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Abstract: In recent years, there has been increased interest in natural ventilation solutions as a
means to achieve sustainable and energy-efficient building design. Windcatchers, ancient Middle
Eastern architectural elements, have surfaced as viable passive cooling devices in modern architecture,
thereby enhancing interior air quality and reducing the reliance on mechanical ventilation systems.
Integrating upper wing walls (UWWs) is hypothesized to augment a windcatcher’s effectiveness
by optimizing wind capture, air circulation, and thermal regulation. Therefore, this study aimed
to explore the influence of incorporating a two-sided windcatcher with UWWs, with a particular
emphasis on the effect of the UWW angle on ventilation performance within building spaces. To
achieve this aim, a series of numerical simulations were conducted to assess the synergy between
the windcatcher and the wing wall configuration with varying UWW angles and under varying
wind speed conditions. As the first step of the research methodology, the CFD model was validated
through a comparison between the numerical results and the experimental data. The findings showed
good agreement between these methods. In the next phase, windcatchers with different UWW angles
spanning the range of 0° to 90° were subjected to rigorous evaluation. The results revealed that the
configuration with a 30° angle exhibited the optimal performance concerning critical ventilation
parameters encompassing the airflow rate, air change rate, and mean age of air. Finally, the selected
configuration underwent an evaluation under diverse wind speed conditions, which affirmed that
even under low-wind-speed conditions, the windcatcher provides ventilation levels that align with
the standard requirements.

Keywords: windcatcher; Badgir; natural ventilation; wing wall; CFD

1. Introduction

Buildings across the globe constitute a substantial portion of energy consumption,
accounting for an estimated 30 to 40 percent of the total worldwide [1]. Due to the fact
that this energy consumption is frequently derived from fossil fuels, buildings account for
over one third of all emissions released into the atmosphere, which has a significant impact
on climate change and global warming [2]. The increased energy demand in buildings is
primarily influenced by cooling and ventilation systems, which are particularly significant
in regions with humid or tropical climates [3,4]. Consequently, an increasing focus has
emerged within the scientific community on identifying strategies to reduce the energy
consumption linked to ventilation and cooling. The incorporation of passive methods, such
as natural ventilation, into structures is a sustainable solution [5,6].
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Natural ventilation is a critical element in sustainable building design, providing
numerous advantages. Its contribution is not limited to its considerable energy savings;
it also significantly enhances indoor air quality [7,8]. In contrast to energy-intensive
mechanical ventilation systems that consume a considerable amount of energy, natural
ventilation utilizes outdoor airflows to regulate the temperature (thermal comfort) and air
quality within buildings, consequently minimizing the reliance on conventional energy
sources and thereby reducing greenhouse gas emissions. Moreover, natural ventilation
serves as a cost-effective means of achieving adaptive thermal comfort and improving the
thermal sensation of occupants [9].

The necessity and significance of natural ventilation extend beyond energy efficiency
and indoor comfort. It also has substantial implications for human health and productivity,
and access to fresh outdoor air plays a vital role in cognitive performance, productivity,
and overall well-being [10]. Furthermore, natural ventilation assists in reducing the risk
of sick building syndrome by promoting the dispersion of contaminants [11]. Therefore,
its incorporation in building design is essential, not only to guarantee environmental
sustainability but also to address indoor environmental issues that affect health, comfort,
and productivity.

A compelling illustration of natural ventilation can be found in windcatchers, which
have received significant attention in recent years due to their remarkable capacity to take
in a considerable amount of fresh air while simultaneously expelling stale air from inside
buildings. Windcatchers rely on two primary mechanisms to ventilate interior spaces:
buoyancy forces, stemming from temperature disparities between the indoor and outdoor
environments, and wind forces, attributed to pressure differentials across openings [12,13].
The concept of windcatchers dates back centuries to the Middle East [14]. However, in
contemporary architecture, the application of windcatchers has been found in various types
of buildings, including educational institutions, offices, and hospitals. A good example
of large-scale usage of windcatchers in modern architecture is the UK, where more than
7000 windcatchers have been installed in recent years [15-17].

Furthermore, a distinct advantage of windcatchers is their inherent lack of moving
components, resulting in low maintenance costs. Additionally, in contrast to simpler natu-
ral ventilation devices like windows, windcatchers can catch the wind at elevated levels,
resulting in higher ventilation rates [18]. The usage of windcatchers is not limited to residen-
tial or commercial buildings, and in interesting research with a solid methodology (wind
tunnel experiments and the Large Eddy Simulation model), the impact of a windcatcher
on the ventilation and indoor air quality of an underground garage was studied by Chu
and Su [19]. A simulation of the transport of carbon monoxide (CO) in the space showed
that the windcatcher could significantly improve the ventilation inside the garage if the
opening was normal to the wind direction.

This is particularly important in dense urban environments where adjacent structures
can disturb the airflow. However, it is important to note that both modern and traditional
windcatchers are not without challenges; for example, in low-wind-speed climates or
conditions, a windcatcher’s performance is questionable.

One innovative way to overcome this challenge is the integration of a windcatcher with
other passive strategies to strengthen its capacity to achieve better ventilation and thermal
comfort. For instance, to enhance the cooling performance of a windcatcher, Kahkzand et al.
devised a new configuration that was a combination of a windcatcher, radiative cooling,
and a solar chimney. The findings showed that this configuration could provide 7.8 to
8.3 air changes per hour with a 3 °C temperature decrease during peak hours, which led
to 60% and 80% energy savings for cooling and ventilation purposes, respectively, in the
warm arid climate of Iran [20].

In another study [21], the integration of a windcatcher with air humidification was
explored in terms of thermal comfort for warm climate conditions. The findings indicated
that opting for an appropriate arrangement and implementing a chamfer can greatly
enhance ventilation and thermal comfort. Furthermore, the researchers discovered the
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optimal rate at which mass should flow for humidification in order to achieve a feeling
of neutral thermal comfort and minimize water usage. The utilization of a windcatcher,
together with the implementation of humidification throughout the crucial periods of
the day, would ensure optimal thermal comfort throughout the day, with a predicted
percentage of dissatisfied (PPD) rate of less than 10%. These findings indicate that energy-
efficient systems that utilize natural ventilation and air humidification can effectively
provide cooling and thermal comfort.

In prior research [22], the authors explored the integration of windcatchers with
external fins (wing walls) as a novel approach to enhancing natural ventilation in buildings,
and the impact of the length and angle of the side wing wall on the ventilation performance
of the windcatchers was comprehensively studied. In other studies, by the authors [23,24],
a new fin called the anti-short-circuit device (ASCD) was developed to prevent the short-
circuit phenomena in the inlet channels of windcatchers.

The other type of wing wall is the upper wing wall (UWW), and the impact of its
angle on ventilation performance was not explored in the previous studies. Therefore, the
present work, which is an extension of the authors’ preceding research, aimed to assess
the influence of the UWW angle (0° to 90°) on the induced supply airflow and ventilation
parameters. After finding the optimal angle, this configuration was selected for further
analysis in different wind speed conditions to examine whether the windcatcher could
meet the ventilation requirements at low wind speeds.

2. Methodology

In this study, a two-sided windcatcher mounted on top of a generic room (representing
a small classroom) was investigated using CFD. The model’s geometry consisted of a
full-scale cuboidal building with a volume of 4 m X 6 m x 3 m equipped with a roof-
mounted two-sided windcatcher with a width, length, and height of 1 m, 2 m, and 1.5 m,
respectively (Figure 1a). Square openings with areas of (1 x 1 m?) were positioned on
both the windward and leeward sides of the windcatcher to let the air flow in and out
of the building. The structure of the windcatcher contained a partition that prevented a
direct connection between the inlet and outlet of the windcatcher. The deviation angle
of the side wing walls from the perpendicular direction of the inlet and outlet faces was
30°. The length of the UWW was 50 cm, which was based on the results explained in [25],
and its angle (« in Figure 1) with the horizon varied from 0° to 90° (in 10° increments) in
different simulations.

By considering the characteristic height of the building (H), which equaled the sum of
the heights of the building and the windcatcher, the inlet and each of the lateral faces of the
computational domain were positioned at a 5H distance from the windward and leeward
sides of the building. The total height of the domain was 6H, and the outlet extended
15H downstream from the building’s leeward wall. All of the selected dimensions for
the computational domain were based on the general recommendations of the COST
732 guidelines for CFD simulations in built environments [26].

A computational grid with hex-dominant cells (6.5 million elements) was constructed
for the discretization of the governing equations (Figure 1b). The density of the grid was not
homogenous throughout the domain due to the flow field complexity. The mesh elements
were highly refined in the vicinity of the sharp edges due to the appearance of strong
velocity gradients near these regions. The produced mesh near the solid walls was based
on boundary layer considerations, and the first cell height of the elements adjacent to
the walls was selected in a manner that met the Y-plus constraints of the standard wall
function, in which the centroid of the first cell near the solid wall should be placed within
the log-law layer.

Numerical simulations based on the Finite Volume Method (FVM) were followed by
means of the commercial CFD package ANSYS Fluent 21.2. Three-dimensional Steady
Reynolds Averaged Navier-Stokes (SRANS) equations were implemented, while the stan-
dard wall function was selected for the near-wall treatment. The acceptable capability of
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the combined SRANS approach and standard wall function in the prediction of flow field
details inside and around buildings was demonstrated in previous studies [27-31]. The
Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) algorithm was used for the

velocity—pressure coupling. Second-order schemes were implemented for the discretization
of the conservation equations.

1. Upper wing wall (a)

2. Room

3. Side wing wall

4. Internal partition
5. Inlet Fresh air
6. Outlet

2300

X (b)

Figure 1. The size and components of the model and «, the angle of UWW (a) dimensions are in cm
and the generated mesh (b).

The mass and momentum conservation equations were discretized over the generated
computational elements and then solved numerically to produce the flow field. All of the
simulations were performed in steady-state and isothermal conditions. The governing
equations of the steady flow are presented as follows:

The continuity equation:

V.(pu)=0 1

where p is the density and u is the velocity vector.
Momentum conservation equation:
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V .(ouu) = =VP +pg+V.(uVu) - V.1 ()

where P, g, and yu represent the pressure, gravitational acceleration vector, and molecular
dynamic viscosity, respectively. The last term on the right-hand side of the equation
calculates the divergence of the fluid stress tensor.

Equations of the turbulent kinetic energy and energy dissipation rate, as turbulence
closure model equations, were solved along with the momentum conservation equation to
simulate the turbulent nature of the flow.

Turbulent kinetic energy:

V.(pku) = V.| aiper VK| + Gi+ Gy — pe 3)
Energy dissipation rate:
2
€ e
V .(peu) = V. [ﬂsﬂeffvs} + Crep (Gr + CaeGy) — Corp- (4)

where G and Gy, are the sources of turbulent kinetic energy (TKE), which are caused by
the velocity gradient and buoyancy force, respectively. a; and 2, denote turbulent Prandtl
numbers, while Cy¢, Cp¢, and Cs, correspond to empirical model constants. COST 732 [26]
and Architectural Institute of Japan (Al]) [32] guidelines were followed to set appropriate
boundary conditions for the simulation of the wind-driven flow without considering the
buoyancy effects.

It is conventional to use the power law profile or the logarithmic profile to model the
atmospheric boundary layer details of wind flow. However, the logarithmic velocity profile
was imposed at the inlet, which accounted for the blowing wind boundary layer behavior,
since as reported in [32], the logarithmic velocity profile leads to more accurate results
when the key parameters of the study are investigated in regions near the ground. In the
current study, the gradient height was large enough in comparison with the characteristic
length of the building, so the choice of the logarithmic profile was appropriate. This profile
is expressed as follows [33]:

U(z) = lﬁ?{“ln(i_j}) ()

where (x = 0.41) is the von Karmann constant; u7 5; denotes the atmospheric boundary
layer friction velocity; and zj is the aerodynamic roughness length, which depends on
the type of terrain the wind blows over. In the present study, the reference velocity (V4)
equaled 4 m/s, which is the daily average wind velocity in Berlin, Germany, measured at
the reference height (z,.¢) of 10 m (according to official meteorological data [34]). Profiles
of the turbulence kinetic energy and turbulence dissipation rate at the inlet were calculated
as follows:

_ ()’
k(z) o (6)
£(z) = (uZBL)B @)
k(z + zo)

where (C, = 0.09) is a non-dimensional constant [35]. The velocity at the boundary varied
from 10% to 100% of the reference velocity (V) in 10% increments in different simulations.
A no-slip condition was applied to all solid walls, which established a value of zero
for the velocity magnitude on these walls. In addition, the sand-grain roughness height
(ks) and roughness constant (C;) were defined for solid walls to simulate the effects of wall
roughness [36]:
9.793 X z,
ks = ———— 8
= ®)
For all walls of the building, the values of the sand-grain roughness height and
roughness constant were set to 0 and 0.5, respectively.
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The symmetry boundary was selected for the upper face and the side faces of the
domain, which forced the normal velocity, along with the gradients of all variables, to be
zero across the boundary. A zero-static-pressure condition was imposed on the outlet.

Since numerical CFD simulations are based on the iterative solution method, appro-
priate criteria for convergence should be considered. The convergence criteria for the
conservation equations (continuity and momentum) were set as 10° for x, y, and z mo-
mentum; k; and e and as 10~ for continuity. Over 5000 iterations were performed to meet
the predefined convergence criteria. Moreover, the flow velocity magnitude was monitored
at two critical points in both the inlet and outlet channels of the windcatcher to ensure
that the values remained unchanged for the rest of the iterations. In the end, the mass flux
balance was checked for the converged solution based on the entering and exhausting mass
flow rates.

3. Results and Discussions

This section provides a detailed view of the outcomes derived from the CFD simulation
of the windcatcher’s operation. In the first subsection, to validate the computational model,
the CFD results are compared to the experimental data from a prior study conducted by
the authors [25]. Subsequently, the results of windcatchers featuring different UWW angles
are presented and discussed in the next part. Finally, the optimal configuration is assessed
under varying wind speeds.

3.1. Validation
3.1.1. Grid Adaption

Grid adaptation needed to be performed in order to guarantee that the outcomes
were not influenced by the grid’s size. Consequently, various computational models were
evaluated, each possessing the same boundary conditions but utilizing a distinct grid
number ranging from 1.5 million to 9 million. Figure 2 illustrates the average value of the
airflow entering the chamber along the vertical line within the windcatcher inlet channel as
the grid size increased from 1.5 to 9 million. The position of this vertical line in the center
of the inlet channel is illustrated in Figure 2 (left). This value served as an error indicator.
Given the negligible disparity (less than 1%) between the medium and fine mesh sizes,
conducting additional simulations utilizing a finer mesh had no impact on the obtained
results. Hence, the model possessing a mesh size of 6.5 million was sufficiently accurate to
execute simulations with precision.

7.2
7
z
£ 638
i
'S 6.6
i)
[
Z 64
£
6.2
6
15 3 6.5 9
Mesh size (million)

Figure 2. Mesh independence along the vertical line in inlet channel (left). Dimensions are in mm.
The results of different mesh sizes from 1.5 million to 9 million (right).

3.1.2. Comparison between CFD and Experimental Results

For the purpose of validating the CFD model utilized in the present study, numerical
data were compared to the experimental data obtained from wind tunnel tests that were



Energies 2024, 17, 611

7 of 17

published in the authors’ previous study [25]. In brief, a small-scale (1/10) windcatcher
model with a horizontal UWW was tested in a wind tunnel at a wind speed of 10 m/s, and
the air velocity inside the inlet and outlet channels was measured at 12 points: 6 points
located in the inlet (I1-16) and 6 points in the outlet (O1-O6). More details of the experiment
can be found in the above-mentioned study.

A comparison between the experimental and CFD results is illustrated in Figure 3.
Comparing the CFD results with the experiment point by point for the inlet and exhaust
of the model revealed that in the majority of instances, the predicted results followed the
experimental trend and there was adequate adaptation at the majority of the points except
point I5, which had a 15% difference. The observed variation at I5 may be attributed to
the inherent limitations of k-epsilon turbulence models, specifically in situations involving
separation and complex flows.

® CFD Experiment

Velocity (m/s)
N

11 12 13 14 15 16 o1 02 03 04 05 06

Inlet and Outlet Points

Figure 3. Comparison between the CFD results and the experimental data.

The average discrepancy between the CFD and experimental results was 8%. As a re-
sult of the satisfactory correspondence between the experimental results and the numerical
model, it was demonstrated that the simulation model can precisely predict the airflow in
the model.

In numerical studies, turbulence sensitivity analysis is a critical and indispensable
component that verifies that the chosen model can accurately determine the flow pattern
within the domain with precision. This study used mesh and boundary conditions similar
to the previous study; therefore, a similar turbulence model (the standard k-¢ model) was
chosen to perform the CFD analysis, which was consistent with other prior investigations’
findings described in [29,37-40].

3.2. Integration of UWW with the Windcatcher

First, the effect of the UWW angle on the ventilation performance of the windcatcher
exposed to wind flow at the reference speed of 4 m/s was studied. Ten different con-
figurations were assessed. While the angles of the UWW changed from 0° (horizontal)
to 90° (vertical) in 10° increments, the other geometrical details of the windcatcher and
the building remained unchanged. After finding the optimal angle, which provided the
best ventilation performance, this configuration was analyzed under different lower wind
speeds (described in the second main part of this section). The indicating parameters of
the ventilation that are discussed in this section include the velocity magnitude and static
pressure, the airflow rate and air changes per hour (ACH), streamline illustrations, the
mean age of air (MAA), and dead zone areas.



Energies 2024, 17, 611

8of 17

3.2.1. The Effect of the UWW Angle on the Ventilation Performance
Airflow Rate and Air Changes Per Hour (ACH)

The airflow rate and the air changes per hour (ACH) are prominent parameters in
the assessment of ventilation efficiency since they directly contribute to indoor air quality
and occupants’ health issues. The variations in the airflow rate with respect to the UWW
angle are presented in Figure 4, which shows that the variation trend was not monotonic.
It increased to some extent and dropped after reaching a peak when the angle was 30°.
Considering the airflow rate value of 860 L/s (for the horizontal UWW) as the reference
case, the wing wall with an angle of 30° increased the airflow rate by 9%. The values of the
airflow rate increased from 860 L/s for the 0° angle to 940 L/s (peak angle) and decreased
to reach the value of 860 L/s for the 90° angle, which was the same as the reference case.
It is worth mentioning that the airflow rates were much higher than the value of 94 L/s
recommended by the ASHRAE 62.1 standard [41] for all angles.

960 -

940 A M

920 A M

900 A M M

880 A

860 -

Airflow rate (L/s)

840 A

820

0° 10° 20° 30° 40° 50° 60° 70° 80° 90°
UWW angle

Figure 4. The supplied airflow rates for the different UWW angles.

Figure 5 reveals that the windcatcher with a UWW angle of 30° enabled an ACH value
of 47 h™!, which was the highest ACH value among the considered cases and was 9%
higher than the reference case, as was expected.

48 -

47 - -

46 —
=
S~
= 45 - - -
i)
S 44 -
(V]
&
S 43 -
<
o
= 42 -
54

41

0° 10° 20° 30° 40° 50° 60° 70° 80° 90°
UWW angle

Figure 5. The air change rate per hour (ACH) for the different UWW angles.
Mean Age of Air

The mean age of air (MAA) defines the average time required for fresh air to reach
different points in a building under a specific ventilation scenario. The MAA parameter
is defined point by point and has a spatial distribution. In order to obtain the results
of the MAA, an additional scalar transport equation needed to be solved. In addition,
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defining a user-defined scalar (UDS) and compiling a user-defined function (UDF) ac-
companied by appropriate boundary conditions for the UDS was necessary to obtain the
MAA distribution.

Figure 6 (left) presents the average of the MAA in the vertical cross-sectional plane
(which can be seen on the right side of Figure 6). Based on these results, the UWWSs with a
deviation angle of 30° showed the minimum MAA, and as the angle increased, the MAA
also had an upward trend. Considering the MAA parameter, the UWW angles equal to or
larger than 70° had an unfavorable effect on the ventilation performance of the windcatcher.

0°

10° 20° 30° 40° 50° 60° 70° 80° 90°

MAA

UWW angle

Figure 6. The average values of the MAA of the vertical cross-sectional plane for the different UNW
angles (left) and contour of the mean age of air (seconds) in the cross-sectional vertical plane for the
30° UWW (right).

To provide deeper insight, the distribution of the MAA in the vertical cross-sectional
plane of the building in the presence of the 30° UWW is shown in Figure 6 (right). According
to the figure, three regions with different MAA distributions were seen inside the room.
The region that was covered by the high-velocity jet entering the room had the lowest MAA
values, especially at the core of the jet. The region next to the windward wall of the room
had the highest values (146 s), while the region near the leeward wall experienced fresher
air and possessed lower values. The distribution of the MAA was compatible with the
flow field pattern since the deflection of the guided jet toward the leeward wall resulted in
increased MAA values in the region in close proximity to the windward wall, especially in
the upper corner.

3.2.2. Qualitative Analysis of the UWW’s Impact on Aerodynamic Performance and Flow
Field Pattern

To provide deeper insight into the impact of the integration of the UWW with the
windcatcher on ventilation and the pattern and distribution of flow, a qualitative analysis
with the help of contours (velocity and static pressure) and streamlines is discussed in
this subsection. Contours of the velocity magnitude and static pressure accompanied by
streamlines of the flow inside and around the windcatcher are presented for UWW angles
of 0°, 30°, 60°, and 90° in Figure 7. These four angles were selected to visualize the flow
behavior for these angles and to reveal useful information about the reasons for variations
in the ventilation parameters. The angles of 0° and 90° are the minimum and maximum
angles, respectively. The tilt angle of 30° is the optimal angle (according to the ventilation
parameters in the last section), while 60° is the middle angle between 30° and 90°. The
other objective of this part is to explore why the configuration with a 30° UWW performed
better than the others.
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Figure 7. Contours of velocity magnitude (left) and static pressure along with streamlines (right) in
the vertical plane (X = 0) of the model for the different UWW angles.

As can be seen in Figure 7 (all cases), the blowing wind was disturbed by the building
and a wide affected wake region formed behind the building downstream of the flow
field. The low-velocity region behind the building created negative pressure gauge values
(suction) near the outlet of the windcatcher, which were the main driving force of the
continued airflow from the inlet to the outlet.

In the vicinity of the windward wall of the building, the velocity of the flow dropped
to lower values as part of the flow was trapped and forced to recirculate in that region. A
high-pressure zone was seen near the windward wall of the building as the approaching
flow became nearly stagnant and its kinetic energy was converted to pressure energy. At
the sharp edges of the building, flow separation occurred and the flow detached.

As the wind flow entered the windcatcher, the part of the flow that was near the
internal windward wall of the windcatcher faced separation, and as a result, a recirculation
zone developed in that region. The main entering flow passed the recirculation region and
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was pushed toward the leeward wall of the windcatcher, forming a high-velocity jet that
continued downward. The formation of the high-momentum wall jet was the main flow
field characteristic of the windcatcher, as clearly seen in Figure 7.

As made clear by the pressure contours, as the deviation angle of the UWW increased,
the high-pressure region in the vicinity of the bottom side of the wing wall became wider.
This happened because as the wing wall’s orientation tended toward a completely vertical
condition, the projected area of the wing wall in the stream direction increased. As a result,
the approaching wind flow faced a larger obstacle.

In all cases, a group of the streamlines that entered the building took the shortest
route toward the windcatcher’s outlet, exiting the structure without providing any useful
ventilation. This phenomenon, known as short-circuiting, adversely affected the ventilation
efficiency of the windcatcher.

In the conventional design with a completely horizontal UWW, the approaching wind
flow streamlines were smoothly divided by the wing wall. A group of them was directed
into the windcatcher, while the rest of them went over the roof of the windcatcher. When the
streamlines near the lower part of the opening entered the windcatcher, they were forced
to go through a sharp bend. As a result, the streamlines could not keep their alignment
with the path, and the separation that occurred forms a recirculation region in the vicinity
of the internal windward wall of the windcatcher. A part of the entering flow was trapped
and circulated near the corner of the leeward wall.

In the case of the 30° UWW, the tilted surface of the UWW trapped more streamlines
of the approaching flow and guided them toward the windcatcher, which increased the
ventilation capacity of the windcatcher, as more fresh air was supplied. Over the roof of the
windcatcher, flow separation occurred and a recirculation region developed on the upper
surface of the wing wall.

Increasing the deviation angle of the UWW to 60° reversed the favorable effect of the
wing wall. As the tilt angle increased the projected area of the wing wall in the direction of
the main stream, the UWW appeared as an obstacle rather than a guiding surface. In the
case with a completely vertical UWW, the obstacle effect of the wing wall became more
pronounced and flow stagnation behavior was seen in the vicinity of the front surface of
the UWW. The recirculation region behind the vertical wing wall covered a wide area, as
the streamlines could not pass the wing wall smoothly.

According to the flow patterns illustrated in Figure 7, the area of the recirculation
region in the upper corner of the windcatcher’s leeward wall became wider as the UNW
angle increased. For the UWW angle of 90°, the recirculation zone in the corner had the
largest area among all the cases. This trend was also responsible for the poor ventilation
functionality of the windcatcher when it had high UWW angles. In other words, the
wide area of the recirculation zone in the corner reduced the effective area of the entering
airflow passage.

It is concluded that as the UWW angle increased from 0° to 30°, the guiding effect of
the wing wall improved the windcatcher’s efficacy since more air was captured and guided
toward the interior space of the building. For UWW angles larger than 30°, the obstacle
effect of the wing wall surface became stronger than the guiding effect, which changed the
ventilation performance of the windcatcher in an unfavorable manner.

3.2.3. Ventilation Performance under Different Wind Speeds

The ventilation efficacy of the windcatcher with the 30° UWW angle (the optimal
angle) is evaluated in this section at ten different wind velocities ranging from 0.1 V4 to
Va (4 m/s). The main objective of this section is to examine the natural ventilation efficacy
of the selected optimal design in low-speed wind conditions. The investigated parameters
of ventilation that are discussed in this section are velocity magnitude, airflow rate, air
changes per hour (ACH), and dead zone areas.
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Airflow Rate and ACH

The non-dimensional findings of the airflow rate and air change rate provided to the
building at different wind velocities are depicted in Figures 8 and 9, respectively. The
trend of the variations in the airflow rate and ACH versus the wind speed is a completely
monotonic function, as these parameters are directly proportional to the wind speed.
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Figure 8. The values of airflow rate for the optimal angle (30°) and under different wind speeds.
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Figure 9. ACH for the optimal angle (30°) and under different wind speeds.

As the upstream wind speed increased from 0.1 V4 to V4, the kinetic energy of the
airflow also increased and influences the amount of fresh air that passed through the inlet
of the windcatcher. The airflow rate ranged from 92 L/s (corresponding to 0.1 V4) to
940 L/s (corresponding to V). For all upstream wind velocities higher than 0.1 V, the
windcatcher with the optimal UWW angle was able to provide an airflow rate much higher
than the recommended value of the ASHRAE 62.1 standard, which according to the size
and number of occupants in this case was 94 L/s [41]. The minimum supplied airflow
rate, which occurred at 0.1 V5, was just 2 L/s lower than the reported value of the stated
standard. This shows that a windcatcher-based natural ventilation system can meet the
minimum ventilation requirements, even in low-wind-speed conditions. The considered
windcatcher was capable of providing the building with maximum and minimum ACH
values of 47 h ™! and 4.6 h~! with approaching wind speeds of V5 and 0.1 V, respectively.

Airflow Velocity at Head Height

The contours of the velocity magnitude in the horizontal plane positioned at a height
of 1.1 m when exposed to different wind speed conditions are presented in Figure 10, while
the corresponding average values are reported in Figure 11.
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Figure 10. Velocity magnitude contours at the head height of a seated occupant under different
wind speeds.

As seen in the velocity contours, the maximum values of the velocity magnitude were
reached in a region beneath the inlet diffuser of the windcatcher. This area was located
in the path of the entering high-momentum wall jet. The airflow velocity had maximum
values of 0.4 m/s to 0.5 m/s in the core region of the wall jet within the wind speed range
of 0.4 V5 to Va. However, the maximum velocity magnitude decreased to 0.1 m/s when
the wind blew at a speed of 0.1 V. The area with the maximum velocity was reduced as
the wind speed decreased since the momentum of the entering core jet flow was directly
supplied by the upstream wind flow’s kinetic energy. At a wind speed of V,, the flow
velocity reached a value of 0.4 m/s near the leeward wall of the building, while the stated
value was below 0.1 m/s in the case of a wind speed of 0.1 V4.

Dead Zones

Dead zones are defined as the regions inside a building with an airflow velocity lower
than 0.1 m/s [42]. The areas covered by dead zones are critical since in these regions the air
becomes nearly stagnant and the danger of contaminant accumulation increases, which
can lead to health issues and human discomfort. The formation of dead zones at the head
height of a seated individual (plane standing at a height of 1.1 m) is of great importance
since the air quality at this height has a direct impact on the occupant’s respiratory system.
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Figure 12 illustrates the dead zones at the breathing height of a seated occupant inside the
room ventilated under different wind flow speeds.
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Figure 11. The average values of the velocity magnitude in the horizontal plane positioned at the
head height of a seated occupant under different wind speeds.

0.1VaA 0.2Va

0.3Va
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Figure 12. The contours of dead zone areas at a seated person’s head height under different outdoor
wind speeds.
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The dead zone region in the average-wind-velocity condition (V4 ) is only 15% of the
total plane area, while at the low wind speed of 0.1 V, it covers nearly 96% of the total
plane area. The dead zone near the windward wall of the building is wider than the regions
near the leeward wall since the supplied fresh air deviates toward the leeward wall as it
enters the room.

4. Conclusions

The current study aimed to investigate the influence of the UWW angle (in the range
of 0° to 90°) on the natural ventilation of a roof-mounted two-sided windcatcher. The
numerical CFD results were produced using two sets of simulations. First, the effect of the
UWW angle on the ventilation process was investigated at the wind speed of 4 m/s (V).
In the second series of simulations, the ventilation functionality of the windcatcher with
the optimal UWW angle (30°) was studied under different wind speeds from 0.1 V4 to V4.

According to the results, the ventilation parameters were a non-monotonic function
of the UWW angle. Increasing the UWW angle strengthened the guiding effect of the
wing wall and improved the ventilation parameters, but after reaching an extremum, the
opposing obstacle effect of the wing wall’s front surface overshadowed the guiding effect
and changed the increasing trend. The UWW with a tilt angle of 30° showed the best
natural ventilation performance among the considered designs, and it was selected as
the optimal UWW angle. Installing a UWW with an angle of 30° provided the ventilated
room with an airflow rate of 940 L/s and 47 air changes per hour (ACH), which were
9.3% higher than those of the windcatcher with a horizontal UWW (reference case). The
optimal UWW angle increased the average value of the velocity magnitude at a height
of 1.1 m (the breathing height of a seated occupant) by 10% and reduced the average and
maximum values of the mean age of air (MAA) in that plane by 5% and 10%, respectively,
in comparison with the primary design. The dead zone area in the horizontal plane at a
height of 1.1 m was reduced to 3.7 m?, which was a 12% improvement in the presence of the
30° UWW relative to the reference case. When using UWW angles above 70°, the adverse
impact of the wing wall led to unfavorable ventilation performance in comparison to the
reference case. For all wind speeds above 0.1 V, the configuration with the optimal angle
of 30° was able to meet much higher ventilation requirements than what the ASHRAE
62.1 standard recommends.
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