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Abstract

:

During the normalization phase of the COVID-19 epidemic, society has gradually reverted to using building space, especially for public buildings, e.g., offices. Prevention of airborne pollutants has emerged as a major challenge. Ventilation strategies can contribute to mitigating the spread of airborne disease in an indoor environment, including increasing supply air rate, modifying ventilation mode, etc. The larger ventilation rate can inevitably lead to high energy consumption, which may be also ineffective in reducing infection risk. As a critical factor affecting the spread of viral contaminant, the potential of ventilation modes for control of COVID-19 should be explored. This study compared several ventilation strategies in the office, including mixing ventilation (MV), zone ventilation (ZV), stratum ventilation (SV) and displacement ventilation (DV), through analyzing ventilation performance and infection risk for the optimal one. By using ANSYS Fluent, the distributions of airflow and pollutant were simulated under various ventilation modes and infected occupants. The SV showed greater performance in mitigating infection disease spread than MV, ZV and DV, with an air distribution performance index (ADPI) of 90.5% and minimum infection risk of 13%. This work can provide a reference for development of ventilation strategies in public space oriented the prevention of COVID-19.
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1. Introduction


Coronavirus disease 2019 (COVID-19) manifested as a worldwide pandemic, leading to a global issue of the transmission mitigation of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) [1]. The World Health Organization (WHO) has reported that the main interpersonal transmission modes of SARS-CoV-2 include direct contact transmission and droplet transmission [2]. Studies have also shown that the aerosol transmission route cannot be ignored, i.e., small-sized droplet nuclei (carrying the virus) from breathing, coughing or sneezing become suspended aerosols, further traveling along with the air and resulting in human infection [3,4,5]. There is growing evidence that SARS-CoV-2 has the potential for airborne transmission [6,7]. Interventions such as using physical barrier [8] and air filtration system [9,10] can be favorable to the removal of airborne contaminants, which is dependent on the efficient ventilation. In this context, an indoor ventilation system will play an important role in airborne transmission control of COVID-19 during the normalization phase of the epidemic [11].



Ventilation is a significant strategy to remove indoor contaminant (e.g., virus) and decrease the exposure risk, especially in public spaces such as offices [12]. A study by Li et al. demonstrated that the ventilation rate and airflow pattern are strongly associated with the spread of airborne infectious diseases [13]. Insufficient ventilation in an indoor room can increase the risk of infection, such as the outbreak occurring on the Diamond Princess Cruise ship in Japan, which is a highly enclosed venue [14]. The Centers for Disease Control and Prevention (CDC) [15] and the American Society of Heating, Refrigerating and Air conditioning Engineer (ASHRAE) [16] have published the strategies for air conditioning systems to increase the ventilation rate during the COVID-19 epidemic. The Federation of European Heating, Ventilation and Air Conditioning Associations (REHVA) provided suggestions for an increased ventilation rate in specific scenarios, especially in the occupant active zone [17]. All these strategies provide important guidance for ventilation systems to mitigate the airborne transmission. However, increasing the ventilation rate will also lead to an increase in energy consumption for ventilation [18]. Dai et al. showed that to ensure a probability of infection less than 1% within 0.25 h, the ventilation rate should meet 100–350 m3 per hour for each person in a confined space, resulting in at least two times the rate of energy consumption compared to using the minimum ventilation rate [19]. It is important to note that the air conditioning systems in most cases have been designed or are in operation. Reusing the building cannot require all the existing ventilation systems to provide sufficient ventilation volume to ensure a safe indoor environment [20]. Therefore, improving ventilation efficiency is critical in the face of large ventilation demand [21]. From the perspective of airflow pattern, the development of efficient ventilation systems and ventilation modes can contribute to mitigating the transmission of infectious disease and improving the energy saving efficiency [22].



The reasonable usage of natural ventilation and mechanical ventilation is suggested during the normalization phase of COVID-19, such as in offices and classrooms [23,24,25]. Natural ventilation possesses the advantage of energy efficiency, through bringing outdoor air to an indoor room based on thermal pressure or wind pressure [26]. Previous studies pointed out that the uncertainties of outdoor weather conditions (e.g., wind speed, temperature, etc.) potentially lead to the unpredictability of infection probability under the effect of natural ventilation [27,28,29]. The modification of window opening modes may also fail to meet the minimum ventilation requirement, 30 m3/h per person [30]. As a commonly used mechanical ventilation mode, mixing ventilation (MV) can achieve the dilution of virus by fully mixing with the air, as shown in Figure 1. However, at a low supply airflow rate, the mixing effect may diffuse the virus pollutants produced by the infected occupant, further yielding severe problems such as local accumulation of contamination and cross-infection of personnel [31]. For example, a serious COVID-19 cluster infection incident occurred in a restaurant with a MV system in the Guangdong Province of China in 2020 [32].



To address the issue of increased infection risk induced by traditional ventilation modes, the development of novel ventilation modes appears to be a potential, mainly including displacement ventilation (DV), stratum ventilation (SV), zone ventilation (ZV), etc. (as shown in Figure 1) [33]. Based on the principle of displacing contaminated indoor air with fresh air from outside, DV can provide an advantage in reducing pollutant concentration and energy saving [34]. Luo et al. carried out a full-scale experiment to investigate the influence of the inlet/outlet arrangement of DV system on the performance of energy savings, which has been achieved by 47.7–65.9%. Kang et al. [35] used a RNG k-ɛ turbulent model to compare the dispersion of droplets from human coughing between MV and DV. The results showed that the DV strategy was more effective in removing droplets from an indoor room and lowering the infection risk. SV is able to deliver air directly to the breathing zone at a larger supply air rate through the inlets installed on the side wall [36]. The experiment conducted by Tian et al. [37] showed that SV removed the contaminants effectively to maintain good inhaled air quality, which was superior to the MV system. The simulation work by Li et al. [38] and Lu et al. [39] both illustrated that SV can significantly reduce the concentration of contaminants in the breathing region, and effectively decrease the risk of airborne transmission. The principle of ZV is to divide the indoor zone into subzones using vertical jets, which can be favorable to separate contaminated regions from susceptible ones and diminish the exposure risk to viral pollutants [40]. Through the experimental study, Cao et al. reported that the utilization of ZV could decrease the infection risk by about 40% when compared to MV [41].



By using an optimization design of airflow patterns while providing the sufficient ventilation rate, the abovementioned ventilation strategies aim to enhance the ventilation efficiency in the room, especially in the breathing regions of occupants. However, these ventilation modes have remained in the development stage with some challenges that still need to be discussed. (i) One ventilation mode may not be suitable for all scenarios. It is important to analyze the effect of various ventilation modes on the diffusion of pollutant in a real case. (ii) Although these advanced ventilation modes can improve local ventilation efficiency, a risk of accelerating the spatial spread of contaminants (e.g., viruses) may also exist in the room. An in-depth study of the overall performance of different ventilation modes is needed. (iii) The current design rules for indoor ventilation strategy do not take into account the airflow patterns of various ventilation modes in detail. It is urgent to quantify the performance of airflow distribution in addition to ventilation rate. Based on the effective prevention of COVID-19 using physical barrier in our previous work [8], this study aimed to further compare the ventilation efficiency between conventional and advanced ventilation strategies in a full-scale office room. On the basis of spatial distribution of pollutants, the infection risk under different ventilation modes and various scenarios of infected occupants was analyzed for the optimal ventilation mode. This work will provide a practical reference for the optimal design and evaluation of ventilation strategies towards the effective mitigation of infectious disease transmission.




2. Materials and Methods


This study mainly used the numerical simulation method based on the software of ANSYS Fluent 16.0 to analyze the infection risk in a large office room, under different scenarios of ventilation modes and infected occupants. The airflow field and spatial distribution of pollutant (e.g., virus) were predicted by the Navier–Stokes equation and scalar transport equation, respectively. On the basis of simulation results of pollutant concentration, the infection probability of occupants in the office was evaluated with a modified Wells–Riley equation to further investigate the impact of ventilation modes on decreasing the infection risk.



2.1. Model Information


To investigate the ventilation performance and infection possibility in large public room under different ventilation modes and locations of infected sources, a full-scale office model was adopted, with the dimensions of 12.4 m (X) × 9.8 m (Y) × 2.6 m (Z). Figure 2 displays the schematic diagram of various ventilation modes, consisting of mixing ventilation (MV), zone ventilation (ZV), stratum ventilation (SV) and displacement ventilation (DV). Table 1 illustrates the detailed information of supply air inlets and return air outlets for these ventilation modes. In the ventilation mode of MV, a square diffuser was used at the inlet. The total area of inlets and outlets remained the same as 1 and 0.08 m2, respectively. Previous work has reported that the minimum required supply air rate for an air-conditioning system in this office room should be adjusted to 1.73 m3/s with the percentage of outdoor air of 0.31 and minimum fresh air of 0.35 m3/s, in order to deliver sufficient ventilation air to each occupant [8]. In this study, the average supply air velocity at the inlets was set as 1.73 m/s for all the ventilation modes. In total, there were 43 occupants and 8 rows of desks in the office room. The size of a desk was set as 0.7 m (X) × 1.2 m (Y) × 0.8 m (Z). The spacing between each row of desks was defined as 1.7 m. The height of the physical barriers was optimized as 0.6 m above the desk surface to show effective performance in obstructing pollutant dispersion and reducing infection risk, which has been verified in the previous study [8].



In this work, three locations of infected occupant (source) of A, B and C were designed, as shown in Figure 3. These infected sources were located at the axis of symmetry in the office, with a distance from the center of the room of 5, 3 and 1 m, respectively. This work employed a simplified rectangular model to represent the occupants in an office to significantly reduce the computational cost, which has been validated by [42]. The model of occupant was utilized with a body size of 0.4 m (length) × 0.3 m (width) × 1.1 m (height), a head size (including a neck) of 0.2 m (length) × 0.2 m (width) × 0.2 m (height) and a mouth size of 0.02 m (length) × 0.02 m (height). Regarding an infected source, continuous coughing was assumed with an average airflow velocity of 13 m/s downwards at 27.5° [43]. For other occupants, the average breathing rate was set at 0.7 m/s. The temperature of the occupant’s body, head and mouth was set as 24, 34 and 36 °C. The airflow temperature for coughing and breathing of occupants was assumed as 36 °C.




2.2. Numerical Simulation


This study utilized computational fluid dynamics (CFD) to simulate the spatial distributions of airflow, air temperature and pollutant concentration in the office room, as an essential to evaluate ventilation efficiency and infection risk. The Reynolds-averaged Navier–Stokes (RANS) equations closed with the renormalization group (RNG) k-ε model were used to predict indoor velocity and temperature fields. The governing equations are shown below.


  ∇ ·  (  ρ  u ¯  φ  )  = ∇ ·  (   Γ φ  ∇ φ  )  +  S φ   



(1)




where  φ  is solved variables (i.e., velocity and temperature);   ∇ ·  (  ρ  u ¯  φ  )    is convection term;  ρ  is air density;   u ¯   is average airflow velocity;   ∇ ·  (   Γ φ  ∇ φ  )    is diffusion term; and    S φ    is source term. Next, user-defined scalar (UDS) was adopted to solve the spatial distribution of pollutant (e.g., virus) by solving the scalar transport equation. It can be assumed to model aerosols (produced by occupant) carrying virus particles (e.g., SARS-CoV-2) as gaseous pollutants with the influence of pollutant diffusion on indoor airflow neglected [8]. The main reason is that small-sized particles (e.g., aerosols) can follow the airflow to a longer distance before settling on surfaces, while large-sized particles (e.g., droplets) will deposit with a distance less than about 1 m. It can be noted that the X-axis and Y-axis distances between the occupants were larger than 1 m in this study. The releasing intensity of virus for infected occupant (A, B and C) was assumed as 1 × 10−4 (#/m3), which is further used as the reference value of pollutant concentration (   C  ref    ).



ANSYS Fluent 16.0 was utilized to predict indoor air distribution and pollutant concentration. The finite volume method (FVM) was adopted to discretize the Equation (1), which was then solved by the SIMPLE algorithm. The Boussinesq approximation was considered for the simulation of the buoyancy effect. All the numerical simulations were conducted as incompressible and steady-state conditions in this work. The solving can be considered to be converged as the normalized residuals were below 10−4 for airflow and air temperature and less than 10−12 for UDS. The grid independence analysis between coarse grids (3,417,313), medium grids (8,982,713) and fine grids (13,011,777) was carried out in the previous work [8], with a deviation of less than 5% for indoor velocity. In this investigation, the mesh grid setup of medium grids was further employed. Besides, the simulation results of airflow velocity and air temperature in the office were well validated by the experiment method with average deviations of 18.5% and 6.1%, respectively, which can refer to the previous work [8].



Table 2 displays the boundary conditions of a numerical simulation model for the office room. The inlets (blue color in Figure 2) were set as the velocity inlet, and the supply air temperature of air-conditioning was set to be a constant of 25 °C in winter. The outlets (red color in Figure 2) were set as the outflow. The wall, physical barrier and desk surface were modeled as non-slip walls. The heat transfer coefficient of external wall was set as 2.4 W/(m2·K) and the temperature of interior wall was set to be 15 °C. The temperature of the occupant’s body, head and mouth was set at 24, 34 and 36 °C, respectively. The airflow temperature for coughing and breathing of occupant was assumed as 36 °C. Table 3 shows an overview of simulation cases in this study. Cases 1–4 were set up to compare the ventilation performance of different ventilation modes of MV, ZV, SV and DV. The characteristics of these ventilation systems can be obtained in Table 1. In Cases 5–16, the pollutant concentrations under different locations of infected source (A, B and C) were simulated to further evaluate the infection risk in the office. The evaluation methods for ventilation performance and infection risk are discussed in Section 2.3.




2.3. Evaluation Models


The performance of a ventilation system can usually be evaluated by the level of draught in the occupied region of a room. To assess the air diffusion performance for the heating mode, Liu et al. carried out the experiments in a test chamber with a sophisticated air conditioning system [44]. More information about the chamber and air conditioning system can be found in the literature [44]. This chamber was modeled with a typical window and exterior wall in winter causing a specific heating load in the range of 35–40 W/m2. The indoor temperature in the experiment was maintained at nearly 23 °C. On the basis of the measured values of velocity and air temperature at uniformly spaced points in the breathing zone, an analytical model of effective draught temperature (EDT) applicable to winter condition was established as follows [44].


  θ =  (   t x  −  t a   )  − 9.1  (   v x  − 0.15  )     



(2)




where  θ  represents the value of EDT;    t x    is local air temperature (°C) at measurement points;    t a    is average air temperature (°C);    v x    is local airflow velocity (m/s) at measurement points. The percentage of points where the EDT, as defined by Equation (2), satisfies a specific comfort range to the total points is defined as the Air Diffusion Performance Index (ADPI) [33]. In winter, the comfort range can be defined as an EDT value between −2.2 and 2 °C and indoor air velocity larger than 0.2 m/s in the breathing region [44].



In order to analyze the infection risk under various ventilation modes and scenarios of infected occupants, the spatial distribution of pollutant (e.g., virus) predicted by the CFD method was used in the Wells–Riley equation. Buonanno et al. adopted a modified Wells–Riley equation for assessment of infection probability by estimating the quanta emission rate of virus (e.g., SARS-CoV-2) generated from infected subject [45]. Under the precondition of fully mixed ventilation, the infection risk can be regarded as a function of exposure time of susceptible occupant and pollutant concentration.


   R  i n f   =  (  1 −  e  − I R ∗   ∫  0 T  C  ( t )  d t    )  ∗ 100 %    



(3)




where,    R  i n f     is infection possibility (%);   I R   represents the inhalation rate of the exposed occupant (m3/h); T is total exposure time (h);   C  ( t )    is pollutant concentration (#/m3) over time t (h). In this work, the inhalation rate of the exposed subjects was considered as the average value of 0.96 (m3/h) between standing and activity states. The total exposure time was defined as 1 h to fully evaluate the infection possibility in the large open office.





3. Results


This section mainly described the numerical simulation results of indoor airflow distribution and pollutant concentration used to study the influence of different ventilation modes on ventilation performance as well as infection risk in a full-scale office. Different scenarios of infected occupants were considered in the simulation of pollutant diffusion, based on the installation of a physical barrier with a height of 0.6 m above the desk surface. The ventilation performance and infection risk were evaluated using the evaluation models of ADPI and modified Wells–Riley equation, to acquire the optimal ventilation mode applied to the office.



3.1. Influence of Ventilation Modes on Ventilation Performance


The ventilation performance of different ventilation modes was analyzed based on the spatial distribution of indoor airflow. Figure 4 shows the streamline distribution for various ventilation modes (including MV, ZV, SV and DV) in the office with a physical barrier height of 0.6 m. The results indicate that the air was more sufficiently mixed for MV and DV. The recirculation effect of DV could be more obvious than that of MV. This may be due to the reason that the number of inlets was larger than that of MV and that of outlets for DV. To be specific, the inlets of DV were arranged symmetrically at the bottom of the opposing walls, with a number of four on one wall. The supply air would collide in the middle area of the office and move towards the upper space. Due to the reduced number of outlets with the location in the center, the airflow near the outlet area may be removed directly. The supply air that is away from the area of outlets can be recirculated in the room. The effect of the outlet arrangement on the performance of DV is discussed in a later section. SV can supply the air from inlets to the breathing area of occupants well, owing to the supply air inlets at the height of 1.1 m. The supply air flow of ZV traveled vertically to the occupant activity region with a large inlet velocity. It can be seen that the potentials of recirculation and stagnation of air were diminished in the room. In particular, the air in the breathing zone was almost removed by the return air outlets located on the side walls. With the same supply air volume and total area of inlets and outlets, the average indoor air velocity for ventilation modes of MV, ZV, SV and DV were calculated as 0.16, 0.18, 0.23 and 0.21 m/s, respectively. The ZV, SV, and DV could separately increase the average velocity magnitude by 12.5%, 43.8% and 31.3% when compared to MV. It should be noted that SV and ZV were able to provide more air to the breathing zone, which may contribute to improving air distribution performance in the office. The installation of physical barriers also had a certain impact on the airflow distributions, which has been verified in Ref. [8].



Then, the ADPI was further used to quantify the ventilation performance of various ventilation modes in this study. Figure 5 presents the calculated ADPI values for ventilation modes of MV, ZV, SV and DV. It can be found that the airflow distribution performance under these ventilation modes reached above 80%, which is a critical value for acceptable ADPI. Of these modes, SV possessed the maximum ADPI value of 90.5%, which was increased by 6.3% compared to 84.2% of MV. ZV and DV appeared to have the ability to improve ventilation efficacy at a certain level, by increasing 3.4% and 2.4% of ADPI values, respectively, in comparison to MV. With the foundation of ensuring sufficient supply air rate, SV and ZV are preferred to increase the supply air volume delivered to the breathing area with well-modified airflow patterns.




3.2. Influence of Ventilation Modes on Pollutant Diffusion and Infection Risk


On the basis of the simulation results of airflow distribution, the impact of different ventilation modes on pollutant diffusion was further analyzed in order to investigate the potential of removing indoor airborne pollutants. Figure 6 displays the distribution of relative pollutant concentration (C/Cref) at the plane of Z = 1.1 m under ventilation modes of MV, ZV, SV and DV and infected source of A (with a physical barrier height of 0.6 m). As the infected occupant was located at A, the physical barriers with a height of 0.6 m were able to obstruct the spread of pollutants. ZV and SV showed better performance to mitigate the transmission of contaminants and reduce the relative concentration value compared to MV and DV. The main reason could be that ZV divided the indoor zone into subzones using vertical jets, to effectively separate contaminated regions around infected occupant from susceptible ones. SV can deliver the supply air to the breathing zone and directly remove the pollutant to the outlets. This finding is directly related to the results of ventilation performance as discussed above. Regarding the ventilation modes of MV, ZV, SV and DV, the percentage of occupants covered by pollutant (with relative concentration less than 1%) in the breathing zone amounted to 44.2%, 11.6%, 25.6% and 32.6%, respectively (with 43 occupants in total). Under the scenario of the infected source A, ZV, SV and DV can diminish the average pollutant concentration in the breathing region of occupants by around 59.3%, 56.1% and 10.3% compared to that of MV. ZV and SV showed great behavior in removing the contaminants effectively to maintain good inhaled air quality, which was superior to MV and DV.



Figure 7 shows the distribution of relative contaminant concentration (C/Cref) at a height of Z = 1.1 m under different ventilation modes of MV, ZV, SV and DV with infected source of B and physical barrier height of 0.6 m. Since the distance between infected occupant of B and return air outlet was reduced, the removal performance of MV for airborne pollutant was effectively improved compared to the scenario with the infected occupant located at A. The ZV remained to show great performance in decreasing the concentration of pollutant. The main reason is that the pollutants generated by infected source B could be effectively blocked by the jet from the inlets and physical barrier. With the condition of SV and DV, there was a slight growth in pollutant concentration at the breathing plane under the infected source B when compared to MV and ZV. Regarding the occupant percentage covered by indoor pollutant (with the relative concentration below 1%), MV, ZV, SV and DV could correspond to 16.3%, 16.3%, 18.6% and 32.6%, respectively. Compared to the infected source located at A, SV could contribute to mitigating the spread of contaminant when the infected source was located at position B. The average relative pollutant concentrations in the breathing zone were separately calculated as 0.12%, 0.15%, 0.20% and 0.27% for MV, ZV, SV and DV. ZV and MV can remove the pollutants effectively with the infected source location of B.



Next, the distribution of relative pollutant concentration (C/Cref) at the plane of Z = 1.1 m under the scenario of infected source of C is compared between the ventilation modes of MV, ZV, SV and DV (with the physical barrier height of 0.6 m), as shown in Figure 8. MV and DV could mitigate the dispersion of airborne contaminant well as the infected source was located at C. This phenomenon is due to the fact that the outlet was located directly above the infected occupant, resulting in the pollutant traveling straightly through the physical barrier to the outlet area. In comparison to the condition with infected source of A or B, the removal capability of pollutant was degraded for ZV under the infected source of C, owing to the fact that the jet cannot provide sufficient prevention against the dispersion of pollutant. The removal efficiency for SV almost remained the same under the infected source of B and C. To be specific, the number of occupants covered by indoor pollutant for MV and DV were equal to 1 and 2, respectively (in addition to infected occupant located at C). The coverage percentage of occupants by indoor contaminants for ZV and SV was calculated to be 21.0% and 16.3%, respectively (with the relative concentration less than 1%). The average relative pollutant concentrations in the breathing plane were separately obtained as 0.04%, 0.25%, 0.19% and 0.06% for MV, ZV, SV and DV. From the perspective of pollutant diffusion, ZV and SV could perform a stable and efficient mitigation efficacy of airborne pollutant transmission. It is important to note that the performance of MV and DV on decreasing the pollutant concentration may greatly depend on the relative spacing between the return air outlet and the infected source.



By simulating the spatial distributions of pollutant concentration in the office, the infection risk under different ventilation modes, as well as locations of the infected source, was evaluated by using the Equation (3). Figure 9 depicts the infection risk (with the exposure time of 1 h) corresponding to various ventilation modes of MV, ZV, SV and DV and locations of the infected source of A, B, C and A and B and C. With the variation of the infected source location, these ventilation modes could provide different levels in reducing the infection risk. For a single infected occupant, the infection risk of occupants under MV and DV significantly decreased from 37.2% and 33.0% to 9.3% and 8.3%, along with the reduced distance between the infected source and the outlet. This further illustrated that the uncertainty of infection risk for MV and DV was resulted in by the layout of the outlet. When using the ventilation modes of MV and DV, it is strongly suggested for occupants to be closer to the return air outlets. The ZV and SV possessed relatively stable performance in diminishing the infection risk, with a fluctuation of 4.3% and 9.7% under a single infected source. When the infected source was located at A, the probability of infection for ZV and SV decreased by 16.9% and 14.5%, respectively when compared to that of MV. When the infected source was at location B (C), the infection risk under ZV and SV could be slightly increased by 9.2% (6.7%) and 9.7% (3.7%) in comparison to that of MV. Considering the average infection probability under the scenarios of three single infected sources (A or B or C), ZV and SV both contributed to a minimum risk of about 19.4% and DV resulted in a maximum value of about 22.5%.



When there were multiple infected sources existing in the office room, a linear ventilation model (LVM) can be adopted to rapidly predict the corresponding distribution of pollutant concentration [46], to further calculate the infection risk. It can be obtained that SV provided the lowest infection risk of 17.7% when the infected sources were A and B and C. The infection risk of MV, SV and DV increased by 3.4%, 1.7% and 2.2% when compared to that of SV. In general, if the locations and number of infected sources are unknown in the office, SV had a great capacity to present the most comprehensive performance in mitigating the transmission of airborne infectious disease. From the perspective of ventilation performance, pollutant diffusion and infection risk, SV was favored to be utilized in the real-life office environment in this study.





4. Discussion


As mentioned above, the ventilation efficiency and infection risk of different ventilation modes consisting of mixing ventilation (MV), zone ventilation (ZV), stratum ventilation (SV) as well as displacement ventilation (DV) were evaluated in a real-life office to obtain the optimal ventilation strategy based on the spatial distributions of airflow and pollutant concentration under different scenarios of infected occupants. In general, SV was preferred due to the excellent performance of air distribution and mitigation of airborne infection disease transmission, on the premise of providing sufficient supply air volume. The following points need to be discussed.



In reality, it may be difficult for designers to determine the most effective ventilation mode due to inadequate parameters such as different usage or size of room and the unpredictability of occupant location, further leading to an unsatisfactory performance of an indoor ventilation system. One ventilation mode cannot be well applicable to any indoor environment. It is of great necessity to quantitatively assess the feasibility of various ventilation modes in different scenarios and form detailed guidelines for application, aiming to provide a clear reference for the optimal design of air conditioning and ventilation system.



It is also important to comprehensively evaluate the energy saving potential of using different ventilation modes. In this study, the same supply air volume was defined to meet the minimum ventilation requirement for an indoor safe environment, such as MV. The advanced ventilation modes, such as SV and ZV, can deliver the supply air directly to the occupied zone. It should be considered whether all ventilation modes need to meet the same minimum requirement of a supply air rate (i.e., calculated by the number of occupant and the share of outdoor air), especially during the epidemic normalization phase. The continuous operation mode of air conditioning and ventilation systems at a constant supply air velocity will inevitably result in rapid growth in the building’s energy consumption. The utilization of an optimized airflow pattern is intended to address the challenge of the reduction in energy efficiency due to oversupply of air. Thus, further investigation is required to determine the optimal supply air rate and energy saving solution for different ventilation modes in a specific case.



The most important goal in the design of a ventilation system is to reduce the threat of pollutants, (especially viral particles) to the occupants [47]. Ventilation modes such as ZV, SV and DV have provided different levels in lowering the exposure risk to indoor contaminants as compared to MV. The combination of different types of ventilation modes may potentially show better behavior in terms of efficiency for ventilation and pollutant removal rather than using a single ventilation mode. Besides, more kinds of ventilation modes need to be discussed, including personalized ventilation (PV) [48], demand-controlled ventilation [49] and intelligent ventilation [50], to establish a solid basis for actual application. For traditional ventilation modes such as MV, the location of outlets can play a critical role in the removal of pollutants. Hence, it is recommended that occupants should be seated closer to the area of return air, especially when the location of the pollutant source is unknown in an indoor room.



The limitations in this study should also be discussed. Firstly, this work used a simplified rectangular model to represent the occupants in an office to significantly reduce the computational cost. The model with realistic human geometry for occupants should be further considered. Secondly, steady-state numerical simulation was carried out in this study. However, the transmission of virus such as SARS-CoV-2 was usually associated to unsteady boundary conditions and indoor airflow fields, which should be explored in future investigations. Thirdly, in addition to airborne transmission, the droplet transmission mode of COVID-19 can play a significant role in infection of occupants. Future studies should take into account the evaporation process from liquid droplet to droplet nucleus during coughing or sneezing, the deposition of virus particles in indoor environments as well as the transmission risk of droplets in order to improve the reliability of evaluation of overall infection probability under different ventilation systems.




5. Conclusions


This study utilized the CFD model to simulate the distributions of airflow field and pollutant concentration in an office, based on which the impact of different ventilation strategies (i.e., airflow patterns) on ventilation efficiency and infection risk were further analyzed under different locations of infected source. By adopting effective interventions, such as installing the physical barrier above the desk, the optimal ventilation mode between MV, ZV, SV and DV was determined to improve the mitigation of airborne infectious disease transmission. The main conclusions are shown as follows.




	
Compared to MV, the ZV, SV and DV increased indoor average velocity by 12.5%, 43.8% and 31.3%, respectively. The SV and ZV could deliver the air from inlets directly to the breathing zone, which is more favorable for improving air distribution performance in an office. The ADPI values for MV, ZV, SV and DV reached above 80%. The SV could provide the ADPI value of 90.5%, which was largely increased by 6.3% as compared to that of MV.



	
The ZV, SV and DV could improve the removal efficiency of airborne contaminant at different levels compared to MV, with the average pollutant concentration in the breathing region largely diminished by around 59.3%, 56.1% and 10.3%. The ZV and SV showed a stable and efficient mitigation performance of airborne pollutant transmission in the office.



	
Regarding the average infection probability under different scenarios of a single infected source, a minimum infection risk of about 19.4% could be calculated for ZV and SV. The DV would result in a maximum infection risk of about 22.5%, increased by 2.8% compared to MV. Under the scenarios of multiple infected sources, the SV provided the lowest infection risk of 17.7%.



	
From the perspective of ventilation performance and infection risk, the SV showed an excellent performance in mitigating the transmission of airborne infectious disease in a real office room. The infection probability in an indoor environment using MV and DV was greatly dependent on the relative distance between the infected occupant and the outlet.
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Nomenclature




	COVID-2019
	Coronavirus disease 2019



	CDC
	Centers for Disease Control and Prevention



	ASHRAE
	American Society of Heating, Refrigerating and Air conditioning Engineer



	MV
	Mixing ventilation



	ZV
	Zone ventilation



	SV
	Stratum ventilation



	DV
	Displacement ventilation



	CFD
	Computational fluid dynamics



	RANS
	Reynolds-averaged Navier–Stokes



	  φ  
	Solved variables (i.e., velocity and temperature)



	   ∇ ·  (  ρ  u ¯  φ  )    
	Convection term



	  ρ  
	Air density



	   u ¯   
	Average airflow velocity



	   ∇ ·  (   Γ φ  ∇ φ  )    
	Diffusion term



	UDS
	User-defined scalar



	    C  ref     
	The reference value of pollutant concentration



	FVM
	Finite volume method



	EDT
	Effective draught temperature



	  θ  
	Value of EDT



	    t x    
	Local air temperature



	    t a    
	Average air temperature



	    v x    
	Local airflow velocity



	ADPI
	Air Diffusion Performance Index



	    R  i n f     
	Infection possibility



	   I R   
	Inhalation rate of the exposed occupant



	T
	Total exposure time



	   C  ( t )    
	Pollutant concentration (#/m3) over time t
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Figure 1. Sketch map of different ventilation modes. 
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Figure 2. Schematic diagram of various ventilation modes in the office, including mixing ventilation (MV), zone ventilation (ZV), stratum ventilation (SV) and displacement ventilation (DV). 
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Figure 3. Layout of three infected occupants (source) of A, B and C in the office. 
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Figure 4. Streamline distribution of different ventilation modes in the office, including mixing ventilation (MV), zone ventilation (ZV), stratum ventilation (SV) and displacement ventilation (DV). 
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Figure 5. Calculation of ADPI values for different ventilation modes of mixing ventilation (MV), zone ventilation (ZV), stratum ventilation (SV) and displacement ventilation (DV). 
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Figure 6. Distribution of relative pollutant concentration (C/Cref) at the plane of Z = 1.1 m under different ventilation modes of MV, ZV, SV and DV and infected source of A (with a height of physical barrier of 0.6 m). 
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Figure 7. Distribution of relative pollutant concentration (C/Cref) at the plane of Z = 1.1 m under different ventilation modes of MV, ZV, SV and DV and infected source of B (with a height of physical barrier of 0.6 m). 
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Figure 8. Distribution of relative pollutant concentration (C/Cref) at the plane of Z = 1.1 m under different ventilation modes of MV, ZV, SV and DV and infected source of C (with a height of physical barrier of 0.6 m). 
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Figure 9. Infection risk (with exposure time of 1 h) under different ventilation modes of MV, ZV, SV and DV and locations of infected source of A, B, C and A and B and C. 
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Table 1. Information of inlets and outlets for different ventilation modes.
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	Ventilation Modes
	Mixing Ventilation (MV)
	Zone Ventilation (ZV)
	Stratum Ventilation (SV)
	Displacement Ventilation (DV)





	inlet size (m)
	0.5 × 0.5

(with diffuser)
	0.5 × 0.5
	1.25 × 0.2
	0.625 × 0.2



	number of inlets
	4
	4
	4
	8



	supply air velocity (m/s)
	1.73
	1.73
	1.73
	1.73



	outlet size (m)
	0.2 × 0.2
	0.2 × 0.2
	0.2 × 0.2
	0.2 × 0.2



	number of outlets
	2
	2
	2
	2
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Table 2. Boundary conditions of numerical simulation model.
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	Boundary
	Type
	Conditions





	Inlet
	Velocity-inlet
	Supply air velocity: 1.73 m/s

Supply air temperature: 25 °C



	Outlet
	Outflow
	



	Wall
	Non-slip wall
	Wall temperature: 15 °C



	Occupant
	Non-slip wall
	Body temperature: 24 °C

Head temperature: 34 °C

Mouth temperature: 36 °C

Average airflow velocity of coughing: 13 m/s downwards at 27.5°

Average breathing rate: 0.7 m/s

Airflow temperature for coughing and breathing: 36 °C



	Physical barrier and desk
	Non-slip wall
	










[image: Table] 





Table 3. Overview of simulation cases.
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Case No.

	
Ventilation Mode

	
Infected Source

	
Note






	
1

	
MV

	
None

	
Evaluation of ventilation performance




	
2

	
ZV

	
None




	
3

	
SV

	
None




	
4

	
DV

	
None




	
5–7

	
MV

	
A, B and C

	
Evaluation of infection risk




	
8–10

	
ZV

	
A, B and C




	
11–13

	
SV

	
A, B and C




	
14–16

	
DV

	
A, B and C
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