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ABSTRACT: Studying airflow inside and outside a building is crucial for optimizing natural ventilation.
A key factor influencing these flows is the size of the inlet and outlet openings on the building’s walls.
This study investigates the effect of this parameter using RANS equations in steady-state, three-
dimensional conditions, with the SST-kw turbulence model. Models with identical cross-sectional areas
at the building’s inlet but different aspect ratios were used. The highest and lowest air flow rates into
the building were observed in models with aspect ratios of 1.56 and 0.39, respectively. To examine the
impact of wind direction on air flow rate, wind angles from 0 to 75 degrees were analyzed. Results
show that air flow rate becomes independent of inlet dimensions at wind angles greater than 30 degrees.
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Additionally, increasing window height leads to a decrease in high-velocity regions inside the building,

while low-velocity and stagnation areas expand. Pressure coefficient analysis on the building’s exterior
reveals that pressure variations on the windward wall are greater than on the leeward wall. This study
highlights the importance of opening dimensions and wind direction in determining airflow behavior,
providing valuable insights for enhancing natural ventilation strategies.
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1- Introduction

Natural ventilation plays a vital role in indoor air
quality, thermal comfort, and building energy consumption
[1]. Natural ventilation has garnered significant attention
in recent years due to its role in achieving zero carbon
emissions and its positive impact on human health. In
modern societies, individuals spend more time indoors,
leading to an increased demand for thermal comfort and
indoor air quality. Consequently, this heightened demand
has resulted in excessive energy consumption by heating,
ventilation, and air conditioning (HVAC) systems. To reduce
building energy consumption and carbon emissions, natural
ventilation has emerged as a viable alternative for maintaining
optimal thermal comfort inside buildings. Recently, with
the growing importance of energy consumption reduction
and the emergence of situations such as the COVID-19
pandemic [2], the study of natural ventilation processes has
gained considerable attention among researchers. This study
focuses on the application of natural ventilation in buildings,
specifically examining the relationship between the
volumetric airflow rate into the building, occupant comfort
in terms of airflow distribution, and pressure distribution
under various conditions. This approach to analyzing natural
ventilation processes is seldom explored in literature. The
study investigates the influence of inlet and outlet dimensions
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on airflow within a building under varying wind directions,
considering these dimensions as a key parameter in building
ventilation. The dimensions were selected such that all
models had identical inlet cross-sectional areas but varying
aspect ratios, creating different geometric shapes. A numerical
simulation of a one-story building with two windows at
the front and rear was conducted using computational
fluid dynamics (CFD). The SST-ko turbulence model was
employed due to its accurate results in comparison with other
numerical and experimental studies. Based on the boundary
conditions, optimal ventilation rates were determined to aid
in reducing energy consumption for building ventilation.

2- Methodology and physical modeling

To numerically investigate the effects of window
dimensions and wind direction, ANSYS Fluent 18 [3] was
used for the analysis. The study employed the RANS equations
in a steady-state, three-dimensional framework, coupled
with the SST-ko turbulence model for simulating turbulent
flow. To compute the wind flow around the building using
the SST-ko turbulence model, the continuity and momentum
equations, along with the equations for the turbulence
parameters k and o, were solved. Six fundamental equations
are required to solve this flow, which are commonly used
in CFD simulations. These include one continuity equation,
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Fig. 1. The schematic of the modeling process includes
the building model and the definition of the wind direc-
tion angle.

three momentum equations in the X, y, and z directions, one
equation for k, and one for ®. The unknown parameters to
be determined include the velocity components in the X, y,
and z directions, pressure (p), turbulence kinetic energy (k),
specific dissipation rate (w), and turbulence viscosity ().
These parameters are typically calculated using the governing
equations and boundary conditions. The SIMPLE algorithm
was employed to link velocity and pressure. The discretization
of the terms related to viscosity and convection was carried
out using second-order approximation. Convergence criteria
for parameter ® were set to 10, for parameter k to 10, and
for the velocity components to 10, Also, Figure 1 presents
the overall parameterized range under investigation, as well
as the definition of the wind direction angle.

The dimensions of the building models in terms of length,
width, and height are 100, 100, and 80 mm, respectively,
corresponding to a real building size of 20, 20, and 16 m.
The models examined in this study have identical building
dimensions but differ in window sizes. To introduce and
differentiate between the models, the aspect ratio, obtained
by dividing the height by the width of the windows, is used.
This ratio is calculated using the following equation.

AR = (1)

S

3- Discussion and Results

To validate the obtained results, a comparison was made
with the experimental study conducted by Karava [4] at
Concordia University, Canada, and the numerical study
performed using the LES method by Chu and Chiang [5].
The comparison of the obtained results with the two studies
conducted by the aforementioned references shows a nearly
satisfactory alignment between the results.

The results obtained for different window dimensions,
shown in Figure 2, indicate that the highest ventilation rate
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Fig. 2. The percentage increase in volumetric flow rate
for models with varying window dimensions at a 0°
wind angle compared to the reference model

occurs in the model with an aspect ratio of 1.56, while the
lowest rate is observed in the model with an aspect ratio of
0.39. Additionally, as the width-to-height ratio of the window
increases, the overall flow rate decreases.

The results indicate that for wind angles greater than 20°,
an increase in the wind angle leads to a significant decrease
in the ventilation rate. However, in models with wind angles
less than 20°, no noticeable changes are observed at a given
aspect ratio. Additionally, the analysis of the velocity profile
changes at points along the line connecting the centers of
the building’s inlet and outlet, located in the building’s mid-
plane, shows that the velocity variation within the building
(0.2<y/L<1) follows the same trend for different aspect
ratios. In the central region of the building (0.4<y/L<0.8), due
to the constant cross-sectional area and steady flow rate, the
velocity remains almost constant until it reaches the window
located on the leeward wall. In the area adjacent to the
window located on the leeward wall of the building, within
the interior space (0.8<y/L<1), the flow speed increases due
to the reduced cross-sectional area caused by the presence
of the window. After passing through the window, the flow
experiences a decrease in speed. The analysis of the 3D
contour of flow lines in Figure 3 shows that when the wind
strikes the windward wall, a portion of it moves towards the
sides, while another portion moves upward. On the other
hand, in the regions closer to the ceiling, the flow tends to
move from the entry to the exit. The volume of air flowing
upward, which is created after striking the wall, essentially
acts as an obstacle to the flows that are moving from the entry
to the exit at ceiling height. The presence of this obstacle
leads to the formation of flow vortices at the initial part of the
building’s roof.
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Fig. 3. 3D contour of flow lines inside and outside the
building model

4- Conclusions

One of the influencing parameters on the internal and
external flow and ventilation rate of the building is the
window dimensions, which, in this study, have been examined
alongside different wind angles. In this study, the flow
both inside and outside the building has been investigated
simultaneously. The highest ventilation rate in the building
was observed in the model with a ratio of 1.56, while the
lowest ventilation rate was found in the model with a ratio of
0.39. As the height of the windows increases, the high-speed

areas within the interior of the building decrease, while the
areas of low speed and stagnation increase. The use of square
windows, as well as windows with greater height compared
to those with wider dimensions, has a greater impact on the
stagnant area. Additionally, the pressure variations in the
area opposite the windward wall are greater across different
models than in the area behind the leeward wall.
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Fig. 2. The schematic diagram of the model under consideration: a) Building model and introduction of the
middle plane, b) Solution domain and the position of the building, and ¢) Introduction of the wind angle
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Table 1. Introduction of the computational domain dimensions for the models considered in
the current study
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Table 2. The models and conditions examined in the current study
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Fig. 3. Comparison of the velocity obtained for points on the line connecting the centers of the building's entry

and exit located in the building's middle plane, as provided by Karava [21], Chu and Chiang [19], and the

present numerical work, and b) the percentage error of the present numerical work compared to the experi-
mental reference [21]
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Fig. 4. a) Comparison of the results obtained at different wind angles between the experimental data of Ohba
et al [28] and the results of the present numerical study, and b) the percentage error of the present numerical
study compared to the experimental reference [28]
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Fig. 5. Examination of the mesh independence of the present numerical study for computational grids with cell
counts of 165399, 334215, 674236, and 1349561, based on the velocity profile of points on the line connecting the
centers of the building's entry and exit located in the building's middle plane
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Fig. 6. The contour of the y+ distribution near the walls of the building in the simulated reference model: a)
3D representation of the distribution on the building walls, and b) 2D representation of the distribution on the
leeward wall
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Fig. 7. The percentage increase in volumetric flow rate for models with varying window dimensions at a 0° wind
angle compared to the reference model
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Fig. 8. The value of the dimensionless parameter related to the flow rate for models with different window di-
mensions and varying wind angles
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Fig. 9. The velocity profile obtained for points on the line connecting the centers of the building's entry and exit

located in the building's middle plane for models with different window dimensions in three distinct areas: a)
Front of the building, b) Interior areas of the building, and c) Rear of the building
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Fig. 10. The velocity contour for models with different AR values: a) AR =2.56, b) AR =1.56, c) AR =1, d) AR
=0.92, ¢) AR = 0.64, f) AR =0.52, and g) AR =0.39
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Fig. 11. The pressure coefficient contour on the vertical middle plane of the building for models with different
AR values: a) AR =2.56, b) AR =1.56, c) AR =1, d) AR =0.92, ) AR = 0.64, f) AR = 0.52, and g) AR =0.39
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Fig. 12. The pressure coefficient contour on the horizontal middle plane of the building for models with different
AR values: a) AR =0.39, and b) AR=1
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Table 3. The value of the dimensionless velocity parameter for the occupant area in the middle plane
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Fig. 13. The pressure coefficient obtained for points on the line connecting the centers of the building's entry

and exit located in the building's middle plane in the present numerical study, for models with different window

dimensions in three distinct areas: a) Front of the building, b) Interior areas of the building, and c) Rear of the
building
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and b) AR=1

AL



WWYE B AVFR docio VFF Jlo & oyl OF 093 «pusS prol CSilSlo wnbies &y yui

walizeo (gl Jao s )3 0L 4 gy 05l00 (g9 gy Al o HLid ol -
Sl e oL Cudy 0)lgrd Cudy an b 3l gy

G gy €)1 b sloo oy (yripon 5 (mape slo oy jl onliial -
a?g%w&%l)uﬁd@‘%&phdtmmg
..\AJUA )‘)5

&P b cladse clp leidlo (63959 02y jload 3)ly by -
QLQ.’.'.&L» ul&b «lad bt &Lé.'{)] d‘)b u_>|93 )lJ.Ei,o L};.I uwl)slb
W55 o )8 93909 Ol b Cod i

s s sly Gladlo (63959 dalais j> o D) i HLié cél -

€9 ol 4 (89y9 (29 25 1Bl cow S5l i cwlS 25 L

&be
[1] Z. Jiang, T. Kobayashi, T. Yamanaka, M. Sandberg, A
literature review of cross ventilation in buildings, Energy

and Buildings, 291 (2023) 113143.

[2] A. Buonomano, C. Forzano, G. Giuzio, A. Palombo, New
ventilation design criteria for energy sustainability and
indoor air quality in a post Covid-19 scenario, Renewable

and Sustainable Energy Reviews, 182 (2023) 113378.
[3] W. Su, Z. Ai, J. Liu, B. Yang, F. Wang, Maintaining an

acceptable indoor air quality of spaces by intentional
natural ventilation or intermittent mechanical ventilation

with minimum energy use, Applied Energy, 348 (2023)
121504.

[4] R. Ramponi, B. Blocken, “CFD simulation of cross-
ventilation for a generic isolated building: Impact of

computational parameters”, Building and Environment,
53 (2012) 34-48.

[5] X. Zhang, A.U. Weerasuriya, J. Wang, C.Y. Li, Z. Chen,
K.T. Tse, J. Hang, Cross-ventilation of a generic building
with various configurations of external and internal
openings, Building and environment, 207 (2022) 108447.

[6] S. Diaz-Calderén, J. Castillo, G. Huelsz, Evaluation of
different window heights and facade porosities in naturally
cross-ventilated buildings: CFD validation, Journal of

Wind Engineering and Industrial Aerodynamics, 232

AAAA]

Gz -0
Gl 53150 oy (550 g3 b Canl 00 sm gy (2l
ods (g Ml dinoj cpl )3 3650 1B (g 3p90 pledle S35
Caa 33,5 oxiw el odd 48§ el > gdde adllas ybgy Ul
e 3 o (SOl (S gk gl Vol Sl b (sile e
Bl (i i JUi] iV gyg8 Jio olpod &y (o3l s 3
B o I3 b (sains cpl o cusl S5 4 p5Y Ll snyd S oolatl
Sloas 001y H18 wyp 3550 0K b oo loid b
oleblo 455 £ 5 5L ol 595 2 IS b slo el 1 (S
Joe VI ol o rw gy opl 50 1 bl o ylaid o 0 )5y slal
ogdle 050 )15 (cwyp 090 LSy ghaile gaw (gLl slaot L
9 o d9e Oglisle Ghjg dgly £ 53 0ud o)Ll glaJae den cpl
Alie ) ) odel Cowds pie (SlaaiSS & asl jd ilons ool 13 o
el 005 0Ll
S 9 MOF s £ 51 Juo > el y> dyge5 jlado (ks -
i3 b wimmen ol odel vy /Y cwls F5 L Jae o
g d gl 4 (639)9 (23 e 025 i)l 4 58 Cand
ol Bl ials LS
Sbro ey 4 S gloid b p3 JS8 ilatis (slvo iy jl ookl -
Db o0 03> gy dgrd € el Bl e JSB (npe
e 3k (5 sly Gl 8l e > Ve 5l 35S0 (85 bl sl -
sblsj o5 alaae )3 5 358 0 ased 53 e > gl Sl &
(sgane Olydl e ool E5 Sy 3 Vel a8 3k (35
23,5 o5 odmline
&5 edlizeo sl b (slovo oxiy (gl a3 Yol i (B (silss 5> -
Ablyge oy S S 300
£y Gl yolis (~/v<%<\) olossle J3bs slad s -
5 @99 Jlail s @Bly LIS (ol s po Syt 89 els
ool LSy oleid Lol (295
9y 0,55y yobro a4l calizee dlul b (glae oy 3l edlitnl &ygo j> -
cot (B ale ple jljig lasle B glad ol o
DS e ) b
ol (A3 (2l 10 YU sy (o jl oo oty glas,l iol3alL -

Dgbn 03938 ol o p L g (oS (2l g 00D arlS



tunnel experiments, in: Building Simulation, Springer,
13 (2020) 1353-1372.

[17] Y. Jiang, D. Alexander, H. Jenkins, R. Arthur, Q.
Chen, “Natural ventilation in buildings: measurement
in a wind tunnel and numerical simulation with large-
eddy simulation”, Wind Engineering and Industrial

Aerodynamics 91 (2003) 331-353.
[18] M. Shirzadi, P.A. Mirzaei, Y. Tominaga, LES analysis of

turbulent fluctuation in cross-ventilation flow in highly-
dense urban areas, Journal of Wind Engineering and

Industrial Aerodynamics, 209 (2021) 104494,

[19] C. Chu, B. Chiang, Wind-driven cross ventilation in

long buildings, Building and Environment 80 (2014)
150-158.

[20] Fluent User Manual. Fluent Inc., (1998).

[21] P. Karava, “Airflow Prediction in Buildings for Natural
Ventilation Design: Wind Tunnel Measurements and
Simulation. “, Phd thesis, Concordia University, Montreal

Quebec, (2008).

[22] Y. Tominaga, A. Mochida, R. Yoshie, H. Kataoka, T.
Nozu, M. Yoshikawa, T. Shirasawa, “AlJ guidelines
for practical applications of CFD to pedestrian wind
environment around buildings”, Wind Engineering and

Industrial Aerodynamics, 96 (2008) 1749-1761.

[23]B.E. Launder, D.B. Spalding, The numerical computation
of turbulent flows, in: Numerical prediction of flow, heat

transfer, turbulence and combustion, Elsevier, (1983) 96-
116.

[24] T. Cebeci, P. Bradshaw, Momentum transfer in boundary
layers, Washington, (1977).

[25] B. Blocken, J. Carmeliet, T. Stathopoulos, CFD
evaluation of wind speed conditions in passages
between parallel buildings—effect of wall-function
roughness modifications for the atmospheric boundary
layer flow, Journal of Wind Engineering and Industrial

Aerodynamics, 95(9-11) (2007) 941-962.

[26] ANSYS fluent user’s guide, release 19.0, ANSYS Inc,
Canonsburg, (2018).

[27] R. Ramponi, B. Blocken, “CFD simulation of

VY

(2023) 105263.
[7] M. Jesson, M. Sterling, C. Letchford, C. Baker,

Aerodynamic forces on the roofs of low-, mid-and high-
rise buildings subject to transient winds, Journal of wind

engineering and industrial aerodynamics, 143 (2015) 42-
49.

[8] T. Van Hooff, B. Blocken, “Coupled urban wind flow and
indoor natural ventilation modelling on a high-resolution
grid: A case study for the Amsterdam ArenA stadium”,
Environmental Modelling & Software, 25 (2010) 51-65.

[9] O.P. James, L. Chun-Ho, “CFD simulations of natural
ventilation behaviour in high-rise buildings in regular
and staggered arrangements at various spacings”, Energy

and Buildings, 43 (2011) 1149-1158.
[10] Y. Wu, A. Yang, L. Tseng, C. Liu, “Myth of ecological

architecture designs: Comparison between design concept
and computational analysis results of natural-ventilation

for Tjibaou Cultural Center in New Caledonia”, Energy

and Buildings 43 (2011) 2788-2797.

[11] H. Montazeri, B. Blocken, “CFD simulation of wind-
induced pressure coefficients on buildings with and
without balconies: Validation and sensitivity analysis”,

Building and Environment 60 (2013) 137-149.

[12] C. Chu, B. Chiang, “Wind-driven cross-ventilation with

internal obstacles”, Energy and Buildings, 67 (2013)
201-209.

[13] C. Chu, Y. Chiu, Y. Wang, “An experimental study of
wind-driven cross ventilation in partitioned buildings”,

Energy and Buildings, 42 (2010) 667-673.

[14] G. Evola, V. Popov, “Computational analysis of wind
driven natural ventilation in buildings”, Energy and
Buildings, 38 (2006) 491-501.

[15] T. Norton, J. Grant, R. Fallon, D. Sun, “Optimising
the ventilation configuration of naturally ventilated
livestock buildings for improved indoor environmental

homogeneity”, Building and Environment, 45 (2010)
983-995.

[16] M. Shirzadi, P.A. Mirzaei, Y. Tominaga, CFD analysis
of cross-ventilation flow in a group of generic buildings:

Comparison between steady RANS, LES and wind



WWYE B AVFR docio VFF Jlo & oyl OF 093 «pusS prol CSilSlo wnbies &y yui

2014(1) (2014) 794650.

[30] B. Mou, B.-J. He, D.-X. Zhao, K.-w. Chau, Numerical

simulation of the effects of building dimensional variation
on wind pressure distribution, Engineering Applications

of Computational Fluid Mechanics, 11(1) (2017) 293-

cross-ventilation flow for different isolated building
configurations: Validation with wind tunnel measurements
and analysis of physical and numerical diffusion effects”,

Wind Engineering & Industrial Aerodynamics, (104-
106) (2012) 408-418.

309. [28] M. Ohba, K. Irie, T. Kurabuchi, Study on airflow

[31] B. ASHRAE, Thermal Environmental Conditions for characteristics inside and outside a cross-ventilation

Human Occupancy, Addendum d to ANSI/ASHRAE
Standard 55-2004, Proposed Addendum d to Standard

model, and ventilation flow rates using wind tunnel
experiments, Journal of Wind Engineering and Industrial

55-2004, American Society of Heating, Refrigerating Aerodynamics, 89(14-15) (2001) 1513-1524.

and Air Conditioning Engineers, Inc., Atlanta, GA, USA,
(2008).

[29] Z. Huifen, Y. Fuhua, Z. Qian, Research on the impact
of wind angles on the residential building energy

consumption, Mathematical Problems in Engineering,

w23 gyl o ol 4 g
A. Shaker, E. Ebrahimi Fordoei, CFD Simulation Investigation for Flow of Inside and Outside
of Building: Impact of the Window Dimensions and the Wind Directions, Amirkabir J. Mech
Eng., 56(9) (2024) 1249-1274.

DOI: 10.22060/mej.2025.23327.7745

yYVYY


https://dx.doi.org/10.22060/mej.2025.23327.7745




	Blank Page - FA.pdf
	_GoBack




