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Abstract 

Common walls between houses are a major reason for improper ventilation in apartment buildings. They make a 

compulsion for improper positioning of doors/windows. The shape of the house also affects the airflow distribution patterns 

inside the house. In this work, the effect of various shapes of the house on the ventilation inside the rooms is investigated 

with a cross-flow ventilation configuration, where the total floor area of the house is maintained as 1000 square feet. 

Moreover, work also has been performed to investigate the airflow inside a square-shaped house with different door/window 

configurations for various inlet airflow directions. Besides that, the impact of inlet airflow velocity on the ventilation process 

has also been investigated. From the investigation, it has been observed that with an increase in air volume flow rate, the area 

covered with low-velocity air (< 1 m/s) decreases and the area covered with high-velocity air ( > 2 m/s) increases irrespective 

of the shape of the house but does not follow any pattern for the comfort condition airflow velocity. The airflow pattern is not 

changed significantly with increase in inlet airflow velocity, but the airflow velocity regions are changed significantly. For a 

square shape house, 78% area is covered with a low air velocity region (< 1 m/s) is the highest with N & E door/window 

configuration. 62% area covered with high air velocity region (> 2 m/s) is the highest with N & S door/window 

configuration. 26% area covered with comfort flow condition (between 1-2 m/s) is the highest with N & S door/window 

configuration. 
© 2023 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved 
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1. Introduction 

Ventilation is a process of continuous replacement of 

used air with fresh natural air from a room, building or 

confined space. The ventilation process refers to natural 

ventilation when the airflow occurs by natural means. It 

may be through ambient airflow due to the pressure 

difference between outside and inside air or may be due to 

the temperature difference between occupants and inside 

room air or both. On the other hand, in mechanical 

ventilation, airflow is driven by the mean of pumps, 

blowers, etc. Proper ventilation must be required to 

maintain the necessary oxygen level, remove pollutant air, 

remove odour and smoke and control temperature and 

humidity in an inhabited area. Natural ventilation does not 

require any running cost, and it has been observed that the 

total energy consumption of a typical residential building 

is reduced by up to 40% when only natural ventilation is 

preferred [1]. Apart from ventilation, the conversion of 

wind energy potency to renewable energy is an emerging 

area of research[2]. However, in order to obtain a proper 

ventilating effect naturally, the house design, housing 

direction, neighbourhood barriers and proper positioning 

of doors and windows, considering seasonal wind flow 

direction, temperature and humidity, are the most 

important factor of concern. However, these factors are 

being considered by architects since the beginning of 

human civilization, but their effect through proper 

scientific experiments are being used for the last few 

decades. Generally, ventilation effects are investigated 

with the help of wind tunnels through model testing 

experimentally[3-5].Tecle et al. [6]conducted experiments 

to investigate wind-driven ventilation for various door 

window positions and different percentages of door 

window openings. Single wall window configuration 

crossed flow window configuration and adjacent wall 

window configuration cases are investigated by them for 

36 different wind directions. Cho et al. [7] suggested 

increasing the effectiveness of ventilation through proper 

window opening area, and positioning of windows with 

respect to the elevation of high-rise buildings through 

experimentation. Omrani et al. [8] experimentally 

compared the effectiveness of cross ventilation over 

single-side ventilation through in-situ measurements. In 

their study, mainly day-wise summer weather condition is 
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included and it has been observed that more than 70%time 

the room condition is under standard comfort zone with 

cross ventilation arrangement, whether with single side 

ventilation, it is nearly 1%.Kyritsi and Michael[9] 

investigated the window and door opening strategy for the 

whole day and night during summer for cross-ventilated 

houses and single-side ventilated houses in Nicosia city, 

Cyprus. Dascalaki et al.[10] developed a mathematical 

model for the prediction of airflow rate in single-sided 

ventilated houses. In this study, the ventilation parameter 

data of 52 single-sided ventilated houses are used to 

develop the model. Hawendi et al.[11]investigated the 

effect of boundary wall height on the airflow pattern inside 

a single-side ventilated house. They reported that house 

with boundary wall offer better ventilation than those 

without boundary wall because it provides a favorable 

direction to the wind toward the door. It is also mentioned 

that an increase in boundary wall height as compared to 

standard boundary wall height does not give any 

significant improvement to the ventilating effect inside the 

house. Zhang et al. [12] investigated the impact of cross 

flow on various internal, external opening configuration of 

a generic building. It is reported that two opening 

configuration is the most efficient for cross flow 

ventilation. Different opening size for inlet and outlet side 

provides complete airflow inside the room as compared to 

same inlet and outlet opening size. Zhiyi et al. [13] studied 

the natural ventilation of a typical apartment house for 

Chinese climatic condition. They introduced channel 

connections for the ventilation. It is found that horizontal 

flow channel improves the air flow particularly for the 

leeward south side apartment. 

Many authors used Computational Fluid Dynamics 

(CFD) as a tool to study natural ventilation [14-16]. 

Derakhshan and Shaker [17]performed a computational 

simulation on natural ventilation in an existing house and 

reported that small changes in window dimensions and 

their vertical and lateral positions enhance effective 

ventilation. Moreover, when wind direction becomes 

greater than 45o, the ventilation becomes good enough 

irrespective of window position and dimension. Liu et al. 

[18] employed both experimentation and CFD to 

investigate the ventilation in a cross-ventilated 

arrangement house and airflow around the building as 

well. It is reported that a 24.4% error has been observed in 

CFD prediction with standard boundary conditions. With 

modified boundary conditions, CFD simulation prediction 

is satisfactory. Moreover, it is indicated that RNG k-ε 

turbulent model could not predict the flow separation 

precisely. King et al. [19]investigated the influence of 

neighbouring building orientations on ventilation. In this 

work, the performance of the Ansys Fluent and 

OpenFOAM CFD tools were also compared and reported 

that both are good enough to predict the flow behaviour. It 

has been mentioned that when the orientation angle is 

higher that 195o, the ventilating effect inside the desired 

house is maximum with a cross ventilation configuration. 

Investigation on single-sided ventilation becomes much 

more relevant when space constraints area concern. 

Visagavel and Srinivasan [20] used CFD to investigate the 

ventilation effect with cross-ventilation configuration, 

single-sided leeward and windward configuration by 

varying the opening area. It is mentioned that, though 

cross ventilation is much more effective, further 

investigation on single-sided ventilation is necessary, 

because, in a country like India, so many buildings are 

constructed with single-side ventilation provision due to 

space constraints.Wang et al. [21] computationally 

evaluated the performance of several types of windows 

according to their opening configurations with single-sided 

arrangements through buoyancy-driven flow. They used 

RANS based k-ω turbulent model to account for the 

turbulent effect. It has been reported that the single 

constant discharge coefficient is not acceptable for 

different buoyancy and flow area. Moye et al. [22] also 

used SST k-ω turbulent model in their computational 

model. Where the effect of gable roof angle on natural 

ventilation for an isolated building is investigated. It has 

been observed that a higher roof pitch of gable roof 

building is should be preferred for better ventilation rate. 

Allocca et al. [23] worked on single-sided natural 

ventilation considering the bouncy effect. They reviled that 

CFD simulation underpredicted by 25% from the 

measured value. Moreover, no guiding rules could be 

established for predicting the occurrence of counteracting 

wind and stack effects, since no consistent trends were 

observed. k-ε turbulent model, Reynolds stress turbulent 

model and Large eddy simulation turbulent models are 

also frequently used to incorporate the turbulence effect in 

flow inside or over a domain[24-30]. 

From the literature, it is observed that no work has been 

performed to determine the comfort airflow region (air 

velocity between 1-2 m/s) for different shapes of the house 

with various door/window configurations when air with 

different velocities enters through various directions. This 

work is segregated into two parts. In the first part, the 

effect of cross ventilation has been studied on the airflow 

distribution inside the spaces of various shapes of houses. 

In the second part, two side ventilation effects on the 

airflow distribution for a square shape flat have been 

investigated. Mainly the percentage of the area coming 

under comfort airflow velocity (1-2 m/s) has been 

evaluated for different airflow velocities, which havenot 

been yet investigated by any researcher. For this, several 

2-D CFD simulations have been performed. The 

performances of the computational models used are 

verified with an in-house wind tunnel experiment.  

2. Physical model  

In this study, a few hypothetical flat models are 

considered for the investigation of wind flow in different 

spaces inside the house. In the first part of this work, an 

investigation of airflow distribution in three different 

shapes of the flats (Rectangular shape, square shape and L-

shape) is considered, where the floor area of every flat is 

taken as 1000 square ft. The floor plans of the flats are 

given in figure 1. 

In this part of the work, only cross-ventilation is 

considered. Irrespective of the shapes of the plan, a total of 

four windows and two small windows on the bathroom 

walls are used. Moreover, the main entrance door is kept 

on the south side irrespective of the shape of the house. 

The dimensions of the windows and doors are taken 

according to standard architectural size as given in table 1.  
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Figure 1. Physical plan of flats with various shapes with cross-flow configuration 

 

Figure 2. Physical plan of square shape house for different door/window orientations 

In the second part of the work, the investigation on 

airflow distribution in the house has been carried out for 

square shape plan only, where the windows are placed 

only on two sides and the remaining two sides are closed 

by assuming that these are common walls between the 

buildings. However main entrance door is kept on the 

south side irrespective of cases. Figure 2 shows the 

window positions. Here a total of four windows are used 

for ventilation including two small windows on the 

bathroom wall. 

Table-1 Dimensions of door and windows 

Items Total number Dimension width 

(ft& inch) 

Main door 1 3’6” 

Room door 4 3’ 
Bathroom door 2 2’6” 

Window 4 4’ 

Bathroom window 2 2’ 

 

The air velocity that is required as a boundary 

condition for simulations is taken from the year-round 

weather data of Bhubaneswar city. Monthly average 

eleven-year weather data (2010-2020) such as; wind 

velocity, wind direction, dry bulb temperature and relative 

humidity are collected from the weather online web portal 

www. weatheronline.com [31]. Figure 3 shows the 

location of Bhubaneswar city, India situated at 20.2961° 

N, 85.8245° E. Figure 4(a) shows the monthly average 

wind velocity of each month for 11 years. Similarly, figure 

4 (b) illustrates the average wind velocity of 11 years, 

month-wise. It has been observed that the average wind 

velocity is the highest (around 16 km/hr) in April and 

May, whereas, in the winter season (December and 

January), the wind velocity is around 4 km/hr. Therefore, 

for the simulation, the wind velocity is used within the 

range of 4-16 km/hr. 
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Figure 3. Location of Bhubaneswar city, India on map 

 
Figure 4. Wind velocity (km/hr) (a) Monthly average wind velocity of each month for 11 years (b) Average wind velocity of 11 years, 

month-wise. 

3. Computational modelling 

This is a simple cold flow problem. Bouncy-driven 

airflow is neglected here. Therefore, only conservation of 

mass and momentum equations are solved to obtain 

pressure and velocity distribution. Since the problem is 

turbulent in nature, time-averaged mass conservation and 

RANS equations are solved. In order to evaluate the 

Reynolds stresses, the Boussinesq equation is used. For the 

evaluation of eddy viscosity required to solve Boussinesq, 

the standard k-ε turbulent model is used. The governing 

equations are given as follows; 

Conservation of mass 
𝜕

𝜕𝑥𝑖
(𝜌𝑢̅𝑖) = 0                             (1) 

Conservation of momentum 
𝜕

𝜕𝑥𝑖
(𝜌𝑢̅𝑖𝑢̅𝑗) = −

𝜕𝑝̅

𝜕𝑥𝑖
+

𝜕

𝜕𝑥𝑗
(𝜏̅𝑖𝑗 − 𝜌𝑢𝑖

′𝑢𝑗
′̅̅ ̅̅ ̅̅ )           (2) 

where,  is the density of the fluid and 𝑢̅𝑖 and 𝑝̅are the 

time average mean flow velocity and time average mean 

pressure. The stress tensor in the momentum equation is 

expressed as.  

𝜏̅𝑖𝑗 = 𝜇 (
𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
)                            (3) 

−𝜌𝑢𝑖
′𝑢𝑗

′̅̅ ̅̅ ̅̅ is the Reynolds stress and it is an additional 

term that has been formed due to time averaging. 

Two transport equations are solved to obtain the rate of 

generation of turbulent kinetic energy (k) and dissipation 

rate of turbulent kinetic energy (ε), respectively. The 

assumption for this model is that the flow is fully turbulent 

(high Reynolds number). In the standard k-ε model, the 

governing equations for k and ε are expressed as follows: 
𝜕

𝜕𝑥𝑖
(𝜌𝑘𝑢̅𝑖) =

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝑘
)
𝜕𝑘

𝜕𝑥𝑗
] + 𝐺𝑘 + 𝜌𝜀           (4) 

𝜕

𝜕𝑥𝑖
(𝜌𝜀𝑢̅𝑖) =

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝜀
)

𝜕𝜀

𝜕𝑥𝑗
] + 𝐶1𝜀

𝜀

𝑘
𝐺𝑘 − 𝐶2𝜀𝜌

𝜀2

𝑘
 (5) 

In the above equations, Gk represents the generation of 

turbulent kinetic energy, which is expressed in terms of the 

mean velocity values as, 

𝐺𝑘 = (𝜇𝑡 (
𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
) −

2

3
𝜌𝑘𝛿𝑖𝑗)

𝜕𝑢𝑗

𝜕𝑥𝑖
            (6)

  

Turbulent viscosity can be obtained from the 

dimensional analysis as given below 

𝜇𝑡 = 𝐶𝜌𝜌𝑣𝑙 = 𝐶𝜇𝜌
𝑘2

𝜀
, where𝐶𝜇 a model constant and 

its value is taken as 0.09.  

𝑣 = 𝑘1/2, 𝑙 =
𝑘3/2

𝜀
 , where 𝑣 is the velocity scale and 𝑙 

is the length scale 

The model constants C1ε, C2ε, k(turbulent Prandtl 

number for k) and ε (turbulent Prandtl number for ɛ) in 

the k and ε equations have default values obtained 

empirically. 
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3.1. Model validation and grid independence test 

For experimentation, a scaled model (scale ratio 1:50) 

of the square shape geometry with cross-flow 

door/window configuration is prepared with the help of a 

3-D printing machine. Reynolds number (𝑅𝑒 =
𝜌𝑉𝐷ℎ

𝜇
)for 

inflow velocity 𝑉=1.11 m/s is evaluated first. In Reynolds 

number,𝜌 and 𝜇 are the density and viscosity of air at STP 

(standard temperature and pressure). The hydraulic 

diameter of doors/windows on the south side is evaluated 

as; (𝐷ℎ = 4𝐴/𝑃). The scaled model hydraulic diameter is 

50 times smaller than the actual house. Hence using the 

hydraulic diameter of the scaled model and using the 

evaluated Reynolds number for the actual house, the air 

inflow velocity of the model test is calculated as 50.08 

m/s. After that, with the help of a subsonic wind tunnel, 

the model test is performed. Further, a scaled model 

geometry is prepared in Ansys fluent, and simulation is 

conducted following the same conditions used in the wind 

tunnel test. In experimentation, the velocity at different 

points is measured with hot-wire anemometer. The 

experiment setup is shown in Figures5 (a) & (b). The 

velocity variation along the center line connecting north 

and south as given in the figure shows the comparison 

between the experiment and simulation. As both the results 

are pretty closer to each other as shown in figure7, 

therefore, the computational models used in the simulation 

are hereby validated properly. 

All the geometries have meshed with a quadrilateral 

structured grid of different cell sizes. The grid 

independence study has been conducted on the square-

shaped geometry with cross-flow door/window orientation. 

The geometry is discretized with 20377, 33468, 40888 and 

54265 numbers of elements. The geometry of various 

shapes (rectangular, square and L-shape) with mesh is 

shown in figure 6. Near the wall, fine mesh is created to 

simulate the proper effect of boundary layer formation.  

For this, the airflow direction is kept from south to north 

with an inlet airflow velocity of 1.11 m/s. The velocity 

variation along the center line connecting north and south 

is given in fig.7. From figure 7, it has been observed that 

there is not much variation in results obtained with 40888 

and 54265 element numbers. However, to reduce the 

computational cost, 40888 element mesh is used for 

simulation. The accuracy assessment of the computational 

model is given in table 2. It has been observed that the 

computational results obtained from the 40888 element 

domain is deviated from the experimental results within a 

range of -13.77% to 19.77%. 

 

(a) (b) 

Figure 5. (a) 3-D printed square shape cross ventilated house model (b) Testing in the subsonic wind tunnel 

 

(a) 

 

(b)                                                             (c) 

Figure 6. Mesh for (a) rectangular shape house (b) square shape house (c) L-shape house 
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Figure 7. Grid-independent test and experimental validation 

Table 2. Accuracy assessment of computational model 

Location Velocity in 
m/s 

(Experiment) 

Velocity in m/s 
(40888 

elements 

computational 
domain) 

Percentage 
error 

corresponding 

to 
Experimental 

results 

1 55 52.538 9.02% 

2 60 55.502 11.90% 

3 95 88.853 10.92% 

4 100 119.458 -13.77% 

5 85 95.157 -6.61% 

6 67 67.714 3.74% 

7 12 9.626 19.77% 

8 18 15.628 13.05% 

3.2. Boundary conditions 

From Figures4 a and b, it is evident that the airflow 

direction varies with respect to month and the year-round 

average airflow velocity varies between 4 km/hr to 16 

km/hr. Therefore in this work, the effect of wind flow 

direction and velocity on comfort zone airflow inside the 

house has been investigated. The information related to 

boundary conditions for simulations is enlisted in table 3 

and the boundary condition values are given in the result 

discussion part. 
Table 3. Boundary type and their mathematical conditions 

Boundary Type Condition Generation 
of 

turbulent 

kinetic 
energy (k) 

Dissipation 
of 

turbulent 

kinetic 
energy (ε) 

Inlet Velocity 

inlet 

Normal 

to 
boundary 

Turbulent 

intensity 

Hydraulic 

diameter 

Wall No slip 

wall 

Friction 

factor 

𝑑𝑘

𝑑𝑦
= 0 

𝑑𝜀

𝑑𝑦
= 0 

Outlet Pressure 

outlet 

Constant 

gradients 
of 

variables 

Turbulent 

intensity 

Hydraulic 

diameter 

The volume flow rate into the house for different 

shapes of the house and directions are given in table 4. The 

volume of airflow rate into the house from various 

directions in m3/s per unit height of door/window for a 

square shape house with different door/window 

orientations is given in table 5. The total volume flow rate 

gets into the house is calculated as; 

𝑄 = ∑ (𝑊 ×𝐻)𝑉𝑛
𝑛=1                             (7) 

Where 𝑊 is the width of the door/window placed on 

the south side when wind flows from south to north and 

vice versa. 𝐻 is the height of the door/window. However, 

in this work, the value of 𝐻 is taken as 1 because the 

volume flow rate is evaluated per unit height of the door/ 

window. 𝑉 is the velocity of the wind.𝑛 is the number of 

doors/windows. The sizes of the doors and windows are 

given in table 1. 

Table 4 Air flow volume rate into the house in m3/s per unit 

height of door/window for different shapes of the house 

Wind flow direction Air flow volume rate into the house 
in m3/s per unit height of 

door/window 

Rectangle 

shape 

Square 

shape 

L-

shape 

Airflow direction 

from South to North 

9.642 13.702 11.672 

Airflow direction 

from North to South 

14.209 13.702 12.179 

 

Table 5. Air flow volume rate into the house from 

various directions in m3/s per unit height of door/window 

for a square shape house with different door/window 

orientation 
Wind 
flow 

direction 

Inlet flow 
velocity 

Air flow volume rate into the house in m3/s 
per unit height of door/window 

N & W N & S N & E S & E S & W 

From East 1.11 m/s 

(4 km/hr) 

NA NA NA 3.383 3.383 

 2.22 m/s 
(8 km/hr) 

NA NA NA 6.766 6.766 

 3.33 m/s 

(12 
km/hr) 

NA NA NA 10.149 10.149 

 4.44 m/s 

(16 

km/hr) 

NA NA NA 13.533 13.533 

From 

West 

1.11 m/s 

(4 km/hr) 

3.383 NA 3.383 NA NA 

 2.22 m/s 
(8 km/hr) 

6.766 NA 6.766 NA NA 

 3.33 m/s 

(12 

km/hr) 

10.149 NA 10.149 NA NA 

 4.44 m/s 

(16 

km/hr) 

13.533 NA 13.533 NA NA 

From 
North 

1.11 m/s 
(4 km/hr) 

3.383 3.383 3.383 NA NA 

 2.22 m/s 

(8 km/hr) 

6.766 6.766 6.766 NA NA 

 3.33 m/s 
(12 

km/hr) 

10.149 10.149 10.149 NA NA 

 4.44 m/s 
(16 

km/hr) 

13.533 13.533 13.533 NA NA 

From 

South 

1.11 m/s 

(4 km/hr) 

1.184 5.022 1.184 5.022 5.022 

 2.22 m/s 

(8 km/hr) 

2.368 9.144 2.368 9.144 9.144 

 3.33 m/s 
(12 

km/hr) 

3.552 13.702 3.552 13.702 13.702 

 4.44 m/s 

(16 
km/hr) 

4.736 18.269 4.736 18.269 18.269 

Due to the geometrical constraints, four openings are 

provided on the north side for rectangular shape and L-

shape houses. Therefore the volume flow rate in these 

shapes of the houses is more when the flow direction is 

from north to south. On the other hand, for a square shape, 

the volume flow rate of air is the same irrespective of the 

directions of flow. 



 © 2023 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 17, Number 1  (ISSN 1995-6665) 75 

4. Results and discussion 

4.1. low pattern inside the house of different shapes  

Figure 8 shows the airflow pattern inside the house 

(left) and airflow velocity region; less than 1 m/s 

(represent in green colour), between 1-2 m/s (represent in 

brown colour) and higher than 2 m/s (represent in blue 

colour) inside the house (right) of various shapes when the 

airflow direction is from south to north. Similarly, figure 9 

shows when the airflow direction is from north to south. In 

these simulations, the airflow velocity is taken as 12 km/ 

hr (3.33 m/s). To evaluate the percentage area covered 

with the velocity distribution < 1 m/s, in between 1-2 m/s 

and > 2 m/s, iso-clip areas are drawn with three different 

colours. Then the image is processed through the web 

portal www. coolphptools.com [32]. 

From fig.8, it has been observed that in a rectangular 

shape building, the maximum fraction of the air that enters 

through the main door, comes out through the study room 

window due to the front-to-front configuration. Similarly, 

a maximum fraction of the air that enters through the south 

side toilet and bedroom, comes out through the kitchen 

window. Here, the separating wall between the two 

bedrooms provides a favorable direction for the air toward 

the kitchen window. More interestingly, though, the north 

side window and north side toilet windows are given as 

outlet boundaries, but a small amount of air enters into the 

room instead of going out. Here, the high velocity of the 

air stream started from the south side room window and 

the toilet window develop a negative pressure followed by 

Bernoulli’s principle. As a result, the air is sucked into the 

north side bedroom and toilet through their windows. The 

black arrow in this fig. 8 shows the air inlet, the red arrow 

shows the air outlet and a single green arrow shows the 

reverse flow direction. The red lines represent the major 

flow path of direct flow and the green line represents the 

reverse flow path. On both sides of the flow paths, one can 

visualize the circulations from the vector arrowheads. 

From the colour contour of this figure 8,referring to its 

contour legend, one can see the velocity distribution inside 

the room.  

The right side part of this fig.8 depicts the comfort 

airflow region (air velocity in between 1-2 m/s), the air 

velocity higher and lower than the comfort condition as 

well. It is observed that the entire region of the north side 

bedroom and toilet are poorly ventilated, even the dining 

space as well, where the flow velocity is less than 1 m/s. In 

contrast, the region closer to the main flow path have an 

air velocity higher than 2 m/s. The major region on the east 

corner of the south side bedroom and study room is 

coming under the comfort airflow zone. Both the east and 

west part of the kitchen is seems to be well-ventilated. 

For square shape building, airflow from south to north, 

two main path lines from the south side bedroom window 

and toilet window are merged at the middle open space of 

the house and released through the north side bedroom 

window. Similarly, the two main path lines from the living 

room window and main entrance door are merged in the 

middle open space of the house and released through the 

kitchen window. Here due to an adverse pressure gradient 

created by the main flow path, a small fraction of air enters 

into the north side toilet through its window. Here also, 

besides the main flow paths, circulation zones are 

observed. A strong recirculation zone is observed in the 

kitchen/dining room. In this case, the air velocity is higher 

than 2 m/s in a major portion of the house. On the other 

hand, the study room and the north side toilet have poor 

ventilation, where a major portion of the room is with a 

velocity of less than 1 m/s. 

For the L-shape house, a major portion of the air that 

enters through the south side bedroom comes out through 

the north side bedroom window. Here, the west side toilet 

wall provides a favorable direction to the main flow. 

However, a small fraction merges with the flow line which 

started from the living room window. The major fraction 

of air that enters through the living room door moves out 

through the dining room window and the major fraction of 

air that enters through the living room window moves out 

through the east side toilet window. Similarly here also the 

circulation zones are observed beside the main flow line. A 

backflow is observed at the west side toilet. Here, the 

kitchen area and west side toilet are poorly ventilated and 

the living/dining space and south side bedroom seem to be 

well ventilated. The remaining area is over-ventilated. 

Figure 9 a-c shows the ventilation pattern and comfort 

region for three shapes of the house when the flow 

becomes reversed (north to south). From the flow path 

lines in all three shape houses; rectangular, square and L-

shape, it is observed that circulation zones are developed 

on both sides of the main flow paths. In a rectangular 

shape house, a major fraction of air enters through the 

north side bedroom window and comes out through the 

south side window. On the other hand, the remaining inlet 

air comes out through the main entrance door. A small 

amount of reverse flow air is observed at the south side 

toilet due to adverse pressure caused by the nearer main 

flow path. In square shape house, the whole inlet air from 

the north side windows moves out through the south side 

windows and a backflow air enters through the main 

entrance door. In the L-shape house, the air enters through 

the north side bedroom window and the north-west side 

toilet merged and moves out through the south side 

bedroom window. On the other hand, the air enters 

through the dining room window and the northeast side 

toilet merged and moves out through the living room 

window and main entrance door. Here backflow is not 

observed. Hence low-velocity air region is very less. 

  



 © 2023 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 17, Number 1  (ISSN 1995-6665) 76 

 

(a) 

 

(b) 

 

(c) 

Air velocity < 1 m/s Air velocity within 1-2 m/s Air velocity > 2 m/s 

 

Figure 8. Air flow pattern inside the house (left) and airflow velocity region; less than 1 m/s (green), in between 1-2 m/s (brown) and 
higher than 2 m/s (blue) inside the house (right) of various shapes when the airflow direction is from south to north (a) Rectangular shape 

house (b) Square shape house (c) L-shape house 
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(a) 

 

(b) 

 

(c) 

Air velocity < 1 m/s Air velocity within 1-2 m/s Air velocity > 2 m/s 

 

Figure 9. Air flow pattern inside the house (left) and airflow velocity region; less than 1 m/s (green), in between 1-2 m/s (brown) and 
higher than 2 m/s (blue) inside the house of various shapes (right) when the airflow direction is from north to south (a) Rectangular shape 

house (b) Square shape house (c) L-shape house 
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In Table 6, the airflow velocity covered the area in 

percentage inside the house of various shapes with cross 

flow door/window orientation are enlisted. From the right 

side parts of fig.8 and 9, one can visualize the same. When 

the wind flow direction is from south to north, the comfort 

condition airflow zone is around 20% in the rectangular 

shape house, which is the highest as compared to the other 

two shapes of houses. For square shape houses, it is the 

least (13%). In contrast to that, the air velocity region 

higher than 2 m/s is around the highest (around 63%) for 

square shape houses. For a rectangular shape house, the 

low-velocity area is around 52%, which is the highest 

among all shapes. 

When the flow is revered, the comfort condition 

airflow zone is around 22% in the square shape house, 

which is the highest as compared to the other two shapes 

of houses. At the same time, this shape also has the highest 

low-velocity air flow ( < 1 m/s) region (31%). The high 

airflow velocity (> 2 m/s) region is around 57% and 58% 

for rectangular and L-shape houses. 

Figure 10, shows the effect of inflow air velocity on 

proper ventilation inside houses of different shapes when 

the airflow is from south to north with a cross-flow 

configuration. The flow pattern is not affected much by the 

change in inflow velocity, but the comfort airflow 

condition zone significantly varies with the variation of 

inflow velocity. From the fig.10 it can be observed, 

irrespective of shape, the high flow velocity region (> 2 

m/s) increases with an increase in flow velocity and at the 

same time, the poorly ventilated area (< 1 m/s) decreases. 

The actual airflow velocity covered the area in percentage 

inside the house is shown in fig.11. For rectangular shapes, 

the airflow velocity region less than 1 m/s is covered by 

82% of the total area when the inflow velocity is 1.11 m/s. 

Similarly with inflow velocity of 2.22 m/s, 3.33 m/s and 

4.44 m/s the percentage area of low velocity (<1 m/s) 

covered is 65%, 52% and 42% respectively. A similar 

decreasing trend can be observed in fig.11 for the other 

shaped houses. For rectangular shapes, the airflow velocity 

region greater than 2 m/s is covered by 5% of the total area 

when the inflow velocity is 1.11 m/s. Similarly with inflow 

velocity of 2.22 m/s, 3.33 m/s and 4.44 m/s the percentage 

area of high velocity (>1 m/s) covered is 24%, 28% and 

41% respectively. A similar decreasing trend can be 

observed in fig.11 for the other shaped houses. 

With increase in inflow air velocity, the area covered 

with comfort airflow condition (1 < velocity < 2) does not 

follow any trend for rectangular and L-shape houses. 

Whereas, in square shape houses, with increase in air flow 

velocity, the area covered with comfortable airflow 

conditions decreases. For this, the highest value is 28% for 

the inflow air velocity of 1.11 m/s. For rectangular shape 

houses, the highest area covered with comfort airflow 

condition is 20% for the inflow air velocity of 3.33 m/s 

and the lowest is 11% for the inflow wind velocity of 2.22 

m/s. Similarly, for L- shape houses, the highest area 

covered with comfort airflow condition is 29% for the 

inflow air velocity of 2.22 m/s and the lowest is 11% for 

the inflow wind velocity of 4.44 m/s. 

Table 6. Airflow velocity covered the area in percentage inside 

the house of various shapes of the houses with cross-flow 

door/window orientation  

Airflow velocity 
inside the house 

Wind 
flow 

direction 

Airflow velocity covered the 
area in percentage inside the 

house of various shapes 

Rectangle 
shape 

Square 
shape 

L-
shape 

Less than 1m/s 

From 

South to 

North 

52% 24% 29% 

In between 1-2 

m/s (Comfort 
condition) 

20% 13% 15% 

Greater than 2 

m/s 

28% 63% 56% 

 

Less than 1m/s 

From 
North to 

South 

26% 31% 21% 

In between 1-2 

m/s (Comfort 

condition) 

17% 22% 21% 

Greater than 2 

m/s 

57% 47% 58% 

4.2.  Flow pattern in square shape house for different wind 

flow directions 

Figure 12 shows the airflow pattern inside the house 

(left side of fig.12) and airflow velocity region(less than 1 

m/s, in between 1-2 m/s and higher than 2 m/s) inside the 

square shape house (right side of fig. 12) when the airflow 

direction is from south to north with different 

door/window orientations. In this part, the inflow air 

velocity is taken as 3.33 m/s. With N&E and N & W 

door/window configurations, the air volume flow rate is 

the lowest (3.55 m3/s per unit door/window height) 

because the entire air enters through the main entrance 

door only. On the other hand, in the remaining 

door/window configuration it is 13.702 m3/s per unit 

door/window height. With N & E door/window 

positioning, it is observed that a major fraction of air that 

enters through the main entrance door, moves out through 

the windows of the north side bedroom, toilet, and east 

side living room. A small amount of reverse flow air enters 

into the kitchen/dining space through all the windows 

provided. It is due to the adverse pressure formed by the 

main flow path. As previously discussed, recirculation 

zones are observed at the sides of the flow paths. Here a 

major portion of the area is covered with low velocity (< 

1m/s). With N-W door/window positioning, all rooms 

positioned at south-west are poorly ventilated, even north 

side toilet as well. The cross-flow condition (N & S 

door/window configuration) is already disused in the 

previous section. With S & E door/window configuration, 

it is observed that the entire N-S region is ventilated poorly 

(< 1m/s) because a maximum fraction of air that enters 

from the south, travels towards the kitchen/dining area (N-

E region). With S & W door/window configuration, the 

ventilation is found to be very nice inside the entire house. 

Very low percentage area covered with the low-velocity 

wind (< 1 m/s). The maximum area of the study room and 

kitchen/dining is under comfortable airflow conditions. 
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 Inlet velocity 1.11 m/s (4 km/hr) Inlet velocity 2.22 m/s(8 km/hr) Inlet velocity 3.33 m/s(12 

km/hr) 

Inlet velocity 4.44 m/s(16 

km/hr) 

Rectangle 
shape 

    

Square 

shape 

    

L-shape 

    
 
 

Air velocity < 1 m/s Air velocity within 1-2 m/s Air velocity > 2 m/s 

 
Figure 1.0 Air flow velocity region; less than 1 m/s (green), in between 1-2 m/s (brown) and higher than 2 m/s (blue) inside the house of 

various shapes, for different inlet airflow velocities with cross flow door/window orientation when airflow direction is from south to north. 

 

 
 

Figure 11. Air flow velocity covered the area in percentage inside the house of various shapes of the houses for different inlet airflow 

velocities with cross flow door/window orientation when airflow direction is from south to north. 
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(d) 

 
(e) 

 

 Air velocity < 1 m/s   Air velocity within 1-2 m/s  Air velocity > 2 m/s 

 
Figure 12. Airflow pattern inside the house (left) and airflow velocity region; less than 1 m/s (green), in between 1-2 m/s (brown) and 
higher than 2 m/s (blue) inside the house of rectangular shape (right) when the airflow direction is from south to north, for different 

door/window orientations (a) N & E opening (b) N & S opening (c) S & E opening (d) S & W opening (e) N & W opening 

Figure 13 shows the airflow velocity region; less than 1 

m/s (green colour region), between 1-2 m/s (browncolour 

region) and higher than 2 m/s (bluecolour region) inside 

the house of rectangular shape (right) with various airflow 

direction for different door/window orientations.The 

airflow inlet velocity is taken as 3.33 m/s.Figure 14 depicts 

the air flow velocity covering the area in percentage inside 

the house. It is observed that with N & Edoor/window 

configuration when the flow is from the south, 78% area of 

the house is covered with a low air velocity region (<1 

m/s). It happens due to the low volume flow of air inlet. 

With S & W door/window configuration, when the flow is 

from the south, 27% area of the house is covered with 

comfort condition velocity region (between 1-2 m/s). 

Similarly, with N & S door/window configuration, when 

the flow is from the south, 63% area of the house is 

covered with the high-velocity region (> 2 m/s). It is 

because, in both S & W and N & S door/window 

arrangements, the airflow volume rate is higher. 
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Door/window 

orientation 
Airflow from South Airflow from north Airflow from east Airflow from west 

N &W 

  

Not applicable due to 

closed wall 

 

N &S 

  

Not applicable due to 

closed wall 

Not applicable due to 

closed wall 

N &E 

   

Not applicable due to 

closed wall 

S &E 

 

Not applicable due to 

closed wall 

 

Not applicable due to 

closed wall 

S &W 

 

Not applicable due to 

closed wall 

Not applicable due to 

closed wall 

 

Air velocity < 1 m/s Air velocity within 1-2 m/s Air velocity > 2 m/s 

 

Figure 13. Air flow velocity region; less than 1 m/s (green), in between 1-2 m/s (brown) and higher than 2 m/s (blue) inside the house of 

rectangular shape,with various airflow directions for different door/window orientations, when airflow inlet velocity is 3.33 m/s. 
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Figure 4. Air flow velocity covered the area in percentage inside the house of rectangular shape, with various airflow directions for different 

door/window orientations when airflow inlet velocity is 3.33 m/s. 

5. Conclusion 

Computational simulations have been performed to 

study the impact of partition walls on natural ventilation 

inside the house of various shapes and various 

door/window arrangments. The inflow air velocity range 

has been considered by following the 11-year wind data of 

Bhubaneswar city, India.Experimentation has also been 

performed to verify the predictional accuracy of the 

computational models used. The overall conclusion that 

has been drawn from the investigation is given as follows. 

1. The volume of air inflow plays an important role in the 

airflow inside the house. With a single door/window 

entry, the volume of air inflow is less, hence there is 

poor ventilation observed. 

2. With the increase in air flow inlet velocity, the area 

covered with low-velocity air (< 1 m/s) decreases and 

the area covered with high-velocity air ( > 2 m/s) 

increases irrespective of the shape of the house. The 

area covered with comfort velocity (between 1-2 m/s) 

decreases with an increase in air inflow velocity for 

square shape houses and first increases then decreases 

in L-shaped houses but it does not follow any trend for 

the rectangular house. 

3. For the given house size and door/window 

configuration, square shape house has the highest 

percentage area (63%) covered with higher velocity (> 

2 m/s) and the rectangular shape house has the highest 

percentage area (52%) covered with lower velocity (<1 

m/s) with south to the north wind flow direction. On 

the other hand, square shape house has a maximum of 

22% area covered with comfortable airflow velocity 

(between 1-2 m/s) with north-to-south air flow 

direction. 

4. Due to the low-pressure zone formed by the main air 

flow stream, some recirculation zone is observed near 

and around the main flow stream. Moreover, due to the 

same cause, some backflow is observed from some 

windows. The backflow is more prominent with a 

single door (main entrance door) air entry. 

5. The airflow pattern does not vary significantly with an 

increase in inlet air velocity, but the various airflow 

velocity regions ( velocity <1 m/s, > 1 m/s, and in 

between 1-2 m/s)  inside the house are affected 

significantly. With the increase in inlet airflow 
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velocity, the fractional area of comfort airflow velocity 

and the high-velocity region increase. 

6. With the N & E door/window configuration, for square 

shape house, the highest 78% area is covered with a 

low air velocity region (< 1 m/s). It happens due to low 

volume flow rate entry as air enters through only the 

main entrance door. With N & S door/window 

configuration, the highest 62% area is covered with a 

high air velocity region (> 2 m/s). It happens due to the 

high volume flow rate of air entry as air enters through 

windows and the main door.  
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