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Abstract

:

Aerosol pollutant particles indoors significantly affect public health. The conventional wisdom is that natural ventilation will alleviate the dispersion of airborne or aerosol particles. However, we show that the problem is far more complex and that natural ventilation should be applied under specific conditions to be effective. We performed several simulations of a simplified (and easily reproducible) room with a window opening and aerosol particles stratified layers. Opening a window can scatter particles present in stratified layers indoors and potentially contribute to the degradation of indoor air quality for a significant period of time. Moreover, we show that thermal instabilities arising from the temperature gradients due to temperature differences between the indoor and outdoor environment spread the particles randomly indoors, adversely affecting air quality and architectural design. Recommendations for more efficient natural ventilation minimizing aerosol pollutant particles dispersed indoors are provided.
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1. Introduction


Computational fluid dynamics (CFD) has become a standard method in aerosol transport and deposition simulation. Indicative examples from the recent literature include Francesco et al.’s [1] investigation of multispecies aerosol using sectional and moment methods through CFD and Janoszek et al.’s [2] simulations of aerosol flow in ventilation underground to quantify its effect on COVID-19 transmission. New assessment methods for the impact of outdoor particulate matter on indoor air quality have also been developed [3]. Past studies used CFD to simulate the turbulent flow behaviour of aerosol media [3,4,5], including simulations to understand better aerosols transport and deposition from both an environmental and medical point of view, e.g., deposits in an anatomically based human large-medium airway model [6,7]. Scientists also found that there is a correlation between mortality in humans, the incidence of disease and the mass concentration of hazard particulate matter such as suspended   P M 1  ,   P  M  2.5     and   P  M 10    particles [3].



The COVID-19 pandemic led many researchers to investigate research on airborne particle transmission, such as their spreading and control by ventilation techniques in indoor-built environments. For example, Dbouk and Drikakis [8,9,10,11] applied CFD in conjunction with new theoretical models for the unsteady heat and mass transfer evaporation to investigate the transport of COVID particles, indoors and outdoors; environmental factors affecting the particles evaporation and transmission; and the incorporation of CFD in epidemiological models. Other studies focused on the control methods against the spreading of the coronavirus [12,13,14]; the impact of different parameters on the virus transmission and infection rate (such as the ventilation design and ventilation type) [15,16,17,18]; and the prediction of indoor air pollutants [19,20].



Concerning ventilation, Motamedi et al. [21] investigated numerically airborne particle transmission of COVID-19 in confined spaces under different ventilation scenarios: cross-, single- (SV), mechanical- and no-ventilation (NV). Their results suggested that SV has the highest infection probability, while both SV and NV result in higher dispersions of airborne pathogens inside a room. Chen et al. [22] put forward recommendations for ventilation of indoor spaces to reduce COVID-19 transmission. Che et al. [23] proposed airflow deflectors of external windows to induce ventilation, thus providing some means of COVID-19 prevention and control. Ding et al. [12] studied the contagion events in enclosed spaces and the engineering control of contaminant aerosol particles spread using ventilation systems in health care facilities and public vehicles. Finally, Gil-Baez et al. 2021 [24] investigated the natural ventilation in classrooms to achieve healthy schools in the Mediterranean region under mild climate conditions. To identify adequate natural ventilation strategies, they evaluated indoor CO2, TVOCs, PM 2.5 and PM 10, concentration profiles as a function of indoor temperature, relative humidity, and the human occupation rates. They showed that the indoor local concentrations are usually related to the ventilation actions, the occupation rates, and the metabolism of the indoor occupants.



In other relevant studies, Janoszek et al. [2] applied CFD to the ventilation of a selected section of an underground excavation (the ventilation network of the Experimental Mine Barbara of the Central Mining Institute). Monge-Barrio et al. [25] studied natural ventilation to enhance indoor environmental conditions at schools in the north of Spain before and during COVID-19. They did surveys in nine schools, including detailed monitoring of one building during both ’heating seasons’ regarding the COVID transmission (March 2020, January 2021). They proposed using mechanical ventilation with heating recovery to complement natural ventilation techniques during the year’s coldest months. Pourfattah et al. [26] conducted a state-of-the-art review on the challenges in modelling and simulation of minimal particle dispersion such as airborne viruses or aerosols. Furthermore, researchers investigated the effect of natural ventilation and air circulation on various different scenarios of indoor airborne virus transmission [10,27,28,29,30], including the effect of air purifiers [10]. Park et al. 2021 [31] proposed natural ventilation strategies to prevent coronavirus transmission inside a school building.



Despite all the above research, the information is still sparse and incomplete regarding the quantitative effects of natural ventilation on indoor aerosol particle dispersion. Ventilation is used to refresh air indoors and reduce the indoor aerosol pollutant particle concentration through fresh air circulation between indoors and outdoors. Therefore, airing is vital to lessen the hazard of aerosol pollutant particles and thus enhancement of indoor air quality. Natural ventilation or airing could be achieved by opening windows or outside entryways, permitting fast refreshment. WHO [11], and other national agencies like the United States Environmental Protection Agency (US-EPA) [32], provided recommendations on improving and ensuring good indoor ventilation to enhance the air quality.



Current practice in residential and non-residential places ignores some simple fluid dynamic effects of natural ventilation, such as local flow recirculation, adversely affecting indoor aerosol particles. This study focuses on the aerosol particle circulation behaviour in an indoor space induced by natural ventilation from an opened window. We present simulation results showing how a stratified layer of aerosol pollutant particles in a room disperses indoors due to natural ventilation from an opened window. Moreover, we offer interesting fluid dynamic effects of flow bifurcation due to heat convection leading to asymmetric flow despite perfectly symmetric conditions. Architects, engineers, and environmental agencies must consider these flow phenomena when designing residential and non-residential buildings and health facilities to enhance fresh air circulation and indoor air quality.




2. Computational Methodology and Problem Setup


We have used the multiphase computational fluid dynamics (CFD) platform developed under OpenFOAM® by Dbouk and Drikakis 2020, 2021 [8,9,10]. This platform is employed to investigate natural ventilation and its effect on aerosol pollutant particles transported indoors. Figure 1 shows the computational domain, including the initial and boundary conditions.



Indoor ventilation depends on many architectural design parameters and the ventilation system used. Therefore, we aim to focus on a generic, simplified and easily reproducible space that other researchers and engineers can use to investigate indoor aerosol particle transport. In this investigation, we assume a stratified layer of 3108 aerosol particles (each about 0.15 μm in diameter) between   z = 1.5   m and   z = 1.7   m as a worst-case scenario of the presence of indoor pollutant particulate matter. Aerosol particulate matter, less than 1 μm in diameter, are considered dangerous to the human respiratory system. Therefore, as a challenging scenario, a stratified layer of particles is initially placed as a rectangular layer of aerosol particles uniformly distributed in the indoor space or the room (room dimensions: Height   H = 2.6   m, Length   L = 5   m and Width   W = 4   m). We investigate the case of an opened window (see Figure 1), where the indoor temperature is    T i  = 21   °C, and the outdoor temperature is    T o  = 5   °C. A mean temperature value    T m  = 13   °C is assumed and imposed as a boundary condition, a mutual indoor-outdoor thermal equilibrium at the interface. Outside the room, we consider two scenarios for comparison purposes:




	i.

	
Natural ventilation due to thermal convection at negligible outdoor wind speed (  U = 0   km/h), and




	ii.

	
Natural ventilation due to thermal convection at a low wind speed of    U y  = 4   km/h.









Both wind speeds outdoors are imposed as a freestream boundary condition parallel to the window’s surface which has a   1 × 1   m2 opening area (see Figure 1). The window’s minimum height is placed at a vertical distance of   1.3   m above the ground (  z = 0  ). The indoor air circulation is assumed to be negligible (  U = 0  ). Therefore, indoor and outdoor spaces are at an atmospheric pressure   P =  P  a t m     condition. Even when   U = 0   inside the room, natural ventilation will occur due to thermal convection induced by thermal gradients between the outdoor and the indoor spaces.



We employed a hexahedral uniform mesh and conducted a mesh sensitivity analysis. We examined the velocity field, U, temperature, T, and pressure, P, using the mesh convergence criterion by Celik et al. 2008 [33], and found that a mesh of one million cells comprising 20 cells per meter provides a reasonable approach between accuracy and computational cost within an error threshold of about 6%.



Transient simulations were conducted over a physical time of 75 s. Turbulence effects were considered in the framework of the   k − ω  -SST model. The Reynolds number is defined as   R e =  U y   D h  / ν   and is estimated and found to be around   R e ≈ 69 ×  10 3    for    U y  = 4   km/h and    D h  = 1   m (the hydraulic diameter of the opened window).  ν  is the kinematic viscosity of the indoor air at   T = 21   °C.



Each CFD simulation required about five days using a machine with eight intel CPUs in parallel (8 GB of DDRAM) and employing a dynamic time step with a CFL condition (Courant–Friedrichs–Lewy) limited to 0.1.




3. Flow Behaviour and Aerosol Particle Transport


The flow physics is illustrated in Figure 2 for the case of natural ventilation with a negligible wind speed outdoors   U = 0  . A lower outdoor temperature, assuming a walls-particles-interaction of type (henceforth labelled) unstick, i.e., a very slight rebound effect when an aerosol particle impacts the surface of a wall. We consider this the worst-case scenario (winter season) of suspended pollutant aerosol particles in the air in the presence of physical boundaries (e.g., walls). At   t = 30   s (Figure 2), the colder fluid enters the room throughout the opened window; see the streaklines close and perpendicular to the window at about 4 km/h. Despite the symmetry of the problem, we observe an airflow instability around the opened vertical window. The air accelerates from the outdoor to the indoor space. The colder air ends at the ground at   t = 60   s and   t = 75   s; see the right-hand side column of Figure 2, where one can observe the increasing bending behaviour of the streamlines from the window towards the ground. The flow instability around the opened window is also seen in Figure 3 in terms of the indoor-outdoor temperature field distribution at   t = 30   s,   t = 60   s and   t = 75   s.



The indoor air circulation is shown in Figure 4 for the case of outdoor wind speed   U = 4   km/h and a lower outdoor temperature (see Figure 1). We assume a walls-particles-interaction of type (henceforth labelled) stick, i.e., this could potentially be the ‘best-case’ scenario, where some aerosol particles attach to the physical boundaries (e.g., walls) at first contact. When an outdoor freestream is imposed parallel to the opened window’s surface, an internal airflow occurs at an angle of about 45° to an axis perpendicular to the window; see the streaklines on the left-hand side column of Figure 4 and the local temperature field of Figure 5.



We also investigated the dispersion of aerosol particles indoor-outdoor due to natural ventilation. Figure 6 (see also the Supplementary Materials Video S1) shows the local dispersion of the initially stratified layer of 3108 aerosol particles due to natural ventilation as a function of time. The results of Figure 6 correspond to the case of negligible wind speed outdoors   U = 0   and a walls-particles-interaction of type unstick. Opening a window induces natural ventilation or natural convection, leading to local dispersion of the aerosol particles inside the room (Figure 6). The above could increase airborne aerosol transmission indoors. Figure 6 also shows that a few number of aerosol particles escape the window e.g., see Figure 6c,d.



For natural ventilation due to a low outdoor wind speed at    U y  = 4   km/h and a low outdoor temperature, we present the local dispersion of aerosol particles in Figure 7 (see the Supplementary Materials Video S2) at different time instants. Opening a window in the presence of human activity, such as new individuals entering a room that other infected individuals have occupied, may increase the risk of airborne aerosol transmission in the indoor space.



We also investigated the ‘best-case’ scenario of reducing indoor airborne aerosol transmission. Figure 8 (see the Supplementary Materials Video S3) shows the results of natural ventilation due to a low wind speed outdoors    U y  = 4   km/h and a wall-particles-interaction of type stick. The stick condition allows the removal of aerosol particles from the indoor space at the first particles-to-wall contact [34]. The indoor aerosol particles suspended in the room (see Figure 8 and Supplementary Materials) are very well reduced at   t = 75   s with the majority stuck to the surrounding walls without any re-suspension or rebounding back into the indoor space.



We computed the reduction of the total number of aerosol particles suspended inside the room, i.e., a percentage value reduction of the initial number of aerosol particles of the initially stratified layer.



In the case of natural ventilation at an outdoor wind speed of    U y  = 4   km/h, Figure 9 shows that more than 95% of the initial aerosol particles are still suspended in the indoor space after 75 s, with a slow rate of decrease (a slope of −0.03). In this case (dashed line in Figure 9), assuming linear reduction with time, 3108 aerosol particles would require about one hour to be removed entirely by natural ventilation induced by a low wind speed outdoors. This means that indoor natural ventilation, e.g., opening a window, should not be applied in inhabited indoor spaces, considering that the average time of viral infection is of the order of 15 min, i.e., being within 6 feet of infectious persons for   ≥ 15   consecutive minutes [35]. Therefore, indoor natural ventilation can be helpful if applied appropriately under specific conditions, such as in an uninhabited indoor space for a longer time without individuals indoors.



Removing the indoor suspended aerosol particles is more difficult in the case of natural ventilation at a zero wind speed outdoors (  U = 0  ); see square symbols in Figure 9. The reduction slope is about −0.0068. The above implies that we need about 4 h to remove the initial 3108 aerosol particles suspended in the room.



Without ventilation (solid line with triangle symbols in Figure 9), the aerosol particles will suspend for about 2.8 days before settling to the ground (from   z = 1.7   m to   z = 0  ). The slope of particle reduction is −0.00041. Note that this slope also depends on the walls-particles type of interaction that, in turn, depends on the particles’ properties and the wall-surface microstructures left for further investigations. The present simulations (Figure 9) provide a quantitative measure for indoor aerosol particle transport under different scenarios of natural ventilation, such as opening a window.




4. Conclusions


Public authorities recommend people open their windows to reduce the number of aerosol pollutant particles indoors through natural ventilation. However, the present research showed that opening a window can disperse stratified layers of aerosol pollutants indoors for significant periods. This sudden local dispersion of aerosol particles or contaminants can, thus, contribute to inhaling dangerous aerosol pollutant particulate matter under indoor human activity in a built environment. Therefore, we provide the following recommendations:



Natural ventilation can be helpful when we open a window and leave the indoor space uninhabited for a period that allows the complete evacuation of residual aerosol dangerous particles suspended in the indoor air. Applying natural ventilation should consider the following findings:




	
For a modest wind speed of airing, 95% of the aerosol particles remain suspended indoors after 75 s, decreasing slowly (slope of −0.03). Removing the particles would need about one hour (for an initial allocation of 3108 aerosol particles).



	
Using natural ventilation, we need about 4 h to remove the initial aerosol particles suspended in the room.



	
Additionally, considering the average time of viral infection (about 15 min), we should focus on better controlling the spread of hazardous aerosol particulate matter in indoor spaces.








Future research will consider applications in different built-in environments to specialise the above conclusions and provide tailored recommendations for more effective control of virus (and particulates in general) transmission.
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Figure 1. Natural ventilation between an indoor (room) and outdoor space. The boundary and initial conditions show a room of height   H = 2.6   m, length   L = 5   m and width   W = 4   m. Outside the room the freestream velocity (low wind speed    U y  = 4   km/h) is parallel to the window’s surface   1 × 1   m2. The window’s minimum height is placed at a vertical distance of   1.3   m above the ground (  z = 0  ). The air circulation indoors is assumed to be negligible (  U = 0  ) initially. At   t = 0   the temperature indoors is    T i  = 21   °C and outdoors is    T o  = 5   °C. Both the indoor and outdoor spaces are at atmospheric pressure   P =  P  a t m    . 
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Figure 2. Streaklines indoors at different times coloured by the velocity magnitudes. Case: Natural ventilation due to a negligible wind speed outdoors   U = 0   and a lower outdoor temperature, walls-particles-interaction: unstick. Left hand side Column: XY-plane perspective view; Right hand side Column: XZ-plane perspective view. 
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Figure 3. Indoor-outdoor temperature field. Case: Natural ventilation due to a negligible wind speed outdoors   U = 0   and a lower outdoor temperature, walls-particles-interaction: unstick. Left hand side Column: XY-plane perspective view; Right hand side Column: XZ-plane perspective view. 
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Figure 4. Indoor streaklines at different times coloured by the velocity magnitudes, and showing the window and the velocity vectors directions. Case: Natural ventilation due to a low wind speed outdoors   U = 4   km/h and a lower outdoor temperature, walls-particles-interaction: stick. Left hand side Column: XY-plane perspective view; Right-hand side Column: XZ-plane perspective view. 
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Figure 5. Indoor-outdoor temperature field. Case: Natural ventilation due to a low wind speed outdoors    U y  = 4   km/h and a lower outdoor temperature, walls-particles-interaction: stick. Left hand side Column: XY-plane perspective view; Right-hand side Column: XZ-plane perspective view. 
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Figure 6. Local dispersion of aerosol particles indoor-outdoor. Case: Natural ventilation due to a negligible wind speed outdoors   U = 0   and a lower outdoor temperature, walls-particles-interaction: unstick. (a)   t = 1   s shows the initially stratified layer of 3108 aerosol particles (0.15 μm in diameter) placed between   z = 1.5   m and   z = 1.7   m; (b)   t = 30   s; (c)   t = 60   s; (d)   t = 75   s. See the Supplementary Materials Video S1. 
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Figure 7. Local dispersion of aerosol particles indoor-outdoor. Case: Natural ventilation due to a low wind speed outdoors    U y  = 4   km/h and a lower outdoor temperature, walls-particles-interaction: unstick. (a)   t = 1   s showing the initially stratified layer of 3108 aerosol particles (0.15 μm in diameter) placed between   z = 1.5   m and   z = 1.7   m; (b)   t = 30   s; (c)   t = 60   s; (d)   t = 75   s. See the Supplementary Materials Video S2. 
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Figure 8. Local dispersion of aerosol particles indoor-outdoor. Case: Natural ventilation due to a low wind speed outdoors    U y  = 4   km/h and a lower outdoor temperature, walls-particles-interaction: stick. (a)   t = 1   s showing the initially stratified layer of 3108 aerosol particles (0.15 μm in diameter) placed between   z = 1.5   m and   z = 1.7   m; (b)   t = 30   s; (c)   t = 60   s; (d)   t = 75   s. See the Supplementary Materials Video S3. 
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Figure 9. The percentage of aerosol pollutant particles remaining in the room as a function of time. A dashed line with diamond symbols: Case of natural ventilation due to thermal convection at low outdoor wind speed    U y  = 4   km/h (slope = −0.03). The dotted line with square symbols: Case of natural ventilation due to thermal convection at negligible outdoor wind speed   U = 0   (slope = −0.0068). Solid line with triangle symbols: Without natural ventilation, particles settle due to gravitational forces (slope = −0.00041). Walls-particles-interaction: unstick (worst case scenario of aerosol particles transport). 
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