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Natural Ventilation is a sustainable passive strategy for enhancing thermal
comfort and reducing energy consumption in buildings with fluctuating
occupancy levels, such as mosques. This study investigates the effects of
varying inlet-to-outlet opening ratios using different schemes, simulated
through Computational Fluid Dynamics (CFD) with the RANS model via
OpenFOAM (Butterfly plugin in Grasshopper). Based on urban wind profiles,
this research evaluates wind-driven Ventilation under isothermal
conditions. The simulation examines five inlet-outlet opening ratios (ranging
from 1:1 to 1:5), two inlet configurations (single vs. double), five building
lengths (5x10, 10x10, 15x10, 20x10, and 25x10 m), and three building
heights (3 m, 4 m, and 5 m). Results indicate that an opening ratio of 1:3
provides the optimal balance between airflow efficiency and thermal
stability, particularly concerning solar radiation effects. The single-inlet
configuration yields higher air velocity at standing height (1.1 m), whereas
the double-inlet setup promotes a more uniform vertical airflow
distribution. Increasing building height enhances airflow due to reduced
ground-level resistance, while elongated floor plans (over 10 m in length)
experience flow stagnation in the central zone. These findings underscore
that optimal natural ventilation in mosques depends on opening ratios,
spatial proportions, and inlet configurations. Such insights contribute to
climate-responsive mosque design, especially in dense urban environments,
supporting energy-efficient and comfortable indoor conditions during
congregational prayers.
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1. INTRODUCTION

Mosques differ significantly from all other types of buildings due to their distinctive functional and
operational requirements. Mosques are buildings characterized by external loads, often dominated by
irregular and fluctuating occupancy schedules. The occupants significantly contribute to these external
loads [1]. For such buildings, internal thermal loads are primarily determined by design features influenced
by external climate factors, such as orientation, the surrounding environment, and the building envelope,
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among others [2]. The indoor air quality in mosques is also influenced by outdoor weather and climate
conditions [3]. Therefore, optimizing the building's thermal performance is crucial for maintaining thermal
comfort for occupants and ensuring energy efficiency [4]. Thermal comfort for worshippers ensures a calm
and conducive atmosphere during prayer [5]. Since the quality of worship is the central purpose, it is
enhanced by tranquillity during its performance [6].

The HVAC (Heating, Ventilation, and Air Conditioning) system is critical in energy use within
mosques [7]. Nowadays, most mosques rely heavily on HVAC systems to provide thermal comfort for
worshippers [8]. Many mosques also prioritise aesthetics and symbolism in their design, often neglecting
geo-climatic considerations. It significantly impacts thermal performance, leading to inefficient energy
usage [9], and makes such buildings prone to excessive energy consumption [10]. Moreover, HVAC systems
often fail to maintain comfort in large-capacity spaces [8]. Solar radiation also contributes to indoor
discomfort, especially during peak sunlight [11]. Additionally, body heat generated by worshippers standing
close together during prayer contributes to internal heat gain [12][1]. Making it a primary factor influencing
thermal comfort [13]. From a thermal comfort perspective, indoor space is generally achieved when the
Predicted Mean Vote (PMV) falls within the range of -0.5 to +0.5, indicating that most occupants feel
thermally satisfied. In warmer seasons, assuming light clothing insulation (around 0.5 clo) and moderate
activity levels (1.0-1.2 met), the optimal operative temperature for comfort typically ranges between 23°C
and 27°C. The standard also recommends maintaining relative humidity between 30% and 60% to support
thermal comfort and indoor air quality [14].

A passive design approach aims to create climate-responsive buildings through the selection of
appropriate materials, orientation, and greenery, while facilitating and enhancing natural ventilation
strategies. Since daily prayers involve minimal and short-term occupancy, a passive approach can be a
sustainable alternative for improving thermal comfort during low-occupancy periods and reducing energy
consumption [9]. For buildings like mosques, which are often dominated by external loads, the most crucial
design feature for thermal comfort and energy efficiency is the thermal envelope [15][16]. Optimising the
thermal performance of a building through the building envelope is the most effective passive method to
reduce external thermal loads. Optimising design parameters and operational schedules can only achieve
acceptable thermal comfort levels while simultaneously decreasing energy usage [15]. Hence, it is vital to
determine the key design components for mosques within specific geo-climatic contexts and to explore
energy-efficient design alternatives.

Natural ventilation stands out as a compelling alternative in building envelope design. Its
functionality maximises indoor air circulation by allowing air to enter and exit the space, thus lowering
indoor temperatures [16] [15]. It is found that ventilation is often problematic in buildings, primarily due to
insufficient airflow, which can be mitigated through effective openings [17]. Similarly, [15] found that
optimal air temperature is achieved when high wind speeds coincide with minimal solar radiation.
Therefore, wind speed and solar radiation are critical factors affecting indoor temperature [18]. Natural
ventilation is a wise choice when implemented with strategies that can significantly impact indoor comfort,
particularly when wind speed reaches the comfort threshold, thereby helping to minimise discomfort,
especially within the limitations present during prayer activities [19] illustrates that varying the ratio
between inlet and outlet openings using a cross-ventilation model is a promising and sustainable strategy in
mosque design [15]. Additionally, it is reported that the smaller the opening ratio, the greater the pressure
drop, which in turn increases indoor wind speed [15]. It further confirms that the number of openings
follows the same principle. Another influential factor besides the ratio is the orientation of the incoming
wind [20]. Reports indicate that several initiatives have begun to explore these strategies to optimize
natural ventilation performance, laying a foundation for examining other related parameters. In this study,
the approach of varying the inlet and outlet opening ratios and wind orientation will be further explored for
application in mosque buildings. Naturally, these must be adapted to the activities occurring within the
mosque, particularly congregational prayers, as the primary function. This research examines the
performance of these strategies when applied to mosque models with rectangular layouts, extending
laterally and longitudinally, and featuring varying roof heights.

This study examines the impact of varying inlet and outlet ratios at different scales and wind
orientations as passive strategies that influence wind patterns, wind speed, and air exchange within
mosque interiors. It also integrates multiple mosque models, varying in size, height, and activity patterns,
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particularly in terms of obligatory prayers. These models are explored using simulations on the
Computational Fluid Dynamics (CFD) platform.

2. INTRODUCTION

2.1 Selection of CFD Analysis Model

Based on previous studies, the Reynolds-Averaged Navier—Stokes (RANS) model is preferred due to
its advantage of significantly lower computational cost compared to Large Eddy Simulation (LES) and Direct
Numerical Simulation (DNS). This is because of the Reynolds decomposition assumption, which separates
time-dependent turbulent velocity fluctuations from the mean flow velocity [21]. Moreover, the RANS
model is frequently applied in studies focused on evaluating turbulence model performance, making it
suitable for calculating indoor airflow with high precision [22]. Therefore, this research adopts the RANS
model as the foundation for CFD simulation. This study focuses solely on wind-driven ventilation. This
research does not consider the effects of ventilation caused by temperature differences (or buoyancy
forces). Therefore, all simulations were carried out under constant temperature (isothermal) conditions.
The simulation in this study uses Rhinoceros 3D software integrated with Grasshopper and the Butterfly
plugin, which serves as an interface for OpenFOAM. Butterfly enables a flexible and parametric setup of CFD
simulations, including defining boundary conditions, mesh types, and physical parameters related to
airflow. This approach allows researchers to visually and numerically analyse airflow patterns and wind
speed distributions across various building opening design scenarios.

2.2 Simulation Process

There are three key stages in the simulation process of this study: 1) Preprocessing: This involves
creating a three-dimensional model, configuring input data, setting boundary conditions, and validating the
model. 2) Solving: In this stage, the CFD solutions are computed based on the parameters configured during
preprocessing. 3) Post-processing: The final step is visualising and analysing the results, typically in graphs
or images.
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Figure 1. The flow of the CFD simulation process using a parametric 3D model.
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2.3 Simulation Parameters

This study adopts a hypothetical case, with the testing conducted in a designated area serving as
the simulation space. Jakarta is used as a choice of wind speed data for analysis in the simulation,
considering that the city represents one of the most energy-consuming urban areas in Indonesia [22],
aligning with the research focus on reducing energy consumption within buildings. Regarding location
selection, wind direction is crucial as a primary parameter in the simulation, given its significant impact on
ventilation performance [23]. In line with this, wind speed data is required to determine the boundary
conditions in the simulation process. Such data can be obtained from the available meteorological agency.
EnergyPlus Weather (. EPW) files are the primary data component used as the basis for this research. These
data files are integrated with the Climate Consultant software, which processes them to display both visual
and numerical data over several years. The software offers options to view the data on a daily, monthly, or
yearly basis. The time frequency list can be adjusted based on the specific research needs, and in this study,
the average monthly wind speed data is used.
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Figure 2. Average Wind Speed in One Year.

Table 1. Simulation Parameters.

PARAMETERS VALUE
Wind Velocity 2,85m/s
" ateral sides & helght x Locward) 3H x SH x 15H
Grid Spacing 0,6 meters
Glob Refine Level Middle 2,3
Landscape Area Size 7 (City Center)
Wind orentation 90°(1,0,0)
Ratios between Inlet and Outlet 1:1,1:2,1:3,1:4,1:5

Based on Table 2. To realistically model airflow using Computational Fluid Dynamics (CFD), it is
essential to accurately represent the actual environmental conditions of the study area. In this research,
simulations were conducted using the Butterfly plugin in Grasshopper, where one of the key parameters
defined was terrain roughness. This factor plays a crucial role in shaping the wind speed profile at the
simulation boundary, particularly at the inlet. It helps ensure that the generated airflow patterns closely
resemble real-world conditions. The simulation used wind speed data specific to Jakarta, a city known for its
densely built environment. Jakarta's urban landscape is characterized by a mix of high-rise and low-rise
buildings, uneven surfaces, and diverse infrastructure elements. Due to this complexity, the area was
classified as Category 7 regarding terrain roughness, corresponding to a roughness length (z,) of 2.0 meters
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or more. This category is typically applied to environments with chaotic layouts, such as city centres with
many obstacles that affect wind movement, like buildings of different heights, vegetation, and narrow
roads.

Category 7 was selected to better capture the turbulent and irregular wind flow conditions in
Jakarta. It enables the model to account for reduced wind speeds and increased turbulence resulting from
physical obstructions. It is especially relevant for evaluating how natural ventilation might perform in dense
urban settings, where space and airflow can be restricted. By applying this terrain roughness category to
the wind inlet settings in Butterfly, the simulation produces airflow results that more closely reflect the real
urban conditions of Jakarta. It helps improve the study's accuracy and supports a deeper understanding of
how building design interacts with local microclimates in crowded city areas.

Furthermore, the wind orientation was limited to O degrees, representing airflow directly
approaching the natural ventilation inlet. This simplification was adopted to reduce the complexity of the
simulation variables and represent the most stable and direct wind condition relative to the inlet opening.
By focusing on this optimal scenario, the analysis can more accurately assess the natural ventilation
performance, eliminating the influence of varying wind directions that may introduce additional
complexities [24].

24 Computation Domain

The dimensions of the computational domain were defined based on established best practices for
CFD simulations in urban atmospheric flow studies, as outlined by [25] and other relevant guidelines [26]. In
this setup, the domain boundaries were located at distances of 3H upstream (windward), 5H laterally (from
both sides of the building), and 15H downstream (leeward), where H denotes the height of the scaled
mosque model. These proportions are widely adopted to ensure the accurate development of the boundary
layer and minimize the influence of domain size on simulation results.

The upstream distance of 3H was selected to allow sufficient flow development while maintaining
computational efficiency. Although longer windward extents are recommended for high-accuracy
turbulence modelling, several studies have demonstrated that a 3H upstream distance is adequate to
prevent artificial acceleration or distortion of the inlet flow profile, particularly in cases involving isolated
low-rise buildings [27] [28] [29]. The lateral extent of 5H provides adequate space to reduce blockage
effects and lateral flow recirculation. At the same time, the downstream length of 15H ensures that wake
development and flow separation can be fully captured without reflection effects from the outlet boundary.

SH

3H_ 15H SH

=
()

SH

Figure 3. Windtunnel Size as Simulation Domain.

2.5 Solver Setting

The airflow was modelled as turbulent; therefore, the Reynolds-Averaged Navier—Stokes (RANS)
equations were combined with the standard k-€ turbulence model [30]. This two-equation model is widely
used in natural ventilation studies because it strikes a balance between computational efficiency and
accuracy. Previous research has shown that the k-€ model reliably predicts indoor airflow behaviour under
various conditions [31] [32]. A steady-state solver for incompressible and turbulent flow was applied to
solve the velocity-pressure coupling, using the Semi-Implicit Method for Pressure-Linked Equations
(SIMPLE) algorithm [33]. Under-relaxation factors were set at 0.3 for pressure and 0.7 for velocity, turbulent
kinetic energy (k), and dissipation rate (€), to enhance numerical stability by controlling the update rate of
each variable during iteration [34].

Second-order discretisation schemes were adopted for convective and diffusive terms to improve
solution accuracy. Specifically, the bounded Gauss linear Upwind [35] scheme was applied for convection
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terms. In contrast, the Gauss linear limited corrected scheme, with a non-orthogonal correction factor of
0.333, was used for diffusion terms. Convergence was evaluated based on residual thresholds (set at a
maximum of 10°) and monitoring key output parameters such as velocity and pressure at selected probe
points, particularly near window openings. The solution converged when residuals stabilised and the
solution imbalance remained below 0.5%.

2.6 Mesh Processing and Boundary Conditions

Accurate and stable results in Computational Fluid Dynamics (CFD) simulations depend heavily on
the quality of mesh generation. In this research, CFD analyses were conducted using the Butterfly plugin
within the Grasshopper environment, which serves as a visual interface for the OpenFOAM solver. Mesh
generation was performed using the SnappyHexMesh algorithm, a widely used tool for producing
structured and unstructured hexahedral meshes that adapt effectively to complex geometries [36]. To
improve the precision of simulations, two mesh refinement levels were implemented: level 2 and level 3.
The second level of refinement provides a moderate mesh density, suitable for initial testing and
comparative studies.

In contrast, the third level provides finer resolution in key areas such as wall surfaces and openings,
which is crucial for capturing detailed flow features and turbulence patterns [37]. Boundary conditions were
established based on the physical setup of the model, including specified velocity inlets, pressure outlets,
and no-slip wall boundaries, in accordance with standard CFD protocols [38]. The careful setup of mesh
parameters and boundary conditions plays a crucial role in ensuring the reliability of CFD outputs,
particularly when evaluating natural ventilation performance and airflow patterns in architectural spaces.

Table 2. Grid sensitivity with CFD.

Refine Residuals )
Mesh Type Levels Ux Uy Uz P Cumt{latfve
Continuity
Coarse 2,3 2,0x10° 3,1x10° 9,1x10° 1,1x10° 1,306 x 10°
Medium 3,4 2,1x10° 3,2x10° 9,3x10° 4,6 x 10° 1,309 x 106
Fine 4,5 3,6 x 10° 6,4 x 10°® 15,8 x 10°® 4,4x10° 1,305 x 10®

2.7 Research Object

The ratio between inlet and outlet openings is the primary parameter in this study, with the
building model developed using a cross-ventilation approach. The mosque model simulated in this research
has a floor plan dimension of 10 x 10 meters. This area is estimated to accommodate 100 worshippers
during congregational prayer. The estimation is based on the standard space allocation per individual,
approximately 0.72 m? (60 x 120 cm?). Therefore, the total capacity is projected to be around 138
individuals under optimal conditions. However, this figure does not account for the space occupied by
structural columns or the designated area for the prayer leader (imam).

Table 3. Simulation Test Model Indicators.

Opening Ratio (Inlet to Outlet Ratio) 1:1;1:2; 1:3;1:4;1:5
Number of inlet and outlet difference schemes linlet 1 outlet hole and 2 inlet holes 1 outlet hole
Area 5x10; 10x10; 15x10; 20x10 ; 25x10 meters
Height 3, 4, 5 meters

Beyond the inlet-outlet ratio, this study also examines the influence of two additional parameters:
variations in floor area and building height. The floor area variations are limited to five configurations,
namely: 5 x 10 m2, 10 x 10 m?, 15 x 10 m?, 20 x 10 m?, and 25 x 10 m2. These configurations are designed to
assess the impact of the inlet-outlet ratio on ventilation performance in buildings with increasing
longitudinal dimensions between the inlet and outlet openings.

Building height is assessed through three variations: 3 meters, 4 meters, and 5 meters. It is
intended to determine its effect on indoor airflow velocity, using the inlet-outlet ratio as the primary

The Influence of Inlet and Outlet Ratios on the Performance of Natural Ventilation in Mosque, Indonesia
(Imron Ahmadi)



JARINA - Journal of Artificial Intelligence in Architecture 118

control parameter. These variations in area and height are not combined with other factors, as the study is
deliberately limited to a manageable scope due to time constraints and its exploratory nature.

Two additional design schemes are tested, differentiated by the number of inlet openings. This
variable is examined to assess its effect on indoor wind velocity, considering that wind speed generally
increases with height [39]. However, regarding total opening area, both schemes maintain equivalent inlet
surface area to ensure comparability.

The primary output of this research is the wind speed within the prayer space, which directly
influences the thermal comfort and overall experience of mosque users, particularly during obligatory
prayers that typically have the most extended duration. Wind velocity vectors are evaluated at a height of
1.1 meters, corresponding to the average standing head height of occupants, based on data from [40]. The
inlet and outlet openings are also aligned to this reference height, as illustrated in Figure 4. The complete
visualisation of the simulation schemes employed in this study is presented in Figure 5.

a Standing Person OUTLET
Doing Prayer

1lnlet: 1 Outlet

2 Inlet : 1 Outlet

Area

Height

Figure 5. Simulation Scheme
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2.8 Post-Processing

Figure 6 represents that the final output of this study evaluates two indicators: 1) the wind speed
on the horizontal surface inside the mosque at a height of 1.1 meters, and 2) the airflow pattern occurring
within the room, both horizontally and vertically. Each point of the measured wind velocity vectors was
planned with a spacing of 0.6 meters.

(a) (b) (c)
Figure 6. Final Output Visualization of This Study
(a) Horizontal Vector Plan, (b) Vertical Vector Plan, (c) Vector Spacing.

29 Wind Speed Standard

The categorization of wind speed values is used to help analyze simulation results and reflect
possible real-life conditions in the field based on those wind speed values.

Table 4. Indoor Wind Speed Standard.

Wind Speed (m/s) Effect on Comfort Cooling Effect (at 30°C)
<0.25 Not noticeable 0°C
0.25-0.5 Most comfortable 0.5-0.7°C
0.5-1 Still comfortable, but air movement is noticeable 1.0-1.2°C
1-1.5 Maximum comfort level 1.7-2.2°C
1.5-2 Less comfortable, breezy 2.0-3.3°C
>2 Occupant health affected by high wind speed 2.3-4.2°C

Source: [41]

3. RESULTS AND DISCUSSION

The discussion in this chapter is divided into three sections: 1) the comparison results between
buildings with one and two inlets, respectively, 2) differences in height, and 3) what happens when the
building becomes increasingly elongated from the inlet side to the outlet.

31 Difference Between 1 Hole and 2 Holes Inlet

The two presented graphs show that at a height of 1.1 meters, the configuration with a single inlet
generates higher air velocity than the two-inlet configuration. Although the airspeed generally decreases
from the starting point to near the outlet, the velocity remains higher in the single-inlet scheme. Moreover,
based on Figure 8, the vertical distribution of air velocity within the space appears more even in the single-
inlet setup, aligning with the needs of worship activities as shown in Figure 4. The dominant position during
prayer is standing, though sitting is also involved, making the presence of airflow at different heights crucial
for the thermal comfort of the worshippers.

Meanwhile, the two-inlet scheme shows a unique characteristic: a sharp drop in air velocity up to
point 4, followed by stable flow until near the outlet (point 15). Another advantage of the two-inlet scheme,
especially at a 1:1 ratio, is that the wind speed remains above 0.4 m/s—unlike in the single-inlet scheme,
which drops below that threshold between positions 11 and 13. This finding aligns with the research in [42],
which states that a multi-inlet system in large rooms can produce a more symmetrical airflow pattern and
be thermally more efficient for space users.
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Based on the wind speed trends, the variation in inlet-to-outlet ratios from 1:3 to 1:5 shows a
tendency toward stagnation in flow performance improvement. It supports findings from the study [43],
which state that there is an optimal point in determining the ratio strategy between the inlet and the
outlet. Compared with the wind speed standards referenced in Table 4, the minimum wind speed recorded
across all ratio variations still falls within the comfort category for room occupants.

Wind Velocity in Different Ratio between 1 Inlet Wind Velocity in Different Ratio between 2 Inlet
and 1 Outlet and 1 Outlet
1.80 1.80
1.60 1.60
1.40 1.40
Q) i
S~
£ 120 £ 120
‘E>, 1.00 Z 100
o Q
< 0.80 % 0.80
'; A >
2 060 T 060
% 040 2 040
0.20 0.20
0.00 0.00
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 123 4 5 6 7 8 9 1011 12 13 14 15 16
position (from inlet to outlet) position (from inlet to outlet)
——1:1 —e—1:2 1:3 1:4 —e—1:5 ——1:1 —e—1:2 1:3 1:4 —e—1:5

Figure 7. Comparison of Simulation Results between Using 1 and 2 Openings

However, these results must be further examined in subsequent studies, as this simulation has not
yet involved human objects directly performing worship activities indoors. Additionally, the strategy of
varying inlet and outlet ratios should also consider the influence of solar radiation. While the 1:5 ratio does
produce the highest initial wind speed, it also exhibits greater exposure to thermal radiation. The
effectiveness of ventilation against radiation influence is greatly affected by the orientation of the inlet
toward the heat source and the capacity of incoming air to replace hot air inside the space. Therefore,
based on the simulation results, the 1:3 and 1:4 ratios can be more ideal for facing high solar radiation
conditions while maintaining airflow stability within the space.

—___ .
-
—
—
—
a)

b)
Figure 8. Horizontal and Vertical Airflow Patterns in Different Schemes
(a) 1inlet, (b) 2 Inlets
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3.2 Floor Area

The simulation in this study was conducted by varying the floor area of the mosque building, using
a fixed inlet-to-outlet opening ratio of 1:3. This ratio was chosen based on initial simulation results that
indicated optimal performance in terms of incoming airflow and control over solar radiation, both of which
affect thermal comfort within the space.

Wind Velocity in Different Floor Area
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Figure 9. Wind Velocity Average and Visualization in Different Floor Area

5x10 m

The simulation results show that across all room length variations, wind speed tends to be high
near the inlet (approximately 1.6-1.8 m/s), but drops sharply as the distance from the inlet increases. Flow
stagnation becomes more significant in rooms with longer dimensions, such as 20x10 m and 25x10 m, as
visualised by the dark blue areas in the horizontal diagram (Figure 9), indicating wind speeds approaching
zero in much of the central area up to near the outlet.

Interestingly, from dimensions of 10x10 m to 25x10 m, there is no significant improvement in wind
speed distribution despite the increase in room length. It suggests that increasing room length enlarges the
stagnation zone and reduces the effectiveness of natural ventilation. Therefore, in the context of mosque
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design that relies on passive cross ventilation, it is important to consider limiting room length or
implementing additional architectural strategies to maintain overall thermal comfort. This issue is caused by
reduced thermal pressure differences and a weakened stack effect in longer spaces [44].

33 Height

In the height variation scheme, the inlet-to-outlet opening ratio was also limited to 1:3, similar to
the floor area variation scheme. This approach serves as a preliminary exploration for this study. Figure 10
illustrates that, in general, an increase in building height correlates with an increase in the average indoor
wind speed. At the initial positions, the different heights (5, 4, and 3 meters) show significant differences in
wind speed. However, this speed progressively decreases along the path toward the outlet (position 16),
with a tendency toward stagnation occurring after position 10.

Wind speed generally increases with building height. This is because, near ground level, wind is
obstructed by elements such as vegetation, buildings, and surface terrain. As height increases, these
obstructions diminish, allowing wind to move more freely. This phenomenon aligns with the landscape
selection used in the Butterfly simulation, specifically landscape no. 7 [45] elaborates that this is known as
the "speed or height effect," where wind blows stronger at higher elevations due to reduced surface drag
and the absence of aerial obstructions.

Wind Velocity in Different Height of Building
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Figure 10. Wind Velocity and Visualization in Different Height of Building
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Therefore, within this study, a height of 5 meters tends to be the most effective option, even
though between positions 4 and 8, the 4-meter height exhibits slightly higher wind speeds. Furthermore,
based on Table 4, all three height scenarios maintain wind speeds above 0.4 m/s, indicating that none fall
below the threshold for comfortable indoor wind speed.

4. CONCLUSION

This study examines the impact of variations in the inlet-to-outlet opening ratio, as well as
differences in building height and floor dimensions, on the performance of natural ventilation in mosque
buildings, particularly in densely populated urban areas. The results indicate that an opening ratio 1:3
provides a more optimal balance between airflow and thermal stability. A single-inlet configuration
generates higher air velocity at standing height (1.1 meters), a critical parameter for comfort during prayer,
while a dual-inlet configuration offers more stable airflow distribution advantages.

Furthermore, taller buildings, especially those with a height of 5 meters or more, exhibit improved
airflow due to reduced upper-level obstruction. However, elongated buildings (15 meters or more) tend to
experience poor airflow in the central zone, compromising ventilation efficiency. It highlights the significant
role of spatial form and proportion in the design of passive ventilation systems.

Based on these findings, several potential directions for future research are proposed:
1. Incorporating simulations of occupant presence to represent actual usage conditions during
prayer.
2. Integrating dynamic occupancy modelling to reflect realistic heat loads during worship activities.
3. Including the influence of solar radiation and thermal mass to enhance the accuracy of ventilation
performance under realistic climatic scenarios.
4. Exploring the application of hybrid ventilation systems that combine passive and mechanical
strategies to overcome performance limitations in large or irregularly shaped prayer halls.
5. Conducting experimental validation through field measurements to support and calibrate
simulation results.
This study provides valuable insights for architects in designing mosques that prioritise thermal comfort
and energy efficiency, particularly in urban environments where indoor climate control presents unique
challenges
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