmax for different apertures design

SPD ACHmax (/h)
VNT ORN
(m/s) SH TH SLD
N 1.9 16.32 13.88 7.52
oV E 211 17.37 15.34 7.49
S 1.97 17.23 15.52 7.21
w 1.49 9.43 8.98 5.03
N 1.9 8.42 6.62 3.80
SV E 2.11 8.52 7.16 3.32
S 1.97 8.98 7.95 3.48
w 1.49 3.28 3.50 2.21
Mean All 1.87 11.19 (+124%) | 9.87 (+97%) 5.01
Median 7.74

Given simulation inputs were validated, the resultant model was verified, and the influence of
the independent and interactive variables were well-explained, it can be concluded that SH
window is always preferred for achieving better ventilation performance in Hong Kong

environment, followed (in descending order) by TH and SLD window.
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4.7  Summary

The influence of window types on natural ventilation performance of residential units in Hong
Kong, taking into account the interactive effects of the ventilation modes, window orientations,
and coincident wind conditions, was investigated. The investigation was based on site
measurements, market surveys, computational fluid dynamics (CFD) simulations and statistical
analyses. In the walk-through surveys, it was identified that side hung, top hung and sliding
windows were three most used window types in Hong Kong. A mathematical model for
quantifying the interactive influences of different window designs on ventilation performance
was developed by the response surface regression analysis. Based on the mathematical model, it
was found that ventilation performance (quantified by air change per hour (ACH)) was most
sensitive to change of wind conditions, followed in descending order, by ventilation mode,
window type and window orientation. Regarding interactive effects, it was found that there is a
positive effect on ACH when window type is changed together with wind speed and or
ventilation mode, or only the window orientation is changed. On selection of window type to
reduce consumption of energy for cooling, the multi-criteria optimisation results indicated that
side hung (SH) window is most preferred, followed in descending order by top hung (TH) and
sliding (SLD) windows. The maximum achievable ACH by SH and TH windows is 124% and

97% higher than the SLD window.
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CHAPTER S INFLUENCE OF WINDOW OPENING DEGREE

The walk-through surveys introduced in Chapter 4 indicate that Hong Kong households have
very limited and inefficient use of natural ventilation. To encourage wider and more efficient use
of natural ventilation, it is necessary to identify the optimum window opening degree (DEG) for
the reference of users and building designers. For this purpose, this Chapter presents the
evaluations and results. The evaluations involved walk-through surveys, site measurements, CFD
simulations and statistical analyses. Regression analysis was employed to generate the results
including a model to enable quick estimation of ventilation performance and extrapolation of the

optimum window opening degree for different design variables under seasonal wind conditions.

5.1 Walk-through surveys

Based on the facade images of the 9965 windows collected in the walk-through surveys, window
opening ranges were calculated. Inverse perspective transform and bilinear interpolation method
[125], [126] were employed to retouch the warp facade images [127], [128]. The pin-hole
relationship was then used to determine the pixel coordinates of the windows [129]. The pixel-
based images were further scaled up to their actual dimensions. Based on the scaled-up images,
the least-squares method [130] and the trigonometric relationship [131] were used to compute

the opening range for the windows and thus the DEGs.

Figure 5.1 summarizes the results. Amongst the 9965 windows, only 38.9% of the windows were
opened and against which, 60% were with an opening degree less than 0.3 (Figure 5.1). The

results show the limited and inefficient use of natural ventilation in residential buildings in Hong
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Kong and point to the need to identify the optimum DEG for the reference of users and building

designers.

Opening degree
I 0.1 DEG
B 02 DEG
[ ]o3DEG
[7] 0.4DEG

0.6 DEG
0.7DEG +>10
[] 0.8 DEG
E=] 09DEG

Figure 5.1 Window opening habit

5.2 Site measurements

Site measurements described in Chapter 4 were again employed for evaluations of ventilation

performance under different DEGs and for simulation validations.

Before the actual site measurements, trial measurements on fully opened windows (DEG =1)
were conducted. The measured ACH values, at the same outdoor meteorological conditions, were
found comparable with that of the study outlined in Chapter 4 [132] to confirm the reliability and
repeatability of the site measurements. The windows were then closed and a proper amount of
SFe was injected into the space to reach a concentration level of around 100ppm. Upon SFg
concentration of the entire studied area was in equilibrium, the studied SH and TH windows were
adjusted simultaneously to the same pre-determined DEGs (0.3 to 0.6) using a 60 cm diameter

full-scale protractor.
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Figure 5.2 compares the decay in SFe concentration for different window opening degrees. It
can be seen from the decay slopes that, regardless of the window type, ventilation performance

improves with DEG for the site measurement conditions.
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Figure 5.2 Decay curves for different window opening degrees

The measured ACH of the two window types for different DEGs, determined based on the mass
balance of SFe in Equations (4.3) and (4.5), were used for simulation validations and for

parameters settings for further CFD simulations.
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Figure 5.3 Comparison of simulated and measured results
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The standard k-epsilon (k-g) turbulent model was used to simulate the steady state natural
ventilation. The SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) was used to
couple pressure and velocity. Momentum equation was discretized by the second-order upwind
scheme while turbulent equations were by the first-order upwind scheme. The convergence
criteria were set as 102 for all variables and a mass balance difference less than 0.002kg at

openings [98].

The measured and simulated results were compared as given in Figure 5.3 and their difference
was within 20%, which is within the generally acceptable range[5] to confirm successful

validation.

5.3 CFD simulations

Nine representative wind data sets, derived from the hourly meteorological data of Hong Kong

in the last ten years (2004-2013) (Table 3-1 in Chapter 3) were again used for CFD simulations.

Further CFD simulations were conducted to investigate the interactive influences of DEG with
full considerations of the window design options, wind conditions and users’ habits. Three most
used window types (SH, TH, and SLD), and the DEGs from 0.1 to 0.9 were considered. The
studied hypothetical residential unit, the window dimensions of 780mmx600mm (WDxHT) and

the validated input settings, as outlined in Chapter 4, were again adopted.

Single-sided and cross ventilations were assumed for the hypothetical residential unit because

they correspondingly represent the least and the most preferred ventilation modes. Thus for each
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layout, there were two ventilation modes, four possible orientations, three window types, nine

representative wind conditions, and nine DEGs to become 1944 cases (= 2x4x3x9x9).
5.4 ldentification of the optimum DEG

To identify the relative influence of the studied variables, regression analyses were employed to

develop mathematical models to relate them with ACH, as shown in Equation (5.1).

5 5
ACH =b +> b x, +Zb,—,—X,—2 D D DLXX A D DD D XXX (5.1)
-1 =

i k> i k>j 1>k

Where ACH is the dependent variable; Xj, Xk, Xi, Xm, Xn are the studied variables; bj represents the

i"" coefficient (i = 0 to 1 for linear; i = jj to jkl for interactive).

A family of regression models were generated by SPSS [133]. Amongst them, an acceptable
model was selected based on the sequential model sum of square (SMSS) test [134]. They include
checking the degree of order; the variance inflation factor (VIF), the coefficient of determination
(R?), the adjusted R?, the predicted R?, and the p-value. The signs of the coefficients were also

checked.
The verification of the resultant model was done based on testing data sets.

Based on the resultant model, the standardized coefficient (B) values were used to confirm the

significant influence of DEG on ACH.
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The resultant model was also used to identify optimum DEG (DEGoet). This is done by partial

derivatives of the resultant model with respect to DEG as shown in Equation (5.2).

09(ACH)

-0 (5.2)
ODEG | §uch)-pec,,,

Where g(ACH) is the resultant mathematical model (Equation (5.1)); DEGoer is the optimum

DEG for all design options; and DEG is ranging from 0.1 to 0.9 with 0.1 increment.

5.5 Results and Analysis

5.5.1 The resultant model
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Figure 5.4 Influence of individual variables (excluding DEG) on ACH
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In the model, qualitative variables including window types (TYP), ventilation mode (VNT),
orientation (ORN), and wind direction (DIR) were again coded by the dummy variable method.
To enable the determination of the base group, the average ACH obtained from 1944 simulation
cases were compared in Figure 5.4. It is noted that for each group of studied variables, there are

the best and the worst design options, as highlighted in Figure 5.4. The worst design options were
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chosen as the base group (i.e. ORNw, VNTsv, TYPsip). They were therefore excluded in the

model.

Based on the acceptable values for SMSS test [135], the resultant model, with p-value of all the
included variables greater than 0.01 and the coefficient of determination (R?), adjusted R? and
predicted R? close to 1 (0.72, 0.70 and 0.66) to confirm passing the test, is shown in Equation

(5.3).

ACH =-11.27+3.28xSPD +0.001x DIR
+3.21xVNT_, +2.70x DEG

f'féxgg::' N (6.84xTYP,,
AR T 755 TYP (5.3)
0.45x ORN _ ™

{5.16>< DEG-TYP
+

SH .
4.69% DEG 'TYPTH +7.61><VNTCV DEG

The abbreviation for the quantitative and qualitative variables are summarized in Table 5-1.

It can be seen that positive coefficients have been generated for all the variables (independent
and product terms). This is judged to be reasonable because the worst design options were set as
the base group. The standardized regression coefficient B was used to quantify the influence of

the studied variables on ACH. They are summarized in Table 5-2.

Table 5-1 Independent variables and coded value in the resultant model

Abbreviation Description Unit / Code

SPD Wind speed m/s

DIR Wind direction Degree

DEG Window opening degree Otol

VNT Cv Vent!lat!on mode - C_ross ve_ntilation o No=0/Yes=1
SV Ventilation mode - Single-sided ventilation Base
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N Orientation - North No=0/Yes=1
ORN E Orientation - East No=0/Yes=1
S Orientation - South No=0/Yes=1
W Orientation - West Base
SH Window type - Side hung No=0/Yes=1
TYP | TH Window type - Top hung No=0/Yes=1
SLD Window type - Sliding Base
Table 5-2 Standardized coefficients
Variable Standardized coefficient Sig. Rank
B Average
SPD 0.57 — 1
DIR 0.02 — 6
VNTcv 0.16
VNTsv (Baseline) — 0.08 3
ORNN 0.03
ORNE 0.02
ORNs 0.05 0.03 5
ORNw (Baseline) —
TYPsH 0.31
TYPH 0.22 0.18 2
TYPsLp (Baseline) —
DEG 0.07 — 4
VNTxDEG 0.23 — 1
TYPsy xDEG 0.14
TYPty xDEG 0.13 0.13 2

Amongst the independent variables, SPD (B=0.58) introduced the highest influence on ACH,
followed in descending order are TYP (B=0.18), VNT (B=0.08), DEG (B=0.07), and DIR
(B=0.02). For interactive effect, it is noted that DEG contributes to the only two product terms,

VNTxDEG and TYPxDEG, to confirm the significant influence of DEG on ACH.

5.5.2 Model Verification

To verify the accuracy of the resultant model, external validation was performed [136].
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To perform the external validation, 583 additional cases were generated from the range of data
from which the model was derived as testing cases. The number of testing cases was again
determined based on the 30% rule as described in Section 4.6.2, with a total number of 583 cases
(30% x 1944 studied cases) which are completely different from the studied cases as testing data

sets.

ACH of the 583 cases was simulated by CFD simulations and compared with the results predicted
by the resultant model (Equation (5.4)). Results are presented in Figure 5.5 and the R? is 0.60.
Considering there are over 500 cases, the resultant R? confirms that the resultant model can be

used for further analysis [137].

3 .
3 [0 Simulated ACH (h)
30 b
+ .O%O
25 b B Ry 0 P
= O D e
<20 | orope;crese
STt DIF E oo, o
BI5 - CORDEIO90 o
=
.510 - o
s L ' 80' DO) :
0_‘ “| 1 | 1 | 1 | 1 | 1 | 1
0 5 10 15 20 25 30 35

Predicted Values
Figure 5.5 Comparison of simulated and predicted ACHs

5.5.3 Influence of DEG

Figure 5.6 relates the average ACHs and DEGs for all design options (1944 simulation cases). It

can be seen that they exhibit a polynomial relationship (R? = 0.994) to show ACH increases with
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DEG. To explain, it is noted that from Equation (4.11) that Q, represented by ACH, is mainly

affected by Cd.
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Figure 5.6 ACH for different DEGs

But as Cq is affected by combinations of different factors [138]-[140], it is almost impossible to
quantify the influence of Cq by DEG for all design options. Reference was therefore made to
previous studies to focus only on cases with east-facing windows whereby the incoming air is

perpendicular to the window opening. Cq for single-sided and cross ventilation mode can be

calculated by Equation (5.4) [141], [142].

CaA+CyA  for SV Mode
_ 1
Cd N 1 1 (5.4)
( )%+ ( )? - for CV Mode
CdlA CdZA

Based on the calculated Cq values, the average discharge coefficients (Cq) for the selected cases
were computed and related to DEGs as shown in Figure 5.7. It can be seen that they exhibit also

a polynomial relationship.
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Figure 5.7 Discharge coefficient for different DEGs
Combining Figure (5.6) and (5.7) implies that Q and Cq exhibit a linear relationship which is in

agreement with Equation (4.11) [143] to explain the polynomial relationship between ACH and

DEG.

5.5.4 The optimum DEG

Given ACH increases with DEG, the optimum DEG (DEGopt) for all design options can be
quantified by partial derivatives of the resultant model (Equation (5.3)) with respect to DEG as

shown in Equation (5.2).

It was found that for all design options, DEGopt 0occurs at 0.7 and a maximum ACH (ACHmax)

of 11.1 can be obtained.

To determine the DEGopt for the worst and the best design option groups, the corresponding
simulated results were extracted for regression analysis. Regression models with polynomial

relationships were again obtained for the two groups of design options (R?worst =0.947; R%gest
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=0.963). Partial derivatives of the regressed models with respect to DEG were again conducted.
The DEGorr, together with the corresponding design variables, are summarized in Table 5-3. It

can be seen that to achieve ACHmax, the DEGopt are 0.9 and 0.7 respectively.

Table 5-3 DEG for all scenarios

TYP | VNT | ORN | SPD (m/s) DEGorT ACHmax(/h)
Worst design options | SLD | SV W 0.21 0.9 0.2
Best design options | SH | CV S 5.59 0.7 36.8
' Spring - - - 2.59 0.8 13.1
Season ' Summer - - - 1.43 0.9 8.0
' Fall - - - 2.04 0.8 5.7
' Winter - - - 1.85 0.6 10.1
All design options -- -- - - 0.7 11.1

Besides the design options, the seasonal condition also affect DEGopt. Seasonal condition is
represented by the relative frequency of occurrence (f) of a particular wind condition by seasons,
where spring starts from March for three months, and thereafter for summer, fall and winter, each

lasts for a three-month period. f is determined by Equation (5.5). The results are summarized in

Table 5-3.
(0]
f = ]
2.0,
= (5.5)

Where f is the relative frequency of occurrence of a particular wind condition by season; O, is

the frequency of occurrence of a particular wind condition ¢ (from the representative wind data

sets); and q is the number of representative wind conditions (=9).
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Based on the seasonal f, an analysis of ACH and DEG was conducted. The average ACH (ACH

) for different DEGs were determined based on Equation (5.6).

Z f(ACH) j ciyer

> f

ACH (jxi0r = (5.6)

Where ACH (j.1pis the average ACH for a particular DEG (r = 0.1 to 0.9) operating under

combination of 4 independent variables (j, k, I, ).

Regression analysis on the relationship between ACH and DEG by seasons was again conducted.
Partial derivatives were again employed to determine DEGopt (R?spring = 0.937; R?summer = 0.908;
R%rai = 0.909; R2winter = 0.947) for ACHmax. The results, together with the case for all design

options, best design options, and worst design options, are summarized in Table 5-3.

Given simulation inputs were validated, the resultant model was verified, and the influence of
the DEG on ACH was well-explained, it can be concluded that based on Table 5-3 that for
achieving better ventilation performance in Hong Kong environment, the window opening

degree should be in the range of 0.6 to 0.9.

56 Summary

The optimum window opening degree for residential buildings in Hong Kong was investigated
by walk-through surveys, site measurements, CFD simulations and statistical analyses. The

walk-through surveys on window opening conditions of 9965 windows in Hong Kong indicated
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that Hong Kong households had very limited and inefficient use of natural ventilation. Site
measurements were conducted at a carefully selected unit for simulation validations. CFD
simulations were done based on the hypothetical residential unit designed with 3 most used
window types, 9 window opening degrees, 9 representative wind data sets, 2 ventilation modes
and 4 orientations to become 1944 studied cases. A mathematical model to enable quick
estimation of ACH for different design variables was developed by regression analysis. The
model’s adequacy and prediction accuracy were verified. Based on the mathematical model, it
was found that ACH was very much influenced by the window opening degree. To identify the
optimum window opening degree, the simulated ACH by window opening degree for all design
options, the worst design options, the best design options, and by seasons were evaluated. It was
found that the optimum window opening degree should be in the range of 0.6 to 0.9 to maximize
the use of natural ventilation in residential buildings in Hong Kong. The results, together with
the mathematical model relating annual ACH with different design variables, provide very useful
information for building users as well as researchers for better use of natural ventilation to cut
cooling energy use. It is also useful for building designers in designing windows with opening

restrictors.
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CHAPTER 6 INFLUENCE OF TRANSOM WINDOW DESIGN

Previous studies have already confirmed that transom window (TW) is useful for ensuring
adequate ventilation in residential units. However, the impact of different physical characteristics
of TW on ventilation, particularly in the context of characteristics of high-rise residential
buildings have never been investigated in extant literature. To fill this gap, the effectiveness of
TW of different designs in enhancing natural ventilation is evaluated on the basis of a high-rise
residential development in Hong Kong. Site measurements were conducted at two carefully
selected units to determine the influential design characteristics. Statistical analyses were
employed to identify a representative residential unit and local wind environments. Further CFD
validations and simulations were done to predict the ACH achievable by different TW designs.
Based on the simulation results, a rigorous sensitivity analysis using artificial neural network was
performed. Accordingly, the improvement in natural ventilation by the incorporation of TW of

different designs was determined.

6.1 Site measurements

Site measurements were conducted to identify the influential physical characteristics of TW for

further studies and for site verifications to be discussed in Chapter 7.

Table 6-1 shows the range of values for physical characteristics. As the site measurements adopt
the controlled-experiment method, only one input of each design parameter is varied for each set
of controlled experiment to determine the total number of experimental cases. There are also

parameters that cannot be varied due to site constraints, which include the position of TW relative
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to window and the TW orientation (shaded in Table 6-1). As such, their influence has not been

investigated in the site measurements.

®
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Figure 6.1 Site layout of the studied building block
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Figure 6.2 Layout of the two identical studied units
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Table 6-1 Range of varied parameters of TW

Design parameter Input variables No. of No. of . .
experimental simulation Dimensions Remarks
Description Abbreviation Description Abbreviation P WDxHT(m)
cases cases
Presence of With and TW_wand
TW W Without TW_w/o . 2 0.9x04and0
Position on the DR Left, Centre DRDRC?'II:EE}]d 9 N/A 0.3x0.4 Same height;
door and Right DR RGT (all cases) Same area
Aspect ratio 4 (maximum) -
(the ratio of AR and AR 4and AR_1 1 N/A O%Xfx% an Same area
WD and HT) 1 (minimum) o
0.225x0.4,
Free opening 25%, 33%, A 0.25, A _0.33, oofsxxodlz
area— no grille A 50%, 66%, A 0.5, A 0.66, 5 6 0 6x0 4 ’ Same height
2 0 0 . Ay
(m?) 75% and 100% A _0.75and A 1 0.675x0.4 and
0.9x0.4
Position
relative to WIN Left and Right WV'\’/\:N'-';TG‘}”O' N/A 2 0.9x0.4 Same area
window -
East, South,  ORN_E, ORN S, orier?gr{i‘gn N
Orientation ORN West and ORN_W and N/A 4 0.9x0.4 window:
North ORN_N '
Same area
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For determining dimensions of the TW, reference is made to building regulations of Hong
Kong which require that the main entrance door to a residential unit should be of standard
width of 900 mm and a minimum height of 2000 mm [144], [145]. Considering that the typical
headroom of residential units in Hong Kong is 2500 mm [146], the maximum opening area of
the TW (A_1) is therefore 900 mm (WD) x 400 mm (HT) (excluding TW and door frames).
The possible opening area of the TW (A _0.25 to A 1) is determined based on a survey of

different kinds of openings in TWs available in the market.

Site measurements were conducted at two carefully selected units located in Kowloon Hong
Kong from 27 to 30 November 2018. The two units were selected because: 1) they are located
in an isolated site which is barely obstructed; 2) the very few ambient obstructions are at a
spherical distance greater than 50 meters from the studied units; 3) the two units are adjacent
to each other; and 4) the two units are identical in dimensions, architectural layout and furniture
layout. To facilitate the site measurements, entrance doors were replaced with tailor-made
doors provided with TW. The opening area is adjustable from 900 mm (WD) x400 mm (HT)
to fully closed position. The site layout and the layout of the studied units, together with their
dimensions are given in Figure 6.1 and Figure 6.2 respectively. Top-hung windows are used

in the two rooms.

Site measurement photos are shown in Figure 6.3. Figure 6.3 (a) shows the tailor-made
plywood door with TW. Figure 6.3 (b) shows that the furniture in the two rooms is properly
covered to avoid unintentional infiltration. Figure 6.3 (c) shows the portable meteorological
station set up in the corridor for measuring indoor meteorological conditions. Figure 6.3 (d)
shows the portable meteorological station for measuring outdoor meteorological conditions at

similar level as the studied units.
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Table 6-2 Major instruments and their accuracy

Measured parameter Instrument Accuracy | Measurement Intervals
Tracer gas concentration Bruel& Kjaer 1302 +2.5% 40 seconds
Outdoor wind speed and HOBO outdoor data A% 1 second
temperature logger
Corridor wind speed and HOBO indoor data | +0.25m/s

1 second
temperature logger and £1%
Indoor temperature Temperature logger +0.35°C 1 second

Sulfur hexafluoride (SFs) was used as the tracer gas to measure the ventilation rate in the room.

Before the start of the experiment, all windows in the rooms were fully opened for nearly 10

minutes to remove interference of the buoyancy effect. With the window closed, an appropriate

amount of SFs (around 130 ppm) was injected into the room until the concentration was at

equilibrium. Mechanical devices were used in both units to ensure the heavy density SFs was

spread evenly in the entire measuring area. Upon equilibrium, the experiments were started by

94



simultaneously opening the window and TW in the two rooms. Walkie-talkie devices were
used to synchronise the experimental procedures. The windows were opened to an optimum
opening angle of 60 degrees by a 60 cm diameter full-scale protractor [147]. The TWs were

opened to different opening areas as summarised in Table 6-1.

During the experiments, SFes concentrations measured at the center of the studied rooms are
shown in Figure 6.3; these were measured at 40-second intervals. The measurement position is
based on previous studies on ventilation performance measurements [27], [91], [148]. Indoor
and outdoor meteorological conditions were monitored during the measurements. The indoor
meteorological station was set up at the corridor at 2m level to avoid interference. The outdoor
meteorological station was set up at an unobstructed location 50m in front of the studied units
as illustrated in Figure 6.1. All sensors were calibrated before site measurements. Accuracy of

measuring instruments and the recording interval times are summarised in Table 6-2.

Figures 6.4 (a) to (d) present SFes concentration decay curves by design parameters for different
experimental cases. To enable direct comparison of different input variables, the measured SFes
concentration (C) values were normalised to range from 0 to 1, and log-transformed into the
same decay slope by Equation (6.1) to determine K for calibrating the results of the

corresponding experimental cases.

In(C(t; )/ C(W))e, - K=I(C(;)/ CL,))e, (6.1)

Where t; is the time j ; t, is the initial time; e, is the controlled-experiment in set 1

experiments; €, is the controlled-experiment in set 2 experiments; K is the amplification factor.
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Figure 6.4 SFe concentration decay curves by design parameters

Under the same initial SFe concentration, for different experimental cases, i.e. (C(t; )/ C(t,) =1,

where t; isthetime j; t, is the initial time), a steeper decay curve indicates a more significant

influence on the natural ventilation performance. It can be seen that across different design
parameters, the presence of TW and the opening area of TW (A) exhibit more significant
influence on the natural ventilation, while different input variables such as the position of TW
on the door (DR) and the aspect ratio (AR) exhibit very little influence. Thus the former two

design parameters (TW; and A) should be included for further investigations while the latter
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two design parameters (DR and AR) can be excluded in further investigations. The influence
of DR is little because of the fixed position of the door in the studied unit which implies a very
small change in TW position. While influence of AR is little because of the constant friction

loss between AR_4 and AR_1[149].

6.2 ldentifying a representative residential unit

A public housing estate in Tseung Kwan O (TKO) was chosen for the study. It was chosen
because 44.6% of the population resides in public housing estates in Hong Kong [150]. Among
different types of public housing estates, the harmony one type adopted in TKO is the most
newly developed and widely used [151], [152]. Harmony one type usually comprises several
high-rise blocks, with standard floor layout and units of different sizes [153]. Each housing

block is of 40 storeys with 20 units on each floor, thus having up to 800 households.

TKO (Figure 6.5) consists of 16 blocks. Block X (highlighted in Figure 6.5) is significantly
surrounded by other blocks and has the most unfavourable wind environment in terms of

availability of natural ventilation. It was therefore selected for the study.

]

we0eT

e D1=449.8m I

Figure 6.5 Site plan of Tseung Kwan O (TKO) and the studied building block X
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Living Room

Figure 6.6 Floor layout of Harmony one type estate

The floor layout of harmony one type estate is shown in Figure 6.6. Each block consists of four
wings (hamed as A-D) and each wing comprises five units on each floor. On each floor, there
are three types of units. They are one-bedroom (1B), two-bedrooms (2B) and single studio (1P)

units.

Among these three types of units, 2B units have the largest floor area, and in the studied
building block, wing D is located at the most sheltered corner. Therefore, unit D1, a 2B unit,
was selected for the study because it has the smallest window to floor area ratio and possesses

the worst wind environment.

Considering that TW should be on the outer door to facilitate cross ventilation, the living room
therefore becomes the only viable space for its incorporation. In the living room, the TW

position is determined by the door position relative to the window (WIN), which can be on the
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left or right (WIN_LFT and WIN_RGT). These two scenarios are further investigated (Table

6-1).

8440

2200 _ . 2230

385

6770

5850
905
1825

“.] Living room

385 ||

Door (TW) P

Figure 6.7 Layout of unit D1 with floor dimensions and window details.

In the further investigations, the studied unit’s actual architectural characteristics were used,
including window dimensions, floor layout, window type (side-hung window), and optimum
window opening range (60° by reference to Chapter 5) [132], [147]. Figure 6.7 shows the layout,

floor dimensions and window details of unit D1.

6.3 CFD simulations and validations

The nine representative wind data sets as introduced in Chapter 3 were again used to represent

wind environments prevailing from the outer zone to the building blocks.

Further investigations were based on CFD simulations, aiming to predict the outdoor and

indoor airflow of the buildings for the design parameters summarised in Table 6-1. Based on

the presence or absence of TW, two positions of TW relative to window, six TW opening areas,
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four TW orientations and nine wind data sets, a total of 468 ((2x6x4x9 (presence of TW)+4x9

(absence of TW))=468) cases were generated for CFD simulations.

According to the Best Practice Guideline for CFD simulation [154], validation should first be

conducted to reduce the errors and uncertainties in numerical solutions.

As outdoor wind condition is attributed to characteristics of the urban environment and local
wind conditions, experimental results of wind tunnel tests for a location with an urban
environment similar to that of Hong Kong were employed for validation. Considering that the
validation process shared a certain level of similarities with that presented in Chapter 4, only

essential information is given in this Chapter.

Furthermore, due to shear stress, wind speed increases logarithmically with the vertical height
from the ground. For identifying the local wind conditions, a representative building height of

the studied high-rise building block needs to be determined.

6.3.1 Simulation validations

Urban environment is affected by site layouts and building plans, which can be represented by
the street aspect ratio (Ast) (Equation (6.2)) and building area densities (Ang) (Equation (6.3))
[155]. For the public housing estate in Tseung Kwan O, these two values are 2 and 0.25
respectively [156]. Accordingly, validation of CFD input settings were based on experimental
results presented by Hang et al. where the wind tunnel tests were conducted at similar locations

Ast and Ae. [157].
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st (6.2)

Where Ast is the street aspect ratio; HTs is the street height (m); WDs is the street width (m).

Aoy = (6.3)

A
A
Where Anq is the building area densities; Ap is the planning area of buildings from a top view

(m?); and Aq is the total underlying surface area (m?).

The Reynolds-averaged Navier-Stokes (RANS) equations and the standard k-epsilon turbulent
model were used to simulate the indoor and outdoor airflow [63], [158], [159]. The SIMPLE
algorithm (Semi-Implicit Method for Pressure-Linked Equations) was employed to couple
pressure and velocity. The transport equations were discretised by the second-order upwind

scheme.

Boundary conditions were set according to the laws of mean inlet wind profile, turbulent kinetic
energy, and dissipation rate, in the form of U, =Uret (HT/HTe)* (¢=0.16), k =1.5(1Uy)? and

e=C,>*k¥2l; (U is the initial velocity magnitude (m/s); | is the initial turbulent intensity (%);

C,=0.09; k is the turbulence kinetic energy (m?/s?); ¢ is the turbulence energy dissipation rate

(m?/s®) and I is the length scales of turbulence (m).

The domain dimensions of the building blocks length (LG), width (WD) and height (HT) were
set as 5LGx11IWDx6HT (i.e. 5,500mx5,500mx651m). They were determined based on trial

simulations by gradually shrinking the dimensions to obtain the balance between computing
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time and accuracy. The unstructured tetrahedral mesh was used for mesh generation. The grid-

independent test was performed by comparing the simulated inlet wind speeds by height for

grids generated with a coarse, medium and fine mesh, with stretch factors of 2.5, 2.0 and 1.0

respectively. Results of simulated wind velocities of the three refinements were compared with

the wind tunnel experiment results. The testing positions in the experiment (PA, PB, PC, PC’

and PD) are shown in Figure 6.8 (b).
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(a) Domain dimensions and boundary conditions
Figure 6.8 CFD settings and testing positions for comparison

Table 6-3 Comparison of three refined meshes

(0,0)
Point C

Point D

(b) Testing positions

RMSE

y=0.1LG y=0 y +

Grid _ , PD:
Mesh Stretch number PA: PB: PC-PC™: x=- | Average for
factor - x=1LG: | x=-0.3- first

(million) | x=0.14LG; ’ 3LG; RMSE

2=0-3HT | = 15LG 2=0- cell

a 3HT | z=0.4HT, BQT
Fine 1.0 1.29 0.0538 0.0649 0.0910 | 0.1367 | 0.0866 | 35
Medium 2.0 0.36 0.0271 0.0769 0.0906 | 0.1142 | 0.0772 | 71
Coarse 2.5 0.22 0.0192 0.0725 0.1010 | 0.1031 | 0.0739 | 87

102



The Root-Mean-Square Error (RMSE) and the near the wall y-plus (y+) values were used to
evaluate the mesh quality. RMSE is calculated by Equation (6.4). The results are shown in
Table 6-3. It is noted that the coarse mesh returns the smallest error and therefore this meshing
method was selected [160]. The y+ values for the first cell and the average RMSEs for the three
refinements are comparable. The y+ values are within the range 30-300 and confirm a
satisfactory mesh quality for standard k-epsilon models [161]. The small difference in the

average RMSE confirms a successful grid independent test.

RMSE = (%i@ﬁni — iy (6.4)

Where ¢! = (U /U,)! is the dimensionless simulated mean velocity simulated in position j;

¢ni is the wind tunnel measured values at the same position j; and n is the number of values.

6.3.2 Representative building level

To identify the representative building level for determining the local wind conditions for high-
rise building blocks, the pressure coefficient (Cp) on the living room windows in steps of five
floors (F) (i.e. F5, F10, F15, F20, F25, F30, F35, F40) as shown in Figure 6.9 (a) were simulated

[162], [163].

Given that the pressure coefficient (Cp) is affected by the window and TW orientations and the
wind directions, accordingly, Cp of the eight pre-determined floors of Block X for different

orientations and wind conditions (as showed in Figure 6.9 (b)) were extracted from the
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simulation results for further analysis. In Figure 6.9 (b), the two values in brackets (e.g. 5.15;
2.9) correspondingly represent the wind direction in degree from the north (i.e. 5.15°) and wind

speed (i.e. 2.9 m/s).
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(a) Frontview (b) Top view
Figure 6.9 Locations of pressure coefficients on the building facade

The representative building level was determined by Pearson correlation coefficients and the
Fisher transformation method. Pearson correlation coefficients r (Equation (6.5)) were used to
calculate the similarity of pressure coefficients at different building levels [164], [165] and the
Fisher transformation method, represented by Equations (6.6) to (6.8), was employed to
examine the average Pearson correlation coefficient R of each building level [166], [167].

Results are summarised in Table 6-4.

n

Z(Xj _)_()(yj _y)

r, = (6.5)

Ji(x,. RO
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Where ryy is the correlation coefficient between building level x and y; j is the j* pressure
coefficient value; n is the total measured times on a building level (=9); and ¥ and y are the

mean value of pressure coefficient for building level x and y respectively.

m, = %[(In(1+ ry)-Ind-r,) | (6.6)

m, :%imxy (6.7)
b=1

m_xzé[(ln(l+ R)-In1-R)] (6.8)

Where myy is the transformed correlation coefficient for ryy; and my is mean values from myq to
Mys, representing the mean transformed correlation coefficient for building level x; and Ry is

the average Pearson coefficient for building level x.

Table 6-4 Pearson correlation coefficients by building level
Building Level F5 F10 F15 F20 F25 F30 F35 F40
F5 1.000 0.807 0956 0.961 0931 0.942 0.813 0.762

[%2]

E F10 0.807 = 1.000 0.907 0.903 0.946 0.862 0.898 0.772
é F15 0.956 0.907 1.000 0.994 0.974 0912 0.833 0.701
§_§ F20 0.961 0.903 0.994 1.000 0.980 0.934 0.846 0.711
5 S F25 0931 0946 0974 0.980 1.000 0.957 0.923 0.805
g q;_ F30 0942 0862 0912 0.934 0.957 1.000 0.999 0.879
ES F35 0.813 0.898 0.833 0.846 0.923 0.999 1.000 0.921
c F40 0.762 0.772 0.701 0.711 0.805 0.879 0.921 1.000
§ X -0.236  -0.239 -0.238 -0.253 -0.309 -0.361 -0.398 @ -0.398
§ my 1443 1337 1636 1685 1693 1796 1630 1.108

Average

Pearson 0.894 0.871 0927 0934 0935 0.946 00926 0.803
coefficient (R)
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It can be seen from Table 6-4 that pressure coefficients at F30 return the highest R (=0.946),
indicating that they significantly correlate with the other seven-building levels and is chosen

as the representative building level for further investigations.

6.4 ANN model development

An artificial neural network (ANN) was formulated based on simulation results of the 468
cases, to evaluate the relative impact of different design parameters on natural ventilation. ANN
was employed because it can tackle ill-defined relationships [168] and can construct a complex
nonlinear model for predicting the magnitude of natural ventilation [169]-[171]. ANN has been

successfully applied in similar studies [172], [173].

Input layer Hidden layer 1 Hidden layer 2 Qutput layer

Input variables (xm)

QOutput variable (y)

sPD — (o
DIR —~ [
W/ TW —=

WIN — — ACH

Figure 6.10 Artificial neuron network structure.

Matlab 2017b software was deployed to train ANN models. The back-propagation (BP) neural
network algorithm was adopted to associate input values to the output values. It is the most

frequently used neural network training method which can improve the performance of the
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neural network and minimise error [174], [175]. The transfer function was set as tan-sigmoid
for hidden layers and linear for the output layer. The solution was considered converged when

the target minimum mean square error (MSE) was achieved.

Simulated data (100%)

468 cases
I
I |
Training data (75%) Validation data (25%)
351 cases 117 cases
[ |

Training dataset (70%) Cross-validation dataset (15%) Test dataset (15%)

246 cases 53 cases 53 cases

Models training \ Training, tuning and evaluation
| Training algorithm ‘ O

1 Evaluating model’s performance to avoid over-fitting

Supervised model

| Optimal ANN model |

Assessing trained models

Verification of the resultant ANN model

Figure 6.11 ANN models establishment process

Figure 6.11 shows the ANN model establishment process. Simulation results of the 468 cases
were divided into two data groups namely training data and validation data in a split of 75%
(351 cases) and 25% (117 cases) respectively. The training data were further divided randomly
into three sub-groups which are the training dataset (70%), cross-validation dataset (15%) and
test dataset (15%) [176]. The training dataset is for training the ANN models, the cross-
validation dataset is to evaluate model performance during training to avoid over-training, and
the test dataset is for assessing the trained models [177], [178]. The validation dataset that
comprises data completely irrelevant to the original network is for verification of the resultant

ANN model. A successful verification requires a similar correlation coefficient (r) between the
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trained model and the verification model (the difference is less than 0.05) and the MSE is lower

than the threshold value (= 0.08) [179].

6.5 Results and discussion

6.5.1 ANN model

After performing the 468 CFD simulation runs and calculation of ACH by Equations (4.3) and
(4.5), Matlab 2017b was employed to train ANN models. The resultant ANN model was
established by varying the number of hidden neurons for the best model performance. Based
on the resultant ANN model, sensitivity analysis was conducted to evaluate the relative impact

of different design parameters.

6.5.1.1 The resultant ANN model

1 ‘ Best design v
35 4

30 ] Worst design \

Average ACH (/h)

(SPD) (TW) (A) (WIN) (ORN)
Figure 6.12 Influence of different design parameters on ACH

The dummy variable method was again used in this Chapter for coding the ORN, WIN, TW

with the value of 0 and 1 to represent the absence or presence of a particular design option
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except for the base group. The average ACH rates obtained from 468 simulation cases were
compared (Figure 6.12). It is noted that for each group of design parameters, there are the best
and the worst designs, as highlighted. The worst design options were chosen as the base group
(i.e. ORN_S; WIN_LFT; TW_w/o0). Accordingly, for ORN, only ORN_N, ORN_E, ORN_W

were coded, and likewise for the WIN_RGT and those for TW_w/ were coded.

Values for both quantitative and qualitative parameters were normalised to a uniform range.
This is a basic procedure for ANN training to prevent overriding of a variable with different
dimensions and to avoid premature saturation of hidden neurons [180]. Accordingly, the
minimum and maximum values of the input and output variables were scaled to the range of [-

1,1] by Equation (6.9)[181].

NV = Vi
VL

—NV..
VL - (VL _VLmin) + NVmin (6-9)

min

max

Where NV is normalised vector of an input or output; NVmaxand NVmin are scaled values within
the range 1 and -1 respectively; VL is value of the input or output variable; and VLmax and VLmin

are maximum and minimum value respectively of each parameter.

The numbers of neurons in the hidden layers affect the stability and quality of the ANN model
significantly [182]. As such, it is used to determine a model with the lowest error between
predicted and actual values. In the ANN model optimisation process, the numbers of hidden
neurons for the two hidden layers were varied to have the same values in the range of NRne
[7,17] calculated by Equation (6.10), while settings of other variables in the neural network

were unchanged.
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2x [NR, +NR,, < NR, <2xNR, +1 (6.10)

op =

Where NRjp is the number of input neurons (NRip=9, with three neurons for quantitative
variables and 6 neurons for qualitative variables); NRop is the number of output neurons

(NRop=1); NRy is the number of hidden neurons. NRn< [7,17].
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Figure 6.13 r and MSE of models with different neuron numbers
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Figure 6.14 Comparison between the actual and predicted ACHs

Models were trained based on different numbers of neurons in the two layers. Each model was

trained by ten different training datasets to avoid bias so as to improve model reliability [183].
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The minimum mean square error (MSE) and Pearson coefficient (r) of the trained models were
recorded. Results are shown in Figure 6.13. The x-axis shows the numbers of neurons in each
hidden layer. It can be seen that the model with eight neurons in each hidden layer returns the

smallest minimum MSE and the highest r to confirm the best performance.

Based on eight neurons in each hidden layer, the optimal ANN model was selected based upon
the difference between correlation coefficients (r) of the trained model and the verification
model is lower than 0.05 [179], which are 0.981 and 0.970, and the MSE is the lowest and is
lower than the threshold value (< 0.08) [179], at 0.008. Adding that the difference between the
coefficient of determination (R?) of actual ACHs and the ACHs predicted by the resultant ANN
model is 0.859. Thus, the resultant ANN model is confirmed and passes the verification test.

Figure 6.14 compares the predicted and actual results.
6.5.1.2 Sensitivity analysis

Sensitivity analysis was carried out to determine the relative impact of the design parameters
on the ACHs. The influence is quantified by the use of a relative impact factor (RIF) which
calculates the contribution of each input variable to the output value of the resultant ANN

model [184]. RIF for input variable xm (RIFm) is defined as:

(ym)+A>gn_ (ym)—Axm |

RIF, = 100% (6.11)
ymax_ ymin |
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Where xm is the input variable m and y is the value of output variable (ACH) as showed in
Figure 6.10; Axm is the variance of variable m; ymaxand ymax are the maximum and the minimum

ACH; and ynm is the calculated ACH based on variance of Xm.
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Figure 6.15 RIF by design parameters

For quantitative variables, the variance of variable m is within the range of £10% and +20% of
the input values, and the change is set as the mean value if they are fixed values. For qualitative
variables, the variance is within the upper and lower limits of values, and the change is set as
the median value if they are fixed values [185], [186]. For each and every variance of the input
variable, the RIF is calculated. Average RIF values for different design parameters are

summarised in Figure 6.15 [187], [188].

Amongst the design parameters, TW returns the highest RIF (=0.47), followed by (in

descending order) WIN (=0.39), SPD (=0.19), A (=0.05), and ORN (=0.01). The small

influence of DIR (RIF=0.07) has been explained in Chapter 4.

6.5.2 Influence of different design parameters
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6.5.2.1 W.ith or without transom window

It is no surprise (Figure 6.15) that the ACH is most sensitive to the presence of TW (RIF=0.47)
because much of the research on natural ventilation has already concluded that cross ventilation
is most preferred [37], [38], [189], [190]. This can be explained by the fact that windows and
TWs serve separately as air inlets and outlets while those that have only windows have to serve

as air inlets and outlets simultaneously.

6.5.2.2 Position of transom window to window

Position of TW to the window is the second most sensitive parameter that affects ACH
performance (RIF=0.39). The influence of TW position can be explained by the Coanda effect
[191] and the Navier-Stokes equations. The Coanda effect experienced by the WIN_LFT and

WIN_RGT air jets are shown in Figure 6.16.

Figure 6.16 Illustration of flow path under two different positions of TW.
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(@ WIN_LGT (b) WIN_RGT
Figure 6.17 Flow development, velocity gradient and pressure gradient for two WINs

Ignoring gravity and assuming the incoming wind is a free-stream flow, WIN_LFT air jet can
be simplified as a flow over the wall (Figure 6.17 (a)), while WIN_RGT air jet can be regarded

as a flow over backward-facing steps (Figure 6.17 (b)).

The two types of flow can be explained by the Navier-Stokes equations as given below:

Continuity equation:

u_ N _, (6.12)
ox oy

Momentum equations:

oX oy OX ox> oy’ (6.13)
O s 2ty P [TV O
&(puv)+@(pv)_ 6y+ﬂ[8x2+6y2J (6.14)

Where p is air density (kg/m®); u is dynamic viscosity (Pa-s); u and v are the velocity component

in the x and y direction respectively (m/s); and P is the pressure (Pa).

In the stationary case, the flow velocity component is simplified as u=u(y) [192]. Then the

momentum equation can be simplified as:
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oP o°u
- == 6.15
0 ™ +,u( 2] ( )

For WIN_LFT, velocity component u develops along with the x-axis of the plate wall with:

u Y\«
—=(= 6.16
(y ) (6.16)

For WIN_RGT, the developing flow cannot follow the shape edge of geometry and induces
the geometrically-based flow separation at the steps (e.g. P1 in Figure 6.17 (b)) [193]. This

gives the relationship:

ou

A _o 6.17
o (6.17)

w

P
OX

>0

Then the curvature can be derived from Equation (6.18) with:

2
ST‘; >0 (6.18)

Before separation, the relationship between velocity gradient, pressure gradient and the

curvature of velocity profile are:

ou
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8_p <0
OX (6.19)

2
273 <0
Considering velocity u tends to be u. at the boundary layer and the curvature relationships
before and on the separation (P1), the wind profile for the WIN_RGT has to involve the
extreme increase of the flow first [194], as shown in Figure 6.17 (b). This acceleration of the
flow does not reattach to the boundary layer after separation [195], but becomes more intensive

in the subsequent step (P2) which results in WIN_RGT with higher indoor air movement than

WIN_LFT.

6.5.2.3 W.ind conditions

SPD is the third most sensitive design parameter that affects ACH (RIF=0.19). This is
reasonable because natural ventilation is mainly wind-driven [196]. Figure 6.18 shows that
ACH increases with SPD. The two exhibit a nearly linear relationship, which can be explained

in Chapter 4.

However, DIR (RIF=0.07) has only a small influence on ACH. This is due to the angular-
linear relationship between SPD and DIR which results in serious collinearity [115], [116].
This relationship happens because DIR is periodic (0° to 360°) while SPD is random and highly
variable (0 to +o0). Nevertheless, the collinearity does not affect accuracy of the resultant ANN

model trained by the BP method [197].
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Figure 6.18 Average ACH with wind speed

6.5.2.4 Opening area of transom window

Changing the opening area of TW is the fourth most sensitive parameter that affects ACH
(RIF=0.05). The influence of the area of TW on ACH is shown in Figure 6.19, indicating that
they exhibit a polynomial relationship (R? = 0.90). This can be explained by the ventilation rate
through openings for CV mode calculated in Equation (4.11) and (5.4). From two equations it
is noted that ventilation rate Q, represented by ACH, is affected by Cq which also exhibits a
polynomial relationship with A [198]. Similar findings have been reported to explain the

polynomial relationship between ACH with A [147].
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Figure 6.19 Opening area of TW on average ACH
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6.5.2.5 Transom window orientation

Among all design parameters, TW orientation exerts the smallest impact on ACH (RIF=0.01).

Of the four window orientations, it can be seen from Figure 6.12 that ORN_E returns the

highest ACH, followed in descending order by ORN_N, ORN_W, and ORN_S. These results

can be explained by the Venturi-effect of the buildings [199].

The amplification factor K (Equation (6.20)) was used to depict the Venturi-effect contributing
to the local wind conditions. A higher K means a higher local wind speed to increase the ACH

[200], [201].

K = —local (6.20)
ref
Where Uiocal is the local wind speed at a particular location on F30 where the window is located

(i.e. Z=80m) (m/s); and Uret is the free-field mean wind speed at the same location (m/s).

Z=80m

< Local wind

/ y

0.8 -

0.6
% . —&— Koy N
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0.2 | —&—Kopn w
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0.0 : . : , : : : — Korn_g=0.61
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Figure 6.20 Amplification factors K by orientations.

Figure 6.20 shows the change of K with x by orientations, where x is the horizontal distance

measured 20 m from block X (m).

It can be seen that the ORN_E returns the highest average K (Korn e =0.61), followed by
ORN_N (Koen n=0.49), ORN_W (Korn w =0.47), and the lowest is ORN_S (Korn s=0.44)

which confirms the influence of window orientation.

6.5.3 Impact on ACH

With the use of TW of different designs, ACHSs that can be achieved in the living room of the
studied unit on F30 for the 468 simulation cases were calculated by Equation (4.3) and

Equation (4.5). Based on the relative frequency of occurrence (f) of a particular wind dataset,

the weighted average ACH for different TW designs were also determined by the Equation

(6.21). Results are as shown in Table 6-5.

t
ACH (g =Y ACH - f, (6.21)
c=1

Where ACH (g is the weighted average ACH for a particular month (t) operating under

different TW designs (g= the best, the worst and without TW); f. is the relative frequency of
occurrence of a particular wind condition by month; c is a particular wind condition from wind

data sets in Table 3-1.
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Table 6-5 ACHSs for TW with different designs

. TW_w/o T™W w
TW Designs Worst Best Worst Best
WIN N/A N/A WIN_LFT WIN_RGT
SPD 0.21 5.59 0.21 5.59
A 0 0 0.05(A_0.25)  0.27 (A_0.66)
ORN ORN_S ORN_E ORN_S ORN_E
ACH 0.51 36.4 0.52 (+2.0%)  76.5 (+110.2%)
Weighted average ACH 9.8 (—) 21.3 (+117%) 285 (+190%)

24.9 (+153.5%)

It can be seen in Table 6-5 that as compared to TW_w/o, the incorporation of TW can improve
the ACH by 2.0% to 110.2%. Besides, depending on the TW’s design, the average
improvement in ACH because of its incorporation ranged from 117 % to 190%, with the
average increase in ACH is 153.5%. The results confirm the effective use of TW in enhancing

natural ventilation in high-rise residential buildings in Hong Kong.

6.6 Summary

The relative impact of different physical characteristics of transom window on natural
ventilation in high-rise residential buildings in Hong Kong was investigated by site-
measurements, CFD simulations and ANN model analyses. The site measurements were
conducted at two carefully selected adjacent units. Through controlled experiments, the
influential parameters for TW design were confirmed. Further investigations were based on a
representative residential unit selected from a public housing complex in Hong Kong, 9
representative local wind conditions a typical building level identified by the Pearson
correlation coefficient and the Fisher transformation method. CFD settings were validated by
a previous wind tunnel experiment where the street aspect ratio and the building area densities

are similar to Hong Kong. 468 CFD simulations were done to cover different designs for TW.
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Based on the simulation results, ANN model was established for evaluating their relative
impacts by sensitivity analysis. It was found that natural ventilation performance is most
sensitive to the presence of TW, followed in descending order by the position of TW to the
window, wind speed, area of TW, orientation of TW, and wind direction. The improvement in
ACH for different TW design characteristics were determined. It was found that the
incorporation of TW could improve the ACH by 153.5% on average to confirm the effective
use of TW to enhance natural ventilation of high-rise residential buildings in Hong Kong. The
results found in this study are well-explained and the relative impact of different designs for
TW are expected to be useful for decision making by policy makers in search of performance

improvement in natural ventilation in Hong Kong and elsewhere in the world.
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CHAPTER 7 THE EFFECTIVENESS OF TRANSOM WINDOW IN

REDUCING COOLING ENERGY USE

The effectiveness of using transom window in enhancing natural ventilation in high-rise
residential buildings in tropical climates in Hong Kong has been confirmed in Chapter 6.
However, virtually no work has been done to demonstrate its effectiveness in reducing cooling
energy consumption and providing the desired thermal comfort. To fill this gap, the cooling
energy usage of a simple air-conditioning system was compared with that of a hybrid system
(using enhanced ventilation created by TW supplemented with air-conditioning) for achieving
the same thermal comfort in high-rise residential buildings in Hong Kong. A carefully-designed
methodology which involves the use of the market survey, statistical analyses, site
measurements, and integration of CFD and EnergyPlus simulations was adopted in this study.
Market surveys and statistical analyses were used to provide reliable input data for simulations.
Site measurements of ventilation were used to assess the uncertainty of CFD simulation results.
CFD simulations were employed to provide accurate predictions of ACHSs (air change per hour)
and air velocities achieved with TWSs. EnergyPlus simulations were used to predict the hour-
by-hour air temperatures and the cooling energy usage based upon the ACHSs obtained from

CFD simulations.

7.1 CFD simulations and validations

7.1.1 The representative residential unit

The representative residential unit presented in Chapter 6 was again adopted for CFD
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simulations. In the simulations, the studied unit’s actual architectural characteristics were used,
including window dimensions, floor layout, window type (side-hung window), optimum

window opening range (60° as explained in Chapter 5) [132], [147], and construction details

(Table 7-1).
Table 7-1 Construction details
Component Thickness Material Ther”?a.' Density Solar
conductivity absorotivit
(m) (WIMK) | (kg/m3) PHVITY
. 1 0.005 Mosaic tiles 1.5 2500 0.58
= § 2 0.01 Cement 0.72 1860
=5 3 0.1 Heavy concrete 2.16 2400
4 0.01 Gypsum plaster 0.38 1120 0.65
2
o
2 1 0.006 Tinted glass 1.05 2500
=

7.1.2 Physical characteristics of TW

Considering that TW should be on the outer door to facilitate cross ventilation, the living room,

therefore, becomes the only viable location for its incorporation. TW can be of different designs.

In Chapter 6, the position of TW to the window, wind speed, area of TW, orientation of TW,
and wind direction exert substantial influence on natural ventilation performance of a
residential unit has been identified. It was found that TW with physical characteristics shown
in Figures 7.1 (a) and (b) are the best and worst TW designs. Thus these TW designs were
selected for evaluation of the effectiveness of TW in enhancing natural ventilation to achieve

thermal comfort and cooling energy saving.
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The dimensions of the TW adopted in Chapter 6 was again used in this study.

J *(90;5.59)
N Q [ }
- @
‘ N
" (90, 0.21) Note:

— * first number = wind direction in degree;
second number = wind speed in m/s

Living room Living room

Entrance door

/»\ /\ '% Openable TW

—— i —
600=400 225=400
(a) Best design (b) Worst design

Figure 7.1 Physical characteristics of TW

7.1.3 Local wind environments

The wind environments at the representative building level identified based on the Pearson

correlation coefficients and the Fisher transformation method (Chapter 6) was again employed.

7.1.4 Validations and simulations

The validated CFD settings presented in Chapter 6 was again used. For evaluation of the
performance of TW integrated with other aperture designs, there were three TW design options
(no TW, the best and the worst); four orientations and nine wind data sets to become 108

(3x4x9=108) simulation cases.

7.1.5 Site verifications
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Unlike validation which is to assess the reliability of the modelling [202], site verifications
were conducted to assess the uncertainty of the simulation results. Site measurements results
presented in Chapter 6 were used for site verifications. However, due to site constraints, the
position of TW relative to window cannot be changed to model the best TW design (Figure 7.1
(@)). As a result, site verifications were restricted for cases with the worst TW designs (Figure

7.1 (b)) and those without the use of TW.

7.2 Energy simulations

EnergyPlus was used to simulate energy used by the RAC operating under the AC and the

hybrid systems. To predict energy saving, different sets of simulations were conducted.

In EnergyPlus, the built-in model for RACs is called “Window Air Conditioner”. The inputs
include the cooling capacity (kW), air volume flow rate (m%/s), and coefficient of performance
(COP). To model the use of the hybrid system, an extra object called “Design Flow Rate” was
added to model the natural ventilation mode. Simulations were performed using the “Energy
Management System” to enable switching between natural ventilation and air-conditioning

modes.

7.2.1 Market survey

To provide realistic equipment characteristics for the simulations, a market survey was
conducted to collect performance data of room air-conditioners (RACSs). These data were used

for the living room of the representative residential unit. The RAC capacity was determined by
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cooling load simulations. The associated equipment characteristics were obtained by market

survey. The focus was on those with Grade 1 energy label awarded by the government [203].

Table 7-2 Adjusted performance data of RACs

Cooling output Input .
Model HP power | COP | Air volume flow rate (m?/s)
(kW) (W)
1 1.5 1.330 1.243 1.070 0.113
2 2 2.320 2.017 1.150 0.197
3 1.5 1.541 1.270 1.213 0.131
4 2 2.854 2.203 1.296 0.203
5 1.5 1.574 1.230 1.280 0.133
6 2 2.290 1.860 1.231 0.194
Most probable value 2.088 1.729 1.208 0.158

Performance data of 6 models with cooling output (1.33 — 2.85 kW) and input power adjusted
for an indoor temperature of 24°C (explained in Section 7.6.2) that matches the studied living
room were collected (Table 7-2). The 6 models are 1.5 HP and 2 HP units in layman terms.
To avoid mean-bias, Monte Carlo analysis [204][205] was adopted to identify the most

probable performance data set for EnergyPlus simulations.

Adjusted performance data were used because standardised performance data obtained from
manufacturers” were determined based on the rating condition that assumes outdoor
temperature of 35°C and on coil (indoor) temperature at 27°C. The adjustments were done
based on the following two models (Equations (7.1) and (7.2)) developed in a previous study

[206].

Juc = Juc/Jg =0.7651—-0.0086T, +0.0199T, (7.1)

pW, = PW,, /PW, =0.066+0.0191T, +0.0102T, (7.2)
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Where

T,  =the outdoor temperature (°C)

T, =the indoor temperature (°C)

Juc = the maximum cooling output of the RAC at Ty & T, (kW)

Jp  =the rated cooling capacity of the RAC under the standard rating condition (KW)
juec =the normalised cooling capacity of the RAC at T, & T,

PW, =the power input to the RAC for Jy,c at Ty & T, (kW)

PW, =the rated power of the RAC under the standard rating condition (kW)

pw, =the normalised power input to the RAC for J,; at Ty & T,

7.2.2 The AC and hybrid systems

Cooling period for both only AC and the hybrid systems is when the hourly outdoor air
temperature is higher than the balance air temperature of 20.5°C. The balance air temperature
is the temperature used for calculation of cooling degree days. It is the average of the maximum
and minimum outdoor air temperatures. They are 33°C and 8°C respectively for Hong Kong
[207]. Within the cooling period, the AC or the hybrid system was assumed in operation to
achieve the design condition according to a pre-determined daily pattern as shown in Table 7-

3. The pattern was determined by reference to various sources [206], [208], [209].
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For the only AC system, the design condition for the RAC is 24°C dry bulb (DB) temperature
and 50% relative humidity (RH), which is commonly used for Hong Kong residential

environment for achieving 90% thermal acceptability [208], [210], [211].

For the hybrid system, the design condition for the RAC is the same as the only AC system
while natural ventilation is different. For determining the design condition for natural
ventilation, reference is made to ASHARE’s Standard 55 on users’ thermal acceptability [212].
For 90% acceptability, the maximum acceptable indoor operative temperature and the range of

acceptable air velocity are determined by Equation (7.3) and (7.4) [213], [214].

T, =0.31T, +20.3

1, max 90

(7.3)

TS =0.1818T 0.4264V, +34.02w—-4.702

I, max90

(7.4)

Where Timaxeo iS the maximum limit of acceptable operative temperature; To is the mean
outdoor temperature (=23.5°C for Hong Kong) [207]; TS is the overall thermal sensation (TS=
+ 0.5 for 90% acceptability[214]); Vi is the acceptable indoor air velocity (m/s); w is the
humidity ratio under 50% humidity (kg/kg). Here, the operative temperature is taken as equal
to air temperature as a general practice [215], [216].

Based on the calculations by Equations (7.3) and (7.4), the maximum acceptable indoor
temperature and the range of acceptable indoor air velocity for the use of natural ventilation

are 28°C and 0.70m/s to 3.04m/s.

For estimating cooling energy use for the hybrid system, it is assumed that within the cooling

period, priority is given to the use of natural ventilation. On failing to meet the design condition
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by natural ventilation, the RAC is put in operation. Once the RAC is in operation, the system
will not revert back to the use of natural ventilation until the next day. The control logic is

shown in Figure 7.2.

AC System Hybrid System
o o
RAC pattern: On RAC pattern: On
AC mode

Tin <28°C

(DB =24°C /RH=50%) 0.7 < Vin < 3.04m/

Y

| NV mode | AC mode
(DB =24°C /RH=50%)

Figure 7.2 Control logic of the two systems

The indoor air temperature is predicted by EnergyPlus simulations and indoor air velocity is

by CFD simulations. The RAC operation pattern is given in Table 7-3.

7.2.3 Operating parameters

In the simulations, operating parameters that characterised the buildings’ space cooling load

were obtained from various sources [206], [208], [209]. These include the lighting power

density (W/m?), small power density (W/m?), and occupancy (no. of persons) and also their

daily patterns (Table 7-3).
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Table 7-3 Daily patterns of occupancy, lighting, small power and RAC

Parameter Occupancy Lighting Small Power RAC
(Peak value) (4 Persons) (14 W/m2) (7.33W/m2)

0-6 0 0 0.19 Off

6-7 0 0.3 0.37 Off

7-8 0.25 0.5 0.54 Off

2 8-12 0.5 0 0.54 Off
i 12-13 0.45 0 0.54 Off
53 | 1314 0.5 0.5 0.63 On
> 14-18 0.5 0 0.43 On
= 18-19 0.5 0.5 0.43 On
19-20 0.75 1 1 On

20-22 1 1 1 Off

22-24 0 0.5 1 Off

Note: Occupancy, lighting load and equipment operating patterns are in fractions of their
respective peak values.

Outdoor air conditions refer to the hourly weather conditions in Hong Kong in 1995, which
according to study, is the typical meteorological year (TMY) for Hong Kong [217]. Ventilation
rates for the only AC system and the hybrid system with different TW designs were obtained
from CFD simulations. As the ventilation rate is highly fluctuating, weighted average monthly

ventilation rates are used in the simulations. Details are explained in Section 7.3.1.

7.3 Results and discussions

7.3.1 Ventilation rates

Based on CFD simulation results for cases with and without the use of TW and further ACH
calculations (Equations (4.3) and (4.5)), ACHs that can be achieved in the living room of the
studied unit on 30" floor of Block X for different cases under the nine representative wind
datasets can be obtained. To convert the simulated ACHs into monthly ACHs, the hourly

outdoor wind conditions of the TMY for Hong Kong was first disseminated into bins of the
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nine representative wind datasets (Table 3-1) by months. Based on the relative frequency of

occurrence (f) of a particular wind dataset, the weighted average monthly ACH (ACH) for

different TW designs can be calculated. The calculation of (f) and weighted average monthly

ACH (ACH) are mathematically shown in Equations (7.5) and (7.6).

OC
fo=cs%— (7.5)

c Zc:l OC

Where f. is the relative frequency of occurrence of a particular wind condition by month; Ocis
the frequency of occurrence of a particular wind condition ¢ (from the pre-determined wind
database); and 36 is the total number of wind data sets (4 orientations and 9 representative wind

data sets).
Based on the monthly f, the monthly average ACH that can be achieved in the living room of

the studied unit on F30 under the best and the worst design options can be determined by

Equation (7.6).
t
ACH @y =Y ACH - f, (7.6)
c=1

Where ACH (g1 is the weighted average ACH for a particular month (t) operating under

different TW designs (g= the best, the worst TW and without TW).

The results for different TW designs are summarised in Table 7-4.
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Table 7-4 Weighted average monthly ACH (h) by different TW designs

g\é\slign Jan | Feb | Mar | Apr | May | Jun | Jul | Aug Sep | Oct  Nov | Dec | Average
21.3
Worst 17.0 | 21.8 | 20.8 | 255 | 20.3 | 22.0 | 23.7 | 22.0 | 26.4 | 19.2 | 19.5 | 17.9 (+117%)
28.5
Best 27.7 1269 | 29.7 | 284|269 | 30.0 | 283 |32.0|30.6 | 26.6 | 27.0 | 27.7 (+190%)
Without | 4.6 | 106 | 88 | 133 32 | 136 122 109 199 82 59 | 6.8 ?f;

7.3.2 Site verifications

For a comparison between the measured and simulated ACHSs for cases with the worst TW
designs and those without TW, normalisation of the simulated and measured ACHs is needed.
As simulations have taken into account a range of external wind conditions (wind speed and
wind direction), simulated results based on wind datasets that match well with site conditions
were chosen for normalisation. The normalisation process is mathematically shown in
Equations (7.7) and (7.8). It aims to identify an ideal ACH (ACHigeal) for both the simulated
and measured ACHs so as to formulate an amplification factor (K) for adjustment of the

measured results to account for the difference in operating characteristics.

Uopening A ) 3600 _ ACH

(7.7)
UZ A Veff ACH Ideal
ACH
K = M _Ideal (78)
ACH S _Ideal

Where Uopening IS the wind speed through the window openings (m/s); Uz is the external wind
speed at the same level as the window opening (m/s); A is the window opening area (m?); Vet
is the effective room volume (m3); ACHgea is ideal air change per hour (/h); and ACH is the

air change per hour in the room (/h).
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Figure 7.3 Comparison of the measured and simulated results

Based on Equations (7.7) and (7.8), K was found to be 1.11 to adjust the measured results.
Figure 7.2 compares the measured and simulated ACHs for cases with the worst TW designs
and those without TW. It can be seen that the difference is 11.36% and 20.39% respectively,
which is within the generally acceptable value of 25% to confirm a successful site verification

[218].

7.3.3 Cooling energy saving

Based on the ACHs in Table 7-4 for different TW designs, the occupancy patterns, installed
power and daily patterns of lighting and small power, daily patterns of RAC, construction
details of the studied living room, design conditions, and the RAC characteristics, energy

simulations for the only AC system and the hybrid system were done (Table 7-5).

It can be seen in Table 7-5 that the cooling energy consumption of the hybrid system is on
average 22.5% less than the only AC system. It can be seen that there is no significant

difference between savings with TWs of different designs. The result matches with the previous

133



study saying that even intermittent opening of TW can enhance ventilation [44]. It is also
reasonable to see that the cooling energy use of the hybrid system from May to October is
slightly higher with the best TW design. This can be explained by the fact that with the best
TW design to enhance ventilation in the hot and humid months, cooling energy use increases

when switching from natural ventilation to air-conditioning [219].

Table 7-5 Cooling energy use by months

L Hybrid system
Description AC system Best design Worst design
Jan 5.6 0.0 0.0
g Feb 10.9 0.0 0.6
g Mar 66.7 24.9 29.0
g Apr 212.0 118.6 130.2
g . May 367.9 293.5 293.1
o = Jun 433.9 368.2 367.5
T Jul 470.4 405.9 403.0
& Aug 466.8 393.9 389.9
2 Sep 416.3 3455 343.6
= Oct 303.2 236.9 235.7
< Nov 159.6 80.6 87.5
Dec 26.9 5.3 6.3
. 2940.4 22733 2286.5
Annual energy consumption () (-22.7%) (-22.2%)
Average energy saving (%) --- -22.5%

Given the CFD simulation inputs and the results are validated and verified, and the energy
simulation results can be well-explained, it can be confirmed that the enhanced ventilation
created by TW can achieve thermal comfort and reduce cooling energy use. With regard to the
reduction in cooling energy use, given the studied unit D1 has the most unfavourable conditions
including the smallest window to floor area ratio, the worst wind environment, and the largest
internal heat gains for cooling, it is expected that much bigger savings could be derived in other

units with more favourable conditions.
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7.4 Summary

In order to investigate the effectiveness of TW in reducing cooling energy use and providing
thermal comfort in high-rise residential buildings in Hong Kong, which is of significant interest
to building designers in Hong Kong and also in other tropical countries, a rigorous study was
conducted. The study adopted market survey, statistical analyses, site measurements, and an
integration of CFD and EnergyPlus simulations to compare the cooling energy use of a simple
AC system and a hybrid system for achieving the desired thermal comfort in a representative
residential unit. The hybrid system makes use of the enhanced ventilation derived from the
incorporation of TW of different designs supplemented with air-conditioning. Hour-by-hour
air temperatures and velocities were examined to confirm thermal acceptability. It was found
that depending on the TW’s designs, the average improvement in ACH because of its
incorporation ranged from 117 % to 190%, and the associated cooling energy saving, as
compared to a simple AC system, ranged from 22.2% to 22.7%. The results confirm the
effectiveness of TW in reducing cooling energy use and providing thermal comfort in high-rise
residential buildings in Hong Kong. The results found in this study are well-explained which
are expected to be useful for decision making by policy makers in search of performance
improvement in natural ventilation and building energy use in Hong Kong and elsewhere in

the tropics.

135



CHAPTER 8 CONCLUSIONS AND RECOMMENDATION FOR

FUTURE RESEARCH

A review of the relevant literature showed that many researchers dedicated to window design
investigations. However, there is virtually no study that has taken into account the interactive
effects of the sash of windows, the ventilation modes, the window orientations, the users’
window opening habits and the coincident wind conditions to enable designers or policymakers
in search of performance improvement in natural ventilation and building energy use. In view
of this, comprehensive investigations on window designs to enhance natural ventilation in

residential buildings were proposed for this study.

The comprehensive investigations include the identification of the preferred window types, the
determination of the most optimum window opening degree, the prediction of natural
ventilation enhancement by the incorporation of transom window, and the evaluation of cooling

energy saving by the incorporation of TW integrated with other apertures.

The conclusions drawn from this study and the recommendations for future research are

detailed below.

8.1 Conclusions

8.1.1 Identification of the preferred windows types
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The influence of window types on natural ventilation performance of residential units in Hong

Kong, taking into account the interactive effects of the sash of windows, the ventilation modes,

window orientations and coincident wind conditions, was investigated for a hypothetical

residential unit. The investigation was based on site measurements, CFD simulations and

statistical analyses.

The key findings are detailed as follows:

1)

2)

3)

4)

5)

9 representative coincident wind data sets were identified by the Central Composite
Design method and the Squeeze Theorem.

A mathematical model for quantifying the interactive influences of different apertures
designs on natural ventilation performance was developed by the response surface
regression method whereby its adequacy and prediction accuracy were verified.
Ventilation performance (quantified by ACH) was found most sensitive to wind
conditions (mainly wind speed) followed in descending order, by ventilation mode,
window type and window orientation.

There would be a positive effect on ACH when window type is changed together with
wind speed and or ventilation mode, or only the window orientation is changed.

Side hung (SH) window was most preferred, followed in descending order by top hung

(TH) and sliding (SLD) windows.

8.1.2 Determination of the most optimum window opening degree

Walk-through surveys indicated that Hong Kong households have limited and inefficient use

of natural ventilation. To encourage wider and more efficient use of natural ventilation, the

137



most optimum window opening degree for residential buildings in Hong Kong was investigated.

The investigations involved site measurements, CFD simulations and statistical analyses.

The key findings are detailed as follows:

1)  Residents in Hong Kong have limited and inefficient use of natural ventilation.

2) A mathematical model to enable quick estimation of ACH for different design variables
was developed by regression analysis whereby the model’s adequacy and prediction
accuracy were verified.

3)  ACH is very much influenced by the window opening degree.

4)  The optimum window opening degree for three most commonly used window types
(side-hung, top-hung and sliding) should be in the range of 0.6 to 0.9 to maximize the

use of natural ventilation in residential buildings in Hong Kong.

8.1.3 Prediction of natural ventilation enhancement by the incorporation of transom window

Residential units in Hong Kong are typically limited to single-sided ventilation. To address

poor ventilation associated with single-sided ventilation, the use of transom window (TW) was

proposed. The effectiveness of TW, and the impact of different physical characteristics of TW

on ventilation, particularly in the context of characteristics of high-rise residential buildings

was investigated by controlled experiments, CFD simulations and ANN model analyses.

The key findings are detailed as follows:
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1)  The controlled-experiments indicated that the position of TW on the door and the aspect
ratios of TW introduce very little influence on ventilation performance.

2) Natural ventilation performance was found most sensitive to the presence of TW,
followed in descending order by the position of TW to the window, wind speed, area of
TW, orientation of TW, and wind direction. The effective roles of TW in facilitating
natural ventilation in high-rise residential buildings in Hong Kong TW was confirmed.

3) Natural ventilation rate can be improved by 153.5% on average with the incorporation of

TW in residential buildings.

8.1.4 Evaluation of cooling energy saving by the incorporation of TW

TW has been demonstrated to be effective in enhancing natural ventilation in high-rise
residential buildings in tropical climates such as Hong Kong. However, its effective roles in
reducing cooling energy consumption and providing the desired thermal comfort are yet to be
confirmed. For this purpose, cooling energy usage of a simple air-conditioning system was
compared with that of a hybrid system (using enhanced ventilation created by TW
supplemented with air-conditioning) for achieving the same thermal comfort in high-rise
residential buildings in Hong Kong. Market survey, statistical analyses, site measurements, and

integration of CFD and EnergyPlus simulations were adopted for the investigations.

The key findings are detailed as follows:

1)  The hybrid system can be used in the high-rise residential buildings in Hong Kong to

achieve the same thermal comfort as the only AC system.
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3)  Using of the hybrid system in the extreme hot months (May to October) would increase
the cooling energy use and is not recommended.

3)  Depending on the TW design, the average improvement of ACH for its incorporation
ranges from 117%-190%, and the associated cooling energy saving ranges from 22.2%

to 22.7% as compared with the only AC system.

8.2 Limitations of the study

The investigations were done based on 9 representative wind conditions and physical
characteristics of a hypothetical unit and a representative residential unit including the floor
level, the floor area, and the window dimensions, while the influence of surrounding buildings
were considered by only the adjustment of air velocity profile. These factors will no doubt
affect the local wind environment so as to introduce some restrictions on the use of the
mathematical models developed, and some of the findings. However, considering that all
window designs will receive a similar extent of influence by these factors, thus the conclusions
drawn on the preferred window designs should not be affected. The results of this study
therefore provide useful information for designers in selecting window types for residential

buildings in Hong Kong.

The decay method [220] was used to determine the airflow rate in the site measurements.
However, in further investigations using CFD simulations, given the large volume of
simulation cases, the integration method was employed to reduce the time for solving the
concentration equations. Despite the use of the two methods have been carefully considered in
designing the methodology for this study, it is still worth to evaluate the uncertainty on the

airflow rates calculation in the future.
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Furthermore, as Hong Kong weather conditions were used in the investigations, the
conclusions drawn may not be applicable to other countries or regions having significantly

different local climate or living conditions like in Hong Kong.

8.3 Recommendations for Future Research

The present work can be further extended on the followings:

1) To include thermal comfort analysis in the study of preferred window types and
optimum window opening degree.

2) To evaluate ventilation enhancement achieved by other types of transom window
because only sliding type was investigated in this study.

3) To investigate the risks of the airflow inversion and pollutions dispersion across
residential units on the same floor because transom window was assumed facing the
corridor in this study.

4) To evaluate the uncertainty on the airflow rate calculations for the use of the tracer gas
decay method and the integration method in site measurement and in CFD simulations

respectively.
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