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Abstract. To investigate the impact of opening factors on the ventilation of en-

closed buildings, numerical simulations were conducted to analyze the coupling 

airflow between upwind and downwind buildings. The study focused on the ef-

fects of window opening percentages (5%, 7.5%, 10%, 12.5%, and 15%) and the 

height of window opening floors (4 floors) on the indoor environment. The re-

sults show that when windows are opened on different floors, the window open-

ing floor height (WOFH) of the upwind building has little influence on the down-

wind building, and similarly, the WOFH of the latter does not significantly affect 

the former. However, as windows are opened on the same floor with the same 

window opening percentage (WOP), the indoor ventilation rate of the upwind 

building increases with the increase of the WOFHs, but decreases slightly on the 

top floor (4th floor). In contrast, the indoor ventilation rate of the downwind 

building is not affected. Both upwind and downwind buildings experience an in-

crease in ventilation rate with the increase of WOPs. Additionally, the ventilation 

rates of upwind and downwind buildings are linearly correlated with the ventila-

tion ratios approaching 2. The findings of this study could provide a solid foun-

dation for further study of the dispersion of pollutants in enclosed buildings. 

Keywords: natural ventilation, cross ventilation, numerical simulation, enclosed 
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1 Introduction 

Ventilation in buildings has increasingly garnered attention for its role in mitigating the 

transmission of infectious diseases and reducing the risk of Sick Building Syndrome 

through the provision of fresh air [1-3]. Building ventilation systems comprise both 

natural and mechanical ventilation methods. In comparison, natural ventilation excels 

in delivering a greater volume of fresh air and improving indoor environmental quality, 

all without incurring extra energy costs, which is particularly important in low-carbon 

buildings [4,5]. Different strategies of natural ventilation include cross-ventilation, sin-

gle-sided ventilation, and stack

 

ventilation

 

[6]. Cross ventilation has historically been 
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achieved by residents opening windows on both sides during the appropriate seasons. 

Numerous studies have investigated the effects of factors such as opening location and 

size on natural ventilation, primarily through the use of wind tunnel experiments and 

numerical simulations. 

Experimental studies, such as wind tunnel experiments, are combined with advanced 

experimental methods based on particle image velocimetry to explore air velocity fields 

and provide experimental data for validating Computational Fluid Dynamics(CFD). 

Karava et al. [7] indicated that the position of openings significantly affects both the 

airflow velocity and pattern within and through a building. Their findings showed that 

buildings with openings located in the lower section experience lower airflow velocities 

compared to those in the middle or upper section. Tominaga and Blocken's research [8] 

aligned with these results, showing that openings situated at the upper portion of the 

building exhibit the highest measured airflow velocities. Furthermore, their experiment 

highlighted that when windows are opened in a central position, there is an interaction 

between the air jet and the surrounding airflow in the room, resulting in the most effec-

tive removal of indoor pollutants. 

Numerical studies on natural ventilation flows are usually performed using CFD, 

since these airflows in buildings with openings are considered challenging and the ac-

tual building geometries are more complex. Most studies gradually focus on the influ-

ence of various window characteristics (size, quantity, location, etc.) on natural venti-

lation in isolated, determinant, and staggered buildings. Considering the window open-

ing position, Yang et al. [9,10] utilized numerical simulation techniques to investigate 

the impact of WOP (the proportion of window opening area relative to the external wall 

area on the window side) and various building layouts (determinant and staggered) on 

street canyon air quality. Their findings revealed that WOP primarily influences the 

pressure distribution around downwind buildings, leading to increased ventilation vol-

umes in these structures as WOP increases. Furthermore, there was a significant de-

crease in pollutant concentration with increasing WOP (ranging from WOP = 0% to 

WOP = 10%), with this decrease being more pronounced in staggered buildings com-

pared to determinant ones. Considering the impact of upwind buildings' occlusion, Fu 

Linli et al. [11] underscored the higher reliability of the Reynolds-averaged model in 

simulating occlusion when windows were present compared to cases without windows. 

In Southeast Asia, historical architectural practices involved living in enclosed court-

yards. Today, this architectural layout is commonly employed in commercial plazas, 

residential buildings, and campus structures [12-14]. Given the frequent use of such 

spaces by people, researchers have focused on studying airflow and air quality in both 

indoor and outdoor environments within enclosed buildings. Zhang Ningbo [12] uti-

lized numerical simulation to investigate the impact of the entrance height on the air-

flow surrounding enclosed buildings. The results indicated that reducing the opening 

height on the windward side of the courtyard has a minimal effect on the courtyard 

space below 2 meters. Wang Yanling [13] employed numerical simulation to explore 

the impact of the number of openings in enclosed office buildings. The study found that 

in an enclosed layout, the wind speed is highest at the openings on the windward side, 

followed by the central measuring point within the enclosed space. 
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For enclosed buildings, the above studies have given a better understanding of the 

impact of building openings on the airflow characteristics in the courtyard but do not 

consider the indoor domain. Therefore, investigating the impact of WOPs and WOFHs 

on the coupling effect of the indoor and outdoor environments of enclosed buildings is 

considered in the present study. This paper selected an enclosed building as the numer-

ical modeling and reliability verification model. It aims to investigate the influence of 

WOPs and WOFHs of enclosed buildings on the ventilation effect of upwind and down-

wind buildings and their interaction through flow rates, airflow velocity, and streamline 

characteristics. 

2 Computational models and conditions 

2.1 Physical Model 

Figure 1 shows the schematic diagram of the model including the indoor and outdoor 

environments. Combined with the actual layout of the university buildings, a four-sto-

rey enclosed building is selected as the research object. Four windows are evenly dis-

tributed on the windward and leeward sides of the classroom. The vertical central sec-

tion of one of the windows is taken as the analysis object (A-A section), as shown in 

Figure 1. 

 

Fig. 1. Computational model: (a) building model, (b) classroom model, (c) computational do-

main, (d) mesh 

The calculation area is set according to the recommended value in the existing stud-

ies [15,16], as shown in Figure 1(c). The finite volume method was used to discretize 

the governing equations and the second-order upwind scheme was used to discretize 

the governing equations [17]. The total number of grids is about 2.9×106, and the basic 

grid diagram is shown in Figure 1(d). The entrance of the computational domain is set 
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as the velocity inlet, and the velocity contour is described by the function relation with 

the roughness of the ground. 

The vertical characteristics of wind speed are represented by a power exponential 

law [18,19] Uz/Uh=(z/h)α, and the turbulence intensity at z height Iz, Iz=0.1(z/h)(-α-0.05), 

the turbulent kinetic energy kz, kz=(IzUz)2 and turbulence dissipation rate ɛz, 

ɛz=Cμ1/2kz(Uh/h)α(z/h)(α-1). z is any height, m; Uz is the average wind speed at this 

height, m/s; α is the ground roughness index. According to literature [15], α = 0.25 is 

taken here, the reference height h=10m and the standard reference wind speed at 

Uh=3.4m/s are defined here, Cμ is the empirical constant which equals 0.09. The outlet 

of the computing domain is set as the pressure outlet boundary condition, and the sur-

face of building and ground adopt a non-slip wall. Symmetric boundary conditions are 

set for the remaining surface. 

2.2 Mathematical Model 

In the three-dimensional numerical calculation, according to the characteristics of prac-

tical problems, the indoor and outdoor fluid flow of a building can be simplified to a 

three-dimensional, steady and incompressible air flow, and the governing equation of 

the fluid can be written: 

Continuity Equation: 
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Using RNG k-ɛ turbulence model [20], the governing equations of turbulent kinetic 

energy and its dissipation rate can be written as follows: 
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where xi is the component of Cartesian coordinates, ui is the component in the direc-

tion of average velocity i. ρ is the air density; p is the average pressure; and  and t 

are the molecular viscosity coefficients of fluid and turbulent viscosity coefficients, 

respectively. k is the turbulent kinetic energy, μeff is the effective turbulent kinematic 

viscosity, Gk is the turbulent kinetic energy generated due to the gas velocity gradient, 

 is the dissipation rate of the turbulent kinetic energy, the constant [21] αk = αɛ =1.39, 

C1ɛ = 1.42, C2ɛ = 2. 
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2.3 The rationality verification of numerical calculation method 

To verify the reliability of the numerical model established in this paper, the experi-

mental model of Kosutova et al. [22] was selected to simulate and reproduce the exper-

iment with the numerical model established in this paper, and the results are shown in 

Figure 2. 
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Fig. 2. Comparison of simulated dimensionless mean velocity results with experimental data 

Figure 2 shows the variation curve of the dimensionless average velocity along the 

height direction at different positions of the building (x/H = 0.2, 0.4, 0.6, 0.8), where H 

is the height of the building. Figure 2 shows that the RNG k-ɛ turbulence model is in 

good agreement with the experimental data in most regions, especially in the central 

window region. Considering the calculation time cost and accuracy requirements, the 

RNG k-ɛ turbulence model is adopted for numerical calculation in this paper. 
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3 Simulation results and discussion 

3.1 Effect of opening on different floors on ventilation 

To investigate the mutual influence of WOFHs on the ventilation between the upwind-

building (U) and downwind-building (D) with the same WOP(WOP=5%), we con-

ducted 5 simulations when windows of the downwind building opened on the same 

floor (D1, the first floor) and windows of the upwind building opened on different floors 

(U0, all windows closed; U1, the first floor; U2, the second floor; U3, the third floor; 

U4, the fourth floor), respectively. In addition, 5 conditions were simulated when win-

dows of the upwind building opened on the same floor (U1, the first floor) and windows 

of the downwind building opened on different floors (D0, all windows closed; D1, the 

first floor; D2, the second floor; D3, the third floor; D4, the fourth floor), respectively. 

Under a total of 10 simulation models, the indoor ventilation rate of the upwind building 

and the downwind building changes, as shown in Figure 3. 

Figure 3(a) shows the influence of WOFH of upwind building on ventilation effect 

of downwind building at 5% WOPs. With the increase of WOFH of upwind building, 

the indoor ventilation rate of downwind building is less than 3%, which is basically 

unchanged. Figure 3(b) explores the influence of WOFH of the downwind building on 

the indoor ventilation effect of the upwind building. Compared with the downwind 

building without window openings (D0), when windows open on the first floor (U1D1), 

the indoor ventilation rate of the upwind building is significantly reduced, indicating 

that the opening of windows in the downwind building will have an impact on the ven-

tilation effect of the upwind building. With the increase of WOFH of the downwind 

building, the reduction in the difference between the ventilation rate of the upwind 

building and that of the downwind building when windows are closed in the downwind 

building, presents a diminishing influence of the downwind building on the ventilation 

of the upwind building. 
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Fig. 3. Ventilation rate of the upwind building and the downwind building (WOP=5%) 
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Fig. 4. Ventilation rate of the upwind building and the downwind building (WOP=10%) 

Figure 4 illustrates the change of the indoor ventilation rate of the upwind building 

and the downwind building when the WOP is 10% and consistent with the prior condi-

tions regarding WOFH. In total, there are 10 simulated models. Figure 4(a) reveals the 

variations in the WOFH of the upwind building do not significantly affect the indoor 

ventilation rate of the downwind building. However, with closed windows in the up-

wind building, it becomes evident that the presence of window opening in the upwind 

building has a significant impact on the indoor ventilation of the downwind building. 

Figure 4(b) demonstrates that changes of WOFH of the downwind building have a 

slight influence on the indoor ventilation rate of the upwind building, with a trend con-

sistent with that observed when WOP is 5%. 

With the increase of WOP, the impact of the upwind building on the ventilation of 

the downwind building becomes apparent. Specifically, with WOP=10%, the window 

openings in the upwind building decrease the indoor ventilation rate of the downwind 

building, while the WOFH shows no effect on this relationship. when the WOP be-

comes 10%, the upwind building's window opening reduces the indoor ventilation rate 

of the downwind building, but the WOFHs have no effect on it. The influence of the 

downwind building on the indoor ventilation of the upwind building exhibits a con-

sistent pattern. 

Figure 5 and Figure 6 depict the reciprocal effects of the upwind building and down-

wind building when WOFHs change with the same WOP(WOP=5%). With the increase 

of the WOFH in the upwind building, the position of the central vortex in enclosed 

buildings tends to move upward, resulting in an expanded influence range of vortex 

diameter and increased flow attachment on the leeward side of the upwind building. 

Compared with the downwind building with closed windows(U1D0), when windows 

open on the first floor of the downwind building (U1D1), the wind speed at the entrance 

of the windward side of the downwind building significantly decreases. However, the 

wind speed at the entrance gradually rises with the increase in the WOFH of the down-

wind building. 
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Fig. 5. Velocity contours and streamlines on plane A-A with different WOFHs of the upwind 

building 
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Fig. 6. Velocity contours and streamlines on plane A-A with different WOFHs of the down-

wind building 
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In general, the ventilation rate experiences a change of more than 10% only when 

windows are opened on the same floor, while for other cases, the change remains less 

than 5%. It indicates that different WOFHs have minimal impact on the ventilation 

effect of the enclosed building, while the window openings on the same floor have a 

greater impact. Therefore, the following is a further detailed study of the impact of the 

WOFH and WOP on the ventilation effect when windows are opened on the same floor. 

3.2 Effect of window opening on the same floor on ventilation 

Figure 7 shows the change in ventilation rate between the upwind building and the 

downwind building. In total, there are 8 simulation models, including window openings 

on the first floor(U1D1), window openings on the second floor(U2D2), window open-

ings on the third floor(U3D3), and window openings on the fourth floor(U4D4), each 

at two WOPs(5% and 10%). 

The results presented in Figure 7 reveal a general upward trend in the ventilation rate 

of the upwind building. However, a slight decrease in ventilation rate is observed for 

the fourth floor with window openings, primarily due to the influence of the vortex near 

the top floor. In contrast, the ventilation rate of the downwind building remains rela-

tively stable, with changes staying within the 5% range, which can be regarded as neg-

ligible. Consequently, an increase in the WOFHs on the same floor leads to a significant 

enhancement in the indoor ventilation rate of the upwind building, while exerting min-

imal impact on the ventilation rate of the downwind building. 
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Fig. 7. Ventilation rate of the upwind building and the downwind building with window open-

ings on the same floor of different WOFHs 
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Fig. 8. Velocity contours and streamlines on plane A-A with window openings on the same 

floor 

Figure 8 illustrates the airflow velocity and streamline distribution of the A-A profile 

at different WOFHs when the WOP of the upwind and downwind buildings is 5% on 

the same floor. The results indicate that with the increase of the WOFHs, the vortex at 

the center of the courtyard tends to move upward, and the scope of the vortex diameter 

decreases significantly. At the same time, the downwind building forms a small vortex 

at the bottom of the windward side, which may easily cause pollutants to accumulate 

here. 

3.3 Effect of different WOPs on the same floor on ventilation 

Investigating the impact of varying WOPs (5%, 7.5%, 10%, 12.5%, 15%) under similar 

conditions, this study conducted simulations for a total of 20 scenarios. These scenarios 

involved five different WOPs on four different floors (first floor, second floor, third 

floor, and fourth floor), respectively. The simulation results are presented in Figure 9. 
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Fig. 9. Ventilation rate and the ventilation rate ratio of different WOPs with window openings 

on the same floor of four different WOFHs respectively 
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Figure 9(a) shows the impact of varying WOPs on the ventilation rates for the first 

and second floors. Similarly, Figure 9(b) illustrates how different WOPs affect the ven-

tilation rates for the third and fourth floors. The results indicate a consistent trend that 

as the WOP increases, the ventilation rates for both upwind and downwind buildings 

show a steady and linear growth. Additionally, the ratio of ventilation rates between the 

upwind and downwind buildings maintains a linear relationship when window open-

ings are on the same floor. While it shows a slight decrease as WOP increases. Notably, 

the ventilation rate within the upwind building with window openings on the third floor 

is significantly higher than that on other floors. This discrepancy can be attributed to 

the third floor's position at the airflow stagnation point [23], where the air pressure is 

higher compared to other locations, resulting in a more substantial ventilation rate 

through this specific position. 
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Fig. 10. Velocity contours and streamlines on plane A-A with five different WOPs 

Figure 10 shows the airflow velocity and streamline distribution in section A-A with 

different WOPs when windows are opened on the first floor of the enclosed building. 

The results suggest that when windows are opened on the same floor, the vortex in the 

center of the courtyard tends to shift upward and the vortex diameter decreases with the 

increase of WOPs The airflow velocity increases at the opening of the leeward side of 

the upwind building, and the attached flow is blown away from the wall, which 

strengthens the airflow flow. 

4 Conclusion 

This study presents CFD simulations of cross-ventilation in an enclosed building. 

Through analyzing the influence of different WOPs and WOFHs on the ventilation ef-

fect of enclosed buildings, the following conclusions can be drawn from this study: 

(1) As window openings of the upwind and downwind buildings are located on dif-

ferent floors, the impact of the WOFHs of either building's windows on the other build-

ing ventilation effect can be neglected, in contrast to situations where the window open-

ings of both buildings are on the same floor. 
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(2) When the window openings of both buildings are on the same floor, whether the 

upwind and downwind buildings open the window or not has a significant influence on 

each other's ventilation effect. As the WOP increases, the effect of the window opening 

of the upwind building on the ventilation of downwind building becomes strong, while 

the window opening of the downwind building has the opposite effect on the ventilation 

of the upwind building. 

(3) As window openings with the constant WOP are on the same floor, the increase 

of WOFHs results in a significant enhancement in the indoor ventilation rate of the 

upwind building, while the indoor ventilation rate of the downwind building is basically 

unchanged. As the increases of WOP on the same floor, both buildings experience a 

substantial increase in the indoor ventilation rates and the ratio of the ventilation rate 

of two buildings approaches 2. 
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