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Abstract

In today’s world, the importance of carbon and energy conservation is a
common issue. Passive systems can be a promising alternative to reduce
energy consumption and improve indoor air quality. One of the most
common passive traditional strategy used in Egypt is windcatcher, which
was used in single or double story buildings in the past to ventilate and cool
the building in hot months. In this paper, the potentials of windcatchers as a
strategy for passive cooling and natural ventilation during the summer
months for multi-story building in Egypt is investigated, using
computational fluid dynamics (CFD) technique. 3D CFD analysis is
performed using Design Builder simulation software to compare the airflow
pattern in three different cases; the first case is without a windcatcher, the
second case is with a windcatcher on the windward side, and the last case is
with two windcatchers one on the windward side and the other on the
leeward side. The windcatcher model is incorporated into a Sm x 4m X 3m
test room model. Thermal comfort analysis is evaluated based on ASHRAE
standard 55. The result shows that the use of more than one windcatcher as
an inlet and outlet can improve the thermal comfort and ventilation in the
space.
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1. Introduction

The energy demand worldwide is increasing at a rapid pace, as it is
expected to increase by up to 50% from 2018 until 2050 (Mattoni et al.,
2018). Buildings account for about 40% of the total energy consumption
(Alrwashdeh, 2018a; Wang et al., 2014) and contribute to about 40% of the
total world greenhouse gas emissions (Aflaki et al., 2015; Alrwashdeh,
2018b; Calautit & Hughes, 2014; Ibn-Mohammed et al., 2014; Lu & Lai,
2020). Generally, space heating, ventilation, and air conditioning (HVAC)
systems consume almost two-thirds of the total building energy
consumption (Chen et al., 2019; Chenari et al., 2016; Manzano-Agugliaro et
al., 2015; Moosavi et al.,, 2014), which are mostly supplied by fossil
resources (Hanif et al., 2014). Therefore, many researchers are looking to
implement natural ventilation and passive cooling strategies as an energy-
efficient alternative to reduce the building’s energy demand. An example of
a passive ventilation system is a windcatcher (Afshin et al., 2016; Hedayat
et al., 2015). It is an eco-friendly and sustainable system which aims to
combat the energy crisis, improve the thermal comfort inside the buildings
and provide a good indoor air quality (IAQ) (Faggianelli et al., 2019). Other
benefits of windcatcher are low maintenance cost due to the lack of moving
parts (Bansal et al., 1986), and reducing greenhouse gases (GHGs) and air
pollution (Gage & Graham, 2000).

Windcatcher has been employed in the traditional single and double
story buildings in the Middle East and Egypt for many centuries to cool and
ventilate buildings and improve the indoor thermal comfort (Ahmed Kabir
et al., 2017; Chenari et al., 2016; lonescu et al, 1996; Mehdi, 2014). Malqgaf
is the Egyptian word for wind catchers. The Egyptians used it in the
construction of Tal Al-Amarna and the Pharaoh residences of the Nineteenth
Dynasty in Neb-Amun (1300 B.C.). Nonetheless, Egyptian design has
neglected the malqaf for the past 50 years, or more accurately, has been
unable to incorporate this passive system into the modern city, resulting in
more than half of the urban energy consumption in Egyptian cities being
used to meet air conditioning demands (Eghtedari & Mahravan, 2021).

It provides natural ventilation due to two main effects: the wind effect
and the stack effect.

The key driving force is the wind effect which is due to the difference
in pressure on the windward and leeward sides of the windcatcher. The wind
enters from the windward side of the windcatcher and through convective
and evaporative heat transfer, removes the heat from the occupants and
therefore results in cooling.
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The significance of wind pressure increases with increasing wind speed.
In the absence of wind, the driving force in the tower is the stack effect,
which results from the differences in indoor and outdoor air temperature, as
the hot and dense air moves upward, and cold and high dense air moves
downward (Jones & Kirby, 2009; Nouanégué et al., 2008; Saadatian et al.,
2012).

Many research studies have investigated the effects of various
windcatcher configurations and components design on its performance
using numerical, experimental, and theoretical methods (Alrwashdeh et al.,
2018a; Alrwashdeh et al., 2016; Dehghan et al.,2013; Hughes & Ghani,
2011; Hughes & Ghani, 2010; Zendehboudi et al., 2014). The experimental
studies of windcatcher systems are limited, as they are costly and time-
consuming (Jones & Whittle, 1992). However, the simulation method is
nowadays considering a promising tool (Al-Falahat et al., 2019a; Al-Falahat
et al., 2019b), a numerical method using computational fluid dynamics
(CFD) has recently been widely used to study airflow in and around
buildings (Chow, 1996; Jones & Whittle, 1992; Li & Mak, 2007; Niu & van
der Kooi, 1992), since it can provide detailed airflow velocity distribution
and thermal conditions (Li & Mak, 2007). Moreover, it has been approved
that CFD is a reliable tool for natural ventilation behavior analysis in
buildings (Li & Mak, 2007).

In few research, DesignBuilder simulation software was used to
conduct CFD analysis to study the effect of the windcatcher on improving
the natural ventilation and thermal comfort (Eghtedari & Mahravan, 2021;
Saif et al., 2021). For example; they used Designbuilder simulation software
to assess that the wind catcher could Improve the indoor thermal comfort in
educational buildings in Kuwait (Saif et al., 2021).

Bouchahm investigated the thermal performance of a one-sided
windcatchersystem integrated into a bioclimatic housing located in a hot
and arid region. Performance monitoring and site measurement provided
data which assisted the numerical model validation. The analytical model
was validated against the experimental measurements and a good agreement
between the results was observed. Bouchahm’s research concluded that
windcatcherscan provide fresh air and enhance the indoor thermal comfort
regardless of the extreme external conditions. The work demonstrated the
significance of windcatchers and their potential to reduce the energy
demand, and they confirm the advantage of the application of this passive
cooling strategy in hot dry climate (Bouchahm et al., 2011).
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Hughes and Cheuk-Ming used CFD modelling to investigate the
relation between the two driving forces, the wind pressure and buoyancy-
driven flow through a four-sided windcatcher. The CFD results
demonstrated that the main driving force is the external driving wind,
providing 76% more indoor ventilation than buoyancy-driven flow (Hughes
& Cheuk-Ming, 2011).

Montazeri et al. used analytical and CFD modelling to evaluate the
effect of the windcatcher on the ventilation performance and the reliability
of the experimental results. The work demonstrated the potential of multi-
directional windcatcher for improving the indoor ventilation in the
residential buildings. Furthermore, a good agreement between the
experiment and CFD analysis was observed (Montazeri et al., 2010).

In this research, the potential of windcatchers as a passive cooling
system during the summer season for multi-story building in the hot and
arid climate has been investigated using Computational Fluid Dynamics
(CFD) analysis.

1. Methodology

The study has been carried out in three parts. The first part aims to
identify the thermal comfort band in a free-running building for Egypt's
climate using an adaptive thermal comfort equation which will be described
in the next section. The second part included an analysis of the existing
windcatcher design in Egypt, to determine the main design parameters of the
proposed windcatcher. The last part is to build a test model using the
design-builder software for a single room in a multi-story residential
building and analyzing the Computational fluid dynamics (CFD) simulation
results to compare the airflow pattern and the cooling effect in three
different cases: without a windcatcher, with one windcatcher, with two
windcatchers.

Adaptive Thermal Comfort Temperature for Egypt Climate

The main purpose of using a windcatcher is to remove heat from the
building by natural ventilation, which led to a decrease in the temperature
and moves it towards the comfort zone. Figure , shows the comfort zone has
been estimated by using the adaptive thermal comfort equation for free-
running buildings which is developed by De Dear and Brager incorporated
with ASHRAE (American Society of Heating & Air-Conditioning, 1997).
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Figure (1) Adaptive thermal comfort zone and outdoor average
temperature in Egypt, Cairo (Eid et al., 2019).

Windcatcher Design Parameters

Different factors affect the windcatcher design parameters such as wind
speed and direction in the region, building dimensions and material, the
activity inside the building, etc. (Hughes et al., 2012). Some of
these parameters are position and orientation of the windcatcher, inlet cross-
section and shape, shaft cross-section and height, outlet opening (Asfour &

Gadi, 2006; Hughes et al., 2012), which are going to be discussed in this
section.
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Orientation

The typical orientation of the windcatcher opening is facing the
prevailing winds to allow maximum airspeed and cross ventilation
(American Society of Heating & Air-Conditioning, 1997); therefore, it is
important to analysis the wind speed and direction on site. As illustrated in
figure 2, the average wind speed in Cairo is around 4 m/s, and the prevailing
wind blows from the north direction and only two months in winter the wind
blows from the south direction(Attia & Herde, 2009; Dehghani-sanij,
Soltani, & Raahemifar, 2015). Thus, in most cases in Egypt, the
windcatchers are oriented towards the north (Attia & Herde, 2009).
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Figure 1: Average annual wind speed and direction in percentage
(Attia & Herde, 2009).

Inlet Cross Section and Shape

In traditional buildings in Egypt, the top of the windcatcher is designed
to be inclined from 30° to 45°, also it is found that the area of the inlet cross-
section is at least equal to the shaft cross-section area (Dehghani-sanij et al.,
2015).
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Shaft Cross Section and Height

The shaft height and area are other factors affecting the windcatcher
efficiency where performances of octagonal windcatchers are weaker than
square and rectangular ones (Chan et al., 2010). In most traditional
buildings in Egypt, it is found that the shaft form is square or rectangular,
and its cross-sectional area is around 3% of the ventilated space floor area.
Moreover, the windcatcher relative height must be at least one story above
roof height (Dehghani-sanij et al., 2015; EImualim & Awbi, 2002).

Test Model

A simple reference test model, representing an individual single-space
in a multi-story residential building in Egypt was modelled using
DesignBuilder software. The model was designed to be three-story, each
story contains a test room with dimensions of 5m x 4m and 3m height, each
room has two openings in the middle of the north and south walls and
considered the existence of obstruction buildings surrounded the building,
as the building is located within the urban context. Then, based on the
reference test model, three different cases were tested to investigate the
effect of the windcatchers for cooling and ventilation through analyzing the
computational fluid dynamics simulation results and determine the ideal
case in the context for achieving thermal comfort.

The studied cases as presented in both Figure and Figure as:

e Case 1 represents the current situation of the residential building in
Egypt without using a windcatcher.

e Case 2 investigated the effect of placing one windcatcher in facing the
prevailing wind.

e Case 3, two windcatchers in different directions, one on the windward
and the other in leeward.
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Results and Discussion:

In the first case where no windcatcheris used the air blows from the
north direction, then enters from the north openings and passes through the
space and exits from south windows as shown in Figure 5.

The simulation results show that the operative temperature in 15 of the
July range from 32 C© in the ground floor to 32.6 C° in the second floor,
which is the equal or higher than the outdoor temperature at the same time.

First case (reference case)

simulation time :15 July 12:00 pm
Prevailing wind direction : North

Prevailing wind Speed :3.5 m/s
Outdoor dry temperature:32 CO

AirflowIn | Wind Operative Lo
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Wind catcher
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Firstfoor | 050 08 |34 |
Secondfloor | 040 097 326

-] == |
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Figure (5) CFD simulation results for the first case
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In the second case where the windcatcher is placed on one side and
faces the north direction, the air enters the shaft, then it is directed down,
due to the pressure difference between the inlet and outlet, next it enters the
space and exit through the south openings. The airflow to the ground floor is
higher than the other floors this is due to the higher difference in the
pressure, Which led to decrease the temperature in the ground floor more
than the upper floor, with about 0.4 CO and 0.2 CO, respectively less than
in the reference case (no windcatcher), see Figure 6. The windcatcher help
to improve the indoor comfort, however, the operative temperature still out
of the adaptive comfort zone.
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Figure(6) CFD simulation results for the second case.
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In the last case, two windcatchers are installed: one on the windward
side and the other on the leeward side. As observed in Figure 7, the airflow
passed through the windcatcher, and then enter the space through the
pressure difference, after entering the space the wind decelerates, and
accelerated again at the end of space, and direct it up due to the stack effect
to exit through the leeward windcatcher.

The operative temprture decrease 0.6-0.8 C° in comparison to the
Reference case. Moreover, this case is the most effective case among the
proposed cases. The temperature decreased more than when one catcher
used this due to both wind effect and stuck effect, which improve the air
movement in the space, accordingly improve the indoor comfort.

Third case (reerence vase \/ |
simulation time :15 July 12:00 pm
Prevailing wind direction : North
Prevailing wind Speed :3.5m/s
Outdoor dry temperature :32 C© i\l /
{ /
Airflow In (m?s) | Wind speed | Operative '12 {
(north openings) | in north space | temperature 1
openings (ms) | (C°) ’; 3
NorthWind | 04 08 i
catcher 01
SouthWind | 0.1
catcher 04
Ground floor | 0.1 044 312
First floor 0.097 051 N7
Secondfloor | 0.09 0.66 320
1 1 1 1 |
Whety 000 004 0B 012 006 020 0M 0B 0M 0% 0% 04 ()
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Figure (7) CFD simulation results in the third case
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The results confirm that the best way among the previous cases to
decrease the indoor temperature and enhances the ventilation in the space is
through using more the one windcatcher. As illustrated in Figure 8, the
indoor temperature is exceeding the comfort temperature. However, the

results confirm that the indoor temperature in case 3 is lower than case 1 by
about 1-2 C° in the summer months.
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Figure (8) Adaptive thermal comfort temperature and the operative
temperature for the studied cases
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Conclusions and Recommendations:

This paper has investigated the ability of the windcatcher to decrease
the temperature in summer months in multi-story residential building, and it
proofed that the windcatcher can be integrated into the multi-story buildings
to improve the indoor comfort, also it shows that both wind and stack
effects in the windcatcher are important to improve indoor comfort.
However, this study was conducted in a single space. Therefore, in future
works, it is recommended to see the effect of integrating windcatcher in
more than one space with different parameters. Another recommendation for
future study is to study the effect of integrating windcatcher with other
strategies such as evaporative cooling, thermal mass, solar chimney to
improve the thermal and ventilation performance.
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