University of

Nottingham

UK | CHINA | MALAYSIA

Experimental and numerical evaluation of novel
dual-channel windcatchers for energy-saving

technology integrations

Thesis submitted to the University of Nottingham for the degree of

Doctor of Philosophy, August 2023

Jiaxiang Li

16521936

Supervised by
John Calautit
Saffa Riffat

Signature ; i

Date 08 /31 /2023



The candidate confirms that the work submitted is his/her own, except where work which has
formed part of jointly-authored publications has been included. The contribution of the
candidate and the other authors to this work has been explicitly indicated below (page iii).
The candidate confirms that appropriate credit has been given within the thesis where
reference has been made to the work of others.

This copy has been supplied on the understanding that it is copyright material and that no

quotation from the thesis may be published without proper acknowledgement

©2023 The University of Nottingham and Jiaxiang Li



Jointly-authored Publications
Journal paper:
Title of publication no.1: Experimental and numerical evaluation of a novel dual-channel
windcatcher with a rotary scoop for energy-saving technology integration.
Authors: Jiaxiang Li, John Calautit, Carlos Jimenez-Bescos and Saffa Riffat
Journal: Building and Environment
Year: 2023
Volume:230
Contributions: I conceptualised the idea, developed the experimental setup, conducted CFD

simulation and validation and wrote the manuscript.

Title of publication no.2: Evaluating the energy-saving potential of earth-air heat exchanger
(EAHX) for Passivhaus standard buildings in different climates in China.

Authors: Jiaxiang Li, Carlos Jimenez-Bescos, John Calautit and Jiawei Yao

Journal: Energy and Buildings

Year: 2023

Volume: 288

Contributions: I conceptualised the idea, conducted the IES-VE simulation, PHPP

calculation, validation of the research model and wrote the manuscript.

Title of publication no.3: Experiment and numerical investigation of a novel flap fin louver
windcatcher for multi-directional natural ventilation and passive technology integration.
Authors: Jiaxiang Li, John Calautit and Carlos Jimenez-Bescos

Journal: Building and Environment

Year: 2023

Volume: 242

Contributions: I conceptualised the idea, developed the experimental setup, conducted CFD

simulation and validation and wrote the manuscript.



Conference paper:

1. Jiaxiang Li, Carlos Jimenez-Bescos, John Kaiser Calautit. 2021. "Evaluating the
energy-saving potential of Earth-Air Heat Exchanger in Passive Houses in different
regions in China." In Applied Energy Symposium 2021: Low carbon cities and urban
energy systems. Tokyo, Japan.

2. Jiaxiang Li, Carlos Jimenez-Bescos, John Kaiser Calautit. 2021. "Ventilation and
dehumidification performance of a novel multi-channel windcatcher system with passive
dehumidification for reducing the energy demand in buildings." In 16th Conference on
sustainable development of energy, water and environment system. Dubrovnik.

3. Jiaxiang Li, John Calautit, Carlos Jimenez-Bescos. 2022. "A multidirectional
windcatcher for passive technology integration under variable wind directions." In
Applied Energy Symposium 2022: Clean Energy towards Carbon Neutrality. Applied
Energy Symposium 2022: Clean Energy towards Carbon Neutrality.

4. Jiaxiang Li, John Calautit, Carlos Jimenez-Bescos. 2021. "Ventilation and
dehumidification performance of a novel multi-channel windcatcher system with passive
dehumidification for reducing the energy demand in buildings." In 16th Conference on

sustainable development of energy, water and environment system. Dubrovnik.



Acknowledgements

This thesis was completed with the support of a number of important individuals and
organisations to whom I am very thankful. First of all, I would like to thank my supervisors, Dr.
John Calautit, Prof. Saffa Riffat and Dr. Carlos Jimenez-Bescos for their constant support,
guidance and encouragement throughout these years of study, not to mention their advice and
unsurpassed scientific insights for which I am extremely grateful. Thank you for giving me the
opportunity to work with you on this research project.

I would like to thank my parents for their support in both financial and emotional ways. I would
also like to thank my uncle and aunt for their support in the manufacturing of the experimental
prototype and materials.

I would like to acknowledge all the support and encouragement I have received from my friends
during the whole study. Special thanks must go to my friend Han Wang and Haodong Zhu for
their friendship and support in the research.

Finally, I would also like to acknowledge the academic and technical support of the University

of Nottingham and its staff for providing the facilities and academic support I required.



Abstract

Windcatchers are utilized in building design as natural ventilation devices, providing fresh air
supply and thermal comfort under suitable outdoor conditions. However, their performance is
often constrained by environmental factors such as outdoor temperature, wind speed and
direction. While passive heating, cooling, and heat recovery devices have been integrated into
conventional windcatcher designs, the impact of changing wind conditions, which can render
the windcatcher ineffective, is often not considered. Addressing this gap, this research builds
upon two novel dual-channel windcatcher systems to provide a fresh air supply irrespective of
the wind direction and allow for passive/low-energy technology integration.

The first proposed design is a rotary scoop windcatcher consisting of a rotary wind scoop and
a chimney. In this design, the positions of the supply and return duct are “fixed” or would not
change under changing wind directions to ensure a consistent fresh air supply, irrespective of
wind direction and facilitate the integration of passive/low-energy technologies. An open wind
tunnel and test room were employed to experimentally evaluate the ventilation performance of
the proposed windcatcher prototype. A Computational Fluid Dynamic (CFD) model was
developed and validated to further evaluate the system's ventilation performance. The results
confirmed that the system could supply sufficient fresh air and exhaust stale air under changing
wind directions. The validated CFD model was enhanced in the simulations, incorporating
technologies such as an anti-short-circuit device, wing walls, wind scoop area, and wind cowl
design, to increase the pressure difference between the inlet and outlet and reduce the system
friction. The modified windcatcher achieved a 28% improvement in ventilation rate and
outperformed a conventional four-sided windcatcher of the same size by up to 58%.
Furthermore, the full-scale simulations of the building and windcatcher of varying heights were
conducted using an atmospheric boundary layer wind flow to better capture the true nature of
the wind flow that the building will encounter in real-world conditions to provide a more
realistic assessment of the windcatcher's performance.

The second design is a windcatcher with inlet openings equipped with flap fins and a chimney
in the middle. As this flap fins louver windcatcher is developed from the rotary scoop
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windcatcher, the dual-channel design remains for the fixed supply and return duct position for
passive/low-energy technology integration. Inspired by the check valve device, the flap fin
mechanism allows wind to flow only one way into the windcatcher's supply channel which
creates a substitution for the wind scoop. The lightweight flap fin operates via gravity and takes
advantage of the wind pressure around the openings to control the airflow. The wind tunnel
experiment and CFD simulation model were developed to evaluate the ventilation performance
of the proposed windcatcher prototype and investigate the impact of each parameter like the
thickness, length, layout of the fins and wind directions. The field test of the flap fins louver
windcatcher was also tested in this research. The results showed that the ventilation
performance of the flap fin louver windcatcher was independent of the wind direction in the
field test and wind tunnel experiment, and the use of lighter and longer fins would enhance the
ventilation rate. The current scaled experiment model with a diameter of 20cm could provide
about 10L/s fresh air supply at 2m/s environment wind speed with an air change rate over 27 h-
1

Overall, this research contributes to the development of more efficient windcatcher systems for
further passive technology integrations, enhancing their viability as sustainable ventilation
solutions. Two novel windcatchers were proposed in this research and the ventilation
performance of the windcatchers was independent of the environmental wind direction. Passive
technologies such as passive heat recovery were integrated into the windcatchers to provide
indoor thermal comfort. The ventilation efficiency of the two windcatchers was also higher than

the traditional conventional windcatchers.
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Chapter 1 Introduction

1.1 Research background

With the development of the economy and living standards, the demand for indoor air quality
in buildings has increased, and researchers are exploring new solutions to reduce energy
consumption in the building sector due to rising energy prices and concerns about global
warming [1]. The built environment is seen as one of the key sectors that can significantly
contribute to achieving a sustainable energy economy. The construction and built environment
industries are responsible for over 40% of the direct and indirect global carbon emissions [2].
Over half of the energy consumption in the building comes from the usage of heating,
ventilation and air-conditioning (HVAC) systems [3, 4]. Air-conditioning is one of the fastest
growing energy use in the built environment and places enormous strain on the electricity grid
in many parts of the world. In 2016 about 10% of the global electricity was used for cooling
[5], and in cities like Shanghai with hot climates, the cooling consumption could reach up to
40% of the total energy load [6]. People spend over 80% of their time inside the building and
sufficient ventilation for occupants is vital to work and living. The importance of ventilation
keeps increasing as people are spending more time in buildings [3, 7]. Thus, an effective cooling
solution with low energy consumption needs to be investigated for low-carbon development
[8].

Researchers are looking for sustainable and economical solutions to provide building occupants
with good indoor thermal comfort and air quality while minimizing the use of air-conditioners
[9]. While there are many technology options for enhancing the building's performance, natural
ventilation is an attractive solution and has been the focus of many research studies. This is due
to its capability to provide a fresh air supply and heat, moisture and pollutants removal from
the building by using only the natural forces of the wind and thermal buoyancy [10]. However,
natural ventilation is typically insufficient to provide the required indoor thermal comfort in

unfavourable hot and cold climatic conditions. For example, in hot and humid climates, the



high outdoor temperature and humidity in both daytime and nighttime could further cause
thermal discomfort to the occupants [11, 12]. This has led researchers to investigate alternative
solutions, such as combining natural ventilation with other passive/low-energy strategies,
including solar heating, heat recovery, cooling and dehumidification to provide indoor thermal
comfort and air quality and minimize the use of air-conditioners [9, 13, 14].

Windcatchers, as natural ventilation devices, offer better energy efficiency and enhance the
well-being of occupants compared to mechanical ventilation devices [15]. Windcatchers can be
applied on the roof to capture the wind above the building and bring in fresh air supply while
extracting polluted air using the wind pressure [16, 17]. The high outdoor humidity and
temperature in both daytime and nighttime would cause thermal discomfort [12]. Thus,
combining passive technologies and the windcatcher has become a popular research direction
in natural ventilation to provide heating, cooling and dehumidification [13, 14]. Various passive
technologies have been integrated into the windcatcher system, such as evaporative cooling in
hot and dry climates [18-20], heat transfer coil for passive heat recovery [15, 21] and Earth-Air

Heat Exchanger to precool the supply air [22].

1.2 Research problem and question

Traditional natural ventilation devices, such as windcatchers, rely heavily on outdoor wind and
climate conditions for the ventilation performance of windcatchers and the thermal
performance of passive technologies [23-25]. The impact of environmental conditions on
windcatchers is especially relevant in terms of wind direction, as confirmed by field tests
conducted on windcatchers with passive heat recovery [26]. Actual wind conditions are variable,
and windcatchers cannot operate under a stable wind as assumed in the wind tunnel and
Computational Fluid Dynamics (CFD) simulations [27]. A slight change in wind direction
always affects the ventilation performance of the traditional windcatcher, which in turn, affects
the effectiveness of passive technologies [28-31]. When the wind direction frequently deviates
from the design wind direction, providing stable ventilation and passive heating and cooling is
almost impossible. The limitations of unstable windcatcher performance in the application are

especially impactful in multi-opening/sided windcatchers. The supply and return airflow
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direction within the windcatcher channels will vary as the wind direction changes. This
variation could influence the ventilation rate and the performance of the integrated low-energy
or passive technologies, as shown in Figure 1.1 [16, 32]. Three operation conditions are
presented in Figure 1.1 including the passive cooling device installed on the windward side,
leeward side and both sides. If the passive cooling device was installed on the windward side,
as presented in the first figure in Figure 1.1, the passive cooling system would be effective if
the wind came from the side with the passive cooling device. However, if the wind direction
was changed and only one passive cooling device was installed, the hot supply air can not be
cooled in the windcatcher and the waste return air takes away the energy from the passive
cooling device. This issue can be solved by installing the passive cooling device on both sides

of the windcatcher but the energy efficiency is poor as the return air would always waste energy.
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Figure 1.1 Limitation of the passive cooling device integration in traditional four-sided
windcatcher
The efficiency of passive technologies integrated into the windcatcher would also be affected
by inappropriate wind directions. For example, some previous studies investigated the heat
recovery in a conventional four-sided windcatcher, the heat recovery efficiency was affected by
the frequent switching of inlet and outlet [29, 33]. In most of the previous research, the impact
of the changing wind direction was not considered and the experiments on windcatcher
performance were finished under a fixed wind direction [23, 34]. Several studies have examined
the effectiveness of incorporating passive cooling and heat recovery technologies into the
windcatcher [33, 35-37]. However, the emphasis has primarily been on the windcatcher’s

capability to cool or heat the incoming airflow, with little attention given to its performance
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under varying wind directions. This is noteworthy because the stable operation of the system
under different wind directions was crucial for the building [29]. Moreover, as an effective and
low-cost cooling method, the evaporative cooling system in a windcatcher achieved a good
performance in some greenhouse cooling studies but the research was delivered under a fixed
wind direction without considering the influence of the varying wind direction [19, 38]. An
evaporative cooling system was applied in a single-side windcatcher assisted with the solar wall
but the varying wind directions would not only decrease the ventilation efficiency but also cause
thermal discomfort with the reverse flow of the solar-heated air [18].

Installing the passive heating and cooling technologies or heat recovery devices in the current
windcatchers can provide thermal comfort but the applications are limited due to the constraints
of multidirectional or fixed windcatchers. Windcatchers with more openings were less sensitive
to the varying wind directions with a better overall ventilation efficiency than windcatchers
with one or two openings despite the windcatchers with one or two openings had a higher peak
ventilation rate under the designed wind direction [39]. However, none of the current
technology or research has been able to achieve good ventilation performance independent of
changing wind directions while simultaneously achieving a high-efficiency passive technology
integration solution. Moreover, to maintain a stable fresh air supply at low wind speeds,
additional fans may be required, which compromises the zero energy consumption and cost-

effectiveness of the windcatcher system [40].

1.3 Research aim and objectives

This research aims to develop and evaluate novel dual-channel windcatcher systems using the
rotary scoop windcatcher and flap fins windcatcher for multidirectional ventilation.

The research incorporates a dual-channel design for further integration of passive heating,
cooling, dehumidification and heat recovery technologies. Several objectives of this
windcatcher evaluation were achieved, including:

(1) Providing a comprehensive review of the literature on the windcatcher and passive
technologies in building technologies and windcatcher technologies;

(2) Designing the novel windcatchers including the rotary scoop windcatcher and flap fins
4



windcatcher to overcome the research gap achieved from the literature review;

(3) Developing the windcatcher prototypes and conducting the experimental testing using a
wind tunnel (Both types of windcatcher tested) and field test (Only flap fins windcatcher tested)
to prove that the ventilation performance of the windcatcher is independent of the
environmental wind direction;

(4) Conducting the numerical CFD modelling according to the prototype and validation of the
windcatchers to provide a more comprehensive understanding of the windcatcher evaluation;
(5) Conducting the parametric analysis of the validated rotary scoop windcatcher system for
better ventilation efficiency and comparing its performance against current commercial systems

and building regulations.

1.4 Novelty of research

To address the challenges posed by unstable windcatcher performance under varying wind
directions and the limitations of passive technologies in conventional windcatchers, two novel
dual-channel windcatchers, rotary scoop windcatcher and flap fins louver windcatcher, are
proposed to provide wind-driven natural ventilation independent of the wind direction and
suitable for passive technology integrations.

The rotary scoop windcatcher includes two concentric ducts with the outer duct incorporating
a rotary wind scoop with a central aperture through which the return duct passes. A vertical tail
fin positioned at the back generates torque to rotate the wind scoop, ensuring the fin aligns with
the incoming wind. Consequently, the outer duct consistently serves as the supply duct,
benefiting from the positive pressure generated by the wind scoop, enabling seamless
integration with passive technologies. Simultaneously, the central chimney extracts stale air

from the building, designating the inner duct as the constant return duct.
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Figure 1.2 Proposed rotary scoop windcatcher with dual channels for supply and exhaust
streams
A flap fin louver windcatcher designed based on the conventional 8-side windcatcher was
proposed in this research, and the flap fins were applied at each opening to control the airflow
supply based on the check valve strategy. The flap fin louver windcatcher, as shown in Figure
1.3, uses the pressure differential at the openings to control the opening and closing of the flap
fin automatically. The fins are lightweight, which allows for a self-opening and -closing
mechanism. As the wind blows from the windward side, the flap fin on this side will open,
allowing the air to enter the windcatcher into the room below. If the pressure outside of the
openings were lower than the inside, the pressure difference would force the flap fins to be
attached to the windcatcher wall and block the opening, which is slightly smaller than the flap

fin, to avoid air leaving the windcatcher. This effectively shuts the flap fins on the leeward side
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Figure 1.3 Airflow diagram of the flap fins windcatcher

In the flap fin louver windcatcher design, the air would always enter the supply channel from
the windward side openings without leaving the windcatcher channel on the leeward side as the
flap fins will be closed. The stale air is extracted via the central return duct, which works as a
chimney and prevents the mixing of the supply and exhaust air channels. With the combination
of chimney and flap fin design, the airflow supply and exhaust direction inside the natural
ventilation system will be fixed regardless of the wind direction. Hence, the adjacent concentric

circular channels allow for the installation of passive or low-energy technologies to address the

issues in this research.
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Figure 1.4 Flow diagram of this research
The flow diagram of this research is presented in Figure 1.4 and this thesis is separated into 7
chapters and the summary of each chapter is listed below.
Chapter 1 is the introduction which provides a background of the research and introduces the
structure of the research. The research problem and question are contained in this chapter and
the aim and objectives are stated in this chapter with the novelty of the research.
Chapter 2 is the literature review which reviews the current windcatchers and passive
technologies in the windcatcher system to identify the limitations of current research and
applications. The proportion of the current windcatchers and passive technologies in
windcatchers is reviewed in this chapter and the limitations of the current windcatcher product
and research are discussed to analyse the research gap.
Chapter 3 is the experiment section which presents the development of the wind tunnel, test
room and the prototypes of two windcatchers. The designs and dimensions of the wind tunnel

and test room are presented in detail and the development of the rotary scoop windcatcher and

8



flap fins louver windcatcher are presented. The measurements in the wind tunnel experiment
and field study are also presented in this chapter.

Chapter 4 is the numerical method section employed in the research covering the theory of the
CFD, mesh generation, boundary conditions, solving and validations of the windcatcher model.
The parametric analysis of the rotary scoop windcatcher is also evaluated in this chapter.
Chapter 5 presents the results of the experiment of the wind tunnel and test room evaluation.
The wind tunnel test results of the rotary scoop windcatcher system are presented for validation
and evaluation. The wind tunnel test and the field study results of the flap fins windcatcher are
also presented for validation and the evaluation of different parameters of the windcatcher.
Chapter 6 contains the validated simulation results of two windcatchers, full-scale simulation
and the parametric analysis of the rotary scoop windcatcher.

Chapter 7 concludes the research in this thesis and discusses the limitations of current
prototypes. The possible developments of the windcatchers in this research are also discussed
in the future work section in this chapter and the contributions of this research to the knowledge

are concluded.



Chapter 2 Literature Review

2.1 Introduction

In this chapter, a systematic review of the windcatcher and passive technologies in the
windcatcher system to provide natural ventilation and indoor thermal comfort was conducted.
This chapter aims to demonstrate the research gap using a comprehensive literature review.
With the literature review of the current research on windcatchers and passive technologies, the
proportion of the current windcatchers was achieved and the passive technologies suitable for
windcatchers in different regions were presented to explore the limitations and potential of the

development of the multidirectional windcatchers for more regions with different demands.

2.2 Traditional Windcatcher

A windcatcher is a natural ventilation device integrated with the rooftop design to capture the
wind from higher levels and bring in fresh air supply while extracting polluted air similar to
that of a mechanical ventilation system [16, 17]. Wind, as an important renewable energy, is a
major driving force in building natural ventilation for indoor thermal comfort and indoor air
quality [1]. The windcatcher takes advantage of the natural wind forces surrounding it. The
positive pressure at the windward side of the windcatcher drives the supply airflow. While the
negative pressure at the leeward side and sides of the windcatcher extracts the polluted air out
of the building [9]. Windcatchers, also named wind towers, as natural ventilation devices, offer
better energy efficiency and enhance the well-being of occupants compared to mechanical
ventilation devices [15].

Windcatcher has been applied commercially in the UK, as shown in Figure 2.1 (a), for over 30
years [41]. However, studies believe that the origin of windcatchers is Iran, as shown in Figure
2.1(b), with many complex and high applications for thousands of years [42]. One of the earliest
traditional windcatcher applications was recorded in the 1970s in Tappeh Chackmaq, Shahrood
City in Iran [43, 44]. In terms of modern windcatchers, hundreds of commercial windcatchers

have been applied in the UK in different buildings such as public buildings, schools and
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shopping malls [45, 46].

Figure 2.1 Photo of roof top windcatcher applications (a) in the UK [47] and (b) in Iran [48]
Windcatchers play a significant role in modern climate-adaptive architecture by providing
natural ventilation and passive cooling which aligns with the need for sustainable cooling
solutions in the era of climate change. In tropical and hot regions, mechanical ventilation and
cooling contribute to most of the energy consumption in the building industry which generates
the second largest carbon footprint after the heavy industry which can be reduced by an
appropriate natural ventilation system [42].

Natural ventilation can remove heat and indoor pollutants, thereby providing good indoor
thermal comfort and air quality. However, natural ventilation may not always be suitable due
to unfavourable outdoor temperatures and humidity [13]. The high outdoor humidity and
temperature in both daytime and nighttime would cause thermal discomfort [12].

To enhance thermal performance, low-energy and passive technologies were incorporated with
windcatchers, such as evaporative cooling, heat pipes and thermal mass. In desert areas with
hot and dry summers, evaporative cooling was established to be an effective passive cooling
method, but water resources should also be considered [18-20]. The windcatcher can also be
combined with a solar wall to achieve better ventilation performance [37]. Evaporative cooling
and humidification were also applied in a natural ventilation system using a solar-wall-assisted
windcatcher [49]. Some of the research also investigated the performance of applying an earth-
air heat exchanger (EAHE) [22] in a windcatcher system or a heat transfer coil connected to a
low-temperature thermal mass in the building [15].

Thus, combining passive technologies and the windcatcher has become a popular research

direction in natural ventilation to provide heating, cooling and dehumidification [13, 14]. To
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enhance thermal performance, low-energy and passive technologies were incorporated with
windcatchers, such as evaporative cooling, heat pipes and thermal mass. In desert areas with
hot and dry summers, evaporative cooling was established to be an effective passive cooling
method, but water resources should also be considered [18-20]. The windcatcher can also be
combined with a solar wall to achieve better ventilation performance [37]. Evaporative cooling
and humidification were also applied in a natural ventilation system using a solar-wall-assisted
windcatcher [49]. Some of the research also investigated the performance of applying an earth-
air heat exchanger (EAHE) [22] in a windcatcher system or a heat transfer coil connected to a
low-temperature thermal mass in the building [15, 21].

This literature review focused on windcatcher technologies in different climate conditions with
passive heating and cooling technologies and evaluated the potential of using windcatchers to
provide indoor thermal comfort under different climate conditions.

The reveal gaps between the research and the demand of the building industry need to be
investigated and the criteria of paper selection (inclusion and exclusion) are listed:

® The research can be found in Scopus (www.scopus.com);

® The key word ‘Wind catcher’ & ‘Windcatcher’ were used to provide a range of research;

® The research needs to focus on the building's natural ventilation;

® The research published after 2000 (2000-2023);

® Only the peer-review works in English were selected.

As the literature review focused on the building ventilation performance, some of the research
focusing on other regions that occurred in the search was not covered, such as water
desalination. Moreover, in order to evaluate the research methodology of the latest applications
of the windcatcher, only the research after 2000 was selected. Even though some of the
fundamental research about windcatchers in the very early stage was not included, the selection
of the research could provide a clear understanding of the regions and investigation methods of

the windcatcher by the current researchers.
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2.2.1 The proportion of windcatcher types

The geometry of the windcatcher was not limited to a specific shape which can be diverse with
different cross-section shapes, opening numbers and heights in different locations, building
types and wind conditions [50, 51]. The proportion of the windcatcher research is presented in

Figure 2.3.
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Figure 2.3 The classification of windcatchers investigated in the review by the number of
openings and research topic
Passive technologies in windcatchers for ventilation, heating, cooling and dehumidification in
this review are shown in Figure 2.3. Over half of the research focused on the ventilation
performance of windcatchers due to the fundamental purpose of windcatchers being to facilitate
natural ventilation as an alternative to mechanical ventilation systems. The heating and cooling
functionalities of windcatchers have also been investigated in the research studies, with 8 and
48 studies respectively. The significant difference in the numbers suggests that cooling is a
more critical aspect of windcatchers in the regions with the demand for windcatchers. Moreover,
providing free cooling using a water spray system in a current windcatcher is much easier than
utilizing any free heat source to provide heating. And the only research was found on
dehumidification [52]. As most of the research on windcatchers was delivered in regions with
hot and arid conditions, the demand for the windcatcher dehumidification is limited and the

difficulty of removing the moisture without increasing the indoor air temperature dramatically
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is also a challenge for application. Overall, the research distribution reflects the
multifunctionality of windcatchers and underscores the need for further exploration and
enhancement of their heating and dehumidification capabilities, while continuing to advance
their primary role in natural ventilation and cooling.

Some traditional windcatchers only have one opening for fresh air supply, and the system has
to operate with windows or other openings as an outlet [53]. While the multiple-opening
windcatchers are more efficient as they can capture wind flow from different wind directions
[54]. The windcatcher takes advantage of the natural wind forces surrounding it. The positive
pressure at the windward side of the windcatcher drives the supply airflow. While the negative
pressure at the leeward side and sides of the windcatcher extracts the polluted air out of the
building [9]. By maximizing the pressure difference between the inlet and outlet openings, the
efficiency of the windcatcher ventilation system was improved for better indoor air quality [55,
56].

About 40% of the research investigates the single-side windcatcher and the passive technology
integrated into a single-side windcatcher, as shown in Figure 2.4. The single-side windcatcher
is the simplest windcatcher with only one opening to capture or extract the airflow which
decreases the complexity and difficulty of the research model. For example, a single-side
windcatcher system integrated with an evaporative cooling system was investigated and all the
supply air can be precooled by the water spray system to provide a low indoor air temperature

[57].
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Figure 2.4 Single-side windcatcher system [58]

About 28% of the research investigated the two-side windcatcher which also had a simple
design to allow passive technology integrations such as an evaporative cooling system.
Although different two-side windcatchers always have two openings to capture the wind and
extract the air separately, different designs were applied with different ventilation strategies.

Some of the models used separated inlet and outlet channels to provide the cross flow, as shown
in Figure 2.5 [59]. Another type of the model was not that effective in ventilating the room
which placed the inlet and outlet together and some of the supply air would be extracted by the
outlet directly without circulating inside the room, as shown in Figure 2.5 [60]. The
performance of this type of two-side windcatcher is similar to a single-side windcatcher and
additional openings like the window are necessary for this type of ventilation system. The
evaporative cooling system can still be applied to these two types of ventilation systems. In
most of the research about two-side windcatchers, the supply and return openings were adjacent
and placed in the middle of the room to allow the supply air to circulate inside the room and

leave the building after circulation [61]. An anti-short circuit device (ASCD) was necessary for
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this type of two-side windcatcher to improve the airflow distribution for better air circulation

[62].
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Figure 2.5 Schematic diagram of two-sided windcatchers (a) windcatcher with separate inlet
and outlet channels [59], (b) with adjacent openings and channels combined in a single
windcatcher [60] (c) with cross flow function [62]

Only two research in this review investigated the performance of a three-side windcatcher and
the evaporative cooling performance in the system including a field test case study in Madrid

[63] and a CFD simulation model [64].
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Figure 2.6 Three-side windcatcher with evaporative cooling system [63]
About 16% of the research investigated the ventilation and passive technologies in four-side

windcatchers, as shown in Figure 2.7. With the increasing opening numbers, the sensitivity of
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ventilation performance to the wind directions was decreased but the wind direction still had
an impact on the ventilation efficiency of the four-side windcatchers. Moreover, the maximum
ventilation efficiency of a four-side windcatcher is smaller than a two-side windcatcher with
the same opening area and the maximum ventilation efficiency of a windcatcher with six or
more openings is also smaller than windcatcher with fewer openings [39]. In other words, under
the same environmental wind speed and the suitable wind direction, the ventilation rate of a

windcatcher with fewer openings is higher than that of a windcatcher with more openings.
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Figure 2.7 Four-side windcatcher for natural ventilation [65]
With the increasing opening numbers, the difficulty of passive technology integration also
increased as the supply and return channels kept changing during the operation. In this review,
22/8/2/1 research investigated passive cooling technology in the single-side/ two-side/four-
side/multidirectional windcatchers respectively. The models got complex and the performance
of passive technologies became unstable with the increase of the windcatcher opening numbers.
Thus, most of the recent research and applications focused on ventilation and evaporative
cooling to provide passive cooling and the integrations of the heat recovery unit, EAHE system
and PCM were very limited because of the unstable performance of the windcatcher system.
The lack of a multidirectional windcatcher system resulted in difficulties in applying those
passive technologies based on the local climate conditions and limited the applications of

windcatcher systems in different regions.

2.2.2 Proportion of research methodologies

The proportion investigation methods in different research in the review are shown in Figure
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2.8. Over half of the research selected CFD to investigate and present the performance of
windcatchers and parts of the research used more than one method such as using both of the
Computational Fluid Dynamic (CFD) simulation and experiment testing. A comprehensive
understanding of complex fluid flow and heat transfer can be presented and visualized in the
CFD results which were hard to be monitored in detail in an experimental prototype. The
visualisation of airflow patterns and other details provides invaluable support for the
windcatcher system optimization design and performance predictions under various
environmental conditions. Moreover, investigating the windcatcher performance in CFD
enables the consideration of various design scenarios and boundary conditions at a fraction of
the cost and time compared to physical prototyping and experimentation and the research
process can be accelerated significantly with optimized solutions [66]. Finally, by using a CFD
model validated by the experiment measurements, the accuracy and reliability of the CFD
simulation were proved. Controlling the environmental parameters in the CFD simulation is
much easier than the experiment which could provide wind conditions more uniform with a

wider range of wind speeds than a wind tunnel [28].
CFD

Experiment

65
26 18

12

Field study

Figure 2.8 Research method proportion contained in the literature review

2.2.3 Windcatcher experiment design

This chapter reviews experimental works related to windcatchers, focusing on the scaling-up
process, the impact of various wind directions, and material choices in prototype construction.

Such a review helps identify the discrepancies between small-scale experiments and real-world
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applications, informing the design decisions made in this thesis.

Most of the researchers used transparent Plexiglas to achieve high model accuracy and model
visualization, as shown in Table 2.1, and the range of scaling up was between 1:10 to 1:50
depending on the size of the wind tunnel and windcatcher. As the airflow in the windcatcher
wind tunnel test was always turbulent, achieving the identical Reynolds number to the real
environment in the scaled model by high wind speed is not necessary [53].

Some research at the University of Auckland used an atmospheric boundary layer (ABL) wind
tunnel to achieve a wind speed profile close to the actual environment around the building for
a higher experiment accuracy [67, 68].

Table 2.1 Windcatcher experiment design in the literature review

Research Year Scaling Up Wind Directions Materials
[53] 2008 1:40 0°to 180°(15“interval) Wood
[25] 2010 1:40 0°to 90°(15"interval) Wood
[69] 2012 1:40 0<30<60° Plexiglas
[24] 2016 1:50 0°to 90°(15interval) Plexiglas
[61] 2016 1:10 Fixed at 0 Plexiglas
[24] 2016 1:50 0°to 90°(15interval) Transparent material
[70] 2017 1:25 Fixedat 0 Plexiglas
[71] 2019 1:25 0°to 90°(15<interval) Plexiglas
[72] 2019 1:30 0°to 45°(22.5<interval) Plexiglas
[68] 2021 1:12 Fixed at 0 Plexiglas
[67] 2022 1:12 0<40<90<140<180< Transparent material

2.3 Windcatcher Technology: An Overview

Passive technologies integrated within windcatchers have seen considerable exploration in
academia due to their potential to significantly enhance the energy efficiency and sustainability

of built environments. One such technology is the solar wall, which uses the sun's radiation to

21



heat the air in a contained space, creating a buoyancy-driven airflow that enhances the natural
ventilation facilitated by the windcatcher [37]. Another passive strategy employed in
windcatchers is evaporative cooling. This process lowers air temperature by using the heat in
the air to evaporate water, hence effectively providing cooling in hot, dry climates [49]. The
Earth-Air Heat Exchanger (EAHE) is another passive system that can be used in tandem with
a windcatcher [8]. EAHE uses the thermal stability of the earth to precondition the air, thus
providing passive heating or cooling to the building. Moreover, heat recovery using heat pipes
or thermal wheels can efficiently transfer heat between supply and return air, potentially
offering a mechanism for enhancing the energy efficiency of windcatchers [15]. Lastly, Phase-
Change Materials (PCMs) can be integrated into windcatchers to enhance their thermal
performance and energy efficiency. The use of PCMs in a windcatcher effectively decouples
the ventilation and cooling cycles, allowing each to be managed according to the building's
needs and the external conditions to improve indoor thermal comforts.

The combination of these passive technologies within windcatchers presents a compelling
approach for harnessing natural forces to create comfortable and sustainable indoor

environments.

2.3.1 Solar wall

Asolar chimney is a passive solar ventilation system that capitalizes on the convection of heated
air to generate airflow within a building. Solar chimneys typically consist of a vertical shaft
with black internal surfaces to absorb solar radiation and heat the air within. Efficient natural
ventilation is then forced by the buoyancy from the heated air and the cooler air from lower
openings in the building. The solar chimney has better ventilation efficiency in the building
with large glazing on the south and sufficient solar radiation [73]. With appropriate control
strategies of a solar chimney system, the heated air in the chimney leave the building to generate
ventilation in summer and enter the room in winter to provide space heating [37]. However, if
the wind direction was against the design direction of the passive system, for example from the
right to the left in Figure 2.9, the wind pressure will blow the heated air from the solar chimney
to the room resulting in thermal discomfort.
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The windcatcher can also be combined with a solar chimney to achieve better ventilation
performance [37]. When the environment's wind speed was too low to generate sufficient fresh
air supply, the solar chimney would take the role to force the airflow which overcomes the

limitation of the windcatcher at low wind speed conditions [18].
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Figure 2.9 A combination of windcatcher and solar chimney in the ventilation system [37]

2.3.2 Evaporative cooling

An evaporative cooling system is often employed in building design using the evaporation of
water to reduce ambient temperature. The system operates by passing hot, dry air over a wet
surface, typically a wetted column [74] or water spray [37], which causes the water to evaporate
and absorb heat from the air to create a supply of air with a lower temperature than the outdoor
environment temperature. The efficiency of the evaporative cooling system is much higher than
the traditional air conditioning systems and the humidification process is also beneficial to the
occupants in arid climates. Evaporative cooling and humidification can be applied in a natural
ventilation system using a windcatcher [49]. By combining the solar chimney and evaporative
cooling system in a windcatcher system, over 70% of the summer operational cost can be saved

in a classroom in a hot and arid climate [40].
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Hollow cone spray

Figure 2.10 Windcatcher with water spray evaporative cooling system [19]
2.3.3 Earth-air heat exchanger

Earth-Air Heat Exchangers (EAHE) are a competitive energy-saving technology in buildings
that can be applied in various climate conditions [8]. The EAHE system was widely used to
utilize the thermal mass of soil to provide precooling and preheating to the supply air [75]. The
soil temperature at the level of a few meters below the ground is almost constant over the whole
year, while the ambient air temperature fluctuates throughout the year and a day [76].

The combination of a windcatcher with an EAHE can further enhance the efficiency and
sustainability of a building's ventilation and climate control system and the performance of
applying an earth-air heat exchanger (EAHE) in a windcatcher system was investigated [22]. A
windcatcher aids in driving air circulation by using wind forces [35] and buoyancy forces, such
as the chimney in Figure 2.11 [77] to draw air into or out of the building. When air passes
through the EAHE before entering the building, the air is preconditioned - cooled in the summer
and heated in the winter - which significantly reduces the energy load on any additional HVAC
systems. Additionally, the windcatcher can also function during periods of low or no wind,
using buoyancy effects, to ensure the continuous operation of the EAHE. This integration
presents an excellent solution to achieve a high level of thermal comfort in buildings while

promoting energy efficiency and sustainability [78].
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Figure 2.11 Solar-assisted EAHE system integrated into a building [77]

2.3.4 Heat recovery

Heat recovery systems in buildings serve a crucial role in energy conservation by capturing and
reusing waste heat that would otherwise be lost to improve the building's thermal efficiency.
The energy consumption of the building can be dramatically decreased by the heat recovery
system [79]. A case study in the UK showed that applying heat recovery in natural ventilation
was effective in providing a fresh air supply with low energy consumption [26]. Common types
of heat recovery systems in natural ventilation systems include heat pipes [29, 33, 80] and
thermal wheels [79, 81]. Heat recovery systems using heat pipes are typically suitable for
natural ventilation systems with low system resistance and the airflow can be forced by wind

source [82].
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Figure 2.12 Windcatcher heat recovery system with heat pipes [29]
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Figure 2.13 Windcatcher heat recovery system with rotary wheel [79]
2.3.5 Phase change materials

The PCM can store or release large amounts of energy when they transition between solid and
liquid phases which could provide sufficient thermal mass without taking too much space in
the building [83]. PCM can be integrated into the building structure to absorb excess heat during
the day with high external temperature by the melting process which could provide a lower
indoor air temperature. Conversely, during the night or when the external temperature drops,
the stored heat is released as the PCMs solidify, pre-warming the cooler incoming air. Installing
PCM in the inlet channel of the windcatcher is effective in reducing the indoor air temperature
[84]. The integration of PCM in windcatchers could potentially pre-condition the supply air in
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the regions with high-temperature fluctuations in a day to improve indoor thermal comfort and

reduce the reliance on mechanical HVAC systems [85].
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Figure 2.14 Windcatcher with PCM integration [85]

2.3.6 Summary

A comparison of conventional natural ventilation windcatchers is shown in Table 2.2. The
ventilation performance, passive/low-energy technology integration and cost of the
windcatchers were compared. The appropriate passive technologies and windcatchers need to
be selected based on the demand of occupants and the local climate, including the air
temperature, humidity and wind conditions during the whole year.

Table 2.2 Comparison of conventional windcatchers for natural ventilation

Sensitivity Passive or low-
Windcatcher . energy .
to wind Advantages Disadvantages
type L technology
direction . .
integration
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Single-sided

e Earth-air heat

cooling

windcatcher

. exchanger [35] .. )
windcatcher . i Sensitive to wind
) High e Evaporative Low cost .
/Wind tower i directions
(53] cooling [36]
e PCM [85]
Two-sided e Evaporative High ventilation .. .
. . . . Sensitive to wind
windcatcher High cooling spray rate at design directi
irections
[24] or cloth [37] wind direction
Heat pipe fi
* ea'plpe of Good ventilation .
: cooling and heat Passive
Four-sided 29 performance technologi
recove , . echnologies are
windcatcher Middle 13 80]ry Passive i % nd
, : sensitive to win
[41, 86] technologies .
e Thermal wheel ) direction
applied
[79]
Low ventilation
Eight-sided or WY ‘
rate
more openings Insensitive to )
. Low None . . No appropriate
windcatcher wind direction .
[39] passive
technologies
. Lower peak
Insensitive to I
. e ventilation rate than
. e Heat pipe heat wind direction .
Flap fin louver . traditional
. recovery Passive .
windcatcher None E ‘ technologies and windcatcher
[ ]
[87] vaporative g Need further
cooling heat recovery . L
investigation for
Low cost .
commercial use
Insensitive to
Heat ine heat wind direction
[ ]
Wind scoop e pipe e Higher peak Need further
. recovery . . L
windcatcher None E ‘ ventilation rate investigation for
[ ]
[28] VApOIative than traditional commercial use

2.4 Windcatcher and energy-saving technologies in different climates

2.4.1 Koppen-Geiger climate classification

Koppen-Geiger climate classification is applied in this literature review to classify the research

and applications of windcatchers. Koppen climate classification is widely used in geography,

ecology, and atmospheric science in the world [88]. The classification was determined by the
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local climate and natural vegetation to provide a clear classification of weather conditions and
physical meanings [89]. The detailed classification was listed in Table 2.3 and the ratio of each
climate type is presented in Figure 2.16. Although the arid and tropical climates contribute to
over half of the area in the world, the ratio of population is different. For example, India has
the largest population in the world and the climate in India area tropical and arid. However,
most of the population in China, which has a similar population to India, area living in the
temperate and continental climate regions. The area of continental region is much larger than
temperate but the population on the north of the earth is much smaller than the population on

the south.
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Figure 2.15 K&ppen climate classification map of the world [90]

Table 2.3 Kdppen climate classification scheme symbols description [90, 91]

1st letter 2nd letter 3rd letter

A (Tropical) f (Rainforest)
m (Monsoon)
w (Savanna, dry winter)

s (Savanna, dry summer)
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BOWY) | W (Arid Desert)

S (Semi-Arid or steppe)

h (Hot)
k (Cold)

C (Temperate) w (Dry winter)

f (No dry season)
s (Dry summer)

a (Hot summer)
b (Warm summer)
¢ (Cold summer)

D (Continental) w (Dry winter)

a (Hot summer)

f (No dry season) b (Warm summer)
s (Dry summer) ¢ (Cold summer)
d (Very cold winter)
E (Polar) T (Tundra)
F (Ice cap)

@ 21.7 Tropical

31.3 Arid

@ 15.9 Temperate

6.9 Polar

@ 24.2 Continental

Figure 2.16 Area percentage of major climate type in classification [89]

2.4.2 Tropical climates

In hot and humid climates, a lower indoor air temperature compared to outdoor temperature is
necessary and a suitable ventilation system design is vital [92, 93]. Most research on
windcatchers in tropical climates has primarily concentrated on their ventilation performance.
This focus has not been integrated with other passive technologies, due to the challenging
climate conditions. Additionally, there is limited research on the application of windcatchers in
extremely hot and humid conditions because researchers believe that windcatchers cannot
provide adequate thermal comfort in tropical climates [1]. The low environmental wind speed

in tropical regions also increased the difficulty of using natural ventilation to provide indoor
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thermal comfort [94].

Using evaporative cooling is effective in a hot and arid region but achieving indoor thermal
comfort in humid regions with evaporative cooling is challenging, as moisture is demanded in
the indoor environment in hot and arid regions but unwanted in a humid region [95]. For
example, research in Malaysia showed that evaporating cooling could decrease indoor
temperature but the effectiveness of the evaporating cooling system is very limited and the high
humidity is also a discomfort for the occupants [96]. Moreover, EAHE has high energy
efficiency in a temperate region but applying the EAHE in a region in tropical climates would
not provide any energy savings as the soil temperature in a tropical region was higher than the
indoor thermal temperature setpoints in the whole year and no precooling can be provided by
the EAHE system [8].

The performance of night-time ventilation with appropriate thermal mass in tropical climates
is also limited as the outdoor temperature and humidity at night still exceed the temperature
range for thermal comfort [97], such as in Shanghai with high humidity at night [98].

Even though using passive technologies to directly provide an indoor air temperature lower
than the outdoor environment in tropical climates is challenging, a higher airflow speed around
the occupants could benefit thermal comfort [99]. By minimizing and removing the heat inside
the room using sufficient ventilation, the heat trap can be avoided with the support of a
windcatcher and the occupants would feel less uncomfortable in the room [100]. The high wind
speed above the building can be utilized by a windcatcher to provide a higher ventilation rate
and airflow speed at the occupants' level, which is about 1.5m [101].

Much research about the windcatcher has focused on providing indoor thermal comfort in a
tropical region. However, only a few research provided the location or the weather data of the
research and the research with location is listed in Table 2.4.

Table 2.4 Windcatcher in hot and humid (tropical) region

Passive
Research Location/ weather data Performance
technology
Dala City, Yangon Significantly reduces thermal
External shading [100]
Township, Myanmar discomfort hours
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1.2 to 1.4 times ventilation rate
[101] Tangerang, Indonesia
increase
Indoor airflow around 0.1-1m/s
Ventilation only [102] Nagapattinam, Bengal
reduced discomfort
Rio de Janeiro City, Air circulation increased from under
[103]
Brazil 0.1m/s to about 0.25m/s in the room

2.4.3 Hot and arid climates

Some studies consider that Iran is the origin of this technology as more complex and highly
efficient windcatchers are being used there with hot and arid climate conditions [42]. As a
technology widely used in the Middle East region's hot-arid climate, the number of windcatcher
research in this region accounts for the largest proportion in this review and sufficient research
of windcatchers integrated with passive technologies was also provided. The number of
research in Iran accounts for the highest proportion in the list and the type of passive technology
is also the highest.

Evaporative cooling is an effective and low-cost cooling method that has been applied in
traditional windcatchers in hot and dry climates. In desert areas with hot and dry summers,
evaporative cooling was established to be an effective passive cooling method, but the water
resources should also be considered [18-20]. Using an evaporative cooling system is effective
in reducing the air temperature in arid regions both two research in Yazd City, Iran [60] and
Masdar Abu Dhabi [64] achieved an indoor temperature reduction of over 10°C. An evaporative
cooling system assisted by a solar chimney in a three-floor building was evaluated in CFD
simulation using the weather data in Yazd City, Iran and a total cooling capacity of 9kW was
achieved [18].

EAHE is effective in providing cool air to the room in arid regions with lower soil temperatures
in the ground a few meters deep. A 13°C room air temperature reduction can be achieved in
Baghdad, Iraq [78] and 15°C in Yazd City, Iran [104]. A system cooling capacity of up to 30kW

was achieved with a temperature reduction of up to 20°C in Ouargla, Algeria [105].
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Another research about the EAHE and evaporative cooling presented a system with a high
cooling capacity of up to 10kW to provide passive cooling as shown in Figure 2.17 and the
room temperature was decreased from 35°C to 28.6°C [35]. The location of weather data in this
research is not provided but the combination of evaporative cooling and EAHE system is
applied to provide indoor thermal comfort under hot and dry weather conditions. Thus, this

research is classified as an application for windcatchers in hot and arid regions.
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Figure 2.17 EAHE+ evaporative cooling in windcatcher system [35]

The low soil thermal inertia would result in a higher diurnal temperature in arid regions [106].
The high diurnal temperature range would cause a higher outdoor temperature in the daytime
and a lower outdoor temperature at nighttime which can be utilized by installing PCM in a
windcatcher system as the PCM can be recovered at night to make the passive cooling process
recyclable which makes PCM a suitable solution for arid regions. A temperature reduction of
up to 25°C can be achieved in Iran by installing PCM in the windcatcher inlet [85].

The research about passive technology in windcatchers which provided location or weather data
in hot and arid regions is listed in Table 2.5. Most of the research in arid regions achieved a
good indoor air temperature reduction.

Table 2.5 Passive technology in windcatchers in hot and arid regions

Passive Location/
Research Performance
technology weather data
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Evaporative

Yazd City, 6-12°C temperature reduction
cooling + solar [18]
Iran Cooling capacity up to 9kW
wall
52.4% of cooling energy
[57] Kuwait
reduction
Yazd City, 10-15°C temperature
[60]
Iran reduction
Masdar Abu 10-12°C temperature
Evaporative [64]
Dhabi reduction
cooling
11.3-13.7°C temperature
[107] Iran
reduction
[108] Kerman Iran 10°C temperature reduction
Ouargla,
[109] 18.6°C temperature reduction
Algeria
Baghdad,
[78] 13°C temperature reduction
Iraq
Ouargla, Cooling capacity up to 30kW
EAHE [105]
Algeria 20°C temperature reduction
Yazd City, Reduce T,pom t0 26.6°C at
[104]
Iran 42°C Tyt
PCM [85] Iran 25°C temperature reduction

2.4.4 Temperate climates

34

Windcatcher is particularly used using natural ventilation itself or with the support of
evaporative cooling to provide indoor thermal comfort to occupants in hot and arid regions.
However, a large percentage of the world's population is living in regions with temperate
climates. The climate conditions in a temperate climate are diverse and the issues for indoor
thermal comfort are also diverse. For example, the summer in a temperate climate can be cold

(Mediterranean), warm or extremely hot with both humid and dry conditions occurring. The




winter can be cold and warm with both humid and dry conditions occurring as well.

Providing indoor thermal comfort when the warm summer occurs is cost-effective. Natural
ventilation is effective in saving energy from mechanical ventilation systems in temperate
climate regions. For example, Denmark has a high latitude, and the outdoor air temperature in
the summer in Denmark is not that unbearable even though overheating in the building would
occur. Natural ventilation could replace mechanical ventilation in 90% of the operation time in
a case study in Denmark [110]. However, if the outdoor temperature is extremely hot and humid,
which is common in temperate regions, the cooling effect of the windcatcher will be limited,
which is identical to the tropical climate. In the hot and humid summer with high outdoor
temperatures for the whole day, the performance and possibility of using passive technology to
provide indoor thermal comfort are also limited.

Moreover, both summer and winter ventilation needs to be considered, the demand is more
diverse as the climate issues to be solved are diverse. In a mild or even cold winter, a high
ventilation rate can cause thermal discomfort due to excessive heat loss. The passive designs
for buildings against cold seasons mainly focused on minimizing heat loss and capturing more
heat gains such as solar gains.

Under climate conditions with hot and arid summers, most of the passive technologies in hot
and arid regions are still effective in providing indoor thermal comfort. As the summer in
temperate regions may not be as hot and dry as those in arid regions, the passive cooling
performance in temperate regions like Greece [111, 112] and Spain [37, 113] might be lower
than in arid regions like Iran [107].

Under the climate conditions with hot and humid summers, the conditions in temperate regions
are different to the tropical regions. The evaporative cooling is still ineffective but the EAHE
is effective in temperate climates with hot and humid summers. Because of the colder winter in
temperate regions, the soil temperature can be decreased in winter and the low-temperature
thermal mass in the soil can be stored in summer to provide pre-cooling to the supply air. If the
soil temperature is lower than the dew point temperature of the outdoor air, the moisture content
in the supply air can also be decreased with the EAHE system [8]. Moreover, the preheating to

the supply air in winter can also be provided by the EAHE system as the soil temperature in
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winter is higher than the outdoor air temperature and the winter heating demand in a passive
house with the EAHE system can be almost eliminated [8]. Thus, integrating the EAHE system
into a windcatcher can be a suitable solution for indoor thermal comfort in temperate regions.
Moreover, most of Sweden has a temperate climate with a cold winter and the houses in Sweden
are normally well-insulated without air conditioning. Thus, the overheating issue in buildings
in the summer in Sweden is serious but integrating PCM inside the building could reduce the
time of overheating in Sweden effectively [114]. However, the number of research on PCM in
windcatchers in temperate regions is limited and the passive cooling potential of the
windcatcher with PCM needs to be investigated in temperate regions or well-insulated
buildings/ passive houses.

Many research studies have evaluated the passive heating performance of solar walls or Trombe
walls. With the on/off control strategy, the solar wall could provide passive heating in winter
and buoyancy-driven natural ventilation in summer. The windcatcher system can be combined
with a solar wall system to heat the supply air and increase the indoor environment temperature
[49]. However, a windcatcher is normally placed at a place higher than the building and induces
the air downside to the buildings. The buoyancy effect created by the solar-heated air would
force the air to flow towards the higher opening which is against the direction of wind-driven
ventilation. Thus, the applications of the windcatcher and solar wall heating need to be further
investigated to utilise the advantages of both windcatcher and solar wall heating.

The heat recovery system is normally used in mechanical ventilation systems because
overcoming the high-pressure loss in the natural ventilation system is challenging. Thus, to
apply heat recovery in the windcatcher system. Heat recovery techniques with low system
pressure loss were proposed such as heat pipes [80] and thermal wheels [81]. However,
balancing the cost, ventilation rate, and heat recovery efficiency is still a challenge and further
research to lower the cost and improve the ventilation rate with high heat recovery efficiency
is necessary.

The research about passive technology in windcatchers which provided location or weather data
in hot and arid regions is listed in Table 2.6. The quality of passive design strongly depends on
how the occupants use the building system [115]. The passive ventilation system designed for
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summer might not be suitable for winter operation and separate systems might be necessary for

buildings in temperate regions with multiple demands in different seasons.

Table 2.6 Passive technology in windcatcher in a temperate region

heat recovery

Passive Location/
Research Performance
technology weather data
Cooling
Solar chimney+
evaporative [37] Tehran, Iran 4°C temperature reduction
cooling
[63] Madrid, Spain | 6-8°C temperature reduction
Athens
[111] 4°C temperature reduction
Greece
Evaporative
[112] Greece 2°C temperature reduction
cooling
Cuernavaca Predicted percentage of
[116]
city, Mexico dissatisfied less than 10%
[113] Seville, Spain 6°C temperature reduction
Heating
Northern 40°C solar wall improved
Solar heating [49]
Mexico thermal comfort
Indoor temperatures fell
Coaxial heat within BB101 recommended
[26] London, UK
exchanger limits for 90% of all occupied
hours
Heat pipe heat
[80] UK 4.5°C temperature increasing
recovery
Thermal wheel
[81] UK 1-4°C temperature increasing
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245 Summary

In the cold winter, the occupant did not have sufficient ventilation up to 79% of the time [117].
However, a sufficient fresh air supply would result in high energy consumption. Most of the
research of windcatcher focuses on the regions in Groups A, B and C with hot summers and
winters which is not extremely cold. In regions Groups D and E, the utilization of windcatchers
is very limited as a huge amount of energy is wasted in heating the supply air. However, with
the development of the building industry in those regions, the building airtightness keeps
improving and the fresh air demand in the room can not be eliminated. Thus, developing further
research using windcatchers for high-efficiency heat recovery ventilation is necessary for

occupants in cold regions.

2.5 Research gap of windcatchers

The examination of existing literature on windcatchers has unveiled significant research gaps,
particularly in the context of changing wind directions and the system’s adaptability across
various climates.

Impact of Wind Direction Variability: The literature reveals a crucial gap in understanding the
performance implications of variable wind directions on windcatcher systems. Notably, studies
have shown that slight changes in wind direction can significantly affect the ventilation efficacy
of traditional windcatchers and the performance of integrated passive technologies [28, 29].
However, the operation of these systems under fluctuating wind conditions remains
insufficiently examined [34].

Integration and Evaluation of Passive Technologies: Research focusing on passive cooling and
heat recovery technologies within windcatchers often does not account for the dynamic nature
of wind direction [33, 35-37]. For instance, the effectiveness of evaporative cooling systems in
windcatchers was assessed at a fixed wind direction, overlooking the potential impact of wind
variability [19, 38]. Applying heat recovery in a traditional windcatcher system using the heat
pipes [29, 33, 80] and the thermal wheels [79] was effective in providing a fresh air supply with
low energy consumption, but the system was sensitive to the changing wind direction [26]. This
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oversight suggests a gap in evaluating these integrations under a wider range of environmental

conditions, which is critical for ensuring consistent system performance.

Adaptation to Diverse Climatic Conditions: The predominant focus on arid and hot climates in
windcatcher research neglects the potential applicability and necessary adaptations for
temperate and continental climates, where demands for passive heating and cooling are both
prevalent [118]. With the ongoing shifts in global climate patterns, including rising
temperatures and humidity levels, the development of adaptable windcatcher systems for a
broader range of climates is urgently needed. This includes considerations for passive cooling
to mitigate increasing indoor temperatures during summers in regions previously characterized
by milder conditions.

Overall, the increasing energy price and global warming issue result in the pressing demand for
passive heating and cooling technologies in the passive ventilation system using the
windcatcher system. A multi-directional natural ventilation device can be a solution for
applications in various regions with complex local wind conditions. Passive/low-energy
cooling and heating technology integrations for different climate conditions. Research about
the passive heating, cooling and ventilation technologies also should be evaluated in field
studies as well as in wind tunnel experiments and numerical simulations. This entails designing
systems that can effectively address the increasing occurrences of extreme temperatures and
humidity, thus supporting the development of the low-carbon building industry in a wider array

of geographic and climatic contexts.

2.6 Summary

In summary, the literature review of windcatcher technologies and passive technologies in
windcatchers to reduce building energy consumption was provided. The works in the literature
review were classified based on the type of windcatcher, investigation method, passive
technology and the climate of windcatcher applications. The importance of integrating passive

technologies in windcatchers to provide indoor thermal comfort under different climate
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conditions was emphasized in this review and the locations of windcatcher research with
passive technology applications were listed in the review section. The research gap of
multidirectional windcatchers with the potential for passive technology integration and the
demand for windcatchers’ passive technologies in more regions were also discussed in this

section.
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Chapter 3 Experimental method

In this chapter, the experimental setups of the wind tunnel tests and the field tests were presented
and the development of two novel windcatcher designs was explored. In the section on
experiment setups, the dimensions and components of the wind tunnel and test rooms in the
experiment were presented. The process and devices of measurement were also described in
this section. In the section on the windcatcher prototype development, the design concept and
the components of the rotary scoop windcatcher and flap fins louver windcatcher prototype

were presented. The field test model and measurement device were also explored in this section.

3.1 Introduction

The experimental investigation is vital for research on windcatcher performance. First, a high-
quality experimental method provides a robust and reliable method for other researchers and
users to understand the real-world performance of windcatchers. The experimental method
facilitates the replication of studies by providing detailed procedures and methodologies.
Moreover, the results achieved in the experiment could validate the theoretical models in CFD
simulation and use the computational method to provide valuable insights into the performance
of windcatchers. The discovery of new phenomena or unexpected findings can also occur in
the experiment which is difficult to consider or predict in the CFD simulations. Those
unpredicted issues could include unanticipated effects of design modifications, environmental
conditions, or interactions with other building systems which need to be solved in the research.
Finally, the field test of a product provides a real-world assessment of windcatcher performance,
unlike laboratory experiments or simulations. By testing windcatchers in the field, researchers
can obtain a more accurate and comprehensive understanding of their performance under
various conditions like wind speed and direction, temperature, humidity, and other atmospheric
conditions.

Thus, in this research, an open wind tunnel was made to generate a stable wind condition for
the experimental tests of different windcatcher prototypes and the windcatcher performance

under different environment wind speeds. A scaled test room with an Anti-Short Circuit Device
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(ASCD) was made as a building for the windcatcher performance evaluation. Different
windcatcher prototypes were made for the wind tunnel tests to improve the windcatcher design
and the performance of the windcatcher was tested in field tests to see whether the windcatcher

achieved the design target.

3.2 Wind tunnel setups and testing

In this section, an open wind tunnel was made to generate a stable wind condition for the
experimental tests of different windcatcher prototypes and the windcatcher performance under
different environment wind speeds.

The overall wind generation system in Figure 3.1 contained: (1) A 720 W high-power
industrial fan with a diameter of 700mm to generate the wind. (2) A soft plastic tube with a
length of 3 meters and a diameter of 800mm to stabilise the wind. (3) A metal contraction was
made of 1mm thick stainless steel to increase the wind speed at the outlet. (4) Two mesh screens
with a diameter of 0.1 mm and a mesh gap of 0.3 mm to reduce the turbulence of the wind. (5)
A 200 mm length wood honeycomb with straws with 10 mm diameter as flow conditioners to
adjust the direction of winds to parallel. (6) A 400mm to 800mm insulation ring contraction
increases the wind speed in the middle of the tunnel for a uniform airflow distribution. (7) A
voltage controller was applied to control the voltage across the fan to control the fan power and

the output wind speed. The dimensions of the wind tunnel and the location of the windcatcher

are presented in Figure 3.2.

Figure 3.1 Wind generator photo
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Figure 3.2 Open wind tunnel specification and wind catcher setup
Wind speeds were measured at 17 points at the open wind tunnel outlet, as shown in Figure 3.2,
and the profile of wind speeds was used in the CFD model validation. Because the screen mesh
and flow conditioner would increase the system's pressure loss, the maximum wind speed
generated was 3 m/s. The average wind speed value of each point was obtained after the wind
flow stabilised to eliminate the impact of instant wind speed fluctuation. The voltage of the fan

was adjusted to change the wind speed and the wind speed profile in each test was measured to
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achieve the actual wind speed profile under different average wind speeds. The Testo 405i
anemometer, used in similar research for windcatcher airflow investigation [72] was used for
wind speed measurement with an accuracy of +( 0.1 + 5% of the readings) m/s. The wind
speed fluctuation was minimized by the wind tunnel but it could not be eliminated in the
experiment, taking the average value of the measurement was still necessary to avoid the error
caused by the measurement.

Contraction is the most vital part of a wind tunnel to increase the speed of airflow [119]. Thus,
the stainless-steel contraction was made first. The mesh screen and wood honeycomb were
added into the contraction to stabilize the wind. Mesh screen distance was necessary for
stabilizing the static pressure from perturbation and the mesh opening area range should be
larger than 57% [119]. A long plastic was applied to stabilize the airflow after the fan before
entering the contraction and straws were used to improve the honeycomb performance to
eliminate the small-scale turbulence [119].

Initially, the insulation contraction in the middle of the plastic tube was not applied. Because of
the difference between the wind generator system and the traditional open wind tunnel system,
the fan was used to blow the wind to the windcatcher in the front rather than extract the air
behind the windcatcher [120], and the wind speed profile at the outlet of the contraction was
not uniform which was affected by the wind speed profile from the fan. The middle of the fan
was blocked by the motor, as shown in Figure 3.3, and the airflow velocity in the middle was
much lower than the on edge, as shown in Figure 3.4. Thus, a ring-shaped contraction was
added in the front of the contraction to contract the airflow to the middle, and the performance
was improved and the wind speed contour and turbulence contour with and without the ring-
shaped contraction were shown in Figure 3.5 and Figure 3.6. Because of the low weight of
insulation, it can be supported by a wood bar below, and the soft plastic tube rather than using

a wood contraction and the difficulty of the experiment was decreased.

44



Figure 3.3 Fans of the wind tunnel
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Figure 3.4 Airflow velocity profile example from the outlet (measured from the experiment

and presented with the CFD plotting)
Because the wind from the wind generator was blown into open space around the windcatcher,
the wind was diffused, and the wind speed was decreased to only half of the initial wind speed
when it reached the windcatcher 0.5m away from the wind generator outlet. Thus, the
ventilation performance of the windcatcher in this experiment would be smaller than using a

uniform environment wind if the identical average wind speed was applied in the testing.
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Figure 3.5 Wind velocity from the wind generator (Using the wind speed profile measured in
the experiment)
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Figure 3.6 Turbulence Kinetic Energy from the wind generator (Using the wind speed profile

measured in the experiment)

3.3 Test room setups and testing

In terms of evaluating the ventilation performance of a windcatcher, a test room was necessary
to create a foundation for the windcatcher to evaluate the airflow entering the building. A wind
tunnel was necessary to generate a stable wind output for the windcatcher ventilation
experiment. In this research, a scaled test room was made to simulate the condition of a roof

windcatcher installed in a building for ventilation evaluation.
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The scaled test room contained several components including the insulation wall (Figure 3.9),

the support beam (Figure 3.11), ventilation system ductwork (Figure 3.10) and an Anti-Short-

) (Fig

Circuit-Device (ASCD ure 3.12) to diffuse the supply air in the experiment.
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Figure 3.8 Test room front view and top view
A 1.2m length cube test room was made in this research using the insulation panel wall and
steel beam structure, as shown in Figure 3.7. The diagram of the test room structure made in
SpaceClaim was shown in Figure 3.7 and the dimensions of the test room were presented in
Figure 3.8. Six 50mm thickness insulation broads in Figure 3.9 were used as a wall in the test

room and the internal space was 1.331 m3.
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Figure 3.9 Insulation panel

Figure 3.10 Acrylic transparent tube
The steel beam, in Figure 3.11, was applied to constrain the insulation broad and support the
weight of the windcatcher and ASCD. A 100mm diameter transparent acrylic tube was placed
in the middle of the roof and a 200mm diameter transparent acrylic tube was placed coaxially

outside the 100mm tube as the supply and return ductwork as shown in Figure 3.10.

Figure 3.11 L-shape steel structure
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The air-short-circuiting was a problem in the natural ventilation system with the windcatcher
in that the supply air entered the outlet duct directly without mixing the air inside the room [62].
A 400mm T-shape anti-short circuit device (ASCD) made by a 10mm thick wood broad was
added to change the flow direction of supply air from vertical to horizontal. The extruded part
on the top was connected to the steel beam above the insulation panel to support the weight of
the acrylic tube and the wood structure itself. The bottom part was used to adjust the supply
airflow direction to separate the inlet and outlet inside the room. The space between the ASCD
and the insulation panel was filled with the foaming agent in Figure 3.12 to avoid air leakage.
Two 400mm L-shape ASCD redirected the flow of supply air from vertical to horizontal. The
ventilation performance of the windcatcher with and without ASCD was evaluated by CFD
simulation. By using the CFD method discussed in Chapter 4, the ventilation performance of
the windcatcher with and without the ASCD was evaluated. After applying the ASCD as shown
in Figure 3.13, less than 1% of the air escaped the building without circulating inside the room
while most of the air would leave the building directly if the ASCD was not applied. The airflow
distribution in the building was more uniform after applying the ASCD, and the streamline was

separated into different directions rather than flowing together.
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Figure 3.12 ASCD photo and structure

By using the CFD method discussed in Chapter 4, the ventilation performance of the
windcatcher with and without the ASCD was evaluated. After applying the ASCD as shown in
Figure 3.13, less than 1% of the air escaped the building without circulating inside the room
while most of the air would leave the building directly if the ASCD was not applied. The airflow
distribution in the building was more uniform after applying the ASCD, and the streamline was
separated into different directions rather than flowing together.

The mass flow rate at Sm/s outdoor wind velocity in the model with and without ASCD was
0.1484 kg/s and 0.1496 kg/s, separately. Only a small decrease within 1% occurred after adding
the ASCD. Thus, adding the ASCD was useful in providing better air circulation inside the

room without significantly decreasing the ventilation performance of the windcatcher. The
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ASCD would also benefit from the passive technologies in the windcatcher to avoid the cooled

or dehumidified air leaving the building directly rather than circulating inside the room.

8.0

Air leave Air circulate
directly L in the room

(a) ASCD not applied (b) ASCD applied

Figure 3.13 Anti-short circuit device impact on supply and exhaust airflow
All the edges of the insulation broad were cut at 45 degrees to increase the strength of the test
room. With the constraint of the steel beam, an external force on the edge was provided on the
edge to avoid disintegration. With the slope edge, the broad could support each other from the
internal, or the broad will be deflected inside by external force by accident, which is hard to
avoid in the experiment measurement. Overall, the test room was strong enough to support the

windcatcher and do the experiment.
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Figure 3.14 Insulation broad connection

The tracer-gas decay method was used to measure the airtightness of the sealed test room with
low pollutants and environmental effects [121]. Carbon dioxide was selected as tracer gas
because of its nontoxic physical properties, and the CO» concentration sensor (HTT HT2000)
was used to measure the CO; concentration. The accuracy of concentration measurement at the
condition below 5000 PPM was +( 50 PPM =+ 5% of the readings). The carbon dioxide
concentration measurement point is shown in Figure 3.22. As the carbon dioxide had a higher
density than air, the carbon dioxide concentration at the bottom of the test room was higher than
at the top, so the carbon dioxide sensor was placed in the middle of the test room. In the
ventilation rate test, as the air was well circulated inside the test room with the help of the
ASCD, the carbon dioxide concentration at the outlet can be used as the average concentration
inside the room for air change rate calculation.
The air change rate of the test room was calculated by the CO2 concentration change rate using
Equations (3.1) and (3.2) [122].

(@) =(C0)—cC(e)) xe WV +C(e) (3.1)

n=Q/V (3.2)

where C(t) is the CO; concentration after t seconds in PPM;

€(0) is the CO; concentration at the initial condition in PPM;
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C(e) is the CO; concentration of the environment in PPM;
Q is the supply air volume flow rate in m3/h;

V is the internal volume of the test room in m3;

t is the time in s;

n is the air change rate in h™1.

In the airtightness measurement, after sufficient time to mix the CO, and the indoor air, the
initial CO; concentration was 3350 PPM, and the final CO; concentration was 3200 PPM. The
time of air exchange was 3050s and the environment CO; concentration was 500 PPM. The air
change rate was 0.0625 h™! and the air leakage was 0.023L/s which was ignorable compared

to the wind-forced ventilation. Thus, the test room can be treated as a full airtight box in the

experiment.

3.4 Rotary scoop windcatcher prototype development

The wind scoop, which is also called the pressure cowl, has a rotary inlet opening which ensures
that it faces the wind from all directions to make sure the ventilation performance would not be
affected by the changing wind directions and it could be placed at higher locations to capture
the wind with high wind speed, such as above the building [123]. An example of a wind cowl
installed in 1991 in the ICI chemicals visitor centre in Runcorn, UK, was analyzed [30]. The
ventilation performance of the traditional windcatcher decreased dramatically when the wind
direction changed and the ventilation efficiency decreased by 50% in the two-side windcatcher
and 40% in the three-side windcatcher [39]. Compared with the traditional windcatchers with
multiple openings, the wind scoop could provide a stable fresh air supply for passive ventilation,
cooling and heating technologies under changing wind directions.

This section aims to develop and evaluate the rotary scoop windcatcher design using
experimental methods and the objectives contained the prototype making and the testing of
ventilation rate and rotation.

The dual-channel wind scoop windcatcher was developed based on a displacement ventilation
strategy with a pressure inlet to supply the air and a pressure outlet to extract the air from the

room. The wind scoop windcatcher geometry with two concentric ducts and an airflow diagram
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is shown in Figure 3.15. A rotary wind scoop was applied to the outer duct with a hole in the
middle to allow the return duct to pass through. A vertical tail fin on the back generated the
torque to rotate the wind scoop and face the wind. The outer duct will constantly be the supply
duct with the positive pressure generated from the wind scoop for the passive technology
integrations. The chimney in the middle would then extract the stale air from the building,
making the inner duct the constant return duct. Overall, the supply and return positions were
fixed and adjacent, no matter how the wind direction changed. On the contrary, the windward
side in a traditional multiple openings windcatcher will be supplying the fresh air, and the rests
would become return ducts which will change with the wind direction. As the supply and return
duct were constantly adjacent to each other in the scoop windcatcher and the airflow direction
would not change in operation, the energy can be recovered from the return air to the supply air

stably and continuously in a passive heat recovery configuration such as heat pipes.

Vertical tail fin

Rotary wind
scoop

+ +

Supply air

& 1 1 = ra
Supply air pd | g o | ¥ Supply air

I Return air

Figure 3.15 Diagram of proposed rotary windcatcher (a) components in the windcatcher, (b)

supply and return airflow directions in the windcatcher and ventilated space.
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The research flow diagram of the wind scoop windcatcher is summarized in Figure 3.16. A
scaled experimental prototype was designed and constructed. The experiment evaluated the
ventilation performance first, and the CFD validation was conducted after obtaining the
experiment results. The full-scale CFD model was modified from the validated scaled model,
and the ventilation performance was compared to the conventional windcatchers and building

regulations.

Combining the rotary wind scoop inlet and
chimney outlet in the windcatcher

|

Developing prototype, building model and a
stable wind generator.

! )

Measuring the windcatcher ventilation CFD modelling and
performance with multiple methods measurements

Wind speed and ventilation rate validation

A4

Validated scaled experiment and CFD
model achieved

! }

Scaled experiment model to full- Comparison to traditional
scale windcatcher windcatcher

Figure 3.16 Research method for the development and evaluation of the dual-channel wind
scoop windcatcher device
The prototype of this windcatcher contained the rotary wind scoop and ductwork. The rotary
scoop was made of stainless steel, and the supply and return ducts were made of transparent
acrylic tubes. The vertical tail fin was made of a wood bar and foam board. A ring-shaped

bearing connected the rotary scoop and duct to let the supply air pass through the opening. The
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wind scoop was supported by the ring-shaped bearing connected to the external tube for rotation.
A 42cm high, 48cm long vertical tail fin was added to the back of the rotary wind scoop at a
distance of 12 cm. The rotation performance of the windcatcher was tested at different wind
speeds. A digital camera was used to record and evaluate the movement of the device. Because
of the prototype manufacturing limitations, the windcatcher models for ventilation rate
validation, in Figure 3.15, and the rotation test, in Figure 3.17, were slightly different. The
extended part of the chimney was removed for the prototype used in the rotation test. It should
be noted that the model for the ventilation rate validation was fixed and fully airtight with high
friction between the wind scoop and chimney, which will prevent it from rotating. Thus, the
chimney in the rotary test was slightly lower than the wind scoop to avoid friction and let the
model rotate under the wind. This will be addressed in future works by using a different

manufacturing technique to further optimize the prototype.
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Figure 3.17 Windcatcher prototype model in the open wind tunnel testing
The dimensions of the windcatcher inlet were 10cm in height and 20cm in width determined
by the reference value used in a previous research evaluating the ventilation performance of a
windcatcher [61]. It should be noted that the current experiment prototype was not a fully
airtight rotary windcatcher. Thus, in the research, the experiment model was simplified and
adjusted by removing the ring-shaped bearing for the ventilation rate testing and removing the

extended chimney for the rotation test. The geometry of this prototype and the components
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inside need to be further optimized for both ventilation performance and rotation performance

for further application.

3.5 Flap fins windcatcher prototype development

Currently, the research about integrating windcatchers and passive cooling or heating
technologies to satisfy the thermal comfort, fresh air requirements and low carbon emissions
for the building sector is insufficient, and an appropriate windcatcher needs to be developed.
The rotary wind scoop can be used for multi-directional ventilation to supply air to the room
[30, 124]. However, the high capital and maintenance cost of the rotary components not only
limits the size of the natural ventilation but also increases the cost of the natural ventilation.
Thus, providing a low-cost substitution for the rotary wind scoop would also benefit natural
ventilation applications.

This section aims to develop and evaluate a novel dual-channel windcatcher with inlet openings
equipped with flap fins and central stack exhaust for passive or low-energy technology
integration with several functions similar to the rotary scoop windcatcher; (1) the airflow
direction and ventilation rate inside the system are fixed regardless of wind direction, (2) the
supply and return airflow channels are adjacent to allow heat transfer between them for example,
for heat recovery, (3) the polluted air from the outlet would not contaminate the supply air, and
(4) there will be no air-short circuiting. In this section, the experimental method was applied to
evaluate the performance of the flap fins windcatcher and the impact of different parameters
were evaluated including thickness, length and layout of the flap fins.

The design strategy is to create a component in the natural ventilation that only allows the air
to enter the system in any wind direction without leaving the component. The complexity of
the windcatcher needs to be lower than the rotary wind scoop to minimize the maintenance
demand.

The flap fin louver windcatcher was designed based on the conventional 8-sided windcatcher,
and the flap fins were applied at each opening to control the airflow supply based on the check
valve strategy. A circular tube duct located centrally extracts the stale air out to the top of the

windcatcher. The flap fin louver windcatcher, as shown in Figure 3.20, uses the pressure
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differential at the openings to control the opening and closing of the flap fin automatically. The
fins are lightweight, which allows for a self-opening and -closing mechanism. As the wind
blows from the windward side, the flap fin on this side will open, allowing the air to enter the
windcatcher into the room below. If the pressure outside of the openings were lower than the
inside, the pressure difference would force the flap fins to be attached to the windcatcher wall
and block the opening, which is slightly smaller than the flap fin, to avoid air leaving the
windcatcher. This effectively shuts the flap fins on the leeward side openings of the windcatcher,
which are in the negative pressure region. The dynamic process of opening and closing the flap
fins at different sides works similarly to a wind scoop without the rotary components, which
always have the opening facing the wind. The flap fin design creates a low-cost alternative to
the rotary wind scoop and eliminates the rotating mechanism. The base windcatcher is 8-sided
to avoid the blockage of the adjacent flap fins, as the flap fins design in the 4-sided windcatcher
has poor performance. The open flap fin in the 4-sided windcatcher prototype blocked the
adjacent flap fins which limited the open angle on the sides and the ventilation efficiency was

also decreased.

Wind direction

—

Windward Leeward

Figure 3.18 Plastic sheet on/off conditions
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Figure 3.19 Figure Flap fins windcatcher initial prototype photo and SpaceClaim model

The flap fins were connected to the windcatcher frame by an adhesive film. During operation,
the flap fins may become in contact with the adjacent fins (depending on the wind direction)
and the internal tube; consequently, it will influence the open angle of the fins. The pressure
distribution (at 2m/s wind speed) and the open/off condition around the flap fin louver
windcatcher at 0° and 22.5° wind direction, obtained from the CFD model, are presented in the
result section. It should be noted that when the approach wind is from 0° wind direction, the
opening and closing of the flap fins at the oblique windward facade of the windcatcher were
not similar in the windcatcher models with single height and double height.

The initial value of the flap fins inlet windcatcher height, 10cm, was determined by the previous
research [61] and the initial height was set as a single height. The double height model was 20
cm in height two times the initial model’s height. The flap fins were open in the single-height
model but closed in the double-height model. While the rest of the flap fins opened/closed
similarly.

In the proposed design, the air would always enter the supply channel from the windward side
openings without leaving the windcatcher channel on the leeward side as the flap fins will be
closed. The stale air is extracted via the central return duct, which works as a chimney and
prevents the mixing of the supply and exhaust air channels. With the combination of chimney
and flap fin design, the airflow supply and exhaust direction inside the natural ventilation

system will be fixed regardless of the wind direction. Hence, the adjacent concentric circular
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channels allow for the installation of passive or low-energy technologies.
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Figure 3.20 Flap fin louver windcatcher concept (a) airflow diagram (b) single height model
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Figure 3.21 Windcatcher schematic and dimensions
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The experimental model dimensions are detailed in Figure 3.21 and the rest part of the model
was identical to the model used in the rotary scoop windcatcher evaluation, and this has been
modelled in full scale in the numerical simulations. The inlet opening area in the double-height
model was two times that of the opening area of the single-height model. The internal tube
diameter was 100mm, and the external tube was 200mm. It should be noted that the supply and
return channel areas were not balanced in the prototype, which would impact the total
ventilation rate. This is because of the size of available products and the wind tunnel, which
need to be optimized in future research. As the local workshop could manufacture wood
products quickly with good accuracy, the windcatcher structure was made of wood, similar to
the previous research [25, 53], and the flap fins were made of plastic sheets. The initial design
of the proposed system/concept was selected based on the ease of manufacturing and limitations
of prototyping equipment. In the experiment testing, the opening angle of the flap fins in the
ventilation rate testing was recorded by taking the photo from the side and measuring the photo

in the drawing software SpaceClaim.

3.6 Experiment measurements

The ventilation efficiency is the key factor of a windcatcher as it directly influences the
performance of a windcatcher in improving indoor air quality and providing passive cooling.
In the evaluation of windcatchers in this research, measuring the ventilation rate of the
windcatcher under different environmental wind speeds and directions is vital for the research.
In the experiment section, the speeds of airflow at different points were measured and the data
were recorded to validate the simulation model. In the evaluation of the rotary scoop
windcatcher and flap fin windcatcher, the wind speed measurement points were identical. The
only difference between the two windcatchers was the ventilation rate of the flap fins
windcatcher to different environments wind speeds had to be measured twice with the angle of
different angles.

The wind measurement points and the wind speeds measured from the experiment and CFD
simulation at these three different points in the test room, in the vertical plane in the middle of

the model, were measured for the CFD model validation, as shown in Figure 3.22.
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Validation point 1 was 1cm above the bottom of the ASCD and 20cm to the centre of the tubes.
Validation point 2 was 5cm away from the wall and 55cm above the room's floor. The centre
wind speed point was in the middle of the return duct, with a height of Scm above the top
surface of the test room.

As the air leakage of the test room is ignorable compared to the ventilation rate of the
windcatcher at all the wind speeds, the return duct is the only channel which allows the air to
leave the test room. Thus, the centre wind speed measurement point in the return duct was also
used for the ventilation rate evaluation. The ventilation rate can be calculated by the ratio of the
centre wind speed to the average wind speed in the return duct and the section area of the return

duct.

e Centre wind speed
Wind speed measurement point
validation point 1 { |
validation point 2

e o

Wind speked

Figure 3.22 Velocity measurement points

The wind speed profiles in the return duct at different environment wind speeds, at the height
of the wind speed measurement point for ventilation rate evaluation, were also measured for
the simulation model validation and the calculation of the ratio of the centre wind speed to the
average wind speed.

In fluid dynamics research, especially in experiments involving mechanical components like
fans, measurements can be significantly influenced by transient conditions and instrumental
errors. As the environmental wind speeds in the experiments were also measured rather than
fixed values controlled by the fans, only one group of measurements was presented in each
figure rather than combining data from different measurement groups, even though the
trendlines from different measurement groups were identical. However, as the wind speed was

not fixed, measuring the error range of each point by multiple tests was inaccurate. Thus, in this
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study, the robust measures of scale method were employed to analyze airflow measurements
obtained during experiments on fan-induced flows [125]. Given the propensity for power
fluctuations in the fan and potential inaccuracies in sensor readings, the robust measures of
scale method provided a more stable measure of variability.

Traditional statistical measures, such as the mean and standard deviation, often fail to provide
a realistic representation of central tendency and variability under such conditions due to their
susceptibility to outliers. In contrast, the robust measures of scale method offers a more resilient
approach by focusing on the middle 80% of the data in this research, thereby minimizing the
impact of extreme values. By focusing on the central 80% of our data—excluding the top 10%
and bottom 10%—the influence of these transient deviations was minimized, which are likely
not representative of the typical airflow characteristics being studied. The error bars in the
presented figures were derived from the robust measures of scale method of the airflow speed
measurements. As a range of 0.01 to 0.1 is a common error value in a physical measurement
model, the lower boundary 10% was selected in this research for the error anlysation [126]. The
error bars then extended from the first 10% and final 10% of the data for each measurement
point, visually encapsulating the central 80% of the data. This method effectively illustrates the
range within which the majority of our measurements fell, providing a clear visual indication
of the typical variability encountered during the experiments. Utilizing the robust measures of
scale method to establish error bars significantly enhanced the clarity and reliability of our
findings. This approach not only highlighted the typical range of our data but also underscored
the robustness of our experimental results against the backdrop of potential experimental errors.
Consequently, the error bars based on the robust measures of scale method offer a transparent
depiction of variability, instilling greater confidence in the repeatability and reliability of the
observed phenomena.

The sensors were calibrated by Testo with certifications and the calibration results were
provided in Table 3.1. As the brand new sensors were used in the measurement, the calibrations
from Testo were used instead of calibrating the sensor in every measurement.

Table 3.1 Sensor calibration

Reference velocity 8m/s ‘ References temperature 24.8°C
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Permissible Actual Permissible Actual

tolerance value tolerance value

Sensor 1 +0.7m/s 8.0m/s +0.5°C 24.7°C
Sensor 2 +0.7m/s 8.2m/s +0.5°C 24.8°C

3.7 Field test of the flap fins windcatcher

Even though the ventilation rate of the flap fins windcatcher to the environment wind speed
was evaluated under different windcatcher directions, the performance of the flap fins
windcatcher needs to be proved in a field test to evaluate the performance under the real
conditions with varying wind directions which kept changing all the time. The wind tunnel
could only generate wind speed of up to 3m/s which was not large enough to simulate the entire
flow region. Thus, an experimental field test was conducted to investigate the performance of
the windcatcher under real outdoor conditions.

In the field test, the flap fins louver windcatcher with the same dimension as the wind tunnel
experiment was applied in a test room with similar dimensions in the experiment. Two sets of
tests were conducted during a typical winter period in the UK. During the tests, the outdoor
wind speeds ranged between 0 - 8m/s. The field study was carried out at the Jubilee campus at
the University of Nottingham in the UK on a large open field. The outdoor temperature ranged
between 16-19°C in test 1 and 17-21°C in test 2, and both the outdoor wind direction and speed
fluctuated during the test.

The field test model (Figure 3.23), environment wind speed measurement device (Figure 3.24)
and location of the model in the university (Figure 3.25) were presented. Measurements of the
airflow rate were conducted using the same approach as in the wind tunnel. The measurement
point of centre wind speed in the field test was about 35cm above the test room roof. The wind
speed at a 1.6m height level, with the same height as the centre of the windcatcher, was
measured using the same hot wire anemometer. The outdoor anemometer was about Sm away
from the test room model, which could rotate according to the wind. Thus, the wind speed was

measured under varying wind directions.
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In the field test section, only the flap fins louver windcatcher was tested in outdoor conditions
as the flap fins louver windcatcher prototype was able to operate under different wind
conditions. The initial rotary scoop windcatcher used for the model validation was fully airtight
without the gap for the windcatcher to rotate. The rotary scoop windcatcher model used in the
rotary test was not identical to the validation model so the rotary scoop windcatcher prototype

was not tested outside in the evaluation.

Figure 3.23 Field test model photo of flap fin inlet windcatcher

65



Figure 3.25 Field test location of flap fin inlet windcatcher

3.8 Summary

In summary, the experimental setups for the performance evaluation of two windcatcher

prototypes were presented. To validate the windcatcher model, the windcatcher prototype and
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test conditions were developed in this section. The manufacturing of the wind tunnel was
presented in detail including the design to improve the airflow distribution and stability. A
specially designed test room simulated real-world conditions, incorporating an Anti-Short-
Circuit Device (ASCD) to address airflow direction. In this section, the dimensions and
components of the wind tunnel and test rooms in the experiment were presented. In the section
on the windcatcher prototype development, the design concept and the components of the rotary
scoop windcatcher and flap fins louver windcatcher prototype were presented. The operation
principle of the rotary scoop windcatcher and flap fins louver windcatchers were presented in
this section and the dimensions of the rotary scoop windcatcher and different flap fins louver
windcatchers were explored. The field test model of the flap fins louver windcatcher and

measurement device were also explored in this section.
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Chapter 4 Numerical CFD method

4.1 Introduction

Computational Fluid Dynamics (CFD) is a cost-effective numerical technique and algorithm to
execute and scrutinize an extensive volume of data pertinent to fluid dynamics. The precipitous
advancement in CFD and computational technology has paved the way for its burgeoning
application in aerodynamic design, augmenting conventional methodologies like wind tunnel
experimentation. CFD furnishes a deeper comprehension of flow configurations that are
challenging, costly, or implausible to investigate by employing experimental procedures. The
CFD analysis has been deemed more beneficial compared to wind tunnel assessments for the
exploration of specific attributes of wind tower systems, including phenomena such as flow
short-circuiting and recirculation, vortex regions, as well as supply and extract segments. The
parametric analysis and model optimizations in the CFD simulation are more convenient than
the wind tunnel experiments as the control of model geometry and environmental variables in
CFD simulation is more cost-effective and time-saving than manufacturing new experiment
models.

In this section, the CFD theory including the algorithms and calculation model for the CFD
simulation were presented. The modelling and meshing of each simulation model and domain
with the mesh independence analysis were also presented. The simulation setups of different
validation models of the rotary scoop windcatcher and flap fins louver windcatcher were also
conducted, and the visualizations of simulation results were provided. The parametric analysis
of the validated models for higher ventilation efficiency was also investigated in the research.
The ventilation performance comparisons of the traditional conventional windcatcher to the
rotary scoop windcatcher and the flap fins louver windcatcher were also discussed in this
chapter.

The primary objectives of CFD modelling in this study include: (1) validating the windcatcher
design through simulation against empirical data to ensure reliability, (2) conducting parametric

analyses to understand the influence of design variables on system performance, and (3)
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optimizing the windcatcher configurations to maximize airflow and thermal comfort while
minimizing energy consumption. These objectives are systematically approached through
detailed CFD simulations, providing a comprehensive understanding of the airflow patterns,
pressure distributions, and thermal behaviours within the modelled windcatcher systems. By
integrating CFD insights, this research contributes to the development of more effective natural

ventilation solutions, aligning with sustainable building practices.

4.2 CFD theory

The commercial software FLUENT was used for the airflow simulation. The mass and
momentum equations are solved for the airflow in this model. The Reynolds-averaged Navier-
Stokes (RANS) model was employed with the k-epsilon, re-normalization group (RNG),
turbulence model, which is capable of performing accurate simulations of airflow in similar
natural ventilation systems, as highlighted in the literature including [127]. The SIMPLE
algorithm was applied in the simulations [128]. In turbulent airflow simulations, the semi-
implicit method is typically used, and a solver using pressure-linked equations segregated
pressure-based algorithm is applied due to its robustness and computational efficiency. A
second-order upwind scheme is employed to discretize all the transport equations. The
governing equations for the mass (Equation (4.1)), momentum (Equation (4.2)), and k and

epsilon (Equation (4.3) and (4.4)) [129] were detailed below:
X4V (pu) =0 4.1)
where u refers to the fluid velocity vector, t is time, and p is density.
2V (puVu) = —Vp+pg+ V- (uVu) — V-1, (4.2)

where g is a vector of gravitational acceleration, p is the pressure, t: is the stress tensor

associated with the turbulence stresses, and p is dynamic molecular viscosity.

T80 1V (pul) = V- [(w+E) VK| + Py - pe
299 - uey = -+ £)75] + 55 s
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where p is molecular viscosity, u; is the turbulent viscosity, g, and o, are turbulence
model constants, Pj is the turbulent production of kinetic energy, Cy, and C,, are empirical
constants.

The validation CFD model was based on the open wind tunnel experiment and the CFD settings
are detailed in Table 2.2. The inlet wind speed and profile were based on the open wind tunnel
experiment. The pressure outlet was set to atmospheric or 0 Pa. Default values were set for the
turbulence kinetic energy. As the experiment measurement device is limited, measuring the
turbulence intensity in the test was challenging and inaccurate. Thus, the default turbulence
intensity, 5%, in Fluent was used in the simulation, which is a limitation of the simulaton work.
. The convergence criteria were set based on the values in Table 4.1.

Table 4.1 CFD settings and boundary conditions

Term Value and settings
Inlet
Velocity (m/s) 0-3 (wind profile based on the wind tunnel)

1-7 (uniform wind condition)

Initial Gauge Pressure (Pa) 0

Turbulence Model K-epsilon RNG
Turbulence intensities Default value 5%
Outlet

Gauge Pressure (Pa) 0 (atmospheric)

Wall (domain and windcatcher)

Shear Condition No slip
Roughness Model Standard
Roughness Height 0
Roughness Constant 0.5

Converged residuals

Continuity / k / Epsilon 0.001

XIYIZ velocity 0.0001
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4.3 CFD modelling and meshing of rotary scoop windcatcher

This section aims to develop and evaluate the rotary scoop windcatcher design in the CFD
method. Several objectives of this research are achieved, including developing the CFD
windcatcher model according to the prototype in the experiment validating the CFD model with
the experiment results, evaluating the performance of the proposed windcatcher and comparing

its performance against current commercial systems and building regulations.
4.3.1 CFD Modelling

The model was created by the 3D modelling software SpaceClaim in the Ansys Workbench.
The solid model of the rotary scoop windcatcher and the test room for experiment model
validation are presented in Figure 4.1 based on the dimension of the scaled experiment model.
The volume of fluid for rotary scoop windcatcher CFD simulation was created using the solid
geometry and half of the simulation zone was presented in Figure 4.2. The fluid domain of the
rotary scoop windcatcher validation model was separated into the environment part and the
room part so the ventilation rate could be evaluated by the amount of air passing through the

interface between the environment and the room.

|

"

Figure 4.1 Solid SpaceClaim model of the rotary scoop windcatcher and test room
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Figure 4.2 Fluid simulation domain in the Validation (half)
In the CFD validation model in Figure 4.2, the full wind tunnel geometry was not included in
the simulation, and instead, a circular inlet was modelled to simulate the outlet of the open wind
tunnel. Only the region around the windcatcher and inside the room was simulated in the CFD
model to simplify the simulation. The inlet wind speed profile measured from the experiment
was applied in the simulation first to validate the CFD simulation model. The wind speed
functions at each average wind speed for rotary scoop windcatcher validation are presented in
Table 4.2. After validating the simulation model, the uniform inlet wind speed was applied to
the entire rectangular area in the full-scale simulation to evaluate the ventilation performance
of the windcatcher. As the scaled model was designed for the experiment in a wind tunnel with
limited space, the dimension of the experiment model is insufficient to provide a fresh air
supply for a large room in practice. Thus, the scaled model was modified by increasing the
dimensions of the validation model. The size of the full-scale model was determined by a
previous windcatcher research, which was about 0.5m wide [39]. The dimensions of the scaled
model and the full-scale model are presented in Figure 4.3. The extended return duct was
removed in the full-scale model as it’s designed for the experimental measurement but may

slightly decrease the ventilation performance.
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Figure 4.3 Dimensions of the scaled (validation), full-scale windcatcher and simulation

domain

Table 4.2 Wind speed functions for rotary scoop windcatcher validation

Average wind speed (m/s) Wind speed profile function (m/s)
231 v=—482Xr?+77xr+ 233
2.10 v=—428X1r%2+63X1+227
1.90 v=-164Xr>+22xr+198
1.68 v=-272Xr>+38x7r+ 179
1.40 v=—-174%x1r>+17Xx7r+ 153
1.03 v=—141Xx7r2+18x7r+ 1.07
0.79 v=-82xr2+12xr+0.81
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0.48 v=—65%X1r24+09xr+0.49

4.3.2 Meshing and mesh independence analysis

In CFD simulation, a mesh is a collection of small, non-overlapping elements that divide the
geometric domain of the problem into a discrete grid. This meshing process is a critical step in
the numerical approximation methods used to solve the governing equations of fluid dynamics.
For the complex geometry of a windcatcher with different cylindrical tubes and rectangular
components, applying the structure mesh was not effective and most of the current CFD solvers
can calculate the unstructured mesh with a high accuracy and speed. The unstructured mesh
was applied in the meshing stage.

The meshing element size of the flow region was 0.008m, and the face sizing on the
windcatcher surface was 0.004m in the fine mesh. The final mesh node number was 4.22
million, and the elements were 2.48 million. For the mesh sensitivity analysis, three mesh sizes
were generated and simulated. The ventilation rates of the windcatcher with different mesh
sizes to environment wind speed were presented in Figure 4.4. The mesh node numbers of 0.22
million, 0.88 million and 4.22 million had almost no impact on the ventilation rate of the
windcatcher and the relationship between the ventilation rate and the environmental wind speed.
The difference between the three mesh sizes was ignorable for the ventilation efficiency
evaluation, with an average difference of 2.97% to the model with 4.22 million mesh elements.
The R? values of the results for all the mesh sizes were higher than 0.999 and the trendlines of
all the mesh quality was almost the same. In the first data point with a low ventilation rate, a
small difference would result in a large error percentage. Excluding the first data point, most of
the data points achieved a low difference within 2%. Thus, in the ventilation rate evaluation,

the CFD model can be treated as a mesh-independent model in this research.
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Figure 4.4 The surface mesh around the windcatcher and room model, and mesh

independence analysis results

4.4 CFD modelling and meshing of flap fins windcatcher

4.4.1 CFD Modelling

The modelling process of the flap fins windcatcher is identical to the modelling process of the
rotary scoop windcatcher. However, the opening angle of each flap fin in the flap fins
windcatcher is not identical under different environmental wind speeds and using dynamic
mesh to simulate the angle of fins was challenging for a complex model. Thus, the opening
angle of the fins under different wind speeds was measured in the experiment and applied in
each model with different environment wind speeds. The opening angles in the validation
simulation are shown in Table 4.3 and Table 4.4.
Table 4.3 Wind speed profile of test about double height single fin model (0.1mm fins/0.91g

per fin), wind from face direction (0° wind)

Average wind Front fin Wind speed profile function (m/s)
speed (m/s) open-angle (9
2.50 21 v=—-3579x1r%2+541 X1+ 249
2.21 20.6 v=—2144X1%+287 xXr+2.24
1.80 18.4 v=-1831x7r?+2.03x7r+1.88
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1.64 17.5 v=-2499 xr? +4.1x1r+ 160
1.34 14.5 v=-1516 Xxr? + 1.23 X r + 1.47
1.10 10.8 v=-1028Xx7r24094 X1+ 1.17
0.81 8.1 v=-133x7r2-102x7r+0.96
0.61 6.7 v=-014%x1r2-097 xr+0.73

Table 4.4 Wind speed profile of test about double height single fin model (0.1mm fins/0.91g

per fin), wind from edge direction (22.5° wind)

Average Fin open Fin open Wind speed profile function (m/s)
wind speed angle 1 (9 angle 2 (9

(m/s)

2.34 12 13 v=—43.02X71%+6.50 X1 + 2.40
2.03 10 12 v =-3837X1r%+636 X1+ 2.05
181 9 11 v=—1479 x 1?2+ 0.52 X r + 2.06
1.63 8 10 v=-19.25%x712+ 155 X + 1.83
1.39 7 9 v=—-1475%x1r2+1.25%x7r + 1.56
1.06 6 8 v=-954X7r%2+0.04xr+ 124
0.80 5 7 v=—-1234x71r%2+155%x7+0.84
0.60 4, 6 v=-3.85Xr%2+0.07xr+0.67

The volume of fluid for flap fin inlet windcatcher CFD simulation was created using the solid

geometry and half of the simulation zone was presented in Figure 4.5. The fluid domain was

also separated into the environment part and the room part and the dimensions of the simulation

domain were presented in Figure 4.6.
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Figure 4.6 Dimensions of the fluid domain of the flap fin windcatcher simulation

4.4.2 Meshing and mesh independence analysis

In the CFD simulation model, the full wind tunnel geometry was not included in the simulation,
and instead, a circular inlet was modelled to simulate the outlet of the open wind tunnel. Only
the region around the windcatcher and inside the room was simulated in the CFD model to
simplify the simulation. By using the wind speed profile at the outlet of the open wind tunnel

measured from the experiment, the inlet wind speed profile was applied in the simulation first
77



to validate the CFD simulation model.

The mesh of the flap fin inlet windcatcher simulation is shown in Figure 4.7. The element
numbers of the fine, medium and coarse mesh in the independence analysis were 3.2 million,
1.2 million and 0.3 million, respectively. The double height with single fin model was selected
for the mesh independence analysis, and the results are shown in Figure 4.8. The ventilation
rates predicted by the model with different mesh sizes were compared for the mesh
independence analysis to support the model verification.

In the model with different mesh qualities, most of the results in the model with different mesh
qualities were identical and the trend lines of the ventilation rate to the outdoor wind speed
matched well. However, an error at a wind speed of about 2.2m/s occurred and the difference
between the coarse and fine mesh reached 0.5L/s. After excluding this error point, the trendlines
of models with three mesh qualities were identical. Although the R? values of the simulation
results achieved from the three mesh qualities were not identical, all the R? values were higher
than 0.98, which provided a linear relationship between wind speed and ventilation rate. Thus,
for the ventilation rate evaluation in this research, the simulation model was not perfectly
independent of the mesh quality but the model with fine mesh had a sufficient quality for the
model validation. The fine mesh quality with about 3.2 million mesh elements, in Figure 4.7,
was selected for the final simulation validation, with the highest R? value in the research and

the closed result to the experiment measurements.
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Figure 4.8 Mesh independence analysis result of the flap fins windcatcher
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4.5 CFD parametric analysis

To address the challenges posed by unstable windcatcher performance under varying wind
directions and the limitations of passive technologies in conventional windcatchers, a novel
dual-channel windcatcher is proposed to provide wind-driven natural ventilation, which is
independent of the wind direction and suitable for passive technology integrations [130]. As
shown in Figure 4.9, the dual-channel windcatcher was developed to facilitate the intake and
extraction of air within a room. It includes two concentric ducts with the outer duct
incorporating a rotary wind scoop with a central aperture through which the return duct passes.
A vertical tail fin positioned at the back generates torque to rotate the wind scoop, ensuring the
fin aligns with the incoming wind. Consequently, the outer duct consistently serves as the
supply duct, benefiting from the positive pressure generated by the wind scoop, enabling
seamless integration with passive technologies. Simultaneously, the central chimney extracts
stale air from the building, designating the inner duct as the constant return duct.
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Figure 4.9 Proposed rotary scoop windcatcher with dual channels for supply and exhaust
streams.
This section aims to improve the ventilation performance of the proposed system by
implementing diverse strategies to optimize the pressure differential between the inlet and
outlet, thereby enabling the system to operate effectively even under low wind speed conditions.
Achieving a higher ventilation rate is crucial, particularly when integrating additional

technologies that may introduce a pressure drop and reduce the airflow rate. The parametric
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analysis will focus on attaining this objective without increasing the size of the windcatcher,
while simultaneously enhancing ventilation efficiency and meeting the required ventilation
demand within a smaller footprint. To accomplish this, the work will consider various design
scenarios and operating conditions, employing a CFD approach validated through experimental
validation. This combined approach will expedite the research process and facilitate the
identification of an optimized solution.

Parametric analysis in the evaluation of a windcatcher involves systematically altering and
studying the effects of various design parameters on the performance of the windcatcher. It
provides a quantitative way to understand how different design choices impact the
windcatcher's ability to provide natural ventilation. Conducting a parametric analysis of the
proposed rotary dual-channel windcatcher is imperative to refine the design. The parametric
analysis will encompass several key aspects, as presented in Figure 4.10: (1) adjusting the
diameter of the internal tube to achieve varying supply-to-return channel area ratios; (2)
Implementing wing walls at the wind scoop inlet to generate a higher positive pressure; (3)
modifying the height of the wind scoop inlet to optimize its performance; (4) chamfering the
back of the chimney to create a wind cowl that facilitates increased air extraction; (5) adjusting
the height of the anti-short circuit device (ASCD) within the room to further enhance airflow
patterns; (6) modifying the height of the windcatcher tube and evaluating the influence of
windcatcher height through comprehensive full-scale simulations.

The optimized parameters obtained from these analyses will be integrated into an optimized
windcatcher model. Subsequently, the ventilation performance of this optimized model will be
compared to that of a conventional four-sided windcatcher, serving as a benchmark for
evaluation.

The flow diagram of the parametric analysis section, depicted in Figure 4.10, outlines the
sequential progression of our study. To ensure the accuracy and reliability of our findings, we
conducted an experimental validation of the Computational Fluid Dynamics (CFD) simulation
model. The full-scale model served as the foundational model for the subsequent parametric
analysis and optimization within the CFD simulation framework.

The optimized parameters, comprising the wind scoop's inlet area, wing wall dimensions and
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orientation, supply-to-return area ratio, and the chamfered chimney, were implemented in the
final optimized model. This model was then utilized to compare the performance of the
windcatcher to that of a conventional four-sided windcatcher and the initial prototype. By
conducting this comprehensive evaluation, we can ascertain the improvements achieved
through our optimization process and better understand the advantages of the proposed design

over existing windcatcher configurations.

Validation of scaled prototype in
experiment and CFD simulation

Validation . T

Scaled experiment model to full-scale
windcatcher

analysis )

Evaluation -

Figure 4.10 Research Process for the parametric analysis of the proposed rotary windcatcher

4.5.1 Dual-channel rotary scoop windcatcher for parametric analysis

The dual-channel rotary wind scoop windcatcher evaluated in this study is shown in Figure
4.11. Tt included the following major components: including a rotary component with a scoop
inlet, a cowl outlet and a tailplane, the bearing and connection beam and the windcatcher
foundation [28]. Unlike the initial design, the present windcatcher device incorporates a
chamfered edge on the back side of the central chimney and wing walls at the entrance of the
wind scoop to enhance the ventilation performance. The central chimney in the present design
is also separated between the upper wind scoop and the lower section. This will combine the
chimney outlet and wind scoop into a single component, replacing the initial prototype's ring-

shaped bearing with a cost-effective bar-bearing design, reducing friction. As a result, the
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torque required to rotate the wind scoop and the size of the tailplane will be minimized.

However, it should be noted that this aspect is not evaluated in the numerical modelling.

Beam connected to
the windcatcher

Rotary scoop | N ?5 =

\'m

Vertical
tail fin

‘Windcatcher
channels

\

Connection beam
and bearing

Beam connected Connection beam
to the tube and bearing

(a) (b)

Figure 4.11 Diagram of the proposed dual-channel rotary scoop windcatcher (a) Components
of the windcatcher, (b) beams and bearing connecting the windcatcher and concentric ducts.
Preventing down draught in a chimney is necessary for the ventilation system design to ensure
the polluted air can be extracted from the chimney [30]. Figure 4.9 illustrates the airflow
directions within the windcatcher, where two concentric circular tubes create two distinct
channels. With this dual-channel ductwork configuration and the presence of the rotary scoop,
the external channel consistently functions as the supply channel, while the internal channel
consistently serves as the return channel, irrespective of changes in wind direction. This setup
facilitates a stable airflow, essential for seamless integration with passive technologies like
passive heat recovery or cooling devices. The rotary component and windcatcher foundation
can be manufactured from stainless steel or transparent plastic, while the beams are typically
made of stainless steel. This choice of materials ensures structural durability and efficiency

within the windcatcher system.
The dimensions of the final models before and after the parametric analysis are shown in Figure

4.12.
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Figure 4.12 Dimension of the full-scale model of the (a) initial and (b) final rotary scoop

windcatcher.

4.5.2 CFD modelling and grid verification

Conducting experimental tests on windcatcher designs with various parameters is impractical
due to the associated costs and time constraints. As a result, employing CFD methods is more
effective in parametric analysis research [131]. In this research, the commercial CFD software
FLUENT was used to carry out the simulations of the windcatcher modifications.

The validation experiments were conducted under controlled conditions with a consistent
environmental temperature and low wind speed. Therefore, assumptions were made that
temperature variations would not occur within the CFD simulations. Our research primarily
focused on airflow and ventilation performance within the windcatcher, consequently, we solely
solved the mass and momentum equations to examine these aspects. The governing energy
equation was excluded to simplify the process, as it did not apply to heat transfer or internal
heat sources within the building.

The Reynolds-averaged Navier-Stokes, k-epsilon RNG equations and semi-implicit method for
The mesh independence analysis of the optimized model is shown in Figure 4.13 with different
mesh sizes including coarse (2.6 million element number), medium (6 million element number)
and fine (11 million element number). As the research focuses on the ventilation performance

of the windcatcher, the ventilation rate of the model with different mesh sizes was simulated
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and compared. As observed, all the models achieved identical simulation results. The model

with a medium mesh size was selected for the simulations.
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Figure 4.13 Mesh independence analysis

4.5.3 Proposed windcatcher parametric analysis

To enhance the ventilation rate, this research focused on parametric analysis by adjusting
various factors. However, the evaluation did not involve assessing the ventilation performances
of windcatchers with different cross-section areas [132]. Instead, the modifications were tested
using models with identical cross-section areas. The adjustments included modifying the
supply-to-return channel area ratio, incorporating wing walls with varying angles and lengths
at the wind scoop inlet, adjusting the height of the wind scoop inlet, chamfering the back of the
chimney at different angles, modifying the height of the ASCD within the room, and evaluating
the impact of windcatcher height through ABL wind simulations. These modifications aimed
to identify the most effective design parameters for enhancing the ventilation rate and
improving the overall performance of the windcatcher system.

5.5.3.1 Supply-to-return channel area ratio

The turbulent airflow in the ventilation duct was affected by the Reynolds number in the duct
and the roughness of the surface [133]. The area and shape of the channels would affect the
hydraulic diameter of the system which would affect the turbulence and the Reynolds’ number

in the duct. The Fanning friction factor f can be used for the turbulent flow calculation [134,
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135] which was increased by the increase of Reynolds’ number. Thus, adjusting the shape and
area of the supply and return channels to achieve a lower hydraulic diameter was necessary to
decrease the Reynolds number and the system friction. In this research, the lower system
friction was achieved by adjusting the diameter ratio of supply and return channels for a
minimized overall system friction rather than decreasing the friction in a single channel. The
diameter of the internal tube was adjusted up to 450mm to evaluate the ventilation performance

with a different supply-to-return ratio.
Re = % (4.5)

where Re is the Reynolds’ number of the system; u is the velocity of airflow in the system in
m/s; D is the hydraulic diameter inm; p is the density of the liquid in kg/m?; p is the viscosity
of the liquid in Pa*s.

4.5.3.2 Wing walls at the inlet

The implementation of wing walls has been recognized as an effective natural ventilation device
for enhancing the performance of single-side ventilation [136]. Adding a wing wall could
provide a sharp edge at the inlet, which increases pressure, thereby improving ventilation
performance [61, 137]. By adding the wing walls to the rotary wind scoop components, the
inlet area can also be increased to capture more airflow to further improve the ventilation
performance. Thus, wing walls with different angles, from 0° to 90°, and lengths, from 50mm
to 200mm, at the wind scoop inlet were investigated as shown in Figure 4.14 (a).

4.5.3.3 Wind Scoop Inlet Height

Increasing the area of the windcatcher opening is a highly effective approach for enhancing
airflow within a windcatcher. However, it is important to note that the benefits of increasing the
opening area become limited once it reaches an excessively high level. In light of this, the
present study investigated an alternative avenue for improving the ventilation rate by adjusting
the height of the wind scoop inlet. This investigation sought to determine whether increasing
the height of the wind scoop proved to be a cost-effective method for enhancing the ventilation
rate. The range of wind scoop heights examined spanned from Omm to 500mm, as depicted in
Figure 8 (b). By analyzing the impact of varying wind scoop heights, this research aimed to

identify an optimal height that would yield the desired improvements in ventilation rate while
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considering practicality and cost-effectiveness.

4.5.3.4 Chamfering the back of the chimney

Chimneys play a crucial role in extracting polluted air from buildings, and their performance
remains unaffected by the wind direction, making them suitable components for
multidirectional windcatcher designs. However, the performance of a chimney in a fixed design
does not fully leverage the advantages of a rotary scoop windcatcher, where the chimney
component is installed within a rotating device capable of always facing the wind. As a result,
the ventilation rate achievable in the current design is not maximized. To address this limitation,
a novel approach involving the chamfering of the chimney was investigated, as illustrated in
Figure 8(c). By incorporating a chamfered angle, a pressure cowl was created, allowing the
wind to be redirected with the assistance of the tail fin. This design modification generated a
larger negative pressure at the outlet, enabling the extraction of a greater volume of air.
Consequently, this research focused on investigating and comparing the ventilation
performance of chamfered chimneys with varying angles, ranging from 0° to 60°. Through this
analysis, we aimed to identify the most effective angle for maximizing the ventilation
performance of the windcatcher system.

4.5.3.5 Impact of atmospheric boundary layer (ABL) upstream wind

The evaluation of the windcatcher's ventilation performance in existing studies has primarily
been conducted under controlled wind conditions, rather than in a real-world setting with a
large-scale building and atmospheric boundary layer (ABL). It is important to note that the
presence of a building's edges can significantly influence the wind speed profile above the
structure, and the wind speed near the roof may be substantially lower than the ambient wind
at the same height. Consequently, it becomes necessary to increase the height of the windcatcher
adequately, considering the geometry of the building, to effectively capture the wind for a fresh
air supply.

However, it is crucial to recognize that the total pressure loss within the windcatcher system is
influenced by factors such as friction and total length. Therefore, as this research primarily
focuses on the parametric analysis of windcatcher geometry, it is imperative to investigate the

impact of tube length as well. This analysis aims to ensure that the windcatcher system meets
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the requirements of real-world applications and effectively caters to the ventilation needs of
buildings. By considering both the height and tube length, we can optimize the windcatcher
design to achieve optimal performance in practical scenarios.

4.5.3.6 Height of the ASCD

To address potential issues related to the short-circuiting of supply air, an Anti-Short Circuit
Device (ASCD) was strategically integrated within the room, directly beneath the windcatcher.
This configuration aims to forestall any possible rerouting of the ventilation airflow directly
from the supply to the exhaust, bypassing the intended air distribution in the room, a
phenomenon known as "short-circuiting”". In addition to the installation of the ASCD, a
thorough examination was conducted to discern the effect of the device's height within the room
on the rate of ventilation. The objective of this assessment was to find an optimal balance
between the ASCD's dimensions and the ventilation rate, a crucial step towards maximizing
material efficiency. This harmony ensures a sustained high-performance level of the ventilation
system without unnecessary expenditure on oversized ASCDs.

The efficacy of the windcatcher was scrutinized under a variety of conditions. Initially, its
performance was evaluated at both its original and modified heights, under a constant wind
speed setting. This evaluation allowed for a controlled and stable understanding of the
windcatcher's performance, independent of wind speed fluctuations. Further evaluation was
conducted under more realistic, full-scale conditions that encompassed an atmospheric
boundary layer wind speed profile.

The full-scale CFD simulation domain size and the atmospheric boundary layer were
determined based on the reference [34], including 5 times the height in front (5H), SH on the
side, 5H above the building and 15H in backward.

In the full-scaled simulation with the atmospheric boundary layer, the wind speed at the
windcatcher’s height level, about 4m high, was 5m/s which was identical to the constant
environment wind speed simulation and the wind speed profile was 6*(height/15 m)"0.143. A
pitched/curved/domed roof building can be a solution to avoid the impact of the building edge
[138, 139]. Thus, a full-scale simulation of the windcatcher with a pitched roof was also applied

to investigate the impact on the ventilation rate.
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All the parametric analyses were conducted based on the initial windcatcher model with a
450mm external diameter with an identical environment wind speed of 5m/s, and the optimized

parameters were combined for the final optimized windcatcher.

Wing wall
(a) Wing wall
angle
] =
l Angle to horizontal
Wind scoop i
height
_l—

(b) ()
Figure 4.14 Parametric analysis of (a) wing wall at the wind scoop inlet (b) wind scoop height

(¢) chamfered chimney.
4.5.4 Comparison with the conventional 4-sided windcatcher

The primary objective of this parametric analysis is to enhance the ventilation performance of
the rotary wind scoop windcatcher, with a specific focus on achieving a higher ventilation rate
compared to existing models. This analysis is pivotal to advancing our understanding of how
variations in design parameters can affect the windcatcher's overall performance, particularly
in terms of its ability to facilitate air circulation within the enclosed space it services. Once the
parametric analysis of the initial rotary wind scoop windcatcher was completed, it was crucial
to gauge the effectiveness of these adjustments. This was accomplished by comparing the
ventilation rate of the initial and modified versions of the rotary scoop windcatcher. To ensure

a fair and balanced evaluation, the comparison was made against the conventional four-sided
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windcatcher that maintained an identical diameter and opening height.

4.6 Summary

In summary, the CFD theory of the simulation in this research was presented in this section.
The simulation models of the rotary scoop windcatcher and the flap fins windcatcher were
generated based on the experiment model in this section to validate the experiment
measurements. The dimensions of the simulation models and domains were presented in this
section. The mesh independence analysis of two types of windcatchers was evaluated and the
simulation models were independent of the mesh quality. The parametric analysis of the
validated rotary scoop windcatcher was evaluated to improve the ventilation efficiency of the

rotary scoop windcatcher.
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Chapter 5 Experiment results

In this section, the results of the experimental tests and field tests were presented. The
ventilation rate evaluations of the rotary scoop windcatcher and wind speeds in the test room
for validations were presented. The operation conditions of the flap fins louver windcatcher like
opening angles and validations were also investigated in this section. The ventilation
performance of different flap fins louver windcatchers with different fins and model heights
were evaluated and compared to investigate the impact of each parameter in the flap fins louver
windcatcher. The ventilation rates of the windcatcher under different wind directions were also
evaluated and compared as the objective of this research. The field test results of the flap fins

windcatcher operations were also analyzed in this section.

5.1 Wind tunnel results of the rotary scoop windcatcher

In Figure 5.1, the y-axis is the distance between the wind speed measure point and the centre
of the wind tunnel and the x-axis is the wind speed. As shown in Figure 5.1, the wind speed
profile is a quadratic function of the distance to the centre of the wind tunnel outlet. The velocity
in the middle was slightly lower than the surroundings and the wind speed on the edge was
lower because of the friction of the system. With the increase in average wind speed, the gap
between the maximum and minimum wind speeds would also increase. The equation of the
wind speed profile is detailed in the Appendix. The error range of the wind speed was
determined by the percentage calculated from the hotwire anemometer sensors’ accuracy based
on the manufacturer’s calibration.

The wind speed profiles in the outlet of the wind tunnel were presented in Figure 5.3 and the
wind speed profile, at the maximum ventilation rate condition, in the return duct for the average
wind speed to centre wind speed ratio calculation was presented in Figure 5.2. The wind speeds
at three validation points for validation were presented in Figure 5.3 and the ventilation rate
measured by the wind speed experiment and the carbon dioxide concentration change rate in
Figure 5.4. In Figure 5.2, the y-axis is the distance between the wind speed measure point and

the centre of the return duct and the x-axis is the wind speed. Thus, the relationship between
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the centre wind velocity to the average wind velocity in the return duct was calculated, and the
ventilation rate can be calculated. The correlation factor of average velocity to centre velocity
was a function of the centre wind speed as the wind speed would have an impact on the
Reynolds number and the development of airflow inside the tube.

The ventilation rate was calculated by Equation (5.1):

Q= [V(r)dA = 1000 * fOR 2nr X V(r)dr = —0.17 X V2 + 7.56 X V, (5.1)
where A is the area of the return duct of 0.00784 m? and R is the radius of the return duct of
0.05m;

Q is the ventilation rate in L/s.

As the distance from the wind speed measure point was about 0.5m which didn’t reach 10 times
the tube diameter, 0.1m, the airflow in the return duct was not fully developed and the speed
profile was affected by the average or centre wind speed in the duct, which is still not fully
developed flow. Thus, the total ventilation rate was not linear to the centre wind speed at the
measure point and a decrease factor resulted in the equation.

A factor between the centre wind speed to the average wind speed in the tube was achieved in
the calculation based on the experiment results of the wind speed profiles at different centre
wind speed levels for a higher accuracy of ventilation rate estimation. A linear relationship
between the factor and the centre wind speed was approximated to simplify the calculation and
the overall ventilation rate is parabolic to the centre wind speed measured in the experiment.
The uncertainty analysis for the ventilation rate, Q, caused by the centre wind speed

measurement in the return duct, needs to be calculated by Equation = —0.017 * V2 + 0.344

V. 4+ 0.756 (5.2).
Uncertainty in Q = |(Uncertainty in 1) * :—i =[(0.1+5%*V,) * (7.56 — 0.34V,)| =
—0.017 * V2 + 0.344 = V. + 0.756 (5.2)
The uncertainty calculations were compared with the error range evaluations in the experiment

and the error range was within the uncertainty range of the sensors, which proved the accuracy

of the experiment measurements.
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Figure 5.2 Wind speed profile in the return duct
The wind measurement points and the wind speeds measured from the experiment for CFD

validation at these three different points in the test room were measured. The wind speed at
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three points (Presented in Figure 3.22) fluctuated within a small range because of the accuracy
of the sensor and the turbulence of the wind, but the average wind velocity in the three points
was used for the model validation.
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Figure 5.3 Measured velocity at different points for validation
The air change rate of the test room was also tested by the carbon dioxide concentration change
rate, as shown in Figure 5.4, wind speed in the return duct and the maximum gap between the

two methods was about 0.1L/s, which was ignorable for the ventilation rate evaluation of the
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Figure 5.4 Windcatcher ventilation rate evaluation in different measurement methods
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5.1.1 Ventilation performance of the scaled experimental model

10 R2= 0.9992

oe®
o

oe*
oe®
o

Ventilation rate (L/s/m?)
00]
H@

.
oe®
oo*

.o
o
o
.o

0.0 0.5 1.0 1.5 2.0 2.5

Average wind environment speed (m/s)

Figure 5.5 Scaled windcatcher ventilation performance

Fresh air was supplied between 1.7 L/s/m? and 9.18 L/s/m? for an outdoor wind speed of 0.5
m/s to 2.5 m/s in the scaled prototype. A linear relationship between average wind speed and
ventilation rate was observed.

In the evaluation of the rotation, the wind scoop could face the wind under a wind speed of 1
m/s. The wind scoop could rotate in the correct direction fast at the beginning and stop slowly
as the torque was higher when the angle of the wind to the vertical tail fin was large. The wind
scoop would not fluctuate at the final place because of the friction and low torque at the final
position. With the development of a commercial prototype, this necessary wind speed could be
further decreased to a value lower than 0.5m/s. The position of the rotating wind scoop under

1 m/s wind is shown in Figure 5.6 and the angle change in the first three seconds was large and
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stopped at the final direction that faced the wind steadily in the last 3 seconds.

Wind direction

———————4

Figure 5.6 Snapshots of the rotation of the wind scoop windcatcher device

5.2 Wind tunnel results of the flap fin windcatcher

In this section, the experimental evaluations of different flap fins windcatcher models were
presented, including the validation of the CFD model and the comparisons of the flap fins

windcatcher with different parameters.
5.2.1 Initial single height flap fins windcatcher

The experiment test results of the initial flap fins windcatcher with a single height are presented
in this section. The ventilation performance and the opening angle of the flap fins at single
height single fin conditions were evaluated under two conditions including the wind blowing
to the face of the windcatcher (0° wind direction) and the wind blowing to the edge of the
windcatcher (22.5° wind direction).

In the 0° wind direction condition, in Figure 5.8, the ventilation rate was almost linear when
the environment wind speed was higher than 0.5 m/s and the increased speed of the ventilation
rate below 0.5 m/s environment wind speed was lower than the conditions with higher wind

speed. The low ventilation rate at low environment wind speed conditions was caused by the
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low opening angle of the flap fins at low wind speed conditions. The opening angle of the flap
fins was a quadratic function to the environment wind speed in Figure 5.9. The pressure
difference between the inside and outside surface of the flap fin at low wind speed conditions
is insufficient to generate a torque to lift the flap fins and create a gap for air to enter the room.
After the environment wind speed increased to over 0.5 m/s, the open angle of the flap fins
could provide sufficient space for the air to enter the room. The opening angle of the front fin
in this test is higher than the angles of the fins on two sides because of the higher pressure
difference between the inside and the outside of the fins. The ventilation rate of the windcatcher
at 22.5° wind direction condition is almost identical to the 0° wind direction condition. However,
the opening angle of the two fins at 22.5° wind direction condition is lower than the front fin at
0° wind direction condition. Moreover, the opening angles of the two fins were not identical as
the adjacent fins in this condition will block each other slightly which resulted in a higher
opening angle on one side. However, as the soft fins were applied in the prototype, the block

effect of the adjacent fins would not affect the ventilation rate.

Figure 5.7 Initial experiment model with single height and single fin
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The flap fins were not stable in the operation and fluctuated within 2 degrees, which resulted
in a systematic error in the measurement. When the open angle was large, the percentage of
error was smaller than the small angle condition and R-value was higher than the small angle
condition. The on/off performance of the plastic sheet satisfied the prediction when the average
wind speed from the wind generator was higher than 2 m/s. The closed flap fins started to
vibrate at wind speed lower than 2 m/s and the flap fins would leave the windcatcher wall

steadily at wind speed lower than 1 m/s.
5.2.2 Double height flap fins windcatcher

The height of the initial flap fin windcatcher prototype was doubled to evaluate the impact of
different fin lengths and areas of the inlet. The opening area and length of the flap fins were
doubled in this section.

The airflow velocity at three different points (Presented in Figure 3.22) was measured in the
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experiment for validation and the results were presented in Figure 5.12, which was identical to

the rotary scoop windcatcher testing.
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Figure 5.12 Wind speed validation results for (a) wind direction 0° and (b) wind direction 22.5°
The ventilation rate of the windcatcher model with double height and single long fins was also
validated. The trendline of the ventilation rate in the model with all the fins differed from the
model without the windward fins. As shown in Figure 5.13 and Figure 5.14, a linear relationship
was achieved after 1 m/s wind speed in both 0° and 22.5° wind conditions. The poor ventilation
rate of the flap fin louvre windcatcher was caused by the energy loss on pushing up the plastic
sheet. Under the low outdoor wind speed conditions, the wind was not able to blow the fin up,

and the small opening angle of the fin resulted in a block of airflow.
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Figure 5.14 Ventilation rate validation of the windcatcher with all fins at 22.5° Wind

The average environment wind speed and ventilation rate in each measurement were measured
in the experiment at the same environment wind speed. However, even though the supplied
wind was already stabilized by the wind tunnel, the supplied wind was still not constant and the
plastic sheet was also fluctuating around the neutral position within a small range. Overall, after
comparing the wind speed profile in the return duct, wind speeds at different points, and the

relationship between the ventilation rate to environment wind speed, the CFD model was
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validated, and the results in the CFD simulation were qualified for this research.
By using the torque balance of the flap fins, the force and the friction can be evaluated by

equation (5.3)&(5.4).

L _ L
M=m><g><i><sm9+an.ction — windXE
m=pXT, XLXW
Fpina = AP XL XW
Fuina = PTLW gsing + =5t (5.3)
AP = pTy gsinb + 2Mriction (5

2w
where p is the density of the flap fins in kg/m3, which is about 1170 kg/m"3 calculated
by the mass and volume of the fin,
T, /L/W is the thickness/ length/ width in m,
AP is the pressure difference between the two sides of the fins in Pa,
Mg riction 18 the torque caused by the friction at the connection of the flap fins and windcatcher
wall in Nm,
Fyina 1s the force generated by the wind pressure in N,
0 is the open angle of the flap fin in °
Assuming that the friction at the connection is a fixed value and the pressure difference between
the two sides of the fins is a value affected by the environmental wind speed, the decrease in
the fin’s thickness, T}, will increase the opening angle of the flap fins. Moreover, the increase
of the fin’s length will decrease the impact of the friction at the connection to increase the
opening angle of the flap fins to improve the ventilation efficiency of the windcatcher. As the
torque generated by the friction and wind force were not measured in the experiment because
of the limited prototype geometry and fin’s mass, the friction torque was assumed to be a
nonzero value which can not be ignored in this calculation. The relationship between the
environmental wind speed and the pressure difference between the two sides of the fin can not
be assumed as a function of the environmental wind speed, as the on/off status of the fin was
different in the two models. For example, when the wind was facing one opening, only the front

fin would be open in the double height model while three front fins in the single height model

103



would be open. Thus, the equation was only presented to analyze the relationship between each
parameter to support the model optimizations rather than calculating the force in the experiment.
The flap fins will be fully open when the flap fin is attached to the internal tube. In the single
height windcatcher model with a fin length of about 10cm, the attached angle was about 45°.
In the experiment, the largest opening of the short fin was about 30° when the wind speed
around the windcatcher reached about 2.8m/s. Thus, the fully open angle was not evaluated in
the single height windcatcher model. In the double-height windcatcher model with a fin length
of about 20cm, the attached angle was about 20°. In the experiment, the attached status was
achieved when the wind speed around the windcatcher reached about 2.1m/s. Thus, the fully
open wind speed for the double height windcatcher with a 20cm long fin was about 2.1m/s.
After reaching the internal tube, the flap fins started to bend and the inner surface of the flap

fins was attached to the internal tube.

5.2.3 Flap fins windcatcher without the front fins

The ventilation performance of the windcatcher without the fins in the front was evaluated in
this section to investigate the ventilation potential of the flap fins windcatcher and the impact
of the fins.

The ventilation performance of the model without the windward side fins was also investigated
and validated as a comparison to the model with the windward side fins to evaluate the impact
of the mass and the geometry of the fin. As shown in Figure 5.15, linear relationships between
ventilation rate and environment wind speed were achieved which is similar to a rotary scoop
windcatcher. The maximum performance in the flap fins optimization is to eliminate the impact
of the flap fins and the performance of the flap fins windcatcher can be identical to a rotary

scoop windcatcher but the rotary components were simplified.
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Figure 5.15 Ventilation rate of flap fins windcatcher without the windward side fins at (a) 0°

wind and (b) 22.5° wind

5.2.4 Impact of the thickness of flap fins

In this section, the impact of the thick flap fins in the initial prototype with a single height was

evaluated and presented in Figure 5.16. The length of the fin was 98mm and the width was

78mm. The mass of the 0.1mm thick fin was 0.91g per fin and the mass of the 0.25mm thick

fin was 2.19g per fin.
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Figure 5.16 Comparison of the mass of the flap fins (a) 0° wind (b) 22.5° wind

As shown in Figure 5.16, after increasing the outdoor wind speed over 0.5m/s, the ventilation
rate of the model with 0.1mm fin was linear to the outdoor wind speed and the gap between the
model with and without windward fin was also decreased with the increase of environment
wind speed. The same trend occurred in the model with 0.25mm fin after 1.5m/s environment
wind speed. After decreasing the mass of the fin by 60%, the ventilation rate at the same wind
speed was increased by 1.5L/s on average and the critical environment wind speed was also
decreased from 1.5m/s to 0.5m/s. Thus, decreasing the mass of the fin was effective in
improving ventilation performance.

The ventilation rate of the model without the windward fin was also compared to investigate
the impact of the fins. As a fixed windcatcher without moving components, the ventilation rate
was linear to the outdoor wind speed. The ventilation performance of the flap fins windcatcher
increased slowly before a critical environment wind speed of around 1m/s, as the kinetic energy
in the wind could not force the fin to open to a large angle and the fin was almost closed at this
stage. With the increase of environment wind speed, both the gap between the model of 0.25mm
and 0.1mm fin and the model of 0.1mm fin and without windward side fin were decreased. The
results showed that if the outdoor wind speed was increased, the impact of the windward fin

would decrease.
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5.2.5 Impact of length of flap fins

In this section, the impact of the length of the flap fins and the opening area of the flap fins

windcatcher were evaluated and presented in Figure 5.17.
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In Figure 5.17, doubling the height would not only double the length of the plastic sheet but
also double the size of the opening to capture the wind. Thus, the model with a double inlet
height and two plastic sheets has to be investigated to be compared with the model with a double
inlet height and one plastic sheet and the model with a single inlet height. With the identical fin
length, doubling the height generated a higher ventilation rate than the single-height one. Using
a longer fin to replace two short fins increased the ventilation rate by over 20%.

After using a single long fin to replace two separate fins in the double-height model, the
ventilation rate gap between the model with and without the front fin was decreased. Thus,
increasing the length could reduce the impact of the fin on the ventilation rate of the

windcatchers.

5.2.6 Impact of outdoor wind directions

In this section, the impact of the outdoor wind directions on the ventilation rates of flap fins
windcatchers was evaluated and presented in Figure 5.18. In the single-height model, the wind
from the windcatcher face direction (0° wind) could generate a slightly higher ventilation rate
than the wind from the edge direction (22.5° wind), but the difference was ignorable compared
to the performance of the traditional multiple-opening windcatchers. In the double-height
model, the impact of wind direction was almost zero, and the ventilation rate in the two
conditions was almost the same. In an eight-sided windcatcher, if the ventilation performance
was stable in the range between 0° to 22.5°, the ventilation performance in the other directions
would also be stable. Thus, if the fin length was long enough, which is about 20cm in this

research, the windcatcher could provide a stable fresh air supply no matter how the wind
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directions were changed.
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Figure 5.18 Comparison of ventilation rate under different wind directions

5.2.7 Impact of the layout of flap fins

In Figure 5.19, in the current research, the advantage of the horizontally hinged fin model is the
impact of the mass of the fin was decreased and the impact of gravity was almost eliminated.
In the vertically hinged fin model, gravity forces the plastic sheet to be closed, which limits the
opening angle at low wind speed conditions. The ventilation performance of the long
horizontally hinged fin model is still lower than the vertically hinged fin model. However, the
result could not conclude that the vertically hinged fin had better performance than the
horizontally hinged fin as the length of the vertically hinged fin was longer than the length of
the horizontally hinged which generated a higher torque to open the fin. In the current prototype,
the mass of the fin was minimized, and the fin was connected to the windcatcher wall by tap to
minimize the impact of fin mass. The material, connection and size of the fin might be changed
in further commercial products for reliable long-term operation, and the test of horizontally
hinged fins was still necessary. Moreover, the adjacent fins would not block each other in the

horizontally hinged fin model, so a larger opening size can be used.
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Figure 5.19 Horizontally hinged fin models and ventilation performance comparison (a) 0°
wind (b) 22.5° wind (c) long horizontally hinged fins model (d) short horizontally hinged fins

model

5.3 The field test result of the flap fins windcatcher

In this section, the results of the flap fin windcatcher’s field test were presented and analysed.

In the field test, when the wind direction was changed from the left-hand side to the right-hand
side, the fins on the left were closed immediately, and the fins on the right opened at the same
time. The could operate under varying wind directions and with a very fast response to the
change in wind direction. However, the rotation of the environment wind speed measurement
device had a slight delay as the rotation took time and the sensor of environment wind speed
measurement was about Sm away from the windcatcher to avoid the impact of each other. Thus,
in the environment with unstable wind conditions where both the wind speed and direction kept
fluctuating, the ventilation rate data to environment wind speed every second was fluctuating

which failed to present the relationship between the ventilation rate and to environment wind
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speed. The ventilation rates every second are shown in Figure 5.20. Thus, the average

ventilation rate in each minute needs to be considered in the result section.
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Figure 5.20 Field test ventilation rate to environment wind speed raw data in L/s

A good linear relationship between the average ventilation rate in each minute and the outdoor
wind speed was achieved during the test, even though the wind conditions kept changing during
the test in Figure 5.21. The results of the two field tests with high and low outdoor wind speeds
were compared. The trend lines of the two tests were almost the same, with R? higher than 0.99.
The stable performance of the flap fin louver windcatcher was verified by the different tests
with different environment wind speeds and directions. As the wind speed generated by the
wind tunnel was different to the natural wind because of the atmospheric boundary layer profile
and the edge of the test room, achieving an identical performance in the field study was
impossible. Thus, the average ventilation rate of the field test was slightly lower than the
experiment. However, a similar ventilation performance was achieved in the field test compared

to the findings of the open wind tunnel test. At low environmental wind conditions, the
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ventilation rate in the experiment was slightly higher than the field study results.
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Figure 5.21 Field test results of average ventilation rate against the outdoor wind speed and

the open wind tunnel experimental result

5.4 Summary

In summary, a linear relationship between the ventilation rate of the rotary scoop windcatcher
and the environment wind speed was achieved in the experiment and the minimum environment
wind speed to rotate the wind scoop was achieved. The ventilation rate and the open angle of
the flap fins louver windcatcher were also presented in this section. The ventilation performance
of flap fins louver windcatchers with different heights, fin lengths and fin thicknesses were
compared in this section to achieve the prototype with the highest ventilation efficiency. The
ventilation performance of the flap fins louver windcatcher in the field test was almost linear
to the environment wind speed in minute average and the relationship between the ventilation

rate to the environment wind speed was almost identical to the experiment results.
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Chapter 6 CFD results and optimizations

In this chapter, the numerical rotary scoop windcatcher model was validated by the experiment
results and the details of the simulation results were presented. The ventilation performance of
the full-scale rotary scoop windcatcher was also presented in this section. Different numerical
flap fins louver windcatcher models were also validated by the experiment results with the
details of the simulation results presented in this section. The parametric analysis result of each
parameter of the rotary scoop windcatcher was presented in this section with the full-scale
simulation of the rotary scoop windcatcher with the optimized value achieved from the
parametric analysis. The ventilation performance comparisons of the traditional conventional
windcatcher to the rotary scoop windcatcher and the flap fins louver windcatcher were also

discussed in this chapter.

6.1 CFD model validation and simulation results of the rotary scoop

windcatcher

6.1.1 CFD model validation of the rotary scoop windcatcher

In this section, the validation results of the rotary scoop windcatcher were presented and
compared to the results measured in the experiments.

The CFD model validation was achieved by three methods, including the wind speed profile in
the return duct in Figure 6.1, the wind speed in three validation points in Figure 6.2 and the
ventilation rate measured by the wind speed experiment and the carbon dioxide concentration
change rate in Figure 6.3 and Figure 6.4.

The wind speed profile in the return duct in the CFD simulation and experiment could match
each other very well as shown in Figure 6.1. The experiment data was discussed in the previous
experiment result. The y-axis is the distance between the wind speed measure point and the
centre of the return duct and the x-axis is the wind speed. Thus, the relationship between the
centre wind velocity to the average wind velocity in the return duct was calculated, and the

ventilation rate can be calculated. The correlation factor of average velocity to centre velocity
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was a function of the centre wind speed as the wind speed would have an impact on the

Reynolds number and the development of airflow inside the tube.
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Figure 6.1 Wind speed profile in the return duct, comparing CFD results against experimental
measurements

In the measurement of the wind speed profile in the return duct, two sensors were used and the
volume of the sensors could not be ignored, which blocked a part of the return duct and
increased the speed of airflow. The area blocked by the sensors was constant so the trend of the
wind speed profile was not affected. However, in the ventilation rate measurement in the
research, only one sensor was used in the experiment and modelled in the numerical model.
Thus, in the numerical model, only half of the return duct was affected by the volume of the
sensor which resulted in the dissymmetry of the wind speed profile. The speed of airflow in the
middle was also affected by the numerical model so the numerical result was not perfectly
quadratic.

The wind measurement points and the wind speeds measured from the experiment and CFD
simulation at these three different points in the test room were measured for the CFD model
validation, as shown in Figure 6.2. The wind speed at three points fluctuated within a small

range because of the accuracy of the sensor and the turbulence of the wind, but the average
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wind velocity in the three points could match the steady state condition in the CFD simulation.
The relationship between validation point 1 to the centre wind speed measurement point was

about 0.45 times the centre velocity.
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Figure 6.2 Validation of the velocity predictions using measured velocity at different points
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Figure 6.3 Supply air volume flow rate calculated by three evaluation methods
The ventilation rate achieved in the CFD simulation was also compared with the CO2
concentration measurement result and the wind speed calculation in Figure 6.3. The maximum
gap between each method was about 0.1L/s, which was ignorable for the ventilation rate

evaluation of the windcatcher.
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Figure 6.4 Scaled windcatcher ventilation performance: comparison between CFD and
experimental results
As shown in Figure 6.4, fresh air was supplied between 1.7 L/s/m? and 9.18 L/s/m? for an
outdoor wind speed of 0.5 m/s to 2.5 m/s in the scaled prototype. The average ventilation rate
gap between the CFD simulation and experiment was 0.156 L/s/m* with an average difference
of 4.5%. A linear relationship between average wind speed and ventilation rate was observed.
As observed the difference between the ventilation rate of the CFD model with profiled wind
from the open wind tunnel and uniform environment wind under identical average wind speed
was minimal. Even though perfectly matched results were not achieved in the experiment and
simulation, the difference in this research is much lower than other research investigating the
windcatcher ventilation system, which has an average difference of 8% and highest error up to
15% [140]. Overall, the ventilation performance simulation in the CFD method was validated
by three different methods, including the carbon dioxide concentration change rate, wind speed
profile in the return duct and the wind speed at a different location in the test room. A good

agreement was observed between different approaches.

6.1.2 Simulation results of the rotary scoop windcatcher
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Figure 6.5 Cross-sectional contours showing the velocity and static pressure distribution in
the scaled windcatcher model, outdoor wind speed at 5.5m/s
As windcatcher research investigated the ventilation performance of windcatcher system using
experiment and CFD method under environmental wind speed over 5m/s, the windcatcher
performance at wind speed about 5.5m/s was provided [140]. Moreover, the windcatcher was
placed above the roof and a wind speed range of 4-6m/s was not uncommon in urban wind
conditions. As shown in the pressure contour in Figure 6.5, the biggest pressure loss in the
system came from the return duct. In the validated scaled model, the supply and return duct
section areas were not perfectly balanced, because of the available products, resulting in a
higher airflow velocity in the return duct and a higher pressure loss, compared to the full-scale
model in Figure 6.8. As shown in Figure 6.5, the return duct was extended into the room to
increase the distance between the wind speed measurement point and the inlet of the return duct
which reduced the airflow velocity difference between the middle and the side. The airflow in
the return duct got more uniform after entering the return duct for a longer distance which
increased the ventilation rate measurement accuracy in the experiment. However, the extension

of the return duct also increased the pressure loss of the system which will be modified in the
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full-scale model.

The air was diffused by the anti-short circuit device and the velocity of air at the occupancy
level in the room was lower than 0.5m/s at Sm/s environment wind speed which would not
cause discomfort and air draught. The correct airflow direction was achieved and the indoor air
was circulated well when the ASCD were added as shown in Figure 6.6. The wind speed on the
two sides was not identical in the experiment model as the environment wind came from the
left side but the wind speed in the highest part of the room was still lower than 1m/s at S5m/s
environment wind speed. The pressure at the wind scoop was higher than the room to force the
air entering the environment into the room. The pressure at the outlet was lower than the room
to extract the air leaving the room from the chimney. The overall replacement ventilation was
achieved by the appropriate airflow direction created by the pressure differences between the

inlet, room and outlet.
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Figure 6.6 Air circulation inside the room at 5Sm/s environment wind speed (a) experiment
model (b) full-scale model
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Figure 6.7 Impact of outdoor wind speed on the ventilation rate of the full-scale windcatcher
model

For the full-scale model, the overall diameter of the windcatcher was increased from 200 mm
to 450mm, and the size of the test room was increased to 6 m X 6 m X 3m. The increase of
the windcatcher scale effectively increased the ventilation rate in the same wind conditions.
However, it should be noted that the room volume also increased to 108 m3, and hence a larger
volume is ventilated. As observed, a linear relationship between the ventilation rate and outdoor
wind speed was achieved. The full-scale rotary scoop windcatcher could provide a ventilation
rate from 32 L/s to 226 L/s at 1-7 m/s environment wind speed as presented in Figure 6.7, while
the fresh air supply at low outdoor wind speed conditions over 30 L/s was sufficient for three
occupants, with 10 L/s/person in CIBSE Guide A for occupants working in an office [141].

The ventilation performance of the windcatcher system with separated inlet and outlet channels
was also evaluated and compared to the full-scaled rotary scoop windcatcher system. The
ventilation rate of the full-scaled rotary scoop windcatcher system was 26% higher than the
separated system with an identical opening area and duct section area at the same location.
Because the adjacent windcatcher channels would block each other when the environment wind
direction was fluctuating, the ventilation efficiency would also decrease to a lower level so the

performance of the separated system was always lower than the combined system proposed in
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this research. Considering the windcatcher was normally placed on the top of a building with a
higher environment wind speed, the windcatcher with 450mm diameter could provide sufficient

fresh air supply for commercial use and a damper is necessary to avoid over-ventilation.
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Figure 6.8 Cross-sectional contours showing the velocity and static pressure distribution in
the full-scale wind catcher model, outdoor wind speed at 5.5m/s

As shown in Figure 6.8, the wind speed in the return duct in the full-scale model was lower
than the initial scaled model at the same outdoor wind speed, which decreased the system
friction and pressure loss and increased the total ventilation rate. Although the airflow velocity
was decreased from 5.5m/s to 3.5m/s in the return duct under the same environment wind speed,
the section area was increased, and the overall ventilation rate was increased. The size of the
full-scale windcatcher was about three times larger than the scaled model but the ventilation
rate in the full-scale model was over five times of the scaled model. The airflow on two sides
of the ASCD was also more balanced than in the initial model. After reaching the side wall of
the room, the airflow was diffused in different directions and the airflow velocity was decreased
from 1.8 m/s to about 0.3 m/s close to the wall and the occupancy level.

In the pressure contour, the static pressure in the outside environment was identical to the initial
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condition but the internal pressure in the full-scale model was lower than the initial scale model,
which was caused by the lower pressure loss in the return duct that the full-scale building was
not as pressurized as the scaled building. As the pressure at the inlet and opening was identical
at the same wind speed, the pressure gradient was fixed, and the ventilation efficiency was

increased by lower system friction.

6.1.3 Comparison to the conventional windcatcher

To achieve a windcatcher for practical application, the ventilation performance of the novel
design had to be compared to the traditional products. The current single windcatcher product
for natural ventilation under changing wind directions was normally a multi-opening
windcatcher with four or more opening numbers to different sides. In the traditional three-sided
or four-sided windcatcher, the ventilation rate was sensitive to the wind direction, but increasing
the opening number could decrease the effect of changing wind directions [56]. Thus, an eight-
sided windcatcher was selected to compare with the rotary windcatcher in this research. The
ventilation performance of the scaled rotary scoop windcatcher was compared with a
conventional eight-side windcatcher in Figure 6.9 which also had the function of providing

fresh air under changing wind directions.

Figure 6.9 Geometry of the 8-sided windcatcher for ventilation rate comparison [142]
As observed in Figure 6.10, the ventilation performance of the rotary wind scoop windcatcher
is slightly higher, about 10%, than the conventional eight-side windcatcher as the inlet area
facing the wind with high positive pressure, and the outlet was on the top with a high negative
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pressure which resulted in a higher pressure difference between inlet and outlet to force the
airflow. The balanced supply and return duct area can decrease the system pressure loss to
increase the ventilation performance as the supply duct number in the conventional eight-side

windcatcher was always less than the return duct.
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Figure 6.10 Comparison of conventional windcatcher and full-scale rotary scoop windcatcher

6.2 CFD model validation and simulation results of the flap fins

windcatcher

6.2.1 CFD model validation of the flap fins windcatcher

In this section, the validation results of the flap fins windcatcher were presented and compared
to the results measured in the experiments.

The wind speeds at different locations in the flap fins windcatcher test were measured in the
experiment for the CFD model validation and the results were compared in Figure 6.11. The
wind speeds under different wind directions are presented in Figure 6.11 (a) and (b). The
difference between the wind speed measurement and the CFD model result was negligible

compared to the accuracy range of the anemometer.
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Figure 6.11 Wind speed validation results for (a) wind direction 0° and (b) wind direction

The ventilation performance of the model without the windward side fins was also investigated
and validated as a comparison to the model with the windward side fins to evaluate the impact
of the mass and the geometry of the fin. As shown in Figure 6.12, a linear relationship between
ventilation rate and environment wind speed was achieved. The average difference between the
ventilation rate in the experiment and simulation was 0.25L/s with an average error of 4.1% in
the condition with wind from the edge direction (22.5° wind). The average gap between the
ventilation rate in the experiment and simulation was 0.23L/s with an average error of 5.6% in
the condition with wind from the face direction (0° wind). The trendlines of the simulation and

experiment results were almost overlapped, and the error was within the accuracy range of the

anemometer.
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Figure 6.12 Validation of the ventilation rate for the windcatcher without the windward side
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fins at (a) 0° wind and (b) 22.5° wind
The ventilation rate of the windcatcher model with double height and single long fins was also
validated. The trendline of the ventilation rate in the model with all the fins differed from the
model without the windward fins. As shown in Figure 6.13, a linear relationship was achieved
after 1 m/s wind speed. The poor ventilation rate of the flap fin louver windcatcher was caused
by the energy loss on pushing up the plastic sheet. Under the low outdoor wind speed conditions,
the wind was not able to blow the fin up, and the small opening angle of the fin resulted in a
block of airflow. The average gap between the ventilation rate in the experiment and simulation
was 0.16L/s with an average error of 4.5% in the condition with wind from the edge direction
(22.5° wind). The average difference between the ventilation rate in the experiment and
simulation was 0.09L/s with an average error of 2.3% in the condition with wind from the face
direction (0° wind). The trendlines of the simulation and experiment results almost overlapped,

and the error was within the accuracy range of the anemometer.
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Figure 6.13 Ventilation rate validation of the windcatcher with all fins (a) 0° wind (b) 22.5°
Wind
The average environment wind speed and ventilation rate in each measurement were measured
in the experiment at the same environment wind speed. However, even though the supplied
wind was already stabilized by the wind tunnel, the supplied wind was still not constant and the
plastic sheet was also fluctuating around the neutral position within a small range. Overall, after
comparing the wind speeds at different points and the relationship between the ventilation rate
to environment wind speed in different models, the CFD model was validated, and the results

in the CFD simulation were qualified for this research.
6.2.2 Simulation results of the flap fins windcatcher

The airflow velocity contour is shown in Figure 6.14. The wind speed started decreasing before
arriving at the windcatcher because of the size of the wind tunnel. The air was diffused by the
anti-short circuit device and the velocity of air at the occupancy level in the room was lower
than 0.2m/s at 2.5m/s environment wind speed which would not cause discomfort and air
draught. Even though the velocity of air inside the room was low, the air was well circulated
and the fresh air from the windcatcher can be supplied to the level of occupants. The average
wind speed at the plane with a height of 0.5m was 0.03m/s and the circulation of air would not
cause discomfort. In the current test room, a slow but well-circulated airflow was achieved in
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the experiment. However, to circulate the air in a large room, the size of the supply opening
inside the room can be decreased and the supply air velocity could be increased to circulate in
a large region. The ventilation rate would be slightly decreased by the higher system friction

but better air circulation is more beneficial for the application.
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Figure 6.14 Wind speed contour and vector (in-plane) in the model
The pressure distribution (at 2m/s wind speed) and the open/off condition around the flap fin
louver windcatcher at 0° and 22.5° wind direction are presented in Figure 6.15(a). A high-
pressure region occurred in the front of the windward side that opened the fin in the front. The
high-pressure region inside the windcatcher was caused by the lower wind speed inside than
the outside. The outside pressure around the leeward side fins was all negative, and the pressure
difference between the inside and outside of the fin would force the fin to attach to the

windcatcher wall and close the opening.
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Figure 6.15 Pressure contour of the flap fins inlet windcatcher (a) Open and close status of
flap fins at each opening (Top view) and (b) Static pressure around the windcatcher and the
whole model (Side view)

In Figure 6.15, the pressure at the inlet was higher than the room to force the air entering the
environment into the room. The pressure at the outlet was lower than the room to extract the air
leaving the room from the chimney. A low-pressure zone was created above the windcatcher
around the outlet opening because of the sharp edge in the front. Thus, placing the opening on
the top of the windcatcher could increase the ventilation rate with a larger negative pressure
around the outlet. The overall replacement ventilation was achieved by the appropriate airflow

direction created by the pressure differences between the inlet, room and outlet.
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6.2.3 Comparison to the conventional windcatcher

A conventional 8-sided windcatcher with similar geometry to this research was selected for
ventilation performance comparison. After increasing the opening number to over 6 openings
the ventilation rate of the 8-sided windcatcher was almost independent of the wind direction
[39]. A fixed 8-sided windcatcher model with the same opening size as the flap fin louver
windcatcher in this research was made. The simulation settings and outdoor wind speeds in the
8-sided windcatcher simulation were identical to the previous validation model.

The traditional 8-sided windcatcher used for comparison is shown in Figure 6.16(a), and the
comparison result is shown in Figure 6.16 (b). At wind speed higher than 1m/s, the ventilation
performance of the flap fin louver windcatcher was higher than the 8-sided windcatcher. In the
8-sided windcatcher, most of the air would enter the room through the two or three openings in
the front, which resulted in a higher wind speed at the supply channels and a higher total
pressure loss than the windcatcher with balanced supply and return channels area. Moreover,
the low-pressure zone at the top of the flap fin louver windcatcher had a larger negative pressure
than the back and the side of the 8-sided windcatcher and extracted more air from the outlet
openings. Even though the ventilation performance of the flap fin louver windcatcher was
affected by the flap fin, the ventilation performance of the flap fin louver windcatcher was still
higher than the 8-sided windcatcher. As shown in Figure 6.15, the region above the windcatcher
had a relatively lower pressure caused by the sharp edge in the front of the windcatcher. Thus,
a larger negative pressure was created at the outlet of the flap fin louver windcatcher to extract
more air from the room, which made the ventilation more effective than a traditional 8-sided

windcatcher.
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Figure 6.16 Comparison of the ventilation rate between the (a) traditional 8-sided

windcatcher and (b) flap fin louver windcatcher at 0° wind

6.3 CFD parametric analysis of the rotary scoop windcatcher

In this section, only the parametric analysis of the rotary scoop windcatcher was conducted. As
the geometry change of the flap fins louver windcatcher would have impacts on the open angle
of the fins which resulted in the inaccuracy of the flap fins louver windcatcher simulation in the
CFD simulation, the geometry optimization of the flap fins louver windcatcher was conducted

in the experiment.
6.3.1 Supply-to-return channel area ratio

The impact of the supply-to-return channel area ratio on the ventilation rate was assessed and
shown in Figure 6.17. It was observed that achieving an optimal ventilation rate required
equivalent areas for both the supply and return channels. Deviations from this balanced ratio
resulted in significant alterations in the wind speed within the channels, subsequently leading
to varying levels of pressure loss. For instance, when the supply channel area was considerably
smaller than that of the return channel, a substantial increase in wind speed was observed within
the supply channel. This, in turn, escalated the pressure loss within the system. Similar
consequences were noted when the area of the return channel was reduced.

As the shapes of the supply, circular tube, and return channel, ring-shape tube, were not
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identical, the balanced velocity in different channels could not guarantee the minimization of
the system friction and the parametric analysis of the supply-to-return area was necessary for
the geometry optimization. By ensuring that the areas of the supply and return channels were
identical, a balanced ventilation configuration was achieved in the parametric. In such cases,
the wind speeds designed for both channels were equal, thus minimizing pressure loss within
the system while maintaining a constant ventilation rate. Consequently, it became evident that
an unbalanced supply-to-return channel ratio could significantly impact the overall ventilation
rate within the room.

Furthermore, the diameter of the ducts played a crucial role in determining the ventilation rate.
The final optimized model demonstrated that a balanced duct diameter of 320mm yielded the
highest ventilation rate when considering a constant diameter. However, it is important to
consider the manufacturing costs associated with producing a windcatcher with a specific
diameter. Opting for a ready-made product available in the market, such as 300mm or 400mm,
may prove to be a more cost-effective solution, despite potential slight deviations from the ideal
diameter.

To minimize any discrepancies in the area difference between the supply and return channels,
it is recommended to maintain a ratio of approximately 0.707 between the internal and external
diameters. This approach helps to achieve a more balanced airflow distribution and enhances

the overall efficiency of the windcatcher system.
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Figure 6.17 Impact of the internal duct diameter on the ventilation rate at 5m/s environment
wind speed (a) Ventilation performance and (b) cross-section pressure contour comparing 2

designs.

6.3.2  Wing wall angle and length

The impact of both the angle and length of the wing wall on the ventilation rate has been
meticulously examined and is graphically depicted in Figure 6.18. It was observed that all the
windcatchers equipped with wing walls outperformed the original model in terms of ventilation
performance.

In scenarios where the angle of the wing wall was less than 50 degrees, it was found that shorter
wing walls led to an enhanced ventilation rate. This can be attributed to the fact that introducing
a lengthy wing wall under low-angle conditions essentially extended the supply channel's length
without increasing the wind scoop's area. This caused an upsurge in pressure loss without a
corresponding increase in air capture, an unfavourable outcome for ventilation efficiency.
Low-angle wing walls at the wind scoop inlet could generate an extended sharp edge outside
the windcatcher foundation, thus amplifying the pressure coefficient at the front. However, a
longer wing wall did not contribute to a more significant increase in the pressure coefficient
when compared to a shorter one. As a result, models fitted with shorter wing walls achieved a
higher ventilation rate relative to those with longer wing walls.

In contrast, for larger angles exceeding 50 degrees, increasing the length of the wing wall
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essentially expanded the inlet area. Consequently, windcatchers with longer wing walls
demonstrated superior ventilation performance in comparison to their counterparts with shorter
wing walls.

However, it is essential to consider the practical implications of extending the wing wall, as it
inherently increases the size of the wind scoop. A wind scoop that is substantially larger than
the windcatcher channel may not present a cost-efficient solution compared to simply opting
for a larger-diameter windcatcher. As such, while a 200mm wing wall with an 80-degree angle
could potentially reach the maximum ventilation rate, a more pragmatic and efficient design,
considering material usage and spatial constraints, was found to be a 50mm wing wall with a
20-degree angle. This design managed to strike a balance between achieving an optimal

ventilation rate and maintaining cost and space efficiency.
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Figure 6.18Impact of the wing wall angle on the ventilation rate at 5m/s environment wind

speed (a) Ventilation performance and (b) velocity contour comparisons.

6.3.3 Height of wind scoop and Anti-Short Circuit Device (ASCD)

The area of wind capture in a windcatcher constitutes a crucial determinant of its ventilation
efficiency. The effect of modifying the height of the wind scoop on the ventilation rate was
examined, with the results shown in Figure 6.19. An increase in the ventilation rate was noted
when the height was increased to 200mm. This boost is largely attributable to the considerable
system friction and a diminished frontal area for wind capture associated with a small inlet
opening. Nonetheless, once the area of the wind scoop was expanded to approximately twice
that of the supply channel area, the subsequent improvement in the ventilation rate was
negligible. This observation indicates that despite further enlargements of the wind scoop area
beyond 300mm, the pressure differential created by the wind was inadequate to propel
additional airflow through the system. When analysing improvements in the ventilation rate, a
height increment from 200mm to 300mm led to an estimated uplift of approximately 12%.
Conversely, doubling the height of the wind scoop from 200mm to 400mm only resulted in a
relatively modest 15% increase under identical environmental wind conditions. Hence, a height

increase of the wind scoop to 300mm was determined to be the ideal strategy for ventilation
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enhancement. This adjustment not only ensured a high ventilation rate but also promoted more
efficient material usage, which is crucial in striking a balance between enhancing performance

and reducing resource consumption.
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Figure 6.19 Ventilation rate to the wind scoop height at 5Sm/s environment wind speed.
As shown in Figure 6.19, the results showed that after reaching a height of 100mm, the
ventilation rate demonstrated a near-constant trend. This plateau effect in the ventilation rate,
beyond the 100mm mark, underscores the importance of this particular ASCD height in the
ventilation performance of the model. Based on these findings, the initial ASCD height of
100mm was retained for further investigation. This was rooted in the understanding that any
increase in height beyond this threshold would not significantly enhance the ventilation rate.
Thus, maintaining the ASCD at this height aligns with the principle of optimization — achieving
the highest possible ventilation performance while minimizing unnecessary material
consumption and spatial requirements. This investigation into the influence of ASCD height
exemplifies the holistic approach taken in this study, where every variable, no matter how
ostensibly minor, is examined for its potential impact on the overall performance of the

windcatcher system.
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6.3.4 Chamfered chimney angle

Incorporating a chamfered chimney outlet can facilitate an increase in the outlet area at the
region of negative pressure, whilst concurrently generating a larger zone of negative pressure
behind the outlet to promote increased extraction of air from the room. Within a model featuring
a rotary wind scoop, the outlet chimney could be affixed to the wind scoop, enabling
simultaneous rotation. This ensures that the wind scoop constantly faces the wind, and the
chamfered chimney maintains its optimal orientation without the need for electrical power.

As presented in Figure 6.20, the introduction of a chamfered chimney enhanced the ventilation
performance of the initial windcatcher, with the ventilation rate continuing to rise in line with
the angle of the chamfer. However, the ventilation rate tended to stabilize once the chamfered
angle reached approximately 45°, peaking around a 50° chamfered angle, which resulted in a
ventilation rate improvement of about 14%. The requirement for a high chimney becomes
significant for a large chamfer angle exceeding 45 degrees, leading to a considerable rise in
material needs, yet the ventilation rate ceases to increase with further chamfered angle

increments past 45°. Consequently, a chimney cut angle of 40 degrees was selected for the final

model.
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6.3.5 Windcatcher height and full-scale simulations

The unique sharp edge of a flat roof building, when oriented perpendicularly to the wind
direction, engenders turbulent airflow above the roof surface. This turbulence, in turn, causes
the wind speed profile near the building's edge in actual operational conditions to deviate
substantially from those observed under controlled experimental settings. Consequently, the
windcatcher's performance, when subjected to a constant environmental wind speed while
simultaneously influenced by an atmospheric boundary layer shaped by the building's
architecture, may differ considerably from its performance in comprehensive, full-scale
simulations that also incorporate the atmospheric boundary layer. To better understand these
performance variations, comparisons were drawn between full-scale simulations and those
under a constant environmental wind speed.

As depicted in Figure 6.21 and Figure 6.22, the windcatcher of initial height was strategically
situated at the centre of the roof, near the roof's surface. In the full-scale simulation, the wind
speed near the windcatcher was nearly reduced to zero, leading to a near-zero ventilation rate.
However, the ventilation rate in the full-scale simulation witnessed a significant surge when the
height of the windcatcher was increased from 0.5m to 1m and thereafter, it maintained a state
of equilibrium.

In contrast, under unvarying wind speed conditions in the absence of a building, the
performance of the windcatcher was unaffected by the turbulence at the building edge. As a
result, it demonstrated a gradual decline in response to increases in windcatcher height, mainly
due to the escalating system friction. Nevertheless, the sharp edge of the building amplified the
wind speed above the initial windcatcher, thereby enabling a taller windcatcher to harness the
wind with a significantly greater velocity. Therefore, despite a reduction in ventilation rate due
to the expanded tube length in a taller windcatcher system, the overall ventilation rate of this
system still exceeded that of the initial model under constant environmental wind speed
conditions.

Moreover, extending the tube length by 3m resulted in a 10% decrease in the total ventilation
rate. The increase in tube length can expand the area available for sunlight capture, potentially

proving beneficial for solar chimneys or other passive technologies such as heat recovery. This
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finding suggests a multi-faceted approach to building design that considers the interplay

between wind and solar energy, offering insights for the enhancement of both ventilation and

energy efficiency.
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Figure 6.21 Impact of the windcatcher length at ventilation rate at Sm/s environment wind
speed and full-scale simulation with atmospheric boundary layers
In the full-scale simulation, the windcatcher of initial height, when incorporated into a pitched-
roof building, exhibited ventilation rates that were essentially on par with those observed under
a constant environmental wind speed profile. This can be primarily attributed to the fact that
the horizontal wind speed profile near the windcatcher remained remarkably stable, largely
impervious to the influence exerted by the building's roof geometry. This unimpeded wind

profile allows for more consistent wind-driven ventilation, closely mimicking conditions of a

constant environmental wind speed.
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Figure 6.22 Contour of the velocity for the full-scale simulation of windcatcher with (a) initial
height, (b) adjusted height (2m) and (c) initial height with pitched roof building.

In the context of the windcatcher geometry, the design process did not specifically optimize for

tube length. Instead, it was recognized that the tube length would play a critical role in the

windcatcher's performance, impacting factors such as wind capture, pressure differentials, and

system friction. However, considering the intricate balance between these variables and the

potential material and cost implications of an elongated tube, a decision was made to retain the
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initial tube length for the final geometry optimization phase. Maintaining the initial tube length
allowed for a focus on optimizing other elements of the windcatcher's design in the current
stage of research. Meanwhile, the implications of varying tube lengths, such as changes in
system friction and wind capture, can be considered in future investigations. This approach
affords a more nuanced and measured design process that can better adapt to diverse

architectural contexts and environmental conditions.

6.3.6 Combined modifications evaluation

The final iteration of the optimized model presented a combination of modifications,
incorporating a chamfered angle of 40 degrees, a wind scoop height of 300mm, an internal-to-
external diameter ratio of 320mm to 450mm, and a 50mm wing wall set at a 20-degree

installation angle.
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Figure 6.23 Velocity contour of the modified rotary scoop windcatcher at Sm/s environment
wind speed (Top and side view)

To evaluate the performance of the optimized windcatcher, simulations were conducted under
constant environmental wind speed conditions of 5m/s. The velocity distribution within the
windcatcher system was analyzed and visualized through velocity contours, as shown in Figure
6.23. It was observed that the airflow within the room maintained effective circulation, ensuring
the supply of fresh air to the lower levels at a comfortable velocity while facilitating efficient
extraction after circulation.

Moreover, the pressure distribution within the windcatcher system was analyzed and presented
through pressure contours, as depicted in Figure 6.24. Comparing the optimized windcatcher
to its initial design, noticeable changes in the pressure differentials were observed. The positive
pressure at the inlet experienced a slight increase from 11.4 Pa to 12.6 Pa, while the negative
pressure at the outlet exhibited a significant increase from -0.7 Pa to -5.2 Pa. This substantial
increase in negative pressure resulted in a rise in the pressure differential between the inlet and
outlet, escalating by 47% from 12.1 Pa to 17.8 Pa. These findings demonstrate the improved
performance of the windcatcher system in generating a stronger pressure differential, which
facilitates enhanced airflow and ventilation efficiency under 5m/s environmental wind speed

conditions.
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Figure 6.24 Pressure contour of the optimized rotary scoop windcatcher at Sm/s environment

wind speed and the comparison of the initial and optimized model at the wind scoop region

6.3.7 Comparison with a conventional four-sided windcatcher

To provide a comprehensive comparative analysis, the conventional four-sided windcatcher
was included alongside the optimized and initial rotary scoop windcatchers. Figure 19 presents
the ventilation performance of these windcatcher designs, revealing notable differences in their
capabilities. The optimized windcatcher exhibited an enhancement in overall ventilation rate,
surpassing the initial model by 28% as presented in Figure 6.25. Furthermore, when compared
to the four-sided windcatcher of the same dimensions and under identical environmental wind
speed conditions, the modified windcatcher demonstrated an improvement in ventilation
performance. Specifically, the ventilation rates achieved by the optimized windcatcher ranged
from 14% to 58% higher than those of the four-sided windcatcher. The modified windcatcher
not only delivered enhanced ventilation rates given the same area but also ensured a stable

supply of fresh air, which remained unaffected by fluctuating wind directions in the surrounding
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environment.
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Figure 6.25 Comparison to the traditional four-sided windcatcher (a) Comparison model and
(b) the ventilation rates of the modified, initial rotary scoop windcatcher and the four-sided

windcatcher
6.3.8 Discussion of study limitations and practical considerations

In the present design of the windcatcher under consideration, an open chimney structure has
been employed. The primary rationale behind adopting such a straightforward construction was
to simplify this investigation, with the core objective being the examination of multi-directional
natural ventilation facilitated through the innovative rotary scoop design. The focus, therefore,
was on exploring and optimizing the effects of the geometric parameters of the windcatcher on
ventilation performance. However, it is crucial to scrutinize the practical implications of
employing an open chimney in real-world applications. The feasibility of such a configuration,
devoid of any protective measures, may raise concerns, given the array of potential
environmental elements it could be exposed to. Key elements of potential threat include
weather-based factors like rainfall, along with small animals and insects, all of which could
interfere with the operation of the windcatcher and even lead to detrimental effects on indoor
air quality. Given these potential vulnerabilities, it becomes clear that the incorporation of
protective measures such as a chimney cap or cowl is a practical necessity. Such additions can

effectively shield the outlet from various environmental elements, thereby maintaining the
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functional integrity of the windcatcher. Future design iterations should thus focus not only on
optimization for ventilation performance but also on ensuring robustness against external
environmental factors. This will help to ensure that the windcatcher can operate effectively and
consistently in a broad range of real-world conditions.

Furthermore, the current design of the windcatcher involves a bearing system that connects the
rotary wind scoop to the tubes. It is observed that this bearing configuration does not provide a
perfect seal between the rotating wind scoop and the static tubes, allowing for a potential gap.
While this may seem like a minor oversight in design, it is of paramount importance to strive
to minimize this gap, as it can provide a pathway for a possible short circuit from the inlet to
the outlet. Such a short circuit would essentially bypass the intended airflow path, thereby
undermining the windcatcher's ventilation performance. One potential solution to address this
issue might involve the use of a ring-shaped bearing. This configuration could potentially seal
off the identified gap. However, the implications of adopting such a solution must be carefully
examined. The introduction of a ring-shaped bearing would likely result in increased friction,
necessitating the inclusion of a larger tailplane. This, in turn, could significantly elevate both
the initial capital investment and the ongoing maintenance costs relative to the current bearing
system. Moreover, it would inherently increase the frictional forces, thus raising the torque
requirements for rotating the wind scoop. This could introduce further complexities to the
design and operational aspects of the windcatcher.

Considering these factors, for the device which will be located above the roof to enable fresh
air supply, the current bearing design appears to be more advantageous. Its low maintenance
demand and overall reliability appear to outweigh the potential benefits of the previously
considered ring-shaped bearing. In this context, it is essential to prioritize system stability and
reliability, even at the expense of some potential efficiency in ventilation performance. As such,
while it remains important to strive for optimal ventilation efficiency, these other factors must
also be considered in the design and implementation of the windcatcher system.

The proposed windcatcher and tube system can be manufactured from a selection of diverse
materials to serve varying purposes. Transparent acrylic materials, for example, are an enticing

choice for daylight to filter through, providing a natural lighting solution for the interior space.
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On the other hand, the choice of metal materials could serve to enhance the system's structural
strength, durability, and cost-effectiveness. A particularly intriguing application could be to
construct the external duct from transparent material while coating the internal duct in black.
This combination creates a fascinating interplay of solar radiation absorption and heat emission.
The internal duct, being black, would efficiently absorb solar radiation, converting it into heat.
The heat, in turn, is emitted to both the supply and return air. This process can serve to preheat
the supply air in the outside channel and create a solar chimney in the inside channel. The
system can be further refined to incorporate evaporative cooling into the supply channel. Such
a mechanism can effectively precool the supply of air, particularly under suitable weather
conditions. This feature can significantly enhance thermal comfort within the indoor
environment, and also curtail the consumption of cooling energy, thus contributing to the
overall energy efficiency of the system.

Passive heat recovery techniques such as the use of heat pipes or fins can also be integrated into
the windcatcher channels. Given that the supply and return channels are in constant proximity
and their airflow directions remain fixed regardless of wind direction, these heat recovery
techniques could significantly enhance system efficiency.

It should be noted that in this study, the process of determining the dimensions of the
windcatcher for experimental validation had to take into account several key factors. This
included the dimensions of the open wind tunnel available for the experimental process, and
the constraints imposed by the available spatial limits. Additional constraints, such as the need
to achieve uniform wind conditions and the necessity to reach specific wind velocities, further
necessitated a limit on the size of the windcatcher under examination. The overarching goal of
this investigation was to validate the computational model through the use of experimental
measurements. To achieve this, it was of paramount importance that the geometric properties
of the windcatcher be identically replicated in the numerical modelling efforts. Moreover, any
subsequent optimization processes needed to be performed based on this validated geometry.
This methodological approach provided the foundation for a fair and objective comparison
between the experimental and CFD investigations. In real-world applications, the determination

of the windcatcher's dimensions would be governed by different factors. This might include
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considering the area or volume of the building in which the windcatcher will be installed and
the specific ventilation requirements associated with the building. Future research should
consider investigating the ventilation performance of a full-scale windcatcher. This would entail
conducting field tests or utilizing larger wind tunnels to assess the windcatcher's functionality.
Additionally, comparative studies examining windcatchers of various sizes and their ventilation
rates, when installed in different buildings, would further contribute to the body of knowledge
surrounding this innovative ventilation technology.

In this research, the analysis of cooling effects was intentionally omitted. The decision was
driven by the complexity and variability of factors influencing indoor temperatures, such as
room size, the number and types of occupants and devices, and the placement and quantity of
windcatchers. These variables introduce significant challenges in standardizing models to
predict precise temperature reductions reliably. Consequently, this thesis focused solely on
optimizing ventilation efficiency, a fundamental performance metric critical to the design and
functionality of windcatchers. It is recognized that airflow distribution plays a crucial role in
practical applications, significantly influenced by the strategic positioning of inlets and outlets
within a space. However, these factors also depend heavily on specific requirements for passive
cooling and fresh air supply, which vary widely across different building contexts. Future
research will aim to incorporate these diverse parameters, potentially exploring their impact on
thermal comfort and cooling load to provide a more comprehensive understanding of

windcatcher performance under realistic, varied use conditions.

6.4 Summary

In this chapter, the numerical model of the rotary scoop windcatcher was validated by different
experiment results including the ventilation rate to the environmental wind speed, wind speeds
at different locations in the test room and the carbon dioxide concentration change rate
measurement. The validated scaled rotary scoop windcatcher model was modified to the full-
scale model and the ventilation performance was presented in this section. The parametric
analysis of the full-scale rotary scoop windcatcher model was delivered and the impact of each

parameter was presented in this chapter. The full-scale rotary scoop windcatcher model after
146



parametric analysis was investigated with uniform wind speed profiles and the ABL wind speed
profiles. Different numerical flap fins louver windcatcher models were also validated by the

experiment results with the details of the simulation results presented in this section.
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Chapter 7 Conclusions

7.1 Conclusions of the research

This research introduced two passive ventilation devices, the rotary scoop windcatcher and the
flap fins louver windcatcher, designed to operate independently of environmental wind
directions. A thorough review of existing literature on windcatcher technologies, including solar
walls, evaporative cooling, and passive heat recovery, was performed to identify research gaps
and evaluate existing solutions. These novel windcatcher systems were developed and tested
using a simplified wind tunnel and test room, with various models undergoing experimentation
to assess their performance in different conditions. Further, Computational Fluid Dynamics
(CFD) simulations validated these experimental models and provided detailed insights into the
systems' effectiveness. Moreover, the performance of the flap fin louver windcatcher was also
validated in the field study with varying directions of the environment wind. Lastly, a
parametric analysis of the rotary scoop windcatcher aimed to optimize ventilation efficiency by
modifying design parameters like scoop size, wing walls, air channel ratios, and chimney design.
In this research, the novel natural ventilation systems using multidirectional windcatchers,
including a rotary scoop windcatcher design and flap fin louver windcatcher design were
proposed with the function of; (1) the airflow direction and ventilation rate inside the system
are fixed regardless of wind direction, (2) the supply and return airflow channels are adjacent
to allow heat transfer between them for example, for heat recovery, (3) the polluted air from the
outlet would not contaminate the supply air, and (4) there will be no air-short circuiting. This
windcatcher addresses the issue of the incorporation of passive/low-energy heating and cooling
technologies in conventional windcatchers. The multidirectional function achieved by the
windcatcher system allows the windcatcher to provide a stable fresh air supply under complex
environmental conditions, such as in cities with many buildings surrounding the windcatcher
location. Moreover, with the fixed and adjacent supply and return channels not affected by the
changing wind direction, passive/low-energy technologies can be applied in this windcatcher,

such as solar heating, evaporative cooling, Phase Change Materials and heat transfer devices.
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By ensuring that the passive heating and cooling can be applied to the supply air directly, the
efficiency of passive heating and cooling in the ventilation system is guaranteed to reduce the

building energy consumption for the low-carbon industry and indoor thermal comfort.

711 Conclusions of rotary wind windcatcher research

A novel dual-channel rotary scoop windcatcher was developed and tested using a prototype in
a specially constructed wind tunnel and test room, demonstrating efficient ventilation
unaffected by wind direction changes. The test room's airtightness was rigorously measured,
and ventilation rates were evaluated under various wind speeds using both direct airspeed
measurements and the tracer-gas decay method with carbon dioxide.

The wind speed at different points in the test room and the ventilation rate in the CFD model
were validated by the experiment results. The average difference between the ventilation rate
in the CFD model and the experiment results was 2.97%, and most of the differences were
lower than 2%.

The validated experiment prototype was modified into a full-scale model in CFD to further
evaluate the fresh air rates, airflow velocity and pressure distribution. The application of the
anti-short circuit device (ASCD) also improved the air circulation in the ventilated space. Fresh
air was supplied by the windcatcher device between 1.7 L/s/m? and 9.18 L/s/m? for an outdoor
wind speed of 0.5 m/s to 2.5 m/s in the scaled experiment prototype. The full-scale rotary scoop
windcatcher could provide a ventilation rate of the windcatcher from 32 L/s to 226 L/s at 1-7
m/s environment wind speed.

A parametric analysis refined the windcatcher's design, significantly enhancing airflow
efficiency, including various parameters in the previously validated computational fluid
dynamics (CFD) model were scrutinized to optimize the rotary scoop windcatcher. These
included: (1) the ratio of supply-to-return channel area; (2) the angle and length of wing walls;
(3) the height of the wind scoop; (4) chamfered chimney angles; (5) the height of the Anti-Short
Circuit Device (ASCD); (6) the height of the windcatcher tube. The optimized model boasted
a 28% increase in ventilation rates compared to earlier designs and performed 14% to 58%
better than similar-sized conventional models under equivalent conditions. Future research

149



should explore passive climate control techniques and assess the performance of various

windcatcher sizes in more extensive field tests.

7.1.2 Conclusions of the flap fin windcatcher research

A flap fin louvre windcatcher design was proposed with the same function as the rotary scoop
windcatcher in the research. The windcatcher was tested in a constructed open wind tunnel and
airtight test room, with the tunnel providing a stable wind speed of 0-3m/s. The ventilation
performance of the flap fin louver windcatcher under different environments wind speed and
directions was measured in this research, and the impact of each component was also compared,
including the length, weight and open direction of the fins. Increasing the length of the fin and
decreasing the mass of the fin could improve the ventilation rate effectively. With the increase
of the environmental wind speeds, the ventilation rate of the flap fins windcatcher was close to
the fixed windcatcher with the same opening area.

The Computational Fluid Dynamics (CFD) model was validated against experimental data,
showing minimal variation in ventilation rates and an average error percentage between 2.3%
and 5.6%. Field tests confirmed that the windcatcher's performance was consistent across
different wind speeds and directions, and it outperformed traditional 8-sided windcatchers in
terms of ventilation rate and system efficiency at wind speeds above 1m/s.

The current scaled experiment model with a diameter of 20cm could provide about 10L/s fresh
air supply at 2m/s environment wind speed with an air change rate over 27 h™!. The full-scale

model investigation and ventilation rate optimization need to be tested in further research.

7.2 Limitations of the current research

7.2.1 Limitations of rotary wind windcatcher research

For a wind-induced device, the experiment and CFD simulation only consider the operations
under horizontal wind directions without any internal heat gains. The buoyancy effect at low
wind speed conditions and the impact of vertical wind needs to be considered in further research.
The rotation part in the prototype needs to be further optimized to reduce the minimum wind
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speed for rotation and improve air tightness. In future research, the geometry of the windcatcher
can be further optimized, and the passive heating, cooling, dehumidification, and energy
recovery technologies can be applied in the fixed supply duct. Passive heating using solar
thermal and passive cooling using evaporative or absorption cooling should be investigated by
experiment and field study, and the possible passive dehumidification method should be
evaluated. The ventilation performance of the full-scale windcatcher should be evaluated in a
larger wind tunnel and field test in further research. The optimization of the rotary wind scoop
in the windcatcher also needs to be investigated to decrease the capital and maintenance cost of
the windcatcher.

In the current research, the ventilation performance of the windcatcher was investigated in the
experiment condition and only the horizontal wind was considered in the experiment and CFD
simulation to simplify the research. However, the application of windcatchers in cities is much
more complex, especially in large cities with high-rise buildings in China, where vertical wind
needs to be considered in the research [143]. The solar radiation on the wall surface would also
increase the vertical flow and the buoyancy effect which has to be taken into account in the
actual application of the windcatcher [144]. Thus, the vertical flow and the temperature
conditions need to be considered in further research including both CFD simulation and field
study of the windcatcher.

The rotary wind scoop windcatcher was designed for different types of passive technology
integrations. However, we only presented the initial concept and focused on the ventilation
performance in the present work. The performance of the different passive cooling and heating
integrations with the proposed windcatcher will be investigated in future research. Limitations
of flap fins windcatcher research

Like the prototype, the windcatcher device surfaces could be constructed using transparent or
glass material which could also provide some daylighting to the room and save energy from the
artificial lighting system. The rotary wind scoop and tail fin could also be made of transparent
materials to allow the light to pass through. The impact of this on daylighting performance
should be investigated. A damper will be necessary for commercial applications to control the

ventilation rate at high outdoor wind conditions to avoid discomfort and overventilation.
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In the present research, the fixed supply and return channels were achieved. The airflow inside
the ventilation system was similar to that of a mechanical ventilation system but the fans were
replaced by natural wind power to save energy. Thus, some devices could be applied in this
ventilation system with a windcatcher. Cooling devices could be added to the supply channel
to reduce the temperature of the supply air or moisture in the supply air. Heat recovery devices
such as heat pipes could be applied, and the heat could be transferred from the return air to the
supply air continuously without the impact of changing wind directions. The moisture could be
absorbed from the supply air and emitted to the return air with appropriate design in further
research. So the dehumidification could also be achieved by the desiccant wheels or other
passive dehumidification applications such as the silica gel [145]. Passive heating using solar
energy could also be applied in the supply duct such as a solar wall. And the evaporative cooling

device could be installed in the supply channel effectively reducing water wastage.

7.2.2 Limitations of flap fins windcatcher research

In this study, the dimensions of the windcatcher for the experiment and simulations were
decided based on the size of the experimental room, the size of the experimental open wind
tunnel and the available experimental space. The size of the wind tunnel was limited by the
space of the experiment, uniform wind requirement and the wind speed demand which further
limited the size of the windcatcher. Since we aimed to validate the numerical model with the
experiment, we ensured that we replicated the same geometry in the numerical modelling work.
This will ensure that a fair comparison can be made between the two approaches. In practice,
the dimensions of the windcatcher can be determined based on the area/volume and ventilation
demand of the building, similar to our earlier works [65, 146]. The current system is not sized
based on an actual building or installation, as the current research is still in the initial stages of
development. Future works can focus on evaluating how the flow rate scales on the dimensions
of the windcatcher.

Regarding the materials of the windcatcher employed in the experiment, the frame in the
prototype was the wood panel and the flap fin was made of 0. lmm-0.25mm polyvinyl chloride.
This prototype was not designed for actual or real building installations and more work is
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required to develop a close-to-market prototype, which can withstand various weather
conditions. The selected materials in the experiment were due to various factors including the
prototyping capabilities and cost restrictions.

The ventilation performance of the windcatcher was strongly affected by the opening angle of
the fins, especially at low wind speed conditions. The connection at the joint and the mass of
the fin had a large impact on the fin's open angle. In the current prototype, the fin mass was
minimized by using a light and thin PVC material, but other materials like metal foil/film could
be considered. Balancing the mass of the fin to reduce the impact of fin mass and decrease the
friction at the hinge joint is necessary for optimizing performance.

The initial results showed that the adjacent fins would be in contact with each other, limiting
the open angle of fins in specific wind directions, and this issue resulted in the different fin
open angles at the wind from edge condition (22.5° wind). The blocking effect limited the
performance of the flap fin louver windcatcher when the flap fin design was applied in the
traditional four-side windcatcher. Thus, the final windcatcher in this research had an eight-sided
design. In future research, the face number of the flap fin louver windcatcher can be further
increased, and the issue can be avoided by a larger angle between the adjacent windcatcher face.
The opening size could also be smaller than the face of the windcatcher to avoid the adjacent
fins blocking each other.

Furthermore, to increase the opening angle of the flap fin, a necessary gap between the external
to internal duct has to be provided in the prototype. With the limitation of the total windcatcher
area and the gap, the current section area of the supply duct and return duct was not balanced
and the ventilation rate was not maximized. Further optimization of the supply-to-return area
ratio needs to be applied in the later application to improve ventilation performance.

An open exhaust or chimney was used in this windcatcher design. However, an open chimney
without any protection was not practical for real applications because of the entry of rain, snow
and insects. The exhaust outlet needs to be integrated with a chimney cap or cowl to protect the
outlet from the rain or be combined with a rotary turbine ventilator or a flap fin outlet design.
Finally, the current research tests the ventilation performance of the flap windcatcher and the

windcatcher integrated with the passive technologies needs to be investigated further, including
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solar heating using the windcatcher tube or roof, evaporative cooling, heat pipe heat recovery,
earth-air heat exchanger or phase change materials. The internal duct could be further extended
above the top of the windcatcher and painted black to generate a solar chimney effect and
increase the ventilation rate. The water spray system could also be placed in the supply channel
to cool the supply air. The heat recovery can be achieved with metal fins, tubes or heat pipes
between the supply and return channels as the channels were adjacent and the airflow direction

would not be changed during the operation.

7.3 Future works

In future research, the geometry of the flap fins windcatcher needs to be further optimized, such
as adjusting the surface of the windcatcher faces and using deformable fins. The ventilation
performance of a larger windcatcher with an appropriate flap fin design should be evaluated in
a larger wind tunnel in further research. The flap fin design was applied in this research to create
a controlled inlet, and a similar flap fin design could also be used in an extract chimney as an
outlet with a reversed fin direction, which can avoid the reverse flow of pollutants. The
prototype of the rotary scoop windcatcher needs to be further developed based on the results of
the parametric analysis for field tests and commercial use.

Passive heating, cooling, and energy recovery technologies need to be applied in the rotary
scoop windcatcher and flap fins windcatcher. Passive heating using solar thermal and passive
cooling using evaporative or absorption cooling should be investigated by experiment and field
study, and the possible passive dehumidification method should be evaluated. The passive heat
recovery using metal fins or heat pipes needs to be applied in the windcatchers and investigated
in the field test and experiment results.

The passive cooling achieved by the windcatcher systems should also be applied to the industry

beyond residential buildings, such as the passive cooling of the workstation and battery in the room.
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7.4 Contributions to knowledge

In this research, the research gap of multidirectional natural ventilation devices for passive

technologies integration is filled with experimental and numerical methods. The achievements of

this research are summarised in the following points:

1.

Two passive ventilation devices were proposed which had a ventilation performance
independent of the environmental wind directions.

A rotary scoop windcatcher was developed from the current ventilation device, wind scoop
and chimney, and the rotary scoop windcatcher had a higher ventilation performance than the
current four-side conventional windcatcher after the parametric analysis.

A flap fins windcatcher provided the same function as the rotary scoop windcatcher without
the rotating components using a new flap fin mechanism which was never applied in the natural
ventilation device.

The prototypes of the rotary scoop windcatcher and the flap fins windcatcher were
manufactured and tested in the wind tunnel experiments.

The numerical models of the rotary scoop windcatcher and the flap fins windcatcher were
generated based on the experiment prototypes and validated by the experiment results.
The parametric analysis of the rotary scoop windcatcher and the flap fins windcatcher was
investigated to improve the ventilation performance of the windcatchers.

A heat recovery design with a high heat recovery efficiency for the dual-channel
windcatcher was proposed which can be applied in the rotary scoop windcatcher and the

flap fins windcatcher.
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