
Citation: Fang, Z.; Wang, W.; Chen,

Y.; Fan, H.; Dong, R.; Pang, D.; Song,

J. Numerical Analysis of Natural

Ventilation on One Side of a Room

with Two Different Opening

Configurations. Sustainability 2023,

15, 11456. https://doi.org/10.3390/

su151411456

Academic Editor: Ricardo M. S.

F. Almeida

Received: 9 June 2023

Revised: 14 July 2023

Accepted: 15 July 2023

Published: 24 July 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

sustainability

Article

Numerical Analysis of Natural Ventilation on One Side of a
Room with Two Different Opening Configurations
Zhicheng Fang , Wanjiang Wang *, Yanhui Chen, Hui Fan, Ruoqi Dong, Dongbing Pang and Junkang Song

School of Architecture and Engineering, Xinjiang University, Urumqi 830047, China;
zhichengfang@stu.xju.edu.cn (Z.F.); 2249651816@stu.xju.edu.cn (Y.C.); xjdxfanhui@126.com (H.F.);
107552101517@stu.xju.edu.cn (R.D.); 107552104156@stu.xju.edu.cn (D.P.); junkangsong@stu.xju.edu.cn (J.S.)
* Correspondence: wangwanjiang@xju.edu.cn

Abstract: Single-side natural ventilation is a commonly used means of ventilation to effectively
regulate the thermal environment in building interiors without any fossil energy consumption. To
achieve most of the potential for the efficiency of single-side natural ventilation, research needs to
be undertaken into the forces that drive single-side natural ventilation. This paper examines the
single-side natural ventilation of a single vertical single opening (SSO) and a vertical double opening
(SDO) in a freestanding building under wind and thermal pressure. The change in the trajectory
of vortex shedding when the building is leeward as well as the frequency of vortex shedding in
square buildings was investigated by large eddy simulation (LES), and computational fluid dynamics
was used to analyze the difference in the air exchange rate of single-side natural ventilation of SSO
and SDO in the windward and leeward conditions of the building. Both of these methods were
used in conjunction with one another. According to the findings, the creation of vortices at SSO and
SDO in the presence of low wind speeds reduces the ventilation effect of thermal pressure under
windward circumstances. Consequently, the influence of thermal stress and wind stress ultimately
cancel each other out, and this phenomenon finally disappears as the wind blowing from the outside
of the structure increases. The shedding of vortices in the leeward state accomplishes a form of
air supply pumping with a particular periodicity of airflow fluctuations in the lateral direction.
The Strouhal number computed using the LES simulation acts in a manner consistent with the
experimental findings.

Keywords: CFD simulation; natural ventilation; windward; leeward; building energy efficiency

1. Introduction

The requirements that must be met for the internal environment of buildings are
becoming increasingly demanding as people’s living standards continue to rise [1]. With
the emergence of the energy crisis, many countries continuously optimize their buildings’
airtightness [2]. This contributes to the reduction of part of the building’s overall energy
consumption but also causes issues with the building’s interior air quality to some de-
gree [3]. When finding a middle ground between high energy costs and poor internal air
quality, buildings most benefit from natural ventilation [4]. Natural ventilation in buildings
is typically accomplished by varying the opening and closing of doors and windows. This
can help enhance the interior air quality and dilute the concentration of polluting gases
that are dangerous to humans without requiring additional energy expenditure on the
building’s part [5]. Furthermore, during the transitional season, natural ventilation may
significantly enhance the thermal climate of the building’s interior, increasing the comfort
of the people who live there [6].

Wind pressure, thermal pressure, and the interaction of wind and thermal strain are
the primary forces that drive natural ventilation on a single side of a building [7]. In the
vast majority of instances, the wind’s power is the determining element in terms of whether
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or not the inside of a building receives natural ventilation [8]. This occurs when there is
a pressure differential on the windward or leeward side of the building, allowing air to
flow from the outside to the interior of the structure [9]. The difference in air temperature
between the interior and exterior of a structure creates a pressure gradient vertically across
the walls of the building, which is one of the primary causes of natural ventilation [10].
This difference in air temperature is what is known as thermal pressure. Despite this, wind
and temperature forces often work together to cause natural ventilation by driving the
airflow in a coordinated fashion [11].

According to the findings of studies undertaken over the past few decades, the in-
vestigation of single-sided natural ventilation with wind or thermal pressure acting alone
is a well-established field of study [12]. Studies of unilateral natural ventilation under
temperature pressure, for instance, are often carried out via gas-tracing methods, numerical
models, and field tests [13]. Gan et al. estimated the adequate depth of fresh air distribution
in single-sided naturally ventilated rooms by employing CFD methodologies, and the
study’s findings showed that the proper depth of thermal comfort was not consistent with
the effective depth of air quality [14]. Researchers Favarolo et al. used CFD methods and
experimental comparisons to investigate the flow coefficient of a single-sided naturally
ventilated rectangular hole [15]. Their findings showed that the aperture’s flow coefficient
impacted the opening’s width and the wall’s thickness [16]. In addition, thermal pressure
as the only driver was reported in detail in the design of building ventilation apertures and
indoor environmental studies [2].

It is far more difficult to explore wind pressure as the main driver for single-sided
natural ventilation than using thermal pressure as the primary driver for single-sided
natural ventilation. The ambiguity of external wind speed and direction makes it difficult
to obtain correct values for practical analysis in many investigations [15,17]. At the same
time, the problem of turbulence caused by external winds further exacerbates the depth of
this problem [18]. In recent years, new methods and tools have made it possible to address
wind pressure as the sole driver of natural ventilation on one side. Larsen proposed a
new computational model by testing 159 different cases in a wind tunnel and analyzing
the experimental data, which can predict the airflow through the window more conserva-
tively [19]. A two-opening model for single-sided ventilation was investigated using wind
tunnel studies by Chu et al. A semi-empirical predictive model was also utilized to deter-
mine the time-averaged pressure difference and the fluctuations in pressure generation,
and the results of the predictive model were in error with the wind tunnel test results by
just 13% for various wind speeds and wind directions [17]. King et al. explored the associa-
tion between the air exchange rate and wind angle in single-sided natural ventilation by
utilizing CFD simulations, whereas in the simulations, they observed that vortex shedding
from upwind buildings supplied pulsating ventilation to the windows [20].

Actually, for single-sided natural ventilation in practice, it is almost always difficult
for air pressure and temperature pressure to function separately to drive circulation. In
the vast majority of cases, both air and thermal pressures function together to drive the
airflow and generate natural ventilation in the building [3]. Allocca researched single-sided
natural ventilation with air and thermal pressure using CFD methods. As a result of this
research, an empirical model was built to forecast the ventilation flow via a single aper-
ture [21]. The fundamental model for single-sided natural ventilation was improved by
Freire et al. by employing the computation of pressure coefficients to raise the accuracy of
the prediction model. This was done to enhance the model’s performance. In each of the
experiments, as indicated above, primary attention was given to forecasting the ventila-
tion capacity of single-side natural ventilation, and a considerable quantity of empirical
models were created [22]. Less research has been done on the opening configurations;
Wang et al. utilized CFD to investigate the distribution of heat flow profiles in the room
with various actual window designs. After their findings, they compared the airflow
profiles’ driving forces [23].
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It is difficult to obtain reliable results for single-sided natural ventilation by conven-
tional experiments or data analysis, as the airflow in single-sided natural ventilation is
considerably impacted by turbulence fluctuations [24,25]. Applying computational fluid
dynamics to natural ventilation allows the most reliable results to be obtained at the most
reasonable computational cost. Additionally, the technique of computational fluid dynam-
ics has an unanticipated impact on the study of flow field changes and airflow exchange
in single-sided ventilation systems, and the visualization of the findings of numerical
analysis may replicate complicated flow features [26,27]. Jiang et al. were the first to
adopt a computational fluid dynamics approach to investigate single-opening, single-side
natural ventilation driven by buoyancy. They validated two models in computational fluid
dynamics, the Reynolds-averaged Navier–Stokes equation model and the large vortex
model, with research data from full-scale experiments [28–30]. The results disclose that
LES is more accurate than RANS in estimating airflow temperatures, velocities, and the
influence of single-sided natural ventilation; however, LES demands greater computer
power and has accompanying computational expenses [31]. As shown in Figure 1, in
Urumqi, we investigated 16 buildings with SSO and SDO openings. Although there are
design differences with the ventilation windows used in engineering applications, there is
a mutual unity in terms of the ventilation mechanism and the form of airflow.
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In summary, the overall analysis of the research on single-sided natural ventilation
shows that most of the research focuses on predicting natural ventilation in single-sided
natural ventilation with a single opening pattern. There is less detailed research on the
form of the driving force of airflow in single-sided natural ventilation and the development
trend of airflow. To fill this gap, the main research objectives of this study include the
following four main points:

1. To analyze the consequences of natural ventilation on one side of a building equipped
with SSO and SDO apertures when facing in a windward and leeward direction;

2. To investigate the primary factors contributing to air movement through the two
distinct types of openings, SSO and SDO;

3. To identify the primary propelling forces of natural ventilation in unilateral natural
ventilation when wind pressure, thermal pressure, and wind pressure and thermal
pressure work together;

4. To investigate the frequency of vortex shedding at different external wind speeds for
a leeward condition and predict the Strouhal number for a square building.

This paper aims to investigate the form of action of the driving force of airflow in single-
sided natural ventilation and the development of airflow by means of numerical simulation.
Specifically, this paper is divided into four parts: model building, meshing and validation,
analysis and discussion of results, and conclusions. Firstly, in the modelling section, the
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physical airflow model in unilateral natural ventilation is introduced, including the flow
equations, boundary conditions, and initial conditions of the airflow. Then, the numerical
methods and algorithms required in the numerical simulation are discussed in detail in this
paper. Secondly, in the section on meshing and verification, this paper describes how the
physical model is transformed into a numerical model and how meshing and validation
are carried out. The article details the methods and guidelines for meshing and how the
accuracy and reliability of the model can be verified through numerical experiments. Then,
in the Results Analysis and Discussion section, the results of the numerical simulations are
presented, analyzed, and discussed. The paper explores the characteristics and patterns of
airflow and the effects of different parameters on airflow. In addition, comparisons with
experimental results will be made to verify the accuracy and reliability of the numerical
simulations. Finally, in the conclusion section, the paper summarizes the results of the
numerical simulations and gives knowledge and understanding of the form of airflow
driving-force action and development in single-sided natural ventilation. In addition, the
paper discusses the directions and challenges for future research. In-depth research on the
form of the driving-force action of airflow and the development of airflow in unilateral
natural ventilation provides a valuable reference for research in related fields.

2. Methodology
2.1. Calculation of Domain and Boundary Conditions

In this study, two independent buildings were developed as the computational mod-
els for the simulation to better and more precisely represent the airflow and develop-
ment features of single-side natural ventilation when the openings are facing windward
and leeward. As demonstrated in Figure 2, the dimensions of the various buildings are
3.5 m × 3 m × 3 m. Single and double openings perpendicular to the XY neutral side of
the building are given on the XY side of the individual structures. A calculation domain for
external airflow is presented on the exterior of the building. The design dimension of the
computational domain is 18a × 6b × 13c. The resulting blockage rate is 0.93%, and accord-
ing to the literature, if the blockage rate of the computational domain is not larger than 3%,
the airflow may be thoroughly developed, and the computational convergence problem can
be considerably optimized [4,32]. The study employed the positive temperature difference
method because the thermal pressure responsible for pushing the airflow is primarily
derived from the temperature difference between the air inside and outside the building.
This indicates that the air temperature inside the building is higher than the air temperature
outside the building. The temperature inside was fixed at 22 ◦C, while the temperature
outside was set at 15 ◦C. Table 1 contains a description of the specific parameters. The
external wind speed determines the magnitude of the wind pressure, while the inlet wind
speed is determined using the exponential equation of the wind profile (1).

Uh
Ug

= (
h
hg

)
a

(1)

where Uh is the wind speed at height h, Ug is the wind speed at the reference height, hg is
the reference height, and a is the terrain factor.

2.2. Grids and Validation

As shown in Figure 3, the geometric model meshes using an extremely structured grid;
LES simulations require high-resolution grids. Structured meshes are often used in LES
because of their regular grid cells, good connectivity, a relatively small number of meshes,
and better ability to capture and describe vortices [21,33].

Structured meshes are highly reliable and maintainable, with a uniform grid distri-
bution that facilitates the development of numerical solution formulas, thus enabling the
more accurate simulation of flow properties and meeting the requirements of LES, which
necessitate high-resolution meshes [34,35]. In addition, the structured grid can quickly
provide boundary conditions, numerical discretization, and numerical solutions [36,37].
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The grid division is shown in Figure 3. For the model used in this simulation study, a
hexahedral structured mesh was used with a growth rate of 1.15. The smallest mesh in the
body mesh refers to 3.4 × 10−6 m3, with the most significant body mesh being 8 × 10−3 m3,
according to Celik’s index formula for assessing the quality of LES meshes [38].

LESiq =
1

1 + αv(
vSGS+v

v )
n (2)

where vSGS is SGS turbulent viscosity, αv is the calculation constant, v is the molecular
viscosity, and n is the model constant. When the LESiq is between 0.75 and 0.85, the compu-
tational grid is in the range of the minimum computational grid quality required. When
the LESiq is above 0.85, the quality of the computational grid is entirely adequate for this
calculation. The mean value of the LES of the computational grid in the study is 0.87, while
more than 99% of the computational grid area meets the minimum quality requirements.
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Table 1. Relevant simulation parameters and physical model dimensions.

External
Wind Direction

Mainstream
Wind Speed ∆t Opening Size Simulation Scheme Diagram

Windward
Uout = 0 (m/s)
Uout = 1 (m/s)
Uout = 2 (m/s)
Uout = 3 (m/s)
Uout = 4 (m/s)
Uout = 5 (m/s)

∆t = 7 ◦C SSO: 0.5 m × 0.6 m
SDO: 0.5 m × 0.3 m
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dynamics software package Ansys Fluent was utilized in this work to accomplish this goal
effectively. Compared to the traditional Reynolds averaging method (RANS), the large eddy
simulation (LES) has the following advantages: (1) It gives more accurate simulation results.
Since LES only simulates larger turbulent structures, smaller turbulent structures are usually
difficult to simulate accurately. Therefore, sometimes, the simulation results from LES can
be more accurate than RANS. (2) It obtains better physical description. LES can directly
simulate turbulent mesoscale vortex structures, whereas RANS has to use vortex macro-
averaging, thus losing some detailed information. As a result, LES can describe physical
phenomena better. (3) It has controllable computational errors. Using high-resolution
meshes allows for more minor errors in LES, and subgrid models can also control the
errors in LES. (4) It shows better adaptation to complex flow fields. Traditional RANS
methods for calculating complex turbulent phenomena usually require using complex
vortex models to obtain accurate solutions. On the other hand, LES can usually adapt to
more complex flow fields and obtain more accurate results by increasing the grid scale and
time step, etc. [39,40]. Extensive eddy simulations offer higher computational accuracy
and better physical descriptions than the traditional Reynolds averaging method but are
more computationally expensive. The basic idea of LES simulations is to directly calculate
large-scale pulsations [41]. A mathematical filtering function must first be constructed
to implement a large eddy simulation. The subgrid-scale closure method devised by
Smagorinsky should be utilized for filtering operations. The established filtering function
filters out small eddies that do not meet the scale requirements of the turbulent transient
equations of motion [42,43]. The set of LES control equations after processing through the
filter function is shown in Equations (3) and (4). The pressure and velocity coupling method
uses the iteration-free transient calculation program PISO. The pressure and momentum
discretization methods use second-order discretization and bounded central difference,
respectively, and second-order implicit discretization methods for the time terms. The
time step for the computation is set at 0.0003 s, and there are 40,000 total time steps.
Twelve seconds are spent running through the entire computational model. The continuity
residuals in the computational zone are controlled to a value of 10−6, and the last four
seconds are used as the data for the computational analysis.

∂

∂t
(ρui) +

∂

∂xj
(ρuiuj) = − ∂p

∂xi
+

∂

∂xj
(µ

∂ui
∂xj

)−
∂τij

∂xj
(3)
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∂ρ

∂t
+

∂

∂xi
(ρui) = 0 (4)

where τij is defined as the subgrid-scale stress SGS, representing the effect of small-scale
vortex motion on solving the equations of motion. According to Smagorinsky’s basic SGS
model, the assumed stress form is shown in Equation (5).

τij −
1
3

τkkδij = −2µtSij (5)

µt is the subgrid-scale turbulent dynamic viscosity, and Sij is the symmetric tensor of the
velocity gradient, which is calculated as follows:

µt = (Cs∆)2/S/ (6)

/S/ =
√

2SijSij (7)

∆ = (∆x∆y∆z)
1
3 (8)

∆ denotes the grid size in the i-axis direction, and Cs is the Smagorinsky constant.

2.4. CFD Model Validation

Before utilizing CFD simulations, verifying the accuracy of the data obtained from
the CFD model calculations is essential. In the relevant literature, Caiolo provides full-
scale experiments on unilateral ventilation with detailed studies of velocity profiles and
temperature profiles at the openings [39]. We compared the expected results from CFD
simulations with the actual experimental data using the model experimentally validated
in prior research. Figure 4 depicts the results obtained by conducting the comparison.
The CFD simulation predicts that the mean airflow velocity at the opening is generally
consistent with the experimental airflow velocity distribution, and the error remains small.
At the same time, the error in preheating the average temperature at the opening remains
within 5–18% of the experimental data. Therefore, the results of using CFD to predict
data from simulated single-sided natural ventilation are very accurate and have some
application value.
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3. Results and Discussion
3.1. Effect of External Air On Air Exchange Rate

The degree to which air flows outside the structure is referred to as the external wind
variation, and wind outside the structure makes the circulation of air between the indoors
and outside a more relevant process. The air change rate (ACH) of a building is the measure
used to express the number of times in a certain amount of time that the air contained
within the building is completely replaced:

ACH =
Qv

V
(9)

CFD calculations obtain the airflow velocities of the SSO and SDO. Also, to avoid
errors in selecting a single point for velocity measurement, the total area of the flow field
at the opening is intercepted for area-weighted averaging in the CFD calculation. This
makes the simulated airflow rates of the openings more accurate. The numerical results
that were produced for the ACH of the building under various scenarios are depicted in
Figure 5. These results include the external wind speed and the wind-blowing direction.
The analysis of the findings reveals that the ventilation conditions for single and double
openings undergo considerable changes whenever there is a change in the external wind
speed or direction. This is the case regardless of whether the openings are single or
double. Even though the single and double apertures were planned to have the same total
surface area from the beginning, the single and double openings’ ventilation performance
is substantially different. Figure 5a demonstrates that the ventilation performance of
double openings in open windward conditions is substantially superior to that of single
openings in these conditions. When there is a gradual but consistent increase in wind speed
outside, the ventilation rate within buildings with double openings increases significantly
to 3.4 times the ventilation rate at U = 5 m/s compared to static wind speed, but the single
opening under the same conditions does not significantly increase the ventilation rate in
the building with a change in external wind speed.
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Before analyzing the changes in the indoor and outdoor CFD simulation flow fields, it
is essential to note that the effective windward area of the larger single opening is greater
than that of the smaller double openings. On the other hand, the external wind forces
propel the airflow perpendicular to the single opening. As a result of the temperature
difference between the indoor and outdoor air, the thermal pressure forces the external
circulation to enter the building at an angle. The two distinct driving forces converge in
opposite directions in the flow plane of the single opening, and the impact pulsation of the
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airflow creates a vortex in the flow plane. The vortex-caused backflow of air drastically
reduces the theoretically calculated ventilation capacity of the single opening.

Figure 5b shows the building window with the wind at its back. The ventilation
performance of both SSO and SDO improves well as the wind speed outside the building
increases, with SDO ventilation outperforming SSO at low wind speeds. After U ≥ 2 m/s,
the ventilation performance of SSO improves significantly and gradually outperforms that
of SDO.

3.2. Vortex Shedding on the Leeward Side-Pumping Air Supply

According to the SSO and SDO studies, the air exchange rate gradually increases
with rising external wind speed when the building is leeward. To further investigate this
phenomenon’s causes, when the building was leeward, a series of interacting vortices were
observed to form on the SSO and SDO sides. A shedding event occurs when the vortices
produced on the windward side of the building collide with one another on the structure’s
surface. As shown in Figure 6a,c, in states of low external wind speed, the vortices formed
on either side of the building are smaller, and the degree of impact is correspondingly
lower as the external wind speed increases. As shown in Figure 6b,d, the vortices of the
airflow gradually increase and create a series of highly asymmetrical pressure distributions
along the flow path of the airflow. The airflow at the high-pressure point crosses the central
axis and moves towards the airflow at the low-pressure point. As the airflow moves, the
pressure at the high-pressure point drops to the same value as the low-pressure point, at
which point the vortex falls off. The low-pressure point is officially interchanged with the
high-pressure point. Due to the continuity of the airflow, the vortex shedding at both ends
keeps happening over and over again. This erratic oscillation enhances the ventilation
effect of the SSO and SDO during backdraft. According to Daniel’s research, this oscillation
has a certain periodicity.
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As shown in Figure 7, for the corresponding incoming flow velocity, vortex shedding
and surface forces occur at a fixed frequency, according to the analysis proposed by Strouhal
regarding such an oscillatory mechanism, as shown in Equation (10), where f is the vortex
shedding frequency, w is the characteristic size of the geometry, and Uout is the transverse
free-flow velocity.

St =
fs · w
Uout

(10)
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When St < 1, the contact between the flow and the structure is minor, the flow state
is stable, and small local vortices dominate the flow field. When St > 1, the interaction
between the airflow and the building object is strong, the flow state of the fluid is unstable,
and large-scale vortices and vortex streets dominate the flow field.

The frequency of vortex shedding was determined in the simulation study by monitor-
ing the variation of the curved power coefficient adjacent to the inflexion point. As shown
in Figure 8a, the vortex-scattering frequency increases linearly with increasing wind speed
when the building is leeward. Figure 8b depicts the corresponding Strouhal number and
the experimental Strouhal number for a square structure based on the calculation of the
preceding equation; comparing the results of Daniel’s experimental test, the relative error
of the number derived from the LES simulation is within 4% [15].

3.3. SSO and SDO Central Profile Speed Analysis

The variation of the ventilation rate under various external air velocities reveals
a conversion effect between wind and thermal pressure as the driving force of airflow.
To investigate further the impact of this conversion effect. At various wind speeds, we
analyzed the velocity distribution on the central surfaces of the SSO and SDO. Figure 9
primarily depicts the velocity variation with height for wind speeds of 1 m/s and the axis
of the apertures at 3 m/s. For higher external wind speeds of U = 3 m/s, it is evident
that the variation in the axial velocity of the apertures is more pronounced regardless of
whether the openings are windward or leeward and that the average velocity of the central
axis is greater than the effect of U = 1 m/s.
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In the open windward condition, the axial velocity of the SSO at U = 1 m/s decreases
after a certain distance in height, probably due to the drag caused by the local disturbance.
In the windward condition, the central axis velocity of the upper opening of the SDO
at U = 3 m/s is much greater than the central axis velocity of its lower opening. In the
opener against the wind, there is a zero value point in the central axis of the SSO opening,
and its corresponding transverse section is a neutral surface with a linear distribution of
pressure on both sides. In this case, the velocities of the central axes of the upper and lower
openings of the SDO increase almost simultaneously and show numerical consistency.

3.4. Analysis of the Effect of Combined Air and Thermal Pressure Drive on the Air Exchange Rate

In engineering applications, air and thermal pressures are frequently present concur-
rently. The Archimedes and flow rate numbers are introduced before analyzing the effect of
combined wind and thermal pressure driving air exchange rates. Warren introduced this di-
mensionless number in his study of the impact of external airflow on air exchange rates [44].
Archimedes’ number is the proportion between buoyancy force and inertial force. Based
on conventional fluid mechanics calculations, Archimedes’ number is frequently employed
to analyze the phenomenon of fluids’ mixed convection. The flow number represents the
ratio of ventilation volume driven by the coupled wind and thermal pressure to ventilation
volume driven by wind pressure alone. The corresponding phrases are listed below.

Ar =
g∆TH

TaveUwind
(11)

F =
Qv

AUwind
(12)

where Ar is the Archimedes number, F is the flow rate, H is the height of the opening, ∆T
is the temperature difference between the inside and outside of the opening, Uwind is the air
velocity, Qv is the volumetric flow rate of the air, and A is the area of the airflow through
the opening.

The above equation strongly connects the flow and Archimedes’ numbers. It is crucial
to derive expressions related to the ventilation rate Q. The following mathematical model
for natural ventilation of SSO and SDO under thermal pressure is thus derived.

As shown in Figure 10a, a single side in a building has two openings, M and N of the
same area: both of area A. The difference in static pressure between the inside and outside
of opening M is PM, and the difference in static pressure between the inside and outside of
opening N is PN . The difference in height between M and N is H.

PN = PM + gH(ρout − ρin) (13)

∆P = PN − PM = gH(ρout − ρin) (14)

where ρin and ρout represent the air density inside and outside the opening.

∆P = ρoutgH
Tout − Tin

Tout
(15)

Qv = ACs,d

√
2∆P
ρout

(16)

Qv = ACs,d

√
2gH

Tout − Tin
Tout

(17)
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Tout is the average temperature on the outside of the opening, Tin is the average
temperature on the inside of the opening, and Cs,d is the opening flow coefficient. The
relevant equation for the ventilation rate of SDO under thermal pressure can be obtained
as follows:

Qv = ACs,d

√
2gH

Tout − Tin
Tout

(18)

Figure 10b depicts the physical model of thermal pressure ventilation of the SSO,
assuming that the SSO neutralization surface is at the middle height of its aperture and that
the pressure is distributed linearly. The lower portion of the neutralizing surface serves as
the airflow inlet, while the upper portion functions as the airflow outlet, with integration
of Equation (19) in the direction of the opening’s height.

Qv =
1
2

ACs,d

∫ 0.5H

0

√
2∆P
ρout

=
1
2

ACs,d

∫ H

0.5H

√
2∆P
ρout

(19)

We then derive the thermal pressure ventilation Equations (20) and (21) for SSO
and SDO.

Qv = ACs,d

√
2gH

∆T
Tout

(20)

Qv =
1
3

ACs,d

√
2gH

∆T
Tout

(21)

Based on the above-derived equations, the following correlation between the Archimedes
number and the flow number in SSO and SDO can be derived from the joint vertical.

Fcs =
Qv

AUout
=

1
3

Cs,d Ar0.5 (22)

where Fcs is the critical flow number, and according to Warren’s formulation, in a straight
line, the driving force for the ventilation rate depends mainly on the thermal pressure
created by the temperature difference [45]. In the region below the straight line, the
wind pressure caused by the external wind balances the thermal pressure caused by
the temperature difference, resulting in a meager ventilation rate. In the upper region,
the wind-pressure effect augments the thermal-pressure effect, resulting in an increased
ventilation rate.

By analyzing the results of CFD calculations, the SSO and SDO ventilation exchange
rates are influenced by different driving forces, as shown in Figure 11. When the SSO and
SDO are in the windward state, they are subject to a more significant amount of influence
from the wind coming from the outside. With a gradual increase in external wind speed,
the influence of wind pressure on ventilation increases. This gradually counteracts the
effect of the thermal pressure, which reduces the ventilation rate at this point. However,
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this counteracting effect does not continue to increase as the effect of wind pressure reaches
the counteracting point. The external air’s wind pressure will synergize with the thermal
pressure to enhance the ventilation rate, corresponding to F > Fcs in the diagram. It is
worth noting that when the SSO and SDO are in the leeward condition, different external
air velocities enhance the ventilation exchange rate of the thermal pressure to some extent,
with the vast majority being in the F > Fcs range.
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The synergistic effect of wind and thermal pressure drives the ventilation of the SSO
and SDO in the leeward condition. Therefore the effect of wind pressure offsetting thermal
pressure cannot be studied visually in the leeward condition. The vertical center surface
temperature distribution under windward conditions is illustrated in Figure 12. The wind
speed on the left side of Figure 12 is 1 m/s outside, and the wind speed on the right side
of Figure 12 is 3 m/s; because it was specified at the beginning of this study that the
indoor temperature would be higher than the outdoor temperature, the interior of the
building is in the form of a positive temperature difference about the external environment.
Temperature stratification is produced on the interior of the building due to the dense,
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low-temperature air that is forced into the room through the apertures in the structure by
the airflow. Forced convective heat exchange is located at the base of the structure, and the
air circulation is far more turbulent than at the top levels of the building. At an exterior
velocity of wind of 1 m/s, the inlet airflow of the SSO and SDO enters the room at an angle
very close to the inner wall of the building, with its central flow line at an acute angle to
the entrance. The principal factor propelling the airflow at this point is the buoyancy effect
of the thermal pressure rise. However, when the external wind speed climbs to 3 m/s, the
angle of the inlet airflow of the SSO and SDO rises dramatically and enters the building
at an approximate angle of 90◦ to the entrance. In this situation, the ventilation impact of
the thermal pressure effect gradually declines as the wind speed increases. The increase in
wind speed creates a significant disruption effect on the airflow entering the SSO and SDO.
This disturbance effect increases the creation of vortices, which decreases the influence of
temperature differences in the SSO and the SDO air inlets, proving why a specific range of
external wind speed fluctuations counteracts the effect of thermal pressure ventilation.
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Comparing the performance of SSO and SDO at different airspeeds, SDO has a higher
uniformity of indoor temperature distribution at low and high air speeds and is more stable
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than SSO at high air speeds. Although the SDO performance remains stable at low wind
speeds, the SDO has a more insufficient improvement in room temperature than the SSO at
the same wind speed. This lays a solid foundation for maximizing the beneficial effects
that natural ventilation can have on one side. The windows of the building can be created
with acceptable opening fans according to the climate and environment of the building;
alternatively, the opening fans of the windows can be opened in various ways according to
the external wind speed.

4. Conclusions

A numerical study of the ventilation provided to a room in a freestanding, square
building is presented here. The study was carried out using a computer. CFD method-
ologies were utilized to analyze the influence that two opening configurations, SSO and
SDO, have on the ventilation effect in the building room when subjected to leeward and
windward situations, respectively. In this study, the effects of two different airflow drivers,
namely wind pressure and heat pressure, were analyzed, and the primary airflow drivers
for natural ventilation in windward conditions were determined. Vortex shedding was
discovered to be a unique form of airflow drive that was active in the leeward state. The
following is a summary of the primary conclusions reached in this study.

1. The ambient wind speed plays a crucial function in a building’s ventilation. In
windward conditions, a building’s ventilation rate is not always proportional to the
ambient wind speed. As the external wind speed increases, the air exchange rate of a
building will decrease until the wind and thermal pressure offset point is attained.
Beyond the airflow drive offset point, the building’s air exchange rate will increase
with an increasing ambient wind speed;

2. When the leeward condition is present, the primary force that drives the airflow is
vortex shedding at the vent located on the leeward side. This causes periodic airflow
oscillations to appear in the lateral direction. The measured Strouhal number is 0.104,
which is consistent with the test results, with a relative error rate of 4%;

3. With two distinct aperture configurations for SSO and SDO, the windward ventilation
rate for SDO is greater than that of SSO. In leeward conditions, the ventilation rate
of SDO is still more significant than that of SSO, even at low wind velocities. At
higher external wind speeds, the ventilation rate of SSO progressively intensifies, and
the overall ventilation rate gradually surpasses that of SDO as external wind speeds
increase. In engineering applications in the real world, the arrangement of openings
for natural ventilation on a single side of a building should consider the building’s
location, the weather patterns that occur throughout the year, and the changes in
wind direction on the ventilation side.

It is worth noting that in practical engineering applications, the above findings, despite
their informative value, still face challenges and specific limitations that cannot be ignored.
Single-sided natural ventilation is widely used in the building sector, and various types
of opening designs offer more possibilities for its practical application. However, this
study only analyzed the airflow state and driving force variations for square-opening SSO
and SDO, while the case of non-square openings has yet to be explored in depth. Future
research should therefore build on the existing studies of square openings and expand
further into the design of different shapes of openings. This includes a comprehensive
analysis of the effects of varying opening shapes on airflow status, driving force variations,
and ventilation effects in single-sided natural ventilation. Such research will provide a more
comprehensive design reference for building designers and help improve the efficiency
of building ventilation and air exchange, reduce energy consumption, and contribute to
green building and sustainable development. In conclusion, future research should focus
on the impact of different shapes of openings in single-sided natural ventilation. Through
in-depth analysis of the airflow state, driving force changes, and ventilation effects, we aim
to provide building designers with more scientific and reasonable ventilation solutions to
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meet people’s needs for indoor environmental quality and comfort as well as to respond to
the global challenge of energy saving and emission reduction.
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Nomenclature

a Terrain factor
ACH Air change rate per hour (1/h)
A Area (m2)
Cs Calculation constants
Cs,d Flow coefficient
fs Eddy current shedding frequency
F Number of flows
h Building outdoor height (m)
hg Reference height (m)
H Opening height (m)
Qv Volume flow rate of air (m3/h)
SSO SSO Single-side single opening
SDO Single-side double opening
U External wind velocity (m/s)
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