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Abstract

:

In addition to public health measures, including social distancing, masking, cleaning, surface disinfection, etc., ventilation and air filtration can be a key component of a multi-pronged risk mitigation strategy against COVID-19 transmission indoors. Electrostatic precipitators (ESP) have already proved their high performance in fluid filtration, particularly in industrial applications, to control exhaust gas emissions and remove fine and superfine particles from the flowing gas, using high-voltage electrostatic fields and forces. In this contribution, a high-voltage electrostatic sanitizer (ESS), based on the electrostatic precipitation concept, is proposed as a supportive measure to reduce indoor air infection and prevent the spread of COVID-19 coronavirus. The finite element method (FEM) is used to model and simulate the proposed ESS, taking into account three main mechanisms involving in electrostatic sanitization, namely electrostatic field, airflow, and aerosol charging and tracing, which are mutually coupled to each other and occur simultaneously during the sanitization process. To consider the capability of the designed ESS in capturing superfine particles, functional parameters of the developed ESS, such as air velocity, electric potential, and space charge density, inside the ESS are investigated using the developed FEM model. Simulation results demonstrate the ability of the designed ESS in capturing aerosols containing coronavirus, precipitating suspended viral particles, and trapping them in oppositely charged electrode plates.
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1. Introduction


Nowadays, indoor air quality (IAQ) issues are becoming a crucially important subject for human health, especially in the context of the recent COVID-19 disease pandemic [1,2]. Since COVID-19 is a respiratory disease, to prevent transmission of its causing agents, health organizations, including the World Health Organization (WHO) and US Centers for Disease Control and Prevention (CDC), have recommended specific airborne precautions. In this regard, several guidelines have been issued on keeping physical distance with people that have a fever, cough, and general symptoms of the disease, besides the importance of personal hygiene etiquette [3,4,5,6]. However, these measures seem to not be sufficient enough to prevent the spread of the deadly virus.



The transmission of the COVID-19 virus occurs mainly via droplets during close contact or touching infected surfaces [7,8,9,10]. It may also transmit through aerosols, as it has been pointed out in several research studies [11,12,13,14,15,16]. In this regard, some research has focused on how poor indoor air quality amplifies the effects of airborne viruses, including the COVID-19 coronavirus [17]. One of the most important strategies to address this issue is using indoor air filtration and purification devices, besides the air ventilation systems [18,19,20].



To control the spread of COVID-19, it is important to have an idea about the transmission routes of the infectious agent. For almost every respiratory virus disease, three transmission routes are more dominant: (1) direct transmission of viruses in close contact region with the patient through droplets emitted while sneezing, coughing, singing, shouting, talking, and breathing; (2) indirect transmission via the surface contact through hand–hand, hand–surface, etc., contacts; and (3) long-range airborne transmission via aerosols [11,21]. While physical distancing is important to avoid close contact, in the case of the latter item, the overall risk of long-range aerosol concentration over several meters onward from an infected person is still there and can be reduced with adequate ventilation and effective air filtration solutions [11].



With regard to the size and how long respiratory droplets can remain suspended in the air, they are divided into two basic categories: large and small droplets. Large particulates, which are named as “droplets”, often refer to droplets >5 μm in diameter. They fall rapidly to the ground under gravity and are, therefore, transmitted only over a limited distance (e.g., ≤2 m). In contrast, droplets ≤5 μm in diameter are referred to as “aerosols”, and they can remain floating in the air for significant periods of time and can transmit over long distances [5,22]. In fact, the dissemination of aerosols causes the spread of the infectious agents, defined as airborne transmission. It should be pointed out that the definition for “large” and “small” droplets size range may be slightly different in some studies [23,24,25]. The distribution of aerosols in indoor environments has also been simulated using numerical methods in some research studies [26,27,28,29,30].



Another aspect associated with indoor airborne transmission of COVID-19 is that most patients spend the majority of their time in enclosed areas, and the room air can be saturated with airborne particles exhaled during breathing. Even in airborne infection isolation (AII) rooms, which are specifically designed to prevent the spread of droplet nuclei expelled by a patient, despite negative pressure isolation conditions, air currents that occur due to the door opening can cause a breakdown in isolation conditions; as a result, the pathogen can escape from the room and spread infection outside the room [25,31]. Indoor transmission of COVID-19 can occur rapidly after one individual is infected. The pathogen may then be inhaled by others who are nearby or may be some distance away from the source patient in a different or the same room that the patient has left, if there has not been sufficient air filtration and sanitization [32]. With all these observations, the use of proper ventilation and sanitization in indoor settings is crucial to reduce airborne contaminants, including the virus causing COVID-19 [33]. Air sanitizers and purifiers are generally designed to clean pollutants or contaminants out of the air that passes through them. Air cleaning and filtration can help reduce airborne containing viral particles. The reduction of airborne particles, by collection in the air cleaning devices, can also dramatically reduce the deposition of viral particles on surfaces that are necessarily or inadvertently touched [34,35].



Technologies that are used for particle reduction of indoor air include mechanical filtration, electret filtration, and electrostatic precipitators [36]. The traditional mechanical filtration, such as high-efficiency particulate air filters (HEPA), are composed of fine fibers or some porous materials, which mainly capture dust particles by means of blocking, inertia, and diffusion. However, the fibrous filters need to be replaced frequently, and with the accumulation of more collected particles, the air pressure drop will be increased. This operation consumes more power and energy and will be costly. To improve the traditional mechanical filter efficiency to make it able to get fine particles, decrease the effect on air resistance, reduce the energy consumption of the filter, and prolong the service life, electret filters have been proposed to combine the electrostatic effect with the fibrous filter. The electrical charges on the fibers increase the electrostatic attraction forces [37,38]. However, it should be noted that, despite the high efficiency rates of the electret filter’s initial filtration, efficiency decreases over time due to the charge decay [39]. Electrostatic precipitators (ESPs) use high voltage for air ionization and electric charging of the particles to trap them with electric forces [20].



Comparing ESP vs. HEPA, the efficiency of HEPA filters in capturing airborne particulates is almost the same for all the particles that are as small as 0.3 μm in diameter. In contrast, the collection efficiency of electrostatic sanitizers is dependent on the size of the airborne loads and can reach up to 95–98% for the smallest particles (0.3–2.5 μm) and 99% for the largest particles (>2.5 μm) [40,41]. High efficiency in removing fine particles, along with the ability to purify large amounts of incoming gas, and low maintenance cost are the main advantages of ESPs over other filtering equipment [42,43,44]. That is why electrostatic precipitators are considered as one of the most promising ways to remove particles from exhausted gases in many industrial processes [45,46,47,48]. They are used in electric power plants, paper mills, cement, steel industry, and chemical industry and have two main uses (depending on the specific industry): reduction of air pollution in the environment and collection of dust particles for reuse [49,50].



The basic principles governing the operation of electrostatic precipitators are relatively straightforward; hence, they are well described in the literature [51,52,53,54,55]. It has been discussed the collection efficiency of precipitators as a function of some parameters, such as the type of supply voltage, design of the precipitator, arrangement of discharge wires and collecting plates, speed distributions of dust particles in the precipitator, dust resistivity and particles sizes, maintenance mode of precipitators, and changes that occur during operation [56,57,58]. It has been focused on the simulation of the electric potential and field strength in ESPs [59,60]. The simple interior structure of a one-stage wire–plate electrostatic precipitator with a single discharging electrode is shown in Figure 1. The unclean air, with viral and other contaminants, enters the ESP via the inlet and passes through a channel that contains grounded collecting plates and a discharging electrode. A high electrical potential is applied to the electrode, which induces a corona discharge, and ionizes the surrounding air. Corona discharge, which is the main mechanism of ESP to ionize the air, is still considered a challenging problem [61]. It have modeled this phenomenon by coupling electrostatic and electrokinetic problems [62,63]. After the particle charging and attraction process, some of them are deposited on the collecting plates and others are driven out through the outlet by the airflow. The air velocity in crossing the channel, the number and geometrical shape of the discharging electrode/s, distance of the collecting plates from the electrode/s, and the electric field intensity inside the channel are the key factors that affect sanitizer efficiency in removing the viral particulates.



Human’s emitted respiratory particles can vary from 0.1 to more than several tens of micrometers in diameter, in the form of aerosols and droplets [63,64,65]. In indoor air and under common conditions, COVID-19 viruses can remain active even for an unlimited time and transmit with airflow [11,31,32]. ESPs with various designs have been widely applied in industrial applications; however, to adapt them for indoor air treatment, some concerns, such as high efficiencies for collecting fine particles, should be addressed [19].



This study intends to develop a high-voltage electrostatic sanitizer (ESS) with the ability to collect superfine viral contaminant particles. For the purpose of this study, first, the characteristics of droplets containing coronavirus are discussed to lay the groundwork for the modeling and simulation process. The structure of the proposed electrostatic sanitizer and its working principle is considered in the next section. Following this section, theoretical foundations to model the electrostatic field, particle charging, and airflow dynamics are extracted. A numerical model of the sanitizer is developed using 2D FEM modeling, by employing Maxwell and compressible Navier–Stokes equations. Then, the results of the numerical modeling, along with their discussion, are provided. Future directions of the research, to develop a detailed design of the sanitizer, and conclusions are given at the end.




2. Viral Load Properties


According to research findings, the main vehicle for airborne respiratory disease transmission is the droplet exhaled by the infected person [66]. Respiratory droplets are produced during normal breathing, speaking, coughing, or sneezing with a wide span of sizes and quantities [11,67]. The droplets expelled by a person consist mostly of water (almost 98%), with various inclusions (e.g., Na+, K+, Cl−), and their size varies from aerosols with diameters <1 μm to large droplets with diameters up to 600 μm. It should be pointed out that the size and motion of the particle depends on the generation process, such as exhaled air velocity and the viscosity of the fluid, as well as environmental conditions, such as relative humidity, the ambient air temperature, and the direction and strength of local airflows [68,69,70,71,72,73,74,75,76]. Large droplets are significantly affected by gravity and deposit rapidly on the floor or other surfaces [77]. However, light particles (aerosols), containing the virus, can stay in the air for a long time and transport over longer distances; they could infect other people via the mouth, nose, and eyes if they do not use adequate personal protective equipment [26,27].



Due to evaporation, both the size and mass of the droplet change. According to research findings in [66], under normal air conditions, droplets smaller than 100 μm in diameter would completely dry out before falling to the ground, in approximately 2 m distance. This means that droplets could transform into aerosols by evaporation before settling [78,79,80]. The overall size of aerosols also depends on the saliva’s organic and inorganic contents, and the ultimate limit in size is the diameter of the virus itself, which is about 0.14 μm [81]. Figure 2 shows how a respiratory droplet within the liquid phase evaporates under environmental conditions and eventually creates an aerosol filled with viruses and other contaminants [82].



Any movement of the air may carry indoor floating aerosols. Airstreams are created simply from the air temperature differences, even from human body heat. In the same way, other mechanical and electrical devices, including fans, televisions, and medical equipment, can disturb patients’ nearby airflows and move the viruses in a closed room. Another point, in this regard, is the droplet’s speed, which can reach up to 15 km/h while coughing [83]. However, the parameters that affect the ESS efficiency are the particle size (and its electric properties) and the particle velocity inside the ESS channel, which completely depends on the device’s mechanical fan speed and other operational and structural parameters.




3. Principles of Operation


The precipitation of particles under an electric field involves complex mechanisms in the collection process and different parameters, including particle size, particle chemical composition, charge-to-mass ratio, airflow velocity inside ESS, electrical parameters, and operating conditions, which affect particle attraction to the collection plates. Therefore, this section will focus on the basic operational principles of ESP to develop a high-voltage electrostatic sanitizer design scheme that is able to remove viral particles from the air, especially particles containing COVID-19 viruses. In summary, aerosols and the particle collection process (from the air using ESS) can be expressed in the following three steps: particle charging by produced ions and electrons, particles move towards the collecting plates under electric force, and particle deposition on collecting plates [35].



To produce a high electric field in the ESS, a discharging wire electrode is typically placed between two collecting plates. Collecting plates are electrically grounded (have zero potential), and high voltage is applied to the wire. The electric field in an ESS can be generated with either negative or positive high voltage. However, under the same conditions, the negative voltage is generally used because the ESS can be operated at a higher voltage before spark-over, compared to the positive electric field. The electric field has its maximum value close to the discharge electrode and rapidly decreases moving toward the collecting plate [84,85].



Based on Katpzov’s hypothesis about smooth wire electrode structure, as the electrode voltage increases, the electric field increases proportionally until the applied voltage reaches to the onset voltage. The onset voltage is the value of the voltage applied to the stressed wire electrode, where corona discharge takes place and free electrons are being produced. After that, the electric field will preserve its value [86]. Figure 3 demonstrates the electric field strength versus applied electric voltage at the discharging electrode for the charge-free case without ionization and for the corona case. The strength of the electric field is mainly dependent on the wire electrode and collecting plates’ geometrical properties. Other environmental parameters, such as temperature, pressure, and humidity can also affect electric field value, as they can affect ion mobility in the air [18].



The onset electric field at the wire electrode can be obtained using Peek’s law [87]:


   E 0  = 3.1 ×   10  6  δ (  C 1  +  C 2  /   δ  r i    )  



(1)




where    E 0    (SI unit: V/m) is the onset electric field,  δ  is the relative air density normalized to real temperature and pressure conditions,    r i    is the radius of the wire electrode (SI unit: m),    C 1  = 1   (SI unit: V/m), and    C 2  = 0.031   (SI unit: V/m).



At the start point of the ESS operation, it needs to generate electric charges in the sanitizer. Under a strong electric field, electrons can be separated from the air atoms and create positive ions and free electrons. A neutral atom of air crossing the active region (the region around the discharging electrode where the electric field is strong) is ionized and a positive ion and free electron are created. These created free electrons and positive ions are accelerated by the negative electric field in opposite directions, are separated from each other, and get kinetic energy. The electron has a much higher charge-to-mass ratio; so, it is accelerated to a higher velocity than the positive ion. It gains enough energy from the field, and when it crashes to another atom, knocking out another electron, it ionizes it and creates another positive ion. These electrons are accelerated and collide with other atoms, creating a further electron and positive ion pairs, and then collide with more atoms [88,89]. This process, named as avalanche multiplication, is repeated many times, so that large quantities of free electrons and positive ions are formed within the sanitizer channel. Figure 4 depicts the air ionization process under the strong electric field.



On the other hand, the big positive ions that move slowly toward the negative discharge electrode (under attractive forces) pick up speed, and many of them collide right into the discharging electrode or the air around the wire, which causes additional electrons to be knocked off. This process is called secondary emission [88,89].



As the electrons move away from the strong electrical field area, their velocity starts to slow down; they are still repulsed by the negative electric field but to a lesser extent. They collide with other air atoms, but instead of violently colliding with them, the electrons reach the air atoms and are captured by them, as shown in Figure 5. This action gives up a negative charge to the air atoms and creates negative air ions. Because the ions are negative, they move in the direction opposite the strong negative field, toward the collecting plates. Along with free electrons, these negative air ions play a key role in capturing the particles [42].



The created free electrons and negative ions should cross along the path of the electric field, in order to reach the closest grounded plate. Thus, a current of electrons is formed from the discharge wire towards the collecting plates [43]. Aerosols and particles are charged by these generated electrons and ions as they pass through the sanitizer channel and dragged toward the collecting plates by the electric field action (Coulomb Forces). When the charged particles arrive at collecting plates, they lose their electric charge through the ground connection while they remain on the plates [90]. A simple demonstration of ESS operation is sketched in Figure 6.



The particles at the entrance of the sanitizer are uncharged. However, when they are moving toward the grounded collecting plates, they are negatively charged and their charge increases; so, the large number of free electrons and air ions can fit on them. It is worth mentioning that droplets can absorb more charges than aerosols because of their large dimensions. Eventually, at a point called the saturation charge level, the particles are so charged that they emit their own negative electrical field, and this negative electric field around the particles repulses the electrons and negative air ions and prevents the additional charges that are acquired [89].



Particle charging inside the electrostatic sanitizer is done by two mechanisms: field charging and diffusion charging, depending on the particle size. Field charging occurs when large particles (droplets) enter the electric field and cause a local displacement of the electric field lines. They change the local electric field distribution lines and drive the charges to continue to collide with them until they reach the saturation charge level. After that, they divert electric field lines away from themselves and prevent absorbing new charges, as shown in Figure 7.



Diffusion charging is based on random Brownian motion, and the collision of particles with electrons or air ions is directed by thermal effect. With increasing the temperature, the mobility of the air increases and more movement occurs [18]. The electrons and ions collide with the particles because of their random thermal motion and give a charge to them. In the case of fine particles, they do not change the electric field line paths. Thus, diffusion charging is the only mechanism by which fine particles become charged [89]. Based on studies, if particle diameter is larger than 1 μm, then the field charging dominates, and if the particle diameter is less than 0.1 μm, diffusion charging dominates. Otherwise, two kinds of mechanisms exist [42].



Because of the aerosol small diameters, they are charged less than droplets or large particles and so, the amount of electric charge on them is very low [34,91]. Droplets (which have large diameters) are collected more efficiently, given that their displacement is mainly influenced by the electric field. On the contrary, besides the large droplets, very fine aerosols are also collected more efficiently because they are subjected to less airflow drag forces. Between these two extremes, larger aerosols behavior in ESS is quite different, as they usually move in straight lines with the air stream and with insufficient charging that consequently results in low collection efficiency for them [92].



The collection efficiency is normally defined as collected aerosol mass proportion to the overall mass entering the ESS over some time. Deutsch equation can be used for theoretical analysis of ESS efficiency under ideal conditions [52]:


  η = 1 − exp  (  − ω ·  A Q   )   



(2)




where  η  is the collecting efficiency,  ω  is the charged particle migration velocity (SI unit: cm/s),  A  is the effective collecting plate area (SI unit: m2), and  Q  is the gas flow rate through the sanitizer channel (SI unit: m3/s). The particle migration velocity is the speed at which a particle, once charged, moves toward the grounded collection plates and depends on the particle size and shape, electric field strength, gas composition, temperature, etc. The A/Q term in the Deutsch equation is defined as specific collection area (SCA), which indicates the ratio of collection plates area over the air volume flow of the sanitizer [93]. The value of SCA has a direct relation with particle residence time inside the sanitizer. The residence time for a particle is the time interval when the particle is entered into the ESS and subjected to the electrostatic field, and all the ESS processes, including charging, migration, and collection, occur in this period. The longer the residence time, the more charge will accumulate on the particles [94].



To increase sanitizer efficiency, in order to make it able to collect fine and large aerosols together, both the collection area and the applied high voltage must be designed for best performance. A possible solution to make it easier to capture aerosols is increasing their charging, which can be done by increasing the applied voltage on the discharging electrode. However, increasing the electric field can affect the airflow paths and create electrohydrodynamic ion wind in the sanitizer. This event can cause severe turbulence that makes the aerosol collection even more difficult and may pull them back into the airflow before they arrive at the collecting plates [92]. Hence, optimized electric field strength must be adjusted in a way that the ion wind is not so strong, and the fine particle collection efficiency can reach its maximum value. Another issue in adjusting the applied voltage is that increasing the applied voltage will increase the field strength and ion formation until spark-over happens. Spark-over refers to internal sparking between the discharging electrode and collecting plates [95]. As a solution to this challenge, two-stage electrostatic precipitators, that separate the charging and collection stages, have been proposed [96,97,98,99,100]. In this structure, the voltage on the discharging electrode can be increased to higher values than one-stage ESS. Figure 8 shows the schematic view of a two-stage electrostatic sanitizer.



One of the other methods to improve the aerosols collection efficiency is increasing the diameter of the particles via the agglomeration of them together or with large particles, such as water droplets. Agglomeration can be done by chemical methods, electrical methods, etc. [101,102,103]. Figure 9 shows the simple schematic of an electrostatic sanitizer with an electrical agglomeration system, consisting of a bipolar pre-charging unit, mixer, and ESS. Particles are positively or negatively charged in the pre-charging unit, agglomerated together in the mixer unit, and, finally, collected by the ESS. The mixer unit can have AC or DC high voltage. The modes of aerosol electrical agglomeration are shown in Figure 10.



Besides the ESS configuration, one of the most important factors affecting the collection efficiency is the aerosol resistivity. Resistivity is a function of particles’ chemical composition. From the electrical point of view, resistivity is a particle’s tendency to transferring charges. Particles can have high, normal, or low resistivity [89]. Environmental conditions, such as temperature and humidity, have a significant effect on particle resistance. Particles that have high resistance values are hardly charged; however, once charged, they do not easily get rid of their acquired charge when arriving at the collecting plates. On the opposite, particles with low resistivity easily get charged and readily release their charge to the grounded collecting plates. These particles may be easily apart from the plates and escape through the sanitizer with the airflow. In this regard, the air velocity into the sanitizer must be reduced enough to prevent re-entrainment of the particles [104].




4. Theoretical Foundations


For numerical modeling of the electrostatic sanitizer, three main mechanisms should be considered including electrostatic field, airflow, and aerosol charging and tracing. These physical phenomena are mutually coupled to each other and occur during the sanitizer operation (at the same time).



4.1. Electrostatic Field


Applying high voltage to the discharging electrodes and connecting the collecting plates to the ground potential produces corona discharge, which in turn generates space charges and a continuous electric current flowing between electrodes and plates. The electrostatic field established this way, can be described by the well-known Maxwell’s equations, Poisson, and charge conservation equations. Assuming steady-state conditions and ignoring the magnetic field influence, the electric field intensity inside the sanitizer can be described by Gauss’s law [105,106,107,108]:


  ∇ ·  E →  =    ρ q     ε 0     



(3)







Relating the electric field to the potential with the equation    E →  = − ∇ V  , gives the well-known Poisson equation as [108]:


   ε 0   ∇ 2  V = −  ρ q   



(4)




where  E  is the electric field intensity (SI unit: V/m),    ρ q    (SI unit: C/m3) is the space charge density,    ε 0    is the vacuum permittivity, and  V  is the electric potential (SI unit: V). Moving ionic charges towards the grounded plates, create an electric current with a density defined as:


   J →  = μ  ρ q   E →  +  ρ q  u − D ∇  ρ q   



(5)







The three terms on the right side of Equation (5) are drift current, due to electric field, convection current under the airflow, and diffusion current, respectively. Under stationary conditions, the quantity of electric charge in the sanitizer channel do not change; thus, the current density must satisfy the charge conservation equation:


  ∇ ·  J →  = 0  



(6)




where  J  (SI unit: A/m2) is the current density,  μ  (SI unit: m2/V·s) is the ion mobility,  u  is the fluid (air) velocity (SI unit: m/s), and  D  is the ion diffusion coefficient (SI unit: m2/s). This set of equations after manipulation, give the following transport equation:


  μ (    ρ q    2     ε 0    − ∇ V · ∇  ρ q  ) + ∇  ρ q  · u − D  ∇ 2   ρ q  = 0  



(7)








4.2. Airflow (Laminar Flow)


At the inlet of the sanitizer, the aerosols are primarily under the impression of the air convection forces. So, studying the laminar flow field characterization is the initial step for the prediction of aerosol behavior in the sanitizer. Due to the small air pressure drop, along with the sanitizer, the air is considered as an incompressible Newtonian fluid; so, the density and viscosity are considered constant. The Navier–Stokes equations, which are a statement of Newton’s second law of motion, are used to solve for the air velocity and pressure. The airflow can be described by the two basic governing equations for the conservation of the mass and momentum, the following Equations (8) and (9), respectively:


  ∇ ·  u →  = 0  



(8)






  ρ (  u →  · ∇ )  u →  = ∇ · [ − P I + μ ( ∇  u →  +   ( ∇  u →  )  T  ) ] + S   ( 1 )  



(9)




where  μ  is the air viscosity (SI unit: kg/(m·s)),    ρ     is the air density (SI unit: kg/m3),  P  is the air pressure (SI unit: Pa), and  S  is the source term due to the electric field and defined as [109]:


  S =  ρ q   E →   



(10)








4.3. Aerosol Tracing


In the sanitizer channel, aerosols are affected by combined forces of gravity, electric force, and airflow aerodynamic drag forces. The aerosol (particle) positions can be computed by solving second-order equations of motion for the aerosol position vector components, using Newton’s second law [109]:


      d  x p    d t   = v      d  d t   (  m p   v →  ) =    F t   →     



(11)




where    x p    is the aerosol position (SI unit: m),  v  is the aerosol velocity (SI unit: m/s),    m p    is the aerosol mass (SI unit: kg), and    F t    is the total force (SI unit: N) that acts on the aerosols. In this study, two air drag forces and the electric force are considered and the gravitational forces are neglected. The electric force exerted on the aerosols is defined as [108,109]:


     F e   →  =    E →   q p     m p     



(12)




where    E →    is the electric field intensities and    q p    is the electric charge of the aerosol that is the sum of aerosol charges due to both diffusion and filed mechanisms. The aerosols entering the ESS are assumed to be spherical in shape and neutral in charge. The charge accumulated on the aerosols is computed by the following equation:


    τ c    d  q p    d t   =  {     R f  +  f a       R d   f a           |   v e   |  ≤  |   v s   |       |   v e   |  >  |   v s   |      



(13)




where    τ c    is the charging time constant,    v e    is the aerosol electric charge, and    v s    is the aerosol saturation charge. With regard to Equation (13), it can be seen that aerosol charge is increasing over time while it is crossing the sanitizer channel. Diffusion charging never reaches a limit, but it becomes very slow with time. The charging time constant (   τ c   ) is described as:


   τ c  =    e 2    4 π  ρ q  μ  k B   T i     



(14)




where    k B    is the Boltzmann constant,    T i    is the ion temperature,    R f    and    R d    are the dimensionless charging rates due to field and diffusion transport, respectively, defined as:


    R f  =    v s    4 π  ε 0      ( 1 −    v e     v s    )  2    ,    R d  =    v e  −  v s    exp  (   v e  −  v s   )  − 1     



(15)




and


    v e  =   Z  e 2    4 π  ε 0   r p   k B   T i      ,    v s  = 3  ω e     ε r     ε r  + 2     



(16)






   ω e  =   e  r p   | E |     k B   T i     



(17)




where    ε r    is the relative permittivity of each aerosol,  Z  is the accumulated charge number on aerosols, and  e  is the electronic charge (1.6 × 10−19 C) which    q p  = Z e  . To join the diffusion and field charging rates, the parameter    f a    is used and defined as [109]:


    f a  =  {     1    (  ω e  + 0.475 )   0.575         1          ω e  ≥ 0.525           ω e  < 0.525     



(18)




where      F D   →    the drag force from airflow and for aerosols is defined, as follows:


     F D   →  =  1   τ p  s    m p  (  u →  −  v →  )  



(19)




where    τ p    is the aerosol velocity response time (SI unit: s) and is defined as:


   τ p  =   4  ρ p   d p 2    3 μ  C D    Re  r     



(20)




where    ρ p    is the density of the aerosols (SI unit: kg/m3),    d p     is the aerosol diameter (SI unit: m),    C D    is the drag coefficient which depends on the aerosols Reynolds number,  s  is the drag correction coefficient, and     Re  r    is the relative Reynolds number given by the following equation:


    Re  r  =    ρ p   d p   |  u − v  |   μ   



(21)







The above acquired equations clearly indicate that the forces acting on the aerosols are dependent on their physical and electrical properties (like mass, shape, size, resistivity, permittivity), electric field intensity inside the sanitizer, aerosol velocity, operating conditions (like temperature), and so on. The whole sanitizer mechanisms, such as the aerosol charging process and aerosol motion, are mutually coupled. Considering all parameters is crucial to properly model and obtain the optimized design and achieve the highest collection efficiency.



An algorithm was developed to take into account the coupling between different governing equations mentioned in this section. By applying a voltage higher than the onset value to the discharging electrodes, the electric field should be constant and equal to    E 0    which is obtained using Peek’s law. If this is not the case and the electric field is larger than    E 0   , the space charge on the discharging electrodes is increased. Conversely, if the electric field is too small, the space charge is decreased. The solving process of Poisson and charge conservation equations is continued until the difference between  E  and    E 0    is smaller than a predefined assumed tolerance and as a result, the distribution of space charge density and electric field intensity are obtained. After electrostatic simulation, the Coulomb force (term  S  in the airflow governing equation) is calculated as a product of the electric field and space charge density. The value of  S  is needed to simulate the airflow using the conservation of the mass and momentum equations. Because Equations (8) and (9) are nonlinear and coupled with each other, several iterations of the solution loop are performed before a converged solution is obtained. The airflow velocity is then entered back into the electrostatic simulation, which makes the whole simulation algorithm a triple iterative loop. The whole process is repeated until convergence is reached for all essential electrical and airflow parameters. Afterwards, detailed information of the electric field, electric potential, space charge distribution, and the airflow profile inside the sanitizer are obtained. In order to investigate the aerosol motion and tracing them, a number of aerosols with known physical and electrical specifications are released on the inlet. The aerosol motion is coupled with their charging process because the variation of the aerosol’s charge, changes their path, which in turn affects their charging rate again because the electric field is not uniform inside the sanitizer channel. Aerosol tracing is done with the calculation of aerosols charges and their position sequentially. At the end, a particle counter which is added at the outlet of the sanitizer is used to compute the aerosol collection efficiency.





5. Numerical Setup


To evaluate the capability of the ESS in capturing viral loads, a single-channel wire–plate type ESS with three wire electrodes is modeled and simulated. Figure 11 and Figure 12 demonstrate the computational model domain with all dimensions and boundary conditions, respectively. The model consists of two flat collecting plates and three discharging wire electrodes are placed between them. The collecting plates are of 0.8 m in length with 0.1 m vertical space between them. The discharging wire electrodes which are 1 mm in diameter are placed in the channel between the collecting plates.



With regard to the boundary conditions in order to properly determine the transport parameters, the boundary conditions for the wire electrodes and collecting plates potential are straightforward and can be defined directly: a given dc high voltage    V 0    at the electrodes and    V 1  = 0   at the plates (Dirichlet boundary conditions). However, boundary conditions for the electric potential  V  and space charge density    ρ q    distribution in the sanitizer channel are indirect and should be calculated using Equations (4) and (7). Electric potential is obtained based on a known distribution of    ρ q    using the Poisson equation and space charge density is obtained based on a known distribution of  V  using the current continuity equation. The value of space charge density on the surface of the electrodes is iterated until the electrode’s electric field reaches the electric field onset value. In other words, the value of    ρ q    is zero if    E  ( e l e c t r o d e s )   <  E 0    and    ρ q  ≠ 0   if    E  ( e l e c t r o d e s )   ≥  E 0   .



The boundary conditions for the airflow are also straightforward: the two collecting plates and wire electrodes are defined as no-slip walls, and the air average velocity is defined as the inlet boundary. However, the boundary condition for the outlet is indirect and can be calculated using the Mass conservation equation. Boundary conditions used to solve this model have been summarized in Table 1.



The simulation of the model is carried out by employing COMSOL Multiphysics software and is conducted in three steps, as follows:




	(1)

	
Stationary electrostatics simulation using an electrostatics module and PDE (partial differential equation) interface;




	(2)

	
Stationary airflow simulation using laminar flow module;




	(3)

	
Time-dependent aerosols motion using particle tracing for fluid flow module.









To compute the aerosols charging and relevant forces acting on them, the stationary study is used, which couples the electrostatic field, laminar flow, and particle charging processes together. Additionally, to compute the aerosols trajectory and obtain the collection efficiency of the ESS, the time-dependent study is used. The connection between the ESS electrostatics and fluid dynamics is established through the forces exerted on charged aerosols.



The aerosols that are injected into the computational domain at the inlet of the ESS are spherical in shape, with a diameter of 0.1–5 µm. The temperature and pressure of the air are set at 27 °C and 1 Pa, respectively, during the simulation. For the purpose of this study, saliva is considered as the aerosol with a density of 998 kg/m3. Aerosols are released on the left boundary and are collected at the walls.




6. Results and Discussion


To investigate the function of the designed ESS in capturing superfine viral loads, the distribution of air velocity, electric potential, and space charge density inside the ESS are considered using the developed FEM model. High voltage of −30 kV DC is applied to the electrodes and the air velocity at the inlet is 1 m/s. The computed airflow is illustrated by Figure 13, which shows the velocity profile of the model. As expected, the magnitude of the airflow velocity is zero near the collecting plates, while the velocity reaches its peak values near the discharging electrodes, as they are considered fixed and unaffected by the airflow.



The distribution of electric potential and space charge density are depicted in Figure 14 and Figure 15, respectively, where the electric field forms an elliptical region around the discharging electrodes. It can be observed from the figures that the space charge density is more intense near the electrodes and decreases as it moves toward the grounded collecting plates. Additionally, the electric field intensity around the electrodes is very strong and goes to zero near the plates. In this region (near the discharging electrodes), aerosols charge accumulation is done at a faster rate, due to the combined effect of large space charge densities and intense electric fields. The aerosols obtain electric charge as they move through the ESS channel, and most of them are trapped at the lowest distance to the discharging electrodes on the collecting plates.



From the sanitizer design point of view, and considering the simulation results with increasing the number of discharging electrodes, the average value of the drift force from the electric field and the space charge density are increased. So, it is expected that the efficiency of the ESS with more discharging electrodes reaches higher values, compared to a structure with lower discharging electrodes. Additionally, any increase in the applied voltage leads to increased electric corona, increased space charge density, increased electric field intensity, greater aerosols charging, and, finally, increased collection efficiency. In contrast, by increasing the airflow velocity, the aerosol residence time is decreased and, as a result, the aerosols are less exposed to the electric field and can absorb less electric charge. On the other hand, increasing the air velocity means that the drag forces on the aerosols increase, which leads to the collection of fewer aerosols on the plates, and ultimately more aerosols escape the ESS, which causes decrease of particle removal efficiency.



The results for aerosol tracing are represented in Figure 16 for a range of aerosol diameters between 0.1–5 µm. As expected, the fine aerosols are more collected, as they barely experience any air drag force. On the other hand, the biggest aerosols are more collected, due to their capability for holding higher charge, which leads to a greater Coulomb force; however, for the aerosols with intermediate diameter, the number of trapped aerosols is decreased.



Simulation results revealed the ability of the designed ESS in capturing superfine viral loads, such as COVID-19 particulates. Three main mechanisms, including electrostatic field, airflow, and aerosol charging and tracing, are coupled together to develop a concept design of an ESP being able to capture superfine particulates. Based on the acquired results, one can conclude that ESP can be utilized as a supportive measure to trap viral particulates, reduce indoor air infection, and prevent the spread of COVID-19 coronavirus. This contribution utilized a two-dimensional FEM model, in order to model and simulate ESS and study the feasibility of an electrostatic precipitation-based sanitizer in capturing viral loads. Three-dimensional FEM modelling could be a very time-demanding and challenging method in ESS design. However, it may guarantee more accurate results and provide more practical insights to a detailed design of an ESS, which would be in future scope of this work. Future work should also focus on considering and calculating the removal efficiency of the designed ESS with different structural and operational parameters and realization of a detailed design. Air flow patterns inside the sanitizer may be influenced by electrohydrodynamic flows, which was not considered in this work. For a detailed design of the ESS and its practical realization, future research may take this effect into account and consider its effect on the flow pattern and collection efficiency, particularly in the case of superfine particles.




7. Conclusions


The main objective of this research work was to adapt the traditional ESP to reduce the indoor air pollution and, especially, prevent the spread of COVID-19 particulates. An electrostatic sanitizer was designed, modeled, and studied using the finite element method. The following subjects were discussed in detail: (a) study of human expelled droplets, in order to identify droplet transmission mechanisms and characterize them; (b) utilizing electric field to precipitate the suspended superfine particles from the air; (c) developing an algorithm to couple the governing equations of different mechanisms involved in electrostatic precipitation, including electrostatic field, airflow, and aerosol charging and tracing; and (d) proposing a simple electrostatic sanitizer by taking into account electrical and mechanical limitations. The research findings revealed the excellent performance of electrostatic precipitators to be used as air sanitizers for cleaning indoor air from the viral loads. Profile of air velocity, electric potential, and space charge density inside the designed ESS, obtained from FEM simulations, demonstrated the ability of the ESS in capturing superfine particles viral loads, such as COVID-19 particulates. It should be pointed out that by itself, air cleaning or filtration is not enough to protect people from exposure to viruses. However, when used supplementarily, along with other practices (such as wearing masks, social distancing, frequent hand-washing, and surface disinfection), it can be part of a plan to reduce the potential for airborne transmission of COVID-19 indoors. Based on the findings in this study, the future work ought to focus on developing a detailed design of an electrostatic sanitizer to remove viral COVID-19 particulates. A detailed design may consider more aspects, such as the influence of electrohydrodynamic flows inside the sanitizer and effect of the sanitizer’s structural and operational parameters on the collection efficiency.
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Figure 1. A 2D schematic of the electrostatic precipitator (ESP). The device consists of an air inlet, air outlet, and body housing the discharging electrode and collecting plates. 
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Figure 2. Evaporation of a human exhaled droplet in the liquid phase to a non-evaporative aerosol containing viruses. 
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Figure 3. Overview of the electric field strength versus applied electric voltage at the discharging electrode. 
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Figure 4. Electrical charge production. (a) Ionization of an air atom. (b) Colliding accelerated free electrons to another air atom and bumping another electron from the atom. (c) Ascending production of electrons and positive ions. 
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Figure 5. Formation of negative air ions. 
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Figure 6. The ESS operation in collecting the particles from the air. 
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Figure 7. Particle charging by the field mechanism, and its effect on the electric field lines; (a) unsaturated particle; (b) saturated particle. 
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Figure 8. Schematic of a two-stage ESS. 
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Figure 9. A simple schematic of ESS with agglomeration system. 
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Figure 10. Aerosols electrical agglomeration; (a) agglomeration of small particles together; (b) agglomeration of small particles with the large particle. 
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Figure 11. The computational domain of the modeled ESS (the electrodes are not to scale). 
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Figure 12. The computational domain boundary conditions. 
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Figure 13. Velocity magnitude of the airflow inside the electrostatic sanitizer (ESS). 
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Figure 14. Electric potential contours in the ESS. 
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Figure 15. Space charge density contours in the ESS. 
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Figure 16. Aerosol trajectories through the ESS channel for aerosols with uniform diameters of, respectively, 0.1 µm, 0.3 µm, 0.5 µm, 1 µm, 3 µm, and 5 µm at V = −30 kV. 
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Table 1. Boundary conditions applied to the ESS model.
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	Electric Potential
	Charge Density
	Airflow
	Particle Motion





	Wire electrodes
	V = 30 kV
	Peek’s law
	No slip
	Reflect



	Collecting plates
	V = 0 kV
	∇ρq = 0
	No slip
	Trap



	Inlet
	∇V = 0
	∇ρq = 0
	u = 1 m/s
	U = 1 m/s Enter



	Outlet
	∇V = 0
	∇ρq = 0
	Mass conservation
	Escape
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