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Abstract: Urbanization is exacerbating heat islands, causing adverse effects on life and health, includ-
ing thermal stress. This highlights the importance of using natural resources for thermal regulation,
particularly through historically employed passive strategies. Windcatchers have traditionally been
installed in arid and hot areas to provide thermal comfort (TC), especially in indoor spaces. However,
despite significant internal shape development, a notable gap remains in exploring their outdoor
applications. This paper investigates a new integrated design for a one-sided windcatcher, which
captures wind through a single inlet by combining traditional principles with modern sustainable
features, such as green façade, to enhance outdoor urban space. The design concept was developed in
two stages: the “Initial Design Step” and the “Geometrical Assessment”, utilizing iterative computa-
tional fluid dynamics (CFD) simulations. This study aimed to evaluate the potential of windcatchers
for outdoor applications using an upstream, curved shaft and guide vanes, tested at wind velocities
of 1.5 m/s for a 5 m high windcatcher and 4 m/s for a 10 m high windcatcher. The study revealed
a meaningful relationship among the parameters, as they influence each other. Achieving optimal
performance requires careful control of the parameters, such as balancing the inner wall curvature
and inlet size to optimize airflow dynamics. In urban contexts, turbulence and morphology affect
airflow but can be mitigated through regionally tailored windcatcher designs. Nevertheless, several
critical research gaps remain, highlighting the windcatcher’s potential for improvement and the need
for further investigation in future studies.

Keywords: windcatcher; computational fluid dynamics; outdoor thermal comfort; urban design;
optimization

1. Introduction

Nowadays, urbanization is rapidly increasing due to population growth, leading to
a higher demand for energy. The International Energy Agency (IEA) [1] analysis showed
that energy-related CO2 emissions rose by 1.1% in 2023 to 37.4 billion tones, exacerbating
global warming. In addition, poor city management and excessive use of carbon-intensive
heating, ventilation, and air conditioning (HVAC) systems amplify the effect of an urban
heat island (UHI) [2,3]. It also negatively impacts the quality of life for city dwellers by
causing thermal discomfort, heat disorders, and ecological changes [4]. This outlines the
significance of adaption and mitigation strategies to deal with UHI and provide both indoor
air quality (IAQ) and outdoor thermal comfort (OTC). Although IAQ due to advancement
in technology is facilitated, reaching OTC still takes a long way to go [5]; thus, it has
become a central focus of scientists and researchers [3]. Additionally, improving OTC is
complicated since it depends on a comprehensive understanding of microclimate conditions
because of varying environmental perceptions. Microclimate, defined as the climate near
the ground [6], is influenced by several factors such as individual building envelopes
and urban morphology [2,4] (Figure 1). These factors also impact energy demands and
thermal conditions at any location [7]. To remedy this, passive mitigation and adaptation
strategies, including climate-responsive designs such as orienting streets to the prevailing

Urban Sci. 2024, 8, 229. https://doi.org/10.3390/urbansci8040229 https://www.mdpi.com/journal/urbansci

https://doi.org/10.3390/urbansci8040229
https://doi.org/10.3390/urbansci8040229
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/urbansci
https://www.mdpi.com
https://orcid.org/0000-0003-2434-509X
https://doi.org/10.3390/urbansci8040229
https://www.mdpi.com/journal/urbansci
https://www.mdpi.com/article/10.3390/urbansci8040229?type=check_update&version=1


Urban Sci. 2024, 8, 229 2 of 24

wind direction, demonstrate the potential to reduce the impact of urban heat islands (UHIs)
and the equivalent temperature perceived by people [8]. These strategies also alleviate
thermal loads [2], leading to an enhanced TC, long-term resilience, and sustainability.
For instance, during hot summer months, people prefer higher wind velocities, such as
sea breezes, and seek shade under canopies, buildings, and trees, as shaded surfaces are
cooler due to reduced sun exposure [9,10]. Additionally, they tend to stay near vegetation,
which helps lower temperatures through evapotranspiration [11]. These factors collectively
contribute to TC, defined as the “state of mind that expresses satisfaction with the thermal
surroundings” [12].
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Remarkably, humans have historically developed ways to leverage natural resources,
such as wind, in innovative ways to regulate climatic conditions to naturally ventilate
spaces, especially in hot climates [13]. Undoubtedly, one of the most sophisticated tech-
niques is the windcatcher. It exemplifies architectural features that harmonize human-
created environments with nature [14,15] and is ingeniously customized to suit local
climatic conditions [16]. Windcatchers are recognized as a passive cooling design that oper-
ates without energy consumption and significantly reduces the cooling energy load [17].
This highlights the importance of minimizing reliance on energy-intensive HVAC systems.

1.1. Windcatcher: From Vernacular Architecture to Contemporary Applications

A windcatcher (or “Badgir” in Persian) is a tower mounted on the roof of a building,
typically consisting of an inlet to catch air, a vertical shaft to channel it, and an outlet to
expel it [18]. Its continuous operation is driven by two primary factors: wind force due to
air pressure, and buoyancy caused by temperature differences between the inside and the
outside [19]. Windcatchers come in various forms, differing in tower height, cross-section,
and the number of openings [20]. These variations are influenced by environmental condi-
tions and the architect’s preferences. For example, in the Persian Gulf region, windcatchers
incorporate water and evaporative cooling technology, such as underground water canals
known as ‘Qanat’ or ‘Naghab’ (Figure 2) [21,22]. Windcatchers are further categorized
into two main groups: unidirectional and bidirectional [23]. These categories vary in the
number of openings to suit the climate conditions of the area and ensure compatibility
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with periodic changes in prevailing winds [21,24]. This underscores their scalability and
adaptability to diverse environmental conditions [25].
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Figure 2. (a) Evaporative cooling system; (b) air path through the Badgir and earth (credit: Hossein
Ghandi, 2024).

Nowadays, windcatchers are enhanced in their design and performance by integrating
traditional shapes with modern devices, as exemplified by the Visitor Center at Zion
National Park in the US [26]. In urban settings, a notable modern example is the wind
tower in Masdar City, designed by Foster + Partners. This innovative structure incorporates
advanced technology to control the orientation of inlet louvers based on wind direction,
and utilizes mist jets to enhance air quality [27]. As another example, the “Air Trees”
designed by Ecosistema Urbano [28] (Figure 3) Office Architects consist of sixteen metallic
wind towers evenly distributed around its external perimeter [29]. Each wind tower is
equipped with three cylinders containing electric fans to facilitate evaporative cooling
ventilation. Additionally, six nozzles positioned just below the windcatcher section redirect
the airflow toward the pedestrian area [30].
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1.2. Windcatcher’s Challenges

The airflow circulation inside a windcatcher is a complex phenomenon influenced by
various external and internal factors, resulting in flow separation, recirculation, reattach-
ment, and secondary swirling flows [18,31,32]. As depicted in Figure 4, at the 90-degree
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bend, the air undergoes a sudden change in direction, leading to a centrifugal force that
pushes the flow toward the outer wall of the bend. This creates a significant pressure
gradient between the inner and outer walls, causing flow separation and the formation of a
recirculation zone due to the lower momentum of fluid near the inner wall [18,33]. This
tendency of airflow moving toward the outer wall extends the recirculation zone, leading
to increased flow losses and reduced performance of windcatchers. Therefore, frictional
and dynamic losses are crucial factors to consider as they directly impact the efficiency of
windcatchers. In recent years, numerous studies have aimed to address these challenges
and enhance windcatcher performance, as summarized in a non-exhaustive review in
Table A1.
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In urban contexts, windcatcher performance is significantly influenced by the sur-
rounding morphology [19,34], which affects the air mass by reducing its velocity and
altering its direction [35]. This influence is particularly notable at the level of the urban
canopy layer (UCL), which spans between ground level and the average height of build-
ings [36]. Morphological configurations can have both positive and negative effects on the
performance of windcatchers. For instance, the wind channel phenomenon can be utilized
to accelerate wind towards openings [37], while low-velocity regions created by obstacles
can diminish the induced airflow rate [38]. According to Nejat et al. [38], even at low wind
velocities, windcatchers are potential architectural elements that can enhance IAQ and TC
in diverse regions. Several studies have been conducted to assess the influence of external
factors on windcatcher performance, summarized in a non-exhaustive review in Table A2.

2. Materials and Methods
2.1. Research Gap and Scopes

Previous research has extensively studied windcatcher geometry and design parame-
ters such as the cross-section, internal partitions, openings, height, roof design, louvers,
and dampers. However, fewer investigations have evaluated the impact of external design
factors on windcatcher efficiency, such as upstream objects [13]. Despite technological
advancements leading to improvements, most studies still primarily focus on their perfor-
mance in indoor space ventilation. Consequently, there remain several unexplored areas
in the application of windcatchers in outdoor environments and their interaction with
external factors.

In this study, an innovative approach is proposed to utilize traditional windcatchers,
addressing a significant gap in current outdoor research. Our proposal involves employ-
ing windcatchers as passive outdoor ventilators integrated with blue and green features.
Our objectives were twofold: to uphold the inherent environmental sustainability of this
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technology and to explore novel applications. Additionally, we aimed to demonstrate how
this distinctive architectural feature and time-honored design can be creatively adapted to
meet contemporary needs, thereby promoting healthier and more sustainable living envi-
ronments. The focus of this paper is centered on assessing the performance of a one-sided
windcatcher to evaluate feasibility and potential future advancements. To achieve this, the
research objectives were structured into two main steps:

(a) Initial Design Step: During this phase, the theoretical concept was defined, emphasiz-
ing the development and interpretation of both geometric and sustainable attributes.
This process involved establishing foundational design principles and features, while
also identifying key parameters essential to design.

(b) Geometrical Assessment: This phase entailed evaluating the designed geometry and
its associated parameters through an iterative process involving multiple sequen-
tial steps. This encompassed creating the geometry using Rhinoceros 7 (McNeel),
conducting computational fluid dynamics (CFD) simulations in ANSYS to assess
its performance, and subsequently analyzing the outcomes to refine and finalize
the design.

2.2. Design Concept and Principles

TC is influenced by various factors, encompassing environmental, spatial, physiolog-
ical, and psychological aspects. The human body demonstrates remarkable adaptability
in maintaining its homeostasis. Adaptation can be classified into reactive and interac-
tive acclimatization, where reactive adjustments are personal and interactive adaptations
involve changes in the environment. These adaptations encompass both conscious and
subconscious adjustments to the surroundings, enabling individuals to thrive and re-
spond uniquely to extreme environments and changing conditions (Figure 5) [39]. Air
temperature, wind velocity, and humidity collectively influence how humans perceive the
outdoor environment, shaping what is commonly referred to as the “feels like” temperature.
This concept integrates factors such as wind chill temperature to accurately represent the
combined effect of these variables [40]. For instance, sweating is a biophysical function
considered a natural response of our body to regulate abnormal internal temperatures,
facilitating cooling through convective heat dissipation [10,41]. This process is highly influ-
enced by the surrounding wind velocity. In hot and humid environments, a high airflow
velocity accelerates the evaporation of sweat and enhances moisture removal by displacing
saturated air from the skin with unsaturated air [42]. To sum up, higher wind speeds are
generally associated with improved thermal comfort, particularly in humid climates, as
they enhance the body’s cooling process through faster heat dissipation, provided they do
not exceed comfortable levels.

On the other hand, windcatchers can capture high-velocity winds, particularly when
compared to those at the street level, resulting in purer air with reduced dust and pollution.
It is important to note that their effectiveness is directly dependent on their height, typically
ranging from 2 to 20 m above the building roof [43].

These correlations raise several questions:

(a) How effective would it be to design windcatchers at the street level as urban public
facilities (urban furniture) to capture higher air velocities present above the street level
and direct them downward? This could accelerate heat dissipation on pedestrians’
skin by directing induced airflow toward them (Figure 6).

(b) How could incorporating blue and green features enhance the public space surround-
ing windcatchers?

(c) How can the windcatcher design be made adaptable to fit into various urban contexts
with different site restrictions, such as obstacles like trees?
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To address the design questions, the windcatcher is conceived as a modular element
that can be assembled in various configurations based on the dimensions of the project
site, surrounding urban morphology, and potential obstructions (Figure 7). Each module
incorporates a variety of green and blue features aimed at enhancing passive cooling
performance and contributing to the overall aesthetic appeal in public spaces (Figure A1).
In terms of adaptability, the incorporation of green and blue features is tailored to meet the
specific requirements of the area (Figure 8a). For seasonal functional adaptation, during
winter, when cold and harsh winds prevail, the openings of the windcatchers can be closed
to prevent the channeling of cold winds while surfaces are kept dry. This adjustment
provides perceived shelter for pedestrians (Figure 8b).
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Figure 8. Designed with adaptability and functionality for different seasons: (a) during summer, the
system demonstrates its functionality by adjusting to the specific needs of the area. For instance, in
humid climates, using water features may not be desirable and can easily be replaced with a green
wall to maintain effectiveness. (b) In winter, the inlets are closed to prevent wind circulation, allowing
the structure to serve as a shelter for pedestrians.

To realize the design concept, two types of windcatchers were devised: 5 m height
and 10 m height. Additionally, an upstream object was incorporated to accelerate airflow
toward the openings. According to refs. [44,45], 0.5 height (H) is optimal for an upstream
element to enhance airflow and improve the performance of the windcatcher (Figure 9). A
curved outer wall, integrated with both the upper and bottom outer wall, was designed
to streamline airflow within the shaft, following recommendations from refs. [18,46–49].
Additionally, guide vanes, if necessary, will be incorporated to further optimize airflow
inside the shaft, as suggested by ref. [18]. During the optimization process, the distance
between the upstream object and the windcatcher (ranging from 4 to 5 m) was a variable
under examination. It is important to note that the outlet size remained fixed at 1.5 m,
which corresponds to the typical height of an adult human face [50].
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Figure 9. Flow visualization with smoke (a) for an isolated windcatcher model, (b) placing under the
short upstream object H/2, and (c) with longer a H/3 (H is the height of the windcatcher); “used
with permission from Afshin et al. [44], “Visualized Flow Patterns around and inside a Two-Sided
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Engineering, and Technology, 2014 (crop from the original)”.

2.3. CFD Simulation Parameters

For the CFD simulation, a computational model of a reduced-scale building was
constructed (details in Table 1), and the realizable k-ε turbulence model was chosen for
its proven effectiveness in predicting airflow inside windcatchers, supported by previ-
ous studies [18,31,45,51]. The computational grid was fully structured, consisting of
5,561,905 tetrahedral cells for a wind incident angle of 0◦. The boundary conditions were
set according to the dimensions depicted in Figure 10.

Table 1. Summary of the CFD model boundary conditions [18].

Near-wall treatment Standard wall functions
Turbulence model Realizable k-ε
Discretization Second-order
Pressure interpolation Second-order
Pressure–velocity coupling Simple
Pressure outlet Static, gage, value = 0
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3. Results
3.1. CFD Simulation

The primary objective of conducting CFD simulations was to investigate how wind
is delivered and distributed at the windcatcher outlet with the designed curved shaft.
Additionally, this study aimed to explore how the upstream object can support the design
and accelerate wind flow inside the shaft to facilitate efficient wind delivery. To examine
this, the wind velocity was set at 1.5 m/s for the 5 m high windcatcher and 4 m/s for
the 10 m high windcatcher. The decision to increase the wind velocity for the 10 m high
windcatcher served two purposes: firstly, to account for the higher wind flow gradient
at greater heights, and secondly, to explore the functionality of the windcatcher under
higher-velocity conditions. The simulation process was divided into three phases, each
progressively evaluating all predetermined parameters to achieve the optimal design.

Phase (1): Investigating optimal opening sizes and curvature radii for the upper and bottom
outer walls, while determining the ideal distance for the upstream element.
Phase (2): Introducing guide vanes, if necessary, to enhance airflow dynamics within the
windcatcher selected in Phase (1).
Phase (3): Apply insights gained from Phases (1) and (2) to refine the design of the 10 m
windcatcher.

3.2. Phase (1) Simulation Results

To test and optimize the designed windcatcher, a series of experiments were conducted,
involving variations in windcatcher shaft geometries and distances from the upstream
element. These configurations are illustrated in Figure 11 and detailed in Table A3.
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The results show that incorporating both upper and bottom curved outer walls im-
proves wind delivery at the outlet and diminishes the outer recirculation zone. Additionally,
windcatchers positioned at distances of 4 and 5 m from the upstream exhibited similar
performance in cases (A1-3) and (A1-4), with an exception noted for (A1-3-1). Furthermore,
in the case of (A1-2-2), increasing the inlet size from 1 m to 1.5 m with a radius of 1.5 m
resulted in a longer reattachment length and decreased airflow acceleration inside the shaft,
as illustrated in Figure 12. Conversely, in the case of (A1-4-2), increasing the inlet size along
with an increase in the radius of the outer wall to 1.75 m demonstrated enhanced airflow.
However, it extended the inner recirculation zone. Ultimately, widening the inlet size and
the shaft’s radius increased the inner recirculation zone and reattachment length, which
need to be addressed. Based on the results, categories A1-3-2 and A1-4-2 were selected for
further enhancements, as they demonstrated slight superiority over other cases, as well as
offered one extra meter of space for pedestrians, leading to maximizing the use of space in
the design.
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3.3. Phase (2) Simulation

To address the issue of the inner recirculation zone, guide vanes (Figure 13 and
Table A4) were introduced to assess their effectiveness in reducing reattachment length
and enhancing airflow uniformity in this design, following the methodology outlined in
ref. [18]. Different types of guide vanes are proposed and were designed based on the inlet
size and the curvature shape of the shaft.

As a result, improvements are observed across all cases (Figure 14). The guide vanes
prevented the outward drift of the flow in the bend and streamlined the flow by directing
it through narrower channels, leading to a higher flow uniformity at the windcatcher
outlet. However, while the 1 m inlet showed improved airflow and uniformity, it also
exhibited a slight reduction compared to the 1.5 m inlet. This is attributed to the complexity
and narrower passage of the guide vanes, which result in increased pressure losses. In
contrast, with a 1.5 m inlet, the windcatcher achieved greater uniformity efficiency while
maintaining accelerated airflow inside the shaft. These results underscore the critical role
of attentively designing the guide vanes to optimize airflow. In the conclusion of this
phase, the configuration identified as (A1-4-2-3) demonstrated slight superiority over other
alternatives due to its higher uniformity, simpler design, and effective airflow acceleration
and uniformity inside the shaft (Figure 15).
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Figure 15. (a) The airflow inside a shaft without guide vanes, as illustrated by red box, exhibits a long
recirculation length. (b) The enhancement of guide vanes improves airflow, as highlighted within the
red box.

3.4. Phase (3) Simulation

During Phase (3), simulations were conducted for a 10 m height windcatcher, charac-
terized in Table A5 and depicted in Figure 16. The airflow across all cases was found to
circulate effectively with appropriate uniformity. These configurations efficiently directed
wind at an acceptable velocity (~2 m/s) and distribution, as depicted in Figure 17. How-
ever, cases A2-1 and A2-2 exhibited higher pressure levels compared to A2-3 and A2-4,
attributed to narrower shaft dimensions. Increasing the radius of the outer wall was found
to mitigate pressure loss, resulting in smoother airflow. Additionally, case A2-4 showed a
slight advantage over A2-3, with a lower pressure observed within the shaft. These findings
align well with the design requirements, indicating that the incorporation of guide vanes is
not necessary.

3.5. The Designed Windcatcher in an Urban Context

The optimization study of the windcatcher design was conducted assuming an open
country terrain for simplicity and to establish fundamental design concepts. However,
evaluating its performance in an urban context was essential for a comprehensive under-
standing of its functionality. The objectives included analyzing how urban morphology
and turbulence affect the windcatcher’s performance and comparing it with simulations in
a free stream. This assessment aimed to offer insights into the windcatcher’s effectiveness
in urban settings and suggests improvements for urban applications in the future.

To accomplish this, we selected “Marker Park”, a location in Yazd located in the eastern
part of the city (Figure A2). Yazd is known for its rich history and traditional architecture,
where windcatchers have been utilized for centuries. By incorporating a new approach to
the design of windcatchers, this paper contributes to preserving the cultural heritage of the
region. Data extracted from Energy Plus Weather (EPW) [52], generated by Ladybug [53],
indicate extreme discomfort from May to September, particularly during the daytime,
with the Universal Thermal Climate Index (UTCI) peaking at around 42 ◦C (Figure S1a).
Consequently, there is a high demand for ventilation and air conditioning systems. The
prevailing wind direction, identified from the Wind Rose (Figure S1b), predominantly
comes from the north–north–west (NNW) with a frequency of 12.5%. Velocities below
0.5 m/s were excluded as they are generally considered calm and may go unnoticed [54].
The wind velocity was set at 3.84 m/s at a 10 m height. For efficient simulation, the district’s
3D model (Figure 18) was simplified using 14,218,384 tetrahedral cells. Building dimensions
were estimated from Google Earth Pro [55], assuming typical heights based on Eurocode
terrain categories. This classification applies to areas with regular vegetation or buildings,
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with isolated obstacles spaced up to 20 obstacle heights apart, encompassing environments
like villages, suburbs, and permanent forests [56].
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Figure 18. (a) The boundary of the simulation model (source: Google Earth Pro [55]). (b) Section from
the 3D model. (c) The simplified 3D model used for simulation.

The initial step involved analyzing natural wind flow patterns in the area without
windcatchers. The findings from Figure 19, marked within the dashed circle, indicate a
wind-channeling effect influenced by urban morphology. This effect becomes more pro-
nounced at higher elevations due to reduced obstruction disruptions. The presence of build-
ings creates an extended wake zone that directly affects airflow toward the windcatcher,
leading to significant low-velocity regions caused by urban roughness. The reduction in
wind velocity is primarily due to morphological factors: as the wind passes through build-
ings, its kinetic energy transforms into pressure energy, diminishing airflow momentum
and thereby decreasing velocity.
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In the second step, six windcatchers were installed; three were 5 m high and the
remaining three were 10 m high, as shown in Figure 18. The results indicate that reduced
wind velocity diminishes the induced wind capacity of the windcatchers due to decreased
airflow momentum. Additionally, upstream acceleration is less effective compared to an
open country terrain. While the behavior of the designed windcatchers differs in urban
contexts compared to simulations in open country settings, they still effectively deliver in-
duced airflow within urban environments and fulfill the intended design concept. However,
future improvements are necessary to enhance the design’s adaptation to urban conditions.

4. Discussion

In the simulation conducted across three phases to assess the potential of the designed
windcatcher, several key observations emerged.

4.1. Open Country Simulation Result

(a) Effectiveness of curvature in airflow: This study demonstrated that the curvature of
both the upper and bottom outer walls plays a crucial role in directing airflow toward
the target. By ensuring streamlined airflow, the upper curvature optimizes the air
movement, while the lower curvature facilitates the delivery of the induced wind
toward the outlet. These findings underscore the importance of carefully designing
inner walls to maximize efficiency.

(b) Impact of upstream on windcatcher performance: Leveraging the upstream object, in
this case a wall, can be a preferred alternative to effectively channel wind toward the
windcatcher’s inlet in an urban context.

(c) Influence of inlet and curvature radius parameters on enhancing airflow and reducing
pressure: In case (A1-2-2), increasing the inlet size from 1 m to 1.5 m with a 1.5 m radius
results a longer reattachment length and reduced airflow acceleration. In contrast, case
(A1-4-2) shows improved airflow with a larger inlet and a 1.75 m outer wall radius.
This highlights the link between the inlet size and inner wall curvature. Expanding
on the findings for the 10 m windcatchers, increasing the curvature radius of both
the outer and inner walls led to a notable decrease in pressure within the system,
facilitating improved air circulation and a more efficient distribution throughout
the windcatcher. However, widening the shaft led to the formation of an inner
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recirculation zone, underscoring the need for careful consideration when altering
structural dimensions.

(d) Impact of guide vanes on reducing reattachment length and minimizing the inner
recirculation zone: Although more complex configurations slightly impacted perfor-
mance, the effectiveness of guide vanes in minimizing the inner recirculation zone
was evident. These results highlight the importance of balancing design modifications
to avoid negatively impacting the windcatcher’s efficiency, preferably keeping the
design as simple as possible.

4.2. Urban Context Simulation Result

The initial simulations were conducted in an open country terrain setting. Recognizing
the importance of understanding windcatcher performance in an urban context, a district
in Yazd was selected for further testing. The goal was to evaluate the feasibility of the
designed windcatcher within a dense urban fabric.

(a) The initial step: Initial simulations without the windcatchers revealed a complex
turbulent pattern and an extended wake zone due to the urban morphology. However,
the selected site demonstrated a beneficial wind channel effect, making it optimal
for the windcatcher installation. This finding highlights the critical importance of
considering urban morphology and the impact of obstructions on general airflow
conditions before implementing windcatcher designs. The simulations illustrated that
existing buildings in the area accelerated wind velocity, which could be harnessed
to channel airflow toward the windcatchers effectively. This acceleration is crucial
for enhancing the performance of the windcatchers by increasing the airflow within
the system.

(b) The second step: Upon installing six windcatchers, it was observed that the interaction
of airflow with urban structures led to a conversion of kinetic energy into pressure
energy. This process resulted in a reduction in wind velocity, which in turn impacted
the performance of the upstream elements and reduced acceleration due to decreased
momentum (Figure 20a). Furthermore, this reduction affected the guide vanes and
the overall airflow circulation within the windcatchers (Figure 20b). Despite these
challenges, the simulations demonstrated that the designed windcatchers could still
provide effective airflow circulation and channel higher velocity downward, even
under the influence of the complex urban morphology. While turbulence and the
urban fabric inevitably affect wind velocity and direction, these issues can be mitigated
through future design improvements.

4.3. Research Gap

(a) Exploration of multi-directional windcatchers: This research focused on one-sided
windcatchers. Future advancements should explore the potential of multi-directional
windcatchers. Integrating windcatchers with advanced technologies, such as auto-
matic rotation toward incoming wind by utilizing sensors, could significantly enhance
their performance.

(b) Incorporation of Atmospheric Boundary-Layer (ABL) profiles: The experiments in
this study primarily focused on airflow and distribution using a uniform mean wind
velocity. To address this limitation, future research should incorporate ABL profiles
and mean wind speed variations.

(c) Optimization for various terrain types: The design optimization in this study was
based on open country terrain without obstacles, providing a straightforward guide-
line and prototype. Future research should explore other terrain types to develop
designs better adapted to urban conditions. This approach can raise awareness of the
impact of morphological patterns on windcatcher performance and help identify the
most suitable urban contexts for such designs. For instance, categorizing building
morphologies could lead to guidelines for windcatcher implementation in diverse
urban environments.
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(d) Evaluation of TC and OTC: The primary aim of this paper was to assess the feasibility
of windcatchers as an urban feature under isothermal conditions. Future studies
should evaluate the influence of windcatchers on OTC and temperature-reduction
windcatchers to better understand the relationship between aerodynamic features
and TC.

(e) Impact of various upstream geometries: In the present work, the upstream object was
considered a simple shape. Future research should investigate the impact of various
upstream geometries on airflow and windcatcher performance to gain a deeper
understanding of their external impacts such as the curved, inclined forms. This
would provide more comprehensive insights into optimizing windcatcher designs
based on different upstream configurations.
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5. Conclusions

By identifying key research gaps, this study provides a roadmap for future advance-
ments in windcatcher technology. The design innovatively combines traditional principles
with proven strategies such as guide vanes [18], upstream objects [44,45], and curved
shafts [46–49,57,58], alongside sustainable features like green façades and water elements
to enhance outdoor comfort and promote sustainable urban environments. This work also
encourages designers to modernize traditional designs, adapting them to meet contempo-
rary demands. Through iterative CFD simulations, parameters such as curvature radius,
inlet size, upstream height, and object placement were studied to optimize windcatcher
performance. The curvature of the windcatcher walls plays a crucial role in directing
airflow, while well-positioned upstream objects improve performance based on their height.
Increasing the curvature radius and inlet size enhances airflow but can cause inner re-
circulation if dimensions are not properly balanced. Guide vanes reduce recirculation
zones and reattachment lengths, with simpler designs proving more efficient. In complex
urban environments, accelerated wind due to the tunnel effect can benefit windcatcher
performance. However, obstructions, such as buildings or trees, can cause a reduction
in wind velocity, negatively impacting upstream and vane efficiency, which highlights
the need for the careful consideration of urban morphology and context. Despite these
challenges, windcatchers demonstrated the potential to channel wind effectively even in
the urban context if designed well. Looking ahead, future research should explore multi-
directional windcatchers, incorporate ABL profiles, analyze diverse terrain types, explore
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the numerical and experimental analysis of TC and OTC, and investigate various upstream
geometries to optimize windcatcher efficiency in urban settings.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/urbansci8040229/s1, Figure S1: Environmental data related to Yazd
(the city of the case study). Figure S2: Three-dimensional visualization of the designed windcatcher.
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Nomenclature

IEA International Energy Agency
HVAC Heating, ventilation, and air conditioning
UHI Urban heat island
IAQ Indoor air quality
OTC Outdoor thermal comfort
TC Thermal comfort
Qanat A system for transporting water from an aquifer or water well to the surface through an

underground aqueduct; the system originated approximately 3000 years ago in Iran.
Naghb The earth–air heat exchanger in Persian
UCL Urban canopy layer
EPW Energy Plus Weather
UTCI Universal Thermal Climate Index
NNW North–north–west
CFD Computational fluid dynamics
RWH Rainwater harvesting
H Height of windcatcher

Appendix A. Summary Tables of the Lectures

Table A1. Summary of previous lectures on internal geometrical parameters affecting windcatcher
performance.

Ref. Parameter Windcatcher Type Key Findings

[18] Roof geometry and
guide vans One-sided

- Adding the inlet extensions, using guide vanes, and
rounding the outer wall improve the performance of
the windcatcher.

[46] Width, height, and
curved roof Four-sided

- Adding a curved roof can potentially increase airflow
speed by promoting better aerodynamic flow over
the structure.

- Reducing the width from 2.5 m to 2 m resulted in a 34%
increase in airflow through the middle, maintaining
suitable comfort levels. However, further reducing the
width from 2 m to 1.5 m led to a 50% increase in velocity,
causing discomfort due to higher airflow speed.

https://www.mdpi.com/article/10.3390/urbansci8040229/s1
https://www.mdpi.com/article/10.3390/urbansci8040229/s1
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Table A1. Cont.

Ref. Parameter Windcatcher Type Key Findings

[47] Shaft shape, inlet One-sided
- Curved shapes with double inlets enhance airflow by

promoting dynamic air movement, which can lead to
improved airflow speeds at outlet points.

[48] Flat, inclined, and
curved roofs One-sided

- Inclined and curved roof wind catchers achieve a 7% and
15% increase in flow rate, respectively, compared to flat
roof types.

- At air incident angles of 30◦ and 60◦ with a free stream,
induced airflow is reduced by 10% and 67%, respectively.

[49] Roof geometry and the
wind direction One-sided

- Windcatcher ventilation relies on induced pressure, which
is influenced by the shape of the roof and the direction of
the wind.

- Curved roof windcatchers perform optimally at zero wind
incident angles, resulting in higher induced flow rates.

[57] Flat, inclined, and
curved roofs Two-sided

- Modifying the geometry of the inlet, such as installing a
curved lip, can reduce the reduction of airspeed due to
turbulence by up to 40%.

[58] Curved roof One-sided - The curved roof windcatcher improved airflow
distribution within the courtyard.

Table A2. Summary of previous lectures on external geometrical parameters affecting windcatcher
performance.

Ref. Parameter Windcatcher Type Key Findings

[38] Influence of terrains Two-sided

- High roughness length and non-uniform distribution in
suburban and urban terrains compared to open and rough
regions with relatively smoother surface features.

- The highest flow rate is typically observed in open terrain,
primarily due to the higher average wind velocity in such
environments.

- Windcatchers demonstrated the capability to operate
effectively even at lower wind velocities.

[44] Upstream Two-sided

- The performance of a wind-catcher in high-density urban
areas significantly depends on the height and distance of
upstream structures relative to the windcatcher itself.

- Implementing an upstream object with 0.5H can
effectively increase the airflow directed toward the
windcatcher.

[45] Upstream One-sided

- A one-sided windcatcher design holds significant
potential for effective ventilation in urban settings.

- A shorter upstream configuration relative to the height of
the windcatcher can enhance airflow efficiency.
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Appendix B. Windcatcher Elements in Detail 

 Figure A1. (a) Each element comprises multiple individual features that can be tailored to suit the
specific demand of the area and availability of the resources. (b) The general schematic idea to
integrate a circular system, enabling the system to function effectively and sustainably. The arrows
indicate the direction of water circulation. The light blue represents the pumped water entering the
system, while the dark blue represents the water exiting the system for filtration and purification.
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Appendix C. Summary Tables of Windcatcher Parameters in Each Phase

Table A3. Phase (1), category-A1.

Category A1-1 A1-2 A1-3 A1-4

Sub-category -1, -2 -1, -2 -1, -2 -1, -2
Size of windcatcher (m) 1.5W×2L×5H 1.5W×2L×5H 1.5W×2L×5H 1.5W×2L×5H
Height of upstream (m) 2.5 2.5 2.5 2.5
Distance of upstream (m) 4, 5 4, 5 4, 5 4, 5
Inlet (m) 1 1.5 1 1.5
Upper and bottom curves (m) R1.5, R0.5 R1.5, R0.5 R1.75, R0.75 R1.75, R0.75
Wind velocity (m/s) 1.5 1.5 1.5 1.5

Table A4. Phase (2), category-A2.

Category A1-3-2 A1-4-2

Sub-category -1, -2, -3 -1, -2, -3
Size of windcatcher (m) 1.5W×2L×5H 1.5W×2L×5H
Height of upstream (m) 2.5 2.5
Distance of upstream (m) 5 5
Inlet (m) 1 1.5
Upper and bottom curves (m) R1.75, R0.75 R1.75, R0.75
Wind velocity (m/s) 1.5 1.5

Table A5. Phase (3), category-A3.

Category A2-1 A2-2 A2-3 A2-4

Sub-category - - - -
Size of windcatcher (m) 2W×4L×10H 2W×4L×10H 2W×4L×10H 2W×4L×10H
Height of upstream (m) 5 5 5 5
Distance of upstream (m) 10 10 10 10
Inlet (m) 2.5 3 2.5 3
Upper and bottom curves (m) R3, R1 R3.5, R1.5 R3, R1 R3.5, R1.5
Wind velocity (m/s) 4 4 4 4
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