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performance. This study employs numerical simulations to examine the influence of building Accepted : 261 Oct. 2025

shapes on ventilation performance in naturally ventilated building models. The wind-driven
cross-ventilation through buildings with flat and pitched-roofs was investigated. Various
building configurations were considered based on the position of openings in the building KEYWORDS
facades. To assess the natural ventilation efficiency of these configurations, numerical
calculations were carried out to evaluate the normalised average velocity magnitude (V*),
velocity homogeneity index (H), and air change rate (ACH). The results showed that a
configuration with a windward opening near the ground and a leeward opening near the roof
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yielded the highest V* and H values for both flat and pitched-roof buildings. However, for the m’g’olfgzn Z Z/;tormance
same configuration, V* and H were 17.69% and 13.24% higher in flat-roof buildings than in porairqually
Building aerodynamics

pitched-roof buildings. The highest ACH value in both flat-roof and pitched-roof buildings was
obtained for the configuration with a windward opening at the mid-height of the building fagade
and a leeward opening near the ground. The ACH value for this configuration was 2.8% higher
in flat-roof buildings than in pitched-roof buildings. These findings can support the design and
optimisation of natural ventilation systems in buildings with improved ventilation performance.

1. INTRODUCTION

The recent outbreak of the COVID-19 pandemic has once again brought attention to the extensive use of natural
ventilation in residential and commercial buildings, schools, and hospitals. In natural ventilation, the exchange between
outdoor fresh air and indoor air takes place continuously, resulting in dilution of the indoor contaminants. It was found
that compared to a confined space, the infection rate by the SARS-CoV-2 was reduced significantly in a naturally
ventilated space [1]. Hence, spreading diseases like COVID-19 can be controlled in naturally ventilated buildings. Using
natural ventilation in buildings also helps the occupants reduce occurrences of other diseases like Sick Building Syndrome
(SBS).

The energy consumption in buildings constitutes a significant portion of global energy use, emphasizing the need
for enhanced energy efficiency measures in building design and operation. Over the years, this has become a focal area
of research with natural ventilation emerging as an attractive solution due to its inherent energy efficiency [2]. Natural
ventilation leverages environmental airflows to exchange indoor and outdoor air, reducing the reliance on mechanical
ventilation systems. Researchers and designers have long been interested in its potential, with various strategies being
employed to optimise its effectiveness. Typically, natural ventilation is facilitated through strategically placed openings,
such as windows and doors, on building facades. Two primary types of natural ventilation are widely recognised: single-
sided ventilation and cross-ventilation. In single-sided ventilation, air exchange occurs through openings on a single
facade, limiting its effectiveness due to constrained airflow paths. Conversely, cross-ventilation involves openings on
opposing facades, enabling air to flow across the building. This mechanism significantly enhances ventilation efficiency,
making cross-ventilation the preferred choice among engineers and architects [3].

The performance of natural ventilation systems is primarily assessed based on two critical criteria: indoor air
distribution (IAD) and indoor air quality (IAQ). Quantitative evaluation of IAD often involves parameters like normalised
average velocity magnitude (V*) and velocity homogeneity index (H), both of which indicate the uniformity and
effectiveness of airflow within a space. Higher values of these parameters signify improved mixing and distribution of
air. Additionally, qualitative assessments of IAD can be conducted using velocity contours and vector plots that visually
represent airflow patterns. IAQ, on the other hand, is measured using the air change rate (ACH) and the mean age of air
(MAA). ACH quantifies the rate at which indoor air is replaced with outdoor air, reflecting the overall ventilation rate,
while MAA provides a quantitative measure of air residence time within an indoor space, which is indicative of ventilation
performance and indoor air quality [4].
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Previous research highlights the importance of these metrics in evaluating ventilation performance. For instance,
Zhou et al. [5] employed MAA, while Bayoumi [6] utilized both MAA and ACH to assess the efficacy of natural
ventilation. Sacht and Lukiantchuki [7] analysed ACH and airflow direction, establishing a link between air exchange
rates and ventilation effectiveness. The use of ventilation rates as a benchmark for performance evaluation is widespread
[8-10], with Hwang and Gorlé [11] incorporating MAA to provide a more comprehensive assessment. Similarly, Diaz-
Calderon et al. [12] applied a combination of V*, H, and normalised volume flow rate to evaluate natural ventilation,
reflecting the multi-dimensional approach to assess performance. The effectiveness of cross-ventilation is significantly
influenced by various building features, including the position, size, and shape of openings as well as the geometry of the
building itself. Among these, the location of openings plays a pivotal role. Cross-ventilation configurations can be
classified as symmetric, where openings are axially aligned, or asymmetric, where openings are diagonally positioned.
While most existing studies focus on symmetric configurations [13, 14], the exploration of asymmetric configurations
has been relatively limited. To address this gap, several researchers [15, 16] have investigated the impact of both
symmetric and asymmetric configurations on cross-ventilation performance. Tominaga and Blocken [17] demonstrated
that airflow rates are strongly influenced by the position of the windward opening, with higher rates observed when the
windward opening is placed at the top, regardless of the leeward opening's position. Moey et al. [18] corroborated these
findings, noting that symmetric configurations with both openings at the top achieve superior ventilation rates compared
to asymmetric setups. These observations align with earlier studies [19], reinforcing the critical role of opening placement
in optimizing cross-ventilation systems.

The studies reviewed above predominantly focus on simple cubic buildings with flat-roofs, leaving a gap in
understanding how building shapes influence natural ventilation performance. Building shapes play a critical role in
determining pressure distribution around the structure, which directly impacts airflow and ventilation effectiveness [20].
This underscores the need to investigate natural ventilation in buildings with diverse geometric configurations to expand
the scope of current research beyond basic cubic forms. Perén et al. [21] explored natural ventilation in buildings with
sawtooth roofs featuring asymmetric openings. Their findings indicated that variations in the height of the leeward
opening had minimal impact on the volume flow rate. Furthermore, negligible differences in the average velocity within
the occupied space were observed when the leeward opening was located near the roof. This suggests that factors other
than opening height may play a more significant role in influencing ventilation performance in such configurations.
Similarly, Xing et al. [22] examined pitched-roof buildings with varying opening arrangements, finding that the positions
of openings significantly affected internal pressure. This is a crucial consideration, as internal pressure impacts not only
ventilation performance but also the structural integrity of the building, especially under varying wind conditions. Hayati
et al. [23] compared airflow rates in buildings designed for cross-ventilation versus those with single openings. Their
study revealed that cross-ventilation achieved substantially higher airflow rates. Moreover, the incident direction of the
wind relative to the openings was critical; when the wind direction was perpendicular to the openings, airflow rates were
significantly enhanced compared to parallel wind directions. These findings highlight the importance of wind direction
in optimizing natural ventilation systems. Despite these advancements, there remains a lack of consensus on which
building shapes and configurations yield the best natural ventilation performance. This ambiguity is particularly evident
when comparing common building geometries, such as flat and pitched-roofs. Addressing this gap, the present study aims
to comprehensively evaluate natural ventilation performance in buildings with flat and pitched-roofs, as these are among
the most widely utilized shapes. The investigation considers multiple opening configurations to determine how the
placement of openings on the building fagades and building shapes collectively influence ventilation effectiveness.

The primary objective of this research is to identify the building geometry and an appropriate opening configuration
for the given building geometry for which maximum natural ventilation performance is achieved. By focusing on
parameters such as airflow distribution and rate of air exchange, this study seeks to provide actionable insights for
architects and engineers. These insights not only enhance indoor air quality and occupants’ thermal comfort but also
promote energy-efficient building designs by leveraging passive ventilation strategies.

2. MATERIALS AND METHODS

To comprehensively analyse cross-ventilation flow in various building configurations, this study employs advanced
computational techniques. Specifically, the three-dimensional steady-state Reynolds-averaged Navier—Stokes (RANS)
equations are solved numerically to simulate airflow patterns and assess ventilation performance. The simulations are
performed using the ANSYS Fluent software, version 19.0, a robust computational fluid dynamics (CFD) tool widely
recognised for its accuracy and reliability in modelling complex fluid flows.

2.1 Building Configurations and Computational Domain

In the present investigation, two building models with flat and pitched-roofs (a roof pitch of 5:10) are considered.
The length (1) and width (w) of both models are taken as 12 m and 6 m, respectively. In the case of the pitched-roof
building models, the eave height (h) is fixed as 6 m, which is equivalent to the height of a two-storey building. However,
to keep the internal volume of both models equal, a height of 6.75 m (h) is chosen for the flat-roof building models. Both
building models consist of two openings of equal sizes, 6.0 m x 1.2 m (width x height), and are located on two opposite
facades, i.e., windward and leeward facades. The schematic diagram of the building models is shown in Figure 1.
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Figure 1. Perspective view of the building models with dimensions (in metres) (a) pitched-roof and (b) flat-roof

The current study examines seven different opening configurations to evaluate the performance of natural ventilation
in building models with flat and pitched-roofs. These configurations consist of two openings on the buildings’ windward
and leeward facades. The openings are located at different heights above the ground. The height of the centreline of the
windward and leeward openings from the ground is indicated by L1 and L2 in Figure 2. Among these seven
configurations, one has axial openings, i.e., the symmetric configuration (S-0), and in the rest of the configurations (A-1
to A-6), openings are located diagonally, i.e., asymmetric configurations. The details of these configurations are provided
in Table 1.

Wind
) - - s o B nt Nt
LII ILZ L1 | | L2
Figure 2. Schematic representation of a configuration with its openings located at the height of L1 and L2 from the
ground

Table 1. Details of the configurations studied
Height of the windward opening  Height of the leeward opening

Configurations from the ground in metres from the ground in metres

(L) (L2)

S-0 3 3

A-1 4.5 3

A-2 4.5 15

A-3 3 4.5

A-4 3 15

A-5 15 4.5

A-6 15 3

To perform the numerical simulations, the computational domain was generated, and its dimensions are specified in
line with prescribed best practice guidelines. The best practice guidelines were established in accordance with the
recommendations of Franke et al. [24] and Tominaga et al. [25]. Moreover, Blocken et al. [26] suggested keeping the
upstream length equal to three times the building height (i.e., 3h). A schematic diagram of the computational domain with
its dimensions is shown in Figure 3. Further, to accomplish the numerical simulations, the computational domain is
divided into a finite number of grids. The grids near the building are of the tetrahedron type; however, hexahedral elements
and prism layers are employed far from the building model and near the solid boundary. Moreover, finer grids are used
in the vicinity of the building (Figure 4).

journal.ump.edu.my/jmes 10955



Dasetal. | Journal of Mechanical Engineering and Sciences| Volume 19, Issue 4 (2025)

Sh l
X

] Sh
3h 15h

l—)X Sh 3h 15h

Z
(a) (b)
Figure 3. Schematic diagram of the computational domain with its dimensions (a) top view (plan), (b) front view
(elevation)

Figure 4. Perspective view of the grids generated on the computational domain

2.2 Boundary Conditions

The computational domain and its various boundaries are shown in Figure 5, and different boundary conditions
employed for the solution of the governing equations are presented in Table 2.

Symmetry

//N/é\\ Outlet

Symmetry
Ground
Figure 5. Schematic diagram of the computational domain with its various boundaries

Table 2. Details of the various boundary conditions employed in the present study
Name of the Boundary  Boundary Type  Boundary Settings

Inlet Velocity Inlet Logarithmic wind speed profile
Outlet Pressure outlet  Atmospheric outlet

Lateral and Top Planes  Symmetry The gradient of the variables is zero
Ground Wall No-slip condition with roughness
Building Fagades Wall No-slip with smooth surface
Openings Interior -

The distributions of streamwise velocity profile U(y), turbulent kinetic energy k(y), turbulent dissipation rate (&), and the
specific dissipation rate (w) at the inlet are provided below.

U(y)=”'%ln[—y;y°j M

o)
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In Eq. (1), uyp,, is the friction velocity; yo (= 0.0001 m) is the aerodynamic roughness length, y is the height coordinate,
and « is the von Kérmén constant, which is taken as 0.4. The value of w}g, is estimated as 0.347 m/s, considering the
value of U as 10 m/s (=Urr) at a height (yr=h=6 m) [27].

k(y)=a(1,(y)u(y)) 7
The constant a value in Eq. (2) was selected as 1 as recommended by Tominaga et al. [25]. The streamwise turbulent
intensity (1, (y) ) profile obtained by [28] from the wind tunnel measurements is employed here, and the profile is defined

in Eq. (3).

. 1
IU(Y)In[;/] 3)
o U
g(y)_x(y+yo) (4)
()= Sers ©

here, the value of the empirical constant, Cy, is 0.09.

The building surfaces have a roughness constant (Cs) of 0.5 and a sand grain roughness height (ks) of 0. For the ground
surfaces, the value of Csis assumed to be 1, and ks is evaluated based on the values Cs and y, according to Eq. (6).

9.793y,
=T ®

S

k

2.3 Solver Settings

The current study utilised the ANSYS-FLUENT (v.2019) software package to numerically simulate the natural
ventilation in buildings induced by the atmospheric wind. The governing equations, namely the three-dimensional steady-
state Reynolds-averaged Navier-Stokes (RANS) equations, were solved using the k-o Shear Stress Transport (SST)
turbulence model, chosen for its effectiveness in capturing the complex flow dynamics around building structures.
Detailed steps of the solution methodology adopted are presented in Table 3. Convergence criteria were rigorously defined
to ensure accuracy in the numerical results. Specifically, convergence was considered achieved when the scaled residuals
for continuity and the x, y, and z momentum, as well as the turbulent kinetic energy (k), reached a threshold value of 10~
and 10~ for specific dissipation rate (o), respectively. Initial simulations exhibited oscillatory convergence, a common
challenge in such complex CFD analyses. To address this, first, simulations were carried out for 5000 iterations before
sampling and averaging the solutions over the final 500 iterations. A similar methodology has been applied in prior
studies, as reported in [29].

Table 3. Summary of the solver settings used for numerical simulations

Turbulence Model k—o SST turbulence model
CFD code ANSYS FLUENT 19.2
Algorithm SIMPLE

Pressure Interpolation Scheme  Second-order

Discretization Scheme for Second-order upwind scheme

Transport Equations

2.4 Validation of the Numerical Simulations

A validation study was performed to assess the accuracy of the numerical model in predicting the cross-ventilation
flow. The numerical model was validated against the experimental work of Karava et al. [19], who used a reduced-scale
building model with a length and width of 0.1 m and a height of 0.08 m. The Reynolds number for the flow, based on an
upstream wind speed of 6.97 m/s at the building height, was calculated to be 7.6 x 10*. According to Cui et al. [30], the
critical Reynolds number for indoor flow in wind-driven cross-ventilation is 15000. Given that the flow Reynolds number
significantly exceeds this critical value, the flow is Reynolds-number independent, and therefore, the numerical solution
is independent of model dimensions. Furthermore, Ramponi and Blocken [29] also endeavoured to replicate the wind
tunnel measurement results obtained by [19]. The findings of the current numerical simulations exhibit a reasonably good
agreement with both the above-mentioned studies (Figure 6(a)). Nevertheless, minimal discrepancies between the
numerical and experimental results are noted. The inherent limitations of PIV measurements cause these minor
aberrations. A schematic diagram of the model used for the validation study is shown in Figure 6(b).
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Figure 6. (a) Comparison of U/Uref along the normalised streamwise direction (x/D), (b) Cross-sectional view of the
building model used in the validation study

2.5 Grid Independent Test

To check that the simulation results are independent of the number of grids generated throughout the computational
domain, a grid independence test was carried out for the configuration S-0 for a pitched-roof building model. Numerical
simulations were performed on the said model using different types of grids as provided in Table 4, keeping all other
conditions unchanged. The variation in normalised streamwise velocity (U/Uref) along the line joining the midpoints of
windward and leeward openings is presented in Figure 7(a). The streamwise velocity distribution for basic and fine grids
have shown negligible variation between them; however, for coarse grids, the difference is significant. Hence, further
simulations were done using the basic grid to optimise the computational cost involved.

Table 4. Different types of grids

Type of grid No. of elements
Coarse Grid 1721133
Basic Grid 2638635
Fine Grid 4193546
i —:— Coarse grid :
08} - —e— Basic grid :
LA —-— Fine grid !

041 N - \
1 L |
1 “‘ [l \ \
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Figure 7. (a) Comparison of U/Uref along the normalised streamwise direction (x / w) for different types of grids,
(b) Cross-sectional view of the building model used in the grid-independent study

3. RESULTS AND DISCUSSION

This section presents the results of the current work, focusing on airflow patterns within the building models. To
evaluate the ventilation performance of the various building configurations, parameters such as normalised average
velocity magnitude (V*), velocity homogeneity index (H), and air change rate (ACH) are analysed and discussed.

3.1 Velocity Field

To better understand the airflow through the interior of the building models, velocity vector plots along the vertical
mid-plane of the various configurations with flat and pitched-roofs are presented in Figures 8 and 9. The configurations
considered in this study exhibit a similar airflow pattern for both roof shapes. The outdoor flow field is characterised by
forming a standing vortex upstream of the building when the windward opening is located at or above mid-height of the
windward wall. It is observed that the vortex size is larger when the windward opening is positioned above the mid-height
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of the building. In contrast, the standing vortex is not observed when the windward opening is located below the mid-
height of the windward wall. The distinctive feature of the indoor flow is marked by the formation of a jet as the air enters
the building through the windward opening, progresses through the interior, and ultimately leaves through the leeward
opening. The position of the windward opening governs the jet's trajectory. Regardless of the position of the leeward
opening, the jet moves downwards when the windward opening is situated at mid-height or below the mid-height of the
building wall. Conversely, the jet moves upwards when the windward opening is situated above the mid-height of the
building wall. Furthermore, for configuration A-4 in both roof shapes, a continuous stream tube forms, connecting the
windward and leeward openings; therefore, the flow experiences less resistance compared to other configurations.
Moreover, for configurations with the windward opening located at mid-height, the jet moves downwards and a
recirculation region is observed below the jet.

3.2 Normalised Average Velocity Magnitude (V*)

The normalised average velocity magnitude (V*) is determined using Eq. (7), as defined by [12]. The magnitude of
V* is an indicator of indoor air distribution (IAD), and a higher value of VV* signifies improved indoor air quality (IAQ).
V= Yas (7)
U
here, Vayg and Uy represent the average velocity magnitude in the indoor space and the reference velocity at the building
height, respectively.

ref

Figure 10(a) shows that in flat-roof buildings, the normalised average velocity magnitude (V*) in asymmetric opening
configurations is higher than in symmetric configurations except for configuration A-4. The peak value of V* is attained
for configuration A-5, in which the windward and leeward openings are located diagonally below and above the mid-
height of the building fagades, respectively. The increased magnitude of V* signifies enhanced indoor air quality in
asymmetric opening configurations, resulting in improved natural ventilation effectiveness. The magnitude of V* in
configuration A-5 is 45.45% higher than the symmetric configuration (S-0). In contrast, the magnitude of V* in
configuration A-4 was found to be 8.5% lower than that of configuration S-0.

9

Figure 8. Velocity vector plot on the vertical mid-plane of a flat-roof building for configurations (a) S-0, (b) A-1, (c) A-
2, (d) A-3, (e) A-4, (f) A-5, (9) A-6

Figure 10(b) compares the magnitude of V* between symmetric and asymmetric opening configurations in pitched-
roof buildings. For all the asymmetric opening configurations, the magnitude of VV* is found to be higher than the
symmetric configurations. Further, the difference in magnitude of V* between configuration A-4, where the opening in
the windward wall is situated at the mid-height, and the opening in the leeward side is located below the mid-height of
the building wall, and S-0 (symmetric configuration) is less significant. Similar to the flat-roof buildings, the peak value
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of V* is attained for the configuration A-5 in pitched-roof buildings, which is 31.48% higher than the symmetric
configuration (S-0).

The variation in the magnitude of VV* across different configurations can be attributed to the indoor airflow patterns
specific to each configuration, as illustrated in Figures 8 and 9. The continuous 'stream tube' formed by the indoor air
between the windward and leeward openings in configuration A-4 is responsible for the lower VV* values observed for
both roof shapes. Additionally, the air stream traverses a longer path in asymmetric configurations compared to symmetric
ones as it moves from the windward to the leeward opening, leading to higher V* values in asymmetric configurations.

Notably, among the asymmetric opening configurations, A-5 exhibits the highest V* value, irrespective of building
geometry. This is because the airstream must travel the longest path from the inlet to the outlet in A-5, as the airstream's
radius of curvature is the largest in this configuration compared to other asymmetric configurations. Furthermore, Figure
11 demonstrates that the V* value for configuration A-5 is higher in flat-roofed buildings than in pitched-roofed buildings.
This difference is attributed to the higher mean internal pressure in the flat-roof building compared to the pitched-roof for
configuration A-5, causing the airstream to experience greater resistance and resulting in air accumulation inside the
building.

(b)

patr s i |

Figure 9. Velocity vector plot on the vertical mid-plane of pitched-roof building for configurations (a) S-0, (b) A-1, (c)
A-Zl (d) A-31 (e) A-4l (f) A-Sl (g) A-6
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pitched-roof building models
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Figure 11. Comparison of normalised average velocity magnitude (V*) for configurations A-5 in flat and pitched-roof
building models

3.3 Velocity Homogeneity Index (H)

The parameter velocity homogeneity index, H, is estimated using Eq. (8) as suggested by Cruz-Salas et al. [31]. H
is also an indicator of IAD and is therefore related to IAQ. A higher value of H indicates enhanced IAQ.

O,
H=1--- (®)

avg
where oy is the standard deviation of velocity magnitude in the occupying space, and Vay is the average velocity
magnitude.

The velocity homogeneity index (H), which measures the uniformity of airflow within a building, was evaluated for
six asymmetric opening configurations and compared against the symmetric configuration (S-0) in a flat-roof building,
as illustrated in Figure 12(a). The results indicate that the value of H is generally higher in asymmetric configurations
than in the symmetric configuration, except for configuration A-4. Among all configurations, A-5 exhibited the peak H
value, while A-4 had the lowest. Notably, H for configuration A-5 was observed to be 78.6% higher compared to S-0,
demonstrating significant improvement in airflow mixing. Conversely, in A-4, the H value was 29.96% lower than that
of S-0, suggesting reduced airflow uniformity. Additionally, while configurations A-1 and A-3 showed minor differences
in H, configuration A-2 recorded a higher H value than both A-1 and A-3. Elevated H values in certain configurations
suggest a more homogeneous distribution of air velocity throughout the building's interior. This reduces air stagnation,
promotes better dilution of indoor contaminants, and hence improves overall air quality [32].

Furthermore, H values were analysed for pitched-roof buildings with identical configurations, and the comparison
is presented in Figure 12(b). The variation in H for pitched-roofs followed a pattern similar to that observed in flat-roof
buildings. For configuration A-5, the H value in pitched-roofs exceeded S-0 by 74.52%, slightly less than the
corresponding increase observed in flat-roofs. In contrast, configuration A-4 showed a decrease of 28.85% in H compared
to S-0. Interestingly, the pitched-roof results diverged from those of flat-roofs as configurations A-1 and A-2 had lower
H values than A-3. Despite these variations, configuration A-5 consistently exhibited the highest H values across both
building shapes, underscoring its efficiency in enhancing airflow uniformity. A detailed comparison of flat and pitched-
roofs for configuration A-5, shown in Figure 13, revealed that H was higher in flat-roof buildings. This difference may
be attributed to factors similar to those influencing variations in VV*, as discussed in the study. These findings highlight
the significant impact of roof shapes and opening configurations on airflow patterns, emphasizing the importance of
optimal design for improved indoor air quality.
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Figure 13. Comparison of normalised average velocity magnitude (H) for configurations A-5 in flat and pitched-roof
building models

3.4 Air Change Rate (ACH)

The parameter air change rate (ACH) is also extensively used to measure the IAQ, as it is one of the practical methods
of determining the IAQ [6]. The air change rate (ACH) can be determined mathematically by using Eq. (9). Here, ACH
represents the number of times the fresh air is supplied to the indoor or ventilated space per hour. Therefore, higher ACH
indicates improved 1AQ.

B 60xQ
Volume of the occupying space

ACH 9)

here, Q represents the volume flow rate in m%min and the volume of the indoor space in m3.

The calculated air change rates (ACH) for flat-roof and pitched-roof buildings with six different asymmetric opening
configurations and one symmetric configuration are compared and shown in Figure 14. ACH in the symmetric
configuration (S-0) is higher than the other asymmetric configurations, except A-4. The ACH attains the peak value for
A-4, and the lowest ACH value is noted for the configuration A-5. Higher ACH means more recirculation of fresh air,
which improves indoor air quality. The variation of ACH in A-1, A-2, and A-3 is less significant in both flat and pitched-
roof buildings. Similar to flat-roof buildings, in pitched-roof buildings, too, the highest ACH is obtained for configuration
A-4, and the lowest ACH is achieved for A-5. The ACH in A-4 is 6.65% higher than the symmetric configuration (S-0)
in flat-roof buildings; however, in A-5, it is 26.65% lower than the S-0. Additionally, in pitched-roof buildings, ACH is
higher in  A-4 by 13.36% than S-0, and in A-5 it is 22.54% lower than S-0.

It is worth noting that the peak ACH value is obtained for configuration A-4 among all other configurations in both
flat and pitched-roof building models. As discussed in the previous section, the formation of the continuous stream tube
between the building's inlet and outlet in configuration A-4 causes an increase in airflow rate, resulting in a higher air
change rate. However, the ACH is 2.8% higher in pitched-roof buildings compared to flat-roofs for configuration A-4
(Figure 15). This is because a more prominent recirculation region forms above the jet in the flat-roof model than in the
pitched-roof, which weakens the stream tube in the flat-roof model and consequently lowers the ACH.
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Figure 15. Comparison of ACH for configurations A-4 in flat and pitched-roof building models

4. CONCLUSIONS

This study investigates the effectiveness of natural ventilation in indoor spaces with two distinct building shapes:
flat and pitched-roofs. Numerical simulations were conducted to analyse various configurations of openings, placed either
axially or diagonally, to assess their impact on ventilation performance. The evaluation was based on three key
parameters: normalised averaged velocity magnitude (V*), velocity homogeneity index (H), and air change rate (ACH).
These parameters provide insights into indoor air distribution, mixing, and the rate of air replacement, which collectively
determine the quality of natural ventilation. The results reveal that configurations with diagonally positioned openings
generally yield better ventilation performance compared to axially positioned openings, irrespective of the roof shapes.
Among all configurations tested, the flat-roofed building with the windward opening near the ground and the leeward
opening near the roof (Configuration A-5) exhibited the highest values of V* and H. This indicates enhanced indoor air
distribution and improved mixing due to the longer airflow path and increased turbulence, which effectively dilute indoor
contaminants and improve air quality. Conversely, the highest ACH was observed in the pitched-roof building when the
windward opening was positioned at mid-height and the leeward opening near the ground (Configuration A-4). This
configuration facilitates a streamlined flow path with reduced resistance, enabling faster air exchange and more frequent
replacement of indoor air with fresh outdoor air. These findings suggest that the optimal configuration for maximizing
V* and H in flat-roofed buildings is A-5, whereas A-4 is the most effective for achieving high ACH in pitched-roof
buildings. The study provides critical insights into optimizing natural ventilation performance through the strategic
placement of openings in different building shapes. By identifying configurations that maximize ventilation efficiency,
the findings can guide the design of sustainable building ventilation systems that reduce energy consumption while
improving indoor air quality. These results are particularly relevant for architects and engineers aiming to design energy-
efficient buildings that prioritize occupant health and comfort. Future research could explore the effects of varying
opening shapes, the relative sizes of windward and leeward openings, and different incident wind directions on ventilation
efficiency in both flat and pitched-roof buildings.
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