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Abstract: The outbreak of Corona Virus (COVID-19) has spread over a large number of countries. The virus is typically transported inside liquid droplets produced by human beings. As a result, doctors operating in the consulting rooms of hospitals are potentially exposed to high risk. Taking into account the evaporation of droplets and using a hybrid Eulerian-Lagrangian framework to determine the airflow pattern and corresponding motion of droplets, in the present study, the motion of droplets is investigated with regard to the situation in which doctors check patients in front of their bed. A turbulence model (RNG k-ɛ) is used. The purification capacity of different ventilation systems is compared. The risk of cross-infection between doctors and patients is also evaluated.
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1  Introduction

In recent years, outbreaks of infectious diseases have become increasingly frequent, seriously endangering public health. Tuberculosis, severe acute respiratory syndrome (SARS) and influenza not only disrupt normal production and life but also cause a large number of infections and even death. Coronavirus disease 2019 (COVID-19) [1,2], which broke out in late 2019, has spread to most countries worldwide and infected more than 20 million people to date. Most patients emit aerosol particles carrying bacteria or viruses and spread respiratory infectious diseases to healthy people through breathing, coughing and sneezing, exposing doctors and patients in a consulting room to an elevated risk of cross-infection [3,4]. Therefore, improving the purification effects of existing ventilation systems and reducing cross-infection caused by the poor diffusion of aerosol particles is particularly important.

The diffusion of aerosol particles indoors has been studied extensively by many researchers. Zhang et al. [5] adopted a standard k-ε model and discrete random walk model to simulate particle distributions in a room with an under-floor air distribution system, and an experiment was carried out in a full-scale environmental chamber to verify the simulation results. The transmission of droplets produced by coughing was simulated by Kato et al. [6], while the propagation distance of the droplets was studied experimentally. Richmond Bryant et al. [7] conducted an experimental study on the propagation characteristics of droplet aerosols indoors with ordinary particles as the research object. Brohus [8] analyzed the hazards of personnel exposure to pollutants in a ventilated room by experimental and simulation methods.

Isolation rooms and operating rooms in hospitals have been used as the research objects in many studies. Many factors have a great influence on the airflow and pollutant distribution patterns in an isolation room, such as the ventilation strategies, furniture layout [9], movement of people and door opening/closing [10]. A numerical simulation was conducted by Zhao et al. [11] to quantify the number of particles emitted from a nurse that will enter the breathing zone or reach the body surface of a patient during patient care in an ISO Class-5 single-bed protective environment. These results were useful for developing best practices for preventing cross-infection during patient care. To obtain more accurate simulation results, Kao et al. [12] and Balocco et al. [13] established a cough model to numerically simulate the spread of viruses in isolation rooms with different ventilation system configurations and study the effect of ventilation systems on particle diffusion. Chow et al. [14] performed a laminar airflow study in a standard operating theatre using seven cases of computer simulation; the results stressed that a successful outcome in preventing airborne infection depends as much on resolving human factors as on overcoming technical obstacles.

The object studied in this manuscript is a typical consulting room in many hospitals, which has a specific ventilation system and layout of facilities. Since droplets are emitted by occupants indoors, the influence of personnel on their transmission is also considered to investigate the transport of droplet aerosols and the risk of cross-infection. The purification capacity of the ventilation system is numerically studied in different examination bed arrangements and inlet velocities. Compared to experimental methods, numerical simulations are not only useful for predicting droplet aerosol diffusion tracks and regional concentrations but also save time and reduce costs.

2  Numerical Models

2.1 Numerical Method

Considering the efficiency and accuracy of calculation [15], the RNG [image: images] turbulence model is adopted in this manuscript to simulate indoor airflow. Air can be regarded as a three-dimensional, incompressible, stable, turbulent and continuous fluid, which is governed by a series of equations as follows [16]:

Mass equation:
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Momentum equation:
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Energy equation:
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where ui and gi are the velocity and the gravitational acceleration in the xi direction, respectively. The pressure is expressed as p, the air density is ρ and the temperature is T. The subscript below each variable refers to the effective parameter, such as µeff is the dynamic viscosity, τeff is the stress tensor and λeff is the thermal conductivity. The specific energy e, momentum sink Si and heat source Sh are all defined as zero in the equation.

For indoor air, which is regarded as a continuum, because particles are regarded as discrete media, the Lagrangian method [17] is used to track the propagation trajectory. By equating the particle inertia with external forces, the motion equation of the particle in the x-direction in Cartesian coordinates can be obtained as:
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where up and ρp are the velocity and density of the particle, respectively. Considering that the particles are subject to the Saffman lifting force and thermophoretic force, Fi represents the additional forces per unit mass [18]. FD(u-up) is the drag force per unit particle mass, and for microscopic particles (diameter = 1–10 μm), FD is set as:
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where µ is the dynamic air viscosity and dp is the diameter of the particle. The Cunningham correction coefficient in the Stokes drag formula (5) can be expressed as:
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when we consider the velocity slip of the wall in the mechanics of rarefied gas. Here, γ is the mean free path of gaseous molecules.

Ignoring the effect of nonvolatile on droplet aerosols, the evaporation model is simplified as a single component. The evaporation rate of droplets depends on the gradient of diffusion flux, and the velocity of vapor entering the air term on the surface of droplets is determined by the gradient of vapor concentration on the surface of droplets and air.
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where [image: images] refers to the droplet evaporation rate. c is the mass transfer coefficient, which is estimated by the correlation at the air-water interface [19]. Cs and C∞ are the water vapor molar concentrations at the droplet aerosol surface and in the carrier phase, respectively.

The above equations are discretized into algebraic equations by the finite volume method, and the coupling between velocity and pressure is solved by the semi-implicit method for pressure linked equations (SIMPLE) algorithm [20]. In the course of discretization, the power-law scheme and the 2nd-order central difference are implemented for the convection and diffusion terms, respectively.

2.2 Physical Model and Computational Grids

A hospital consulting room is taken as the modelling object. To facilitate the calculation, the physical models in the room are simplified. The air inlet and outlet are rectangular settings at the top of the room. The table and cabinet are placed against the inner wall. There are two arrangements of the examination bed: one is located at the corner, and the other is located in the middle of the room, named Position A and Position B, respectively. The main structure and arrangement of the consulting room is shown in Fig. 1, and the indoor related parameters are listed in Tab. 1.
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Figure 1: The main structure and arrangement of the consulting room

Table 1: Indoor related parameters
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The accuracy of the numerical simulation is improved with the increase in grids [21]. To ensure accuracy, ICEM software is used to discretize the geometric model. The nonuniform staggered grid system is employed in the present study with denser grid clustering near the bounded walls to resolve the boundary layer properly. According to different meshing methods in Position A, the relative error is calculated by the average velocity of the X = 2.6 m surface in Tab. 2. The grid cell sizes of the human body and wall are set as 1.5 cm and 5 cm, respectively, according to which the relative error of the grid can be less than 5%. Moreover, when the number of grids is increased to 371,856, the relative error between two coherent meshes is quite small. As mentioned above, 320,426 is chosen as the total number of grids. The mesh generation of Position A is displayed in Fig. 2, and the same approach is also applied to Position B.

Table 2: Independence verification of grid
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Figure 2: Mesh generation

2.3 Validation of Numerical Model

The accuracy of the model is particularly important for the results. For verification of the numerical model, the same test points are selected by Zhang et al. [22], as shown in Tab. 3. The results are compared by a dimensionless concentration, which can be defined as:
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where C(x,t) is the average concentration of droplet aerosols at the test point and C0 is the initial concentration of droplet aerosols expelled from the mouth. It is observed that the simulation values are in good agreement with the experimental data. For the three different points, the maximum differences of C(%) are 0.09%, 0.08% and 0.06%, indicating that the present numerical method can reasonably predict the droplet aerosol distribution.

Table 3: The dimensionless concentration of experiment and simulation results
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2.4 Simulation Cases

In the simulation, the inlet and outlet boundary conditions for the particles are set as “Escape”, and the boundary conditions on the walls for the particles are set as “Trap” [23]. In a realistic diffusion process, a particle may either rebound from or remain attached to a surface when it impacts the surface [24]. Moreover, the attached particle may be resuspended again in the air flow fields [25]. Nevertheless, particle rebound and resuspension are not considered in this study. It is assumed that all the particles will be attached to the surface and will never be resuspended once they impact the walls. Under the condition of convergence, the time step of the numerical simulation is 0.1 s. Based on this condition, the tracking simulation is set to 300 s.

A cough is used as the injection mode of the droplet aerosols in this manuscript. The time of occurrence is 0 s, lasting for 2 s, with a velocity of 10.8 m/s. The diameter and density of droplet aerosols are chosen as 3 µm and 1000 kg/m3, respectively [26]. The airflow temperature of coughing is 308 K. Considering evaporation, the initial droplet aerosols are assumed to consist of 98.2% water and 1.8% solid in volume [27]. All the simulated cases are shown in Tab. 4.

Table 4: Simulation cases
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3  Results and Discussion

Fig. 3 shows the distribution of droplet aerosols under six different cases. The droplet aerosols are concentrated in the facial area of the patient and doctor first and spread to the upper space gradually. At the same time, almost no particles exist on the right side of the room from 1 s to 20 s. At the end of the numerical simulation, the droplet aerosols are spread to the whole indoor space. With the increase in the inlet velocity, the change in particle distribution during the first 20 s is not obvious.
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Figure 3: Droplet aerosols diffusion under different cases (a) A-0.1: 1 s, 3 s, 20 s and 300 s (b) A-0.5: 1 s, 3 s, 20 s and 300 s (c) A-0.9: 1 s, 3 s, 20 s and 300 s (d) B-0.1: 1 s, 3 s, 20 s and 300 s (e) B-0.5: 1 s, 3 s, 20 s and 300 s (f) B-0.9: 1 s, 3 s, 20 s and 300 s

In Position B, the diffusion area of droplet aerosols from 20 s to 300 s is larger than that in the corner. Especially at 300 s, even if the inlet velocity is only 0.1 m/s, the particle diffusion effect is greatly improved. The formation of vortices at the corner of the room is not conducive to the spread of droplet aerosols. However, when the examination bed is close to the center of the indoor flow field, the airflow organization is improved. Therefore, Position B is more conducive to the diffusion of droplet aerosols. All the flow fields are shown in Fig. 4.
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Figure 4: The streamline of numerical simulation of entire indoor area (a) Position A (b) Position B
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Figure 5: The variation tendency of outlet droplet aerosols concentration in different positions (a) Position A (b) Position B

Fig. 5a shows that with increasing simulation time, the droplet aerosol concentration at the outlet also increases gradually. Therefore, the number of droplet aerosols discharged from the room to the outside is enlarged. The time when droplet aerosols appear at the outlet is delayed with increasing inlet velocity. When the velocities are 0.1 m/s, 0.5 m/s and 0.9 m/s, the occurrence times of droplet aerosols at the outlet are 62 s, 146 s and 176 s, respectively. The earliest time is presented in the case of A-0.9, the particle concentration plot of which is also larger than the others. The flux densities through the outlet are 1.36E-13 kg/(m2·s), 6.17E-14 kg/(m2·s) and 2.91E-14 kg/(m2·s) when the velocities are enlarged from 0.1 m/s to 0.9 m/s, respectively. The larger the inlet velocity is, the higher the efficiency of discharging indoor particles.

Under three different inlet velocities, the time when droplet aerosols appear at the outlet is approximately 22 s in Position B. The flux density through the outlet at high inlet velocity is generally larger than that at low velocity during the whole simulation time. Compared to the corresponding cases, the droplet aerosols are purified earlier, and the amount of particles is larger in Fig. 5b. Therefore, the purification effect of Position B is better than that at Position A.
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Figure 6: The variation tendency of droplet aerosols concentration with time in Position A (a) Doctor inhaled (b) Patient inhaled
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Figure 7: The variation tendency of droplet aerosols concentration with time in Position B (a) Doctor inhaled (b) Patient inhaled

According to Figs. 6 and 7, the variation tendency of droplet aerosol concentration with time is shown in two positions. In Position A, the concentration of droplet aerosols inhaled by patients and doctors decreased with increasing simulation time. The maximum droplet aerosol concentrations of the occupants are both presented in the initial time with a value of 1.4E-8 kg/m3. The increasing inlet velocity leads to a lower concentration of droplet aerosols inhaled by the occupants. However, under the three different cases, the concentration of particles inhaled by the patients and doctors is more even in Position B. The inlet velocity is not sensitive to the effect of the patient’s or doctor’s inhaled droplet aerosol concentration; both concentrations are mainly concentrated in a range of 1E-11 to 2.5E-10 kg/m3. Low inlet velocity can have a good diffusion effect.
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Figure 8: The variation tendency of the percentage of droplet aerosols inhaled

Fig. 8 shows the variation tendency of the percentage of droplet aerosols inhaled with inlet velocity. With increasing inlet velocity, the percentages of droplet aerosols inhaled by the doctors and patients both decrease. At all inlet velocities, the droplet aerosols inhaled by the patient are higher than those inhaled by the doctor. In addition, the droplet aerosol inhalation rate of the indoor occupants in Position B is lower than that in Position A at the same inlet velocity. It is shown that this approach can effectively reduce the risk of cross-infection when the examination bed is located in the middle of the room.

4  Conclusion

Taking a consulting room as an object, two common examination bed arrangements and the transmission characteristics of indoor droplet aerosols under different inlet velocities are analyzed by numerical simulation in this manuscript. The following conclusions are obtained.

  1.  Under the same conditions, when the examination bed is arranged in the centre of the room, droplet aerosols are discharged earlier by the existing ventilation system, which is more conducive to the diffusion of indoor particulate matter.

  2.  In both arrangements, the purification capacity of the ventilation system increases with increasing air velocity. In contrast, the ventilation system in Position B performs better at low air velocities.

  3.  By changing Position A to Position B, the infection risks of both doctors and patients are reduced with an increase in the percentage of droplet aerosols inhaled by the patient.
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