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Droplet evaporation and transport in open outdoor space are studied by CFD.
Impacts of relative humidity (RH=35%,95%) and droplet size (10-100 pm) are
tested.

Thermal body plume is destroyed as U,/=3m/s while significant as U,.r=0.2m/s.
Social distances (D=0.5-5m) for two face-to-face patients downwind are studied.

Exposure risk exponentially reduces with D at U,./=3m/s but exceeds that at 0.2m/s.
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Abstract

Virus-laden droplets dispersion may induce transmissions of respiratory infectious diseases. Existing research
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mainly focuses on indoor droplet dispersion, but the mechanism of its dispersion and exposure in outdoor
environment is unclear. By conducting CFD simulations, this paper investigates the evaporation and transport of
solid-liquid droplets in an open outdoor environment. Droplet initial sizes (d,=10um, 50um, 100um), background
relative humidity (RH=35%, 95%), background wind speed (U,/=3m/s, 0.2m/s) and social distances between two
people (D=0.5m, 1m, 1.5m, 3m, 5m) are investigated.

Results show that thermal body plume is destroyed when the background wind speed is 3m/s (Froude number
F~10). The inhalation fraction (/F) of susceptible person decreases exponentially when the social distance (D)
increases from 0.5m to Sm. The exponential decay rate of inhalation fraction (b) ranges between 0.93 and 1.06
(IF=IFoe®®09)) determined by the droplet initial diameter and relative humidity. Under weak background wind
(Ure=0.2m/s, Fr~0.01), the upward thermal body plume significantly influences droplet dispersion, which is similar
with that in indoor space. Droplets in the initial sizes of 10um and 50pm disperse upwards while most of 100pum
droplets fall down to the ground due to large gravity force. Interestingly, the deposition fraction on susceptible person
is ten times higher at U,.=3m/s than that at U,,/=0.2m/s. Thus, a high outdoor wind speed does not necessarily lead
to a smaller exposure risk if the susceptible person locating at the downwind region of the infected person, and people
in outdoors are suggested to not only keep distance of greater than 1.5m from each other but also stand with

considerable angles from the prevailing wind direction.

Keywords: computational fluid dynamic (CFD) simulation; droplet dispersion; relative humidity; social distance;

outdoor environment



1 Introduction

Respiratory infectious diseases remain a significant threat to human’s life. Since December 2019, the novel
coronavirus (SARS-CoV-2) has caused global pandemic. By December 19®, 2020, novel coronavirus pneumonia
infections in the world have exceeded 76 million (WHO, 2020a). The main reason for the prevalence of respiratory
infections is the interpersonal transmission of droplets/aerosols/particles, which carry viral RNA (Asadi et al. 2020;
Kutter et al., 2018; Lindsley et al., 2010).

Three recognized routes of respiratory disease transmission are reported: contact, droplet transmission and
airborne transmission (aerosol) (Gao et al., 2021; Liu et al., 2017; Qian and Li, 2010). Contact route represents direct
or indirect touch with the infected person; droplet transmission is dominant when the susceptible persons are close
to infected ones (Liu et al., 2017; Xie et al., 2007 and 2009); while the fine droplet is favorable for relatively long-
distance airborne transmission. Through respiratory activities, the infected person releases droplets containing
pathogens which are the media of infection. SARS-CoV-1 and SARS-CoV-2 are demonstrated to remain viable in
aerosols with a half-life of about 1h (Doremalen et al., 2020). Therefore, droplet/aerosol can spread in many indoor
or outdoor environments and people may get infected unconsciously.

There are numerous studies on indoor ventilation and droplet dispersion since the outbreak of SARS in 2003
(Gupta et al., 2012; Hang et al., 2015; Li et al., 2007 and 2020; Mui et al., 2009; Wang et al., 2020a; Yang et al.,
2020b; Zhang and Li, 2012). There are also studies on the risk of inter-unit and cross-unit transmissions between
different floors and adjacent buildings in urban street (e.g. Liu et al., 2011a and 2011b; Yu et al., 2004).

However, most outdoor ventilation and pollutant dispersion studies emphasized the ventilation evaluation (e.g.

Chen et al., 2017; Yang et al., 2020c; Zhang et al., 2020c) and the dispersion of gaseous vehicular pollutants (He et



al., 2017; Liu et al., 2015; Yang et al., 2020a; Zhang et al., 2019 and 2020a), the particulate matter (Habilomatis and
Chaloulakou, 2015; Scungio et al., 2018; Tung et al., 2021; Yao et al., 2020), or hazardous chemical gases released
outdoors (Bartzis et al., 2015). Droplets suspended in air may evaporate meanwhile move under the interaction of
wind-driven drag forces and gravity forces etc. Investigations on outdoor droplet evaporation and dispersion as well
as their exposure risk are still rare so far. Similar with the flow and dispersion processes indoor (e.g. Hang et al.,
2014 and 2015; Zhang and L1, 2012), outdoor airflows and dispersion processes are also determined by the coupling
effect of dynamic force and thermal buoyancy force (e.g. Antoniou et al., 2019; Chatterjee et al., 2019; Liu et al.,
2020; Zhang et al., 2020a). Although there is consensus on the low risk of outdoor transmission for COVID-19, the
full picture of its underlying physics remains to be studied. There is increasing evidence that outdoor transmission
could occur, for instance in a seafood market (Zhang et al., 2020b).

The WHO suggests that, for indoor environments, a distance of 1m or more between each other is required to
reduce the risk of infection (WHO, 2020b). The Centers for Disease Control and Prevention recommends a 6 feet
physical distancing rule (CDC, 2020). There are also many studies on the airborne transmission within the certain
social distance in indoor environments (Li et al, 2020; Liu et al., 2017; Shen et al., 2020). Identifying an effective
social distance is of great importance to avoid transmission of infectious diseases such as SARS and SARS-CoV-2
(Kissler et al., 2020; Gao et al., 2021).

Recently, Feng et al. (2020) investigated the outdoor droplet dispersion from patient coughing (i.e. pulse exhale
flow ~10m/s) under two social distance of 1.83m and 3.05m. According to their simulated statistics, the outdoor
social distance longer than 1.83m needs to be considered. There is increasing evidence showing the infection

transmission from the asymptomatic patients via normal respiratory activities such as breathing and speaking



(Doremalen et al., 2020; Li et al., 2020). Hence, it is worth further investigating outdoor droplet transmissions and

exposure risks under more realistic conditions, e.g. social distances, outdoor wind conditions, ambient relative

humidity, and the interactions among them. For outdoor droplet transmissions, our research aims to answer the

following questions: whether there is effective social distancing threshold similar with indoor environment? Is it

possible to provide the useful outdoor social distance guideline?

Droplet initial size is the key factor in droplet diffusion (Bourouiba, 2020; Gao et al., 2021). Large droplets may

fall first and experience slow dilution due to the relatively large gravity. Small droplets are easily affected by the

surrounding airflow and spread more widely and farther. Droplets are composed of liquid and solid, and only solid

component remains after the liquid evaporates. Their evaporation and dispersion process are influenced by the

ambient relative humidity and accompanied with the change of droplet gravity and buoyancy (Wei and Li, 2015; Xie

et al., 2007; Yang et al., 2020b). Relative humidity which robust associate with the ambient temperature has been

confirmed to greatly influence the droplet motion in ambient air (Dombrovsky et al., 2020; Hasan et al., 2021; Marr

etal.,2019; Zhao et al., 2012). On the other hand, in outdoor environments, background wind speed may significantly

influence droplets evaporation time and dispersion range, while the relevant studies are still limited so far.

To address these research gaps, we investigate the combined effect of two ambient wind speeds (U,r=3 and

0.2m/s), relative humidity (RH=35%, 95%) and initial droplet size (dp=10um, 50um and 100um), various social

distances between two standing persons (D=0.5m, 1m, 1.5m, 3m, 5m) on droplet transmissions and exposure risk in

an open outdoor space. We consider the worst case that the susceptible person is just located in the downwind regions

of the infected person.



2 Methodology
2.1 Physical models

As depicted in Fig. 1a, we have built a simulation domain to mimic outdoor open environment. Two thermal
manikins with the height of H=1.68m are positioned in the center of the domain, with source manikin in the upstream
and susceptible manikin in the downstream. The simulation domain is LixL,xL.=(24.17H+D)*24.14H*5.95H (D is
the distance between tiptoes of source and susceptible manikin). The domain is large enough to avoid the boundary
effects of domain lateral side and domain top according to the guideline by Franke et al. (2011) and Tominaga et al.
(2008) for outdoor wind CFD simulation. Validation study have been carried by comparing the simulation results to
experimental data, which is illustrated in Section3. The validation results prove that present CFD simulations are
effective and grid size of S5cm can be adopted after grid independence test. Therefore, in the following investigating
cases, the grid size close to manikins (areas with the dimension of 4mx4mx4m) is 0.05-0.1m and the grid expansion
ratio is less than 1.3 in the outer region (Fig. 1b). Detailed grid arrangement for manikins’ surfaces is presented in
Fig. 1b and grids near mouse, nostril, head, neck and limbs are refined (Yang et al., 2020b). The total number of grids
is 1.32 to 6.88 million.

The fate of droplets, including those deposited on the different surfaces (Fig. 1c) of, and inhaled by the
susceptible person, are calculated to quantify the susceptible manikin’s infection risk, which can effectively prevent
and control the spread of respiratory infectious diseases. Fig. 1d shows the flowchart and brief process of this study
including the validation, CFD investigating cases and the perspective of discussion.

2.2 Description for airflow modeling

The Reynolds-Averaged Navier-Stokes (RANS) turbulence approaches are used for turbulent flow simulation



due to its cost-effectiveness in comparison with Large Eddy Simulation (LES) models. The standard k-¢ turbulence
model is one of the most widely-adopted models, and is employed in this study. The governing equations and the
turbulence parameters of standard k-¢ model can be found in the literature (e.g. Chen, 1995; Tung et al., 2009). Thus,
ANSYS FLUENT (ANSYS Inc, version 15.0), together with the standard k- turbulence model, is applied to simulate
the steady-state isothermal and non-isothermal airflows around human bodies.

For the domain inlet, the velocity profile with a power-law exponent of 0.16 (see Eq. (1)) is used to provide an
inflow boundary condition in the upstream free flow. It corresponds to a neutrally stratified atmospheric boundary
layer (ABL) with a full-scale surface roughness of zo=0.1m (Irwin, 1979; Lien and Yee, 2004; Lin et al., 2014). This
wind profile is fitted by the experimental data from Brown et al. (2001) together with turbulence kinetic energy (k)

and its dissipation rate (¢) which are defined as below:

~ Z 0.16 (1)
uy(z) = Ures <Zref>
k(@) = u?/ \/c: @)
e(2) = Cl%k%(KZ) (3)

where Uyr=3m/s or 0.2m/s is the velocity at the reference height (here z,ey =30m); C, is a constant of 0.09; Karman
constant x is 0.41.

The Boussinesq approximation model is applied to consider the thermal buoyancy effect. The manikin’s body
surface area is 1.46m?, and the heat flux from the standing body surface is defined as 58W/m?, which is the same
with the standing nurse in Hang et al. (2014) and Tung et al. (2009). As depicted in Fig. 1a, the steady breathing flow
is assumed to be exhaled from the nostril of source patient and inhaled from the nostril of susceptible person (Zhao

et al., 2005). The steady breathing flow is perpendicular to the nostril plane which is 3.3cm? (Fig. 1a), with the
9



temperature of 308K and mass flow rate of 1.225 X 10-*kg/s (Hang et al., 2014; Liu et al., 2010; Qian and Li, 2010),

Froude number (Fr) can be used to represent the relative importance of buoyancy and wind shear
(Fr=TrefUn?/(QHAT), where AT is the temperature difference between background air and body surface, Un is the
velocity in the height of H) (Nazarian and Kleissl, 2016). The background air temperature at the domain inlet is
T.~=300K. In this work, two different conditions are considered: F~10 (much great than 1) when Ure=3m/s
(U=1.9m/s, AT~5K) and wind dominates; F~0.01 (much less than 1) when Uy=0.2m/s (Un~0.1m/s, AT~10K) and
buoyancy dominates.

The conservation governing equations were discretized by a finite volume method (FVM). Pressure and velocity
are coupled by the SIMPLE algorithm. The second-order upwind scheme is used to discretize the convection and
diffusion-convection terms in all governing equations. Except for the case when Fr is small (i.e. reference wind
velocity at z.~=30m is 0.2m/s), the turbulent dissipation is resolved by the first-order upwind scheme to attain better
numerical convergence. Convergence is considered to be obtained when residuals for x, y and z momentum, k, &£ and
continuity are stably below 107 for the case of Uye/=3m/s and below 10 for the case of Us,r=0.2m/s.

2.3 Description of droplet dispersion modeling
Droplets are released continuously from the patient’s nostril at a rate of 46 droplets per time step (At=0.01s)
after steady solutions for the non-isothermal airflow have been obtained. The Lagrangian method is used to solve the

motion equation of a single droplet according to Newton's second law:

dupi _

dt = z Fi = Fdrag,i + Fg,i + Fa,i (4)

where u,; is the droplet velocity (m/s), and Y F; is the sum of all external forces on the droplet (per unit droplet

mass, m/s?) in the i direction. The external forces consist of the drag force Fgrag,i» the gravity F,; and the additional

10



forces Fgi. Firag, is the drag force on the droplet (per unit droplet mass, m/s?) in the i direction given by:

Faragi = fo/Tp (Wi — up,) )
where u; is the air velocity (m/s); fp is the Stoke’s drag modification function for large aerosol Reynolds number
(Rep) and T, is the aerosol characteristic response time (s), which are defined as:

fo(Rep) =1+ 0.15Re, %%’ (6)

Tp = ppdpCc/(184) (7)
where p, is the droplet density (kg'm™); d,, is the droplet diameter (m) and  is the turbulent viscosity (kg'm™-s
1; C. is the Cunningham correction to Stokes drag law defined as:

C. =1+ 2A(1.257 + 0.4e~A1%/20) /g (8)
where A is the molecular mean free path of air.
Fy; is the gravity given by:

Fgi = 9i(pp = P)/Pp ©)
where p is the air density; g; is the acceleration of gravity in the i direction. F,; is the additional force which
include the pressure force, virtual mass force, Basset force, Brownian force and Saffman’s lift force (Qian and Li,
2010; Zhao et al., 2004; Zhang and Li, 2012). Among them, we only consider Brownian force and Saffman’s lift
force as they may play an important role in sub-micron droplets’ motion near walls while the other forces are
sufficiently small (Zhao et al., 2004). Some assumptions are considered to simplify the calculation: (a) the droplets
are considered to be ideal sphere shape; (b) the influence of droplets on airflow is neglected; (c) no droplet coagulates
in its deposition process.

The droplet consists of 90% liquid (water, which density is 1000kg/m?) and 10% solid elements (sodium chloride,

11



which density is 2170kg/m?) (Potter et al., 1963; Yang et al., 2020b), whose density follows the volume weighted
mixing law. The default diffusion-controlled vaporization model is applied to calculate the evaporation of the droplets

(ANSYS Inc, version 15.0), and their vaporization rate is defined as:
N; = kc(Ci,s - Ci,sr) (10)

where N; (kg-mol-m?-s™) is the molar flux of vapor and related to the gradient of the vapor concentration between
the droplet surface C;¢ and the surrounding air C; g, (kg-mol-m™) and can be obtained via the ideal gas relationship
and molar fractions of water vapor; k. (m/s) is the mass transfer coefficient that can be obtained using Sherwood
relationship; Droplet evaporation is influenced by RH in terms of C; 5 in Eq. (10).

For boundary conditions of droplet dispersion, the trap condition is applied at human body surfaces. It is assumed
that droplets are deposited when they touch the wall surfaces and the trajectory calculation is terminated. Escape
condition is applied to the inlet, outlet, lateral boundaries and roof of the domain.

After 210 seconds of droplet release, we use the total release number (Nwwi) of the source patient to normalize
the deposition number (Naeposiea) and inhaling volume (Ninnaiea). Deposition fraction (DF) and inhalation fraction (/F)
are calculated as below:

DF = Naeposited | Niotal (11)

IF= Ninhatea | Niotal (12)
The fraction of droplet deposited on human face (DFjuce), front (DFjon) and legs (DFiegs) are also defined by Eq. (11)
and Eq. (12), where Nyeposirea 1 the droplet number deposited on different part of susceptible person according to Fig.

Ic.
3 CFD validation study

The experimental data of droplet dispersion in an isolation room (Yin et al. 2009) was used to validate CFD

12



simulation (Ansys Inc 15.0). The experiment was carried out in an isolation room to investigate the performance of
mixing ventilation and displace ventilation (Fig. 2). The CFD setup were consistent with the scenario of displace
ventilation, where air supply rate was 114 cubic feet per minute (CFM) with the temperature of 19.5°C, and the
bathroom and main exhaust rates were 36CFM and 78CFM respectively. The patient, visitor, TV and equipment
respectively generated 106W, 110W, 24W and 36W of heat. 1um particle was released from the patient mouth. The
mesh was generated with the maximum grid size of Scm (fine grid, total tetrahedral cells of 1.8 million) and 10cm
(coarse grid, total tetrahedral cells of 0.38 million). More details can be found in Yin et al. (2009).

Vertical profiles of velocity and temperature were measured at heights of 0.12m, 0.35m, 0.85m, 1.35m, 1.86m,
2.35m and 2.6m in 8 poles. Particle concentrations were measured in 5 poles namely TG1-TGS5 at six heights of
0.12m, 0.6m, 1.1m, 1.6m, 2.1m and 2.6m. All these measured results were served to verify the CFD performance.
Fig. 3 illustrates the comparison of experimental data and numerical results. Fig. 3a-b shows the normalized velocity
(w/U, U=0.14m/s is the supply air velocity) in the normalized height (z/H, H=2.7m is the height of the inpatient
ward). Fig. 3c-d displays the normalized temperature (O=(1-T;)/(T.-T:), T; and T. are the temperature respectively at
inlet and main exhaust) in the normalized height. The comparison results show that CFD have a good prediction of
velocity and temperature at Pole 4 and Pole 5. In contrast to coarse grid arrangement, fine grid performs slightly
better, especially for the velocity prediction above z/H=0.8.

The particle concentration also be measured to compared with the CFD result. Fig. 3e and 3f show the
normalized particle concentration (o=(C,-C;)/(Ce-C;), Cp, Ci and C. are the particle concentration at the measuring
location, ventilation supply inlet and ventilation exhausts respectively) in the normalized height. It depicts that, the

fluctuation of the experiment and numerical value. Nevertheless, CFD simulation can basically describe the tendency
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along with the height. Therefore, the above results prove that present CFD simulations with the maximum grid size
of S5cm is effective and can be adopted in the following simulation.

4 Results and discussion

4.1 Airflow field under different reference velocities (Uref =0.2m/s or 3m/s)

Figs. 4-5 show the distribution of normalized velocity magnitude (U/Urer) and temperature at the center plane y
= 0. In the case of D=0.5m, the two manikins are close to each other and the susceptible person is located near the
patient’s wake. When Urer =3m/s, a clockwise vortex is formed between them (Fig. 4al), and the thermal plume is
destroyed by the high speed background wind (Fig. 4b1). In contrast when Ur=0.2m/s (Fig. 4a2-b2), the buoyancy
effect is evident. Due to the human thermal plume, there is a unified upward airflow which may lead the droplets to
travel upwards (Fig. 4a2).

With the increase of D, the vortex disappears gradually (Fig. 5al-d1), and airflow between two manikins
approaches to the background when Urer =3m/s. When D=1m, the susceptible person stays away from the patient’s
wake. For D=1.5m and greater, the downstream susceptible person is located far from the patient’s wake region. In
other words, there is no interaction between two manikins for larger social distance. In addition, the recirculation
airflow at the leeward side of manikins could lead droplets to deposit on the back of human. When Uye=0.2m/s (Fig.
5a2-d2), the upward airflow is obvious as D=0.5-5m and overall wind pattern behaviors significantly differ from that

of Uref =3m/s.

We further investigate the vertical velocity (U:) at center line (x=0, y=0) to better show the upward convection
(Fig. 6). A vortex can be found between two people when they are close, e.g. D=0.5m and 1m when Ure =3m/s.

However, only positive U. is observed for U,/=0.2m/s. In particular, U: is within the range of -0.11~0.04m/s in the

14



manikin’s breathing zone when Urer=3m/s and D<1m, while U: can reach 0.12m/s when U,.~=0.2m/s (Fig. 6b). This
implies the exhaled droplets will be influenced much more in the breathing zone by the thermal plume when the
background wind is weak and the social distance is less than 1m. The upward airflow is strong enough to carry the
droplets upwards at first, then travel across the head of the susceptible person and finally move downwards and
forwards. Fig. 6 also confirms that enlarging the social distance makes the upward airflow become smaller.
4.2 Effect of background wind speed and relative humidity (RH) on the dispersion of droplets with different
initial diameters (dp=10pum, 50pm and 100um)

Fig. 7 depicts the droplet distribution (d;=10um, 50um and 100um) at t=10s under RH=35% for the cases of
Uref =3m/s and 0.2m/s when D=1.5m. In wind-dominant cases (Fig. 7al-3), droplets can horizontally travel further
distance compared to that in buoyancy-dominant cases (Fig. 7b1-3). A great quantity of small droplets (10um, 50um)
disperse along the stream-wise airflow and the vertical diffusion is much suppressed. When Ure=0.2m/s, small
droplets could easily diffuse upwards (Fig. 7b1-2) and their distribution in vertical direction is wider than that of
when Urer=3m/s. In general, under either wind-dominate or buoyancy-dominate cases, 10pum and 50um droplets have
similar diffusion pattern, because only small droplet nuclei diffuse with the flow in a short time after evaporation.
Larger difference can be found for 100um droplets which tend to fall down quickly after being released due to the
larger gravity force (Fig. 7a3,b3).

Additionally, RH is proved to be the key factor for the droplet evaporation (Liu et al., 2017; Wei and Li, 2015).
High RH air can dramatically postpone the droplet evaporation due to its low potential in absorbing the water vapor
(Ji et al., 2018), especially for 100um droplets (Fig. 8). When RH=35%, droplets with the initial size of 100pum

become 36.5um droplet nuclei after the complete evaporation (#~5s) under RH=35%, while they cannot evaporate

15



completely under RH=95% and their diameters retain around 90um. Therefore, a large number of droplets/droplet
nuclei will accumulate in the region around susceptible person’s head first and then fall down to deposit on the
susceptible person’s face, front and legs. When RH=95%, 100um droplets cannot evaporate completely and their
final diameters retain around 90um. Droplets quickly fall down forced by the gravity and then deposit on the ground
about 0.5-1m away from the patient (Xie et al., 2007).
4.3 Exposure analysis of susceptible person under various social distances

It is generally known that keeping distance between people can dramatically decrease the risk of infection (Feng
et al., 2020; Liu et al., 2017; Wee et al., 2020; Xie et al., 2007). In this section, we calculate the inhalation fraction
(IF) and deposition fraction (DF) for different D (0.5m, 1m, 1.5m, 3m, 5m).

Fig. 9 shows IF under different reference wind velocities. In general, IF maintains a low level with the increasing
D (e.g. 1-700ppm when Urer=3m/s). The susceptible person inhales less droplets from the source patient with wider
social distance (Fig. 9a). IF significantly decreases by up to ten times when D increases from 0.5m to 5m (e.g.
700ppm when D=0.5m and 60ppm when D=5m under RH=35% for 10um droplets). IF of smaller droplets is greater
than that of larger droplets. The influence of droplet initial size is more significant than RH at a certain distance
(D=0.5m and 1m). For example, the IF difference between RH=35% and 95% of 10um droplets is 48ppm, while it
is 118ppm between 10um and 50pum under RH=35% when D=0.5m. When D>1.5m, the IF difference caused by both
two factors becomes smaller. It is also found that IF decreases exponentially with D (Fig. 9b). To quantify such
process, the exponential decay rate b of IF (IF=I1Fo*e®®-%9) is calculated in Table 1. b ranges from 0.93 to 1.06. The
IF of 50um droplets seems to decrease more quickly with D than that of 10um droplets under RH=35% (i.e. b=0.95

for 10um droplets and 1.06 for 50um droplets). Moreover, higher RH can reduce the inhaled droplets by susceptible
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person and limit the distance for droplet dispersion (e.g. for 10um droplets, 1Fo=709.94 under RH=35% and 646.72
under RH=95%). Several droplets in the initial size of 100pm (~10? smaller than 10pm and 50pm) will be inhaled

by susceptible people because most of them fall and deposit on the body surfaces.

When Ure=0.2m/s (Fig. 9c¢), less droplets could be inhaled by the susceptible person, except for 100um droplet
dispersion under RH=35% when D=0.5m. 10um and 50um droplets tend to move upwards across susceptible
person’s head, especially when the buoyancy effect is significant in D=0.5m as shown in Fig. 4a2. IF first increases
when D increases from 0.5m to 1m, and then decreases with the increasing distance for 10um and 50um droplets.
Such phenomenon may be due to the strong thermal body plumes when D<1m. With the increasing D, the upward
velocity between two people decreases (Fig. 6b). When D increases from 1.5m to 5m, IF decreases in the similar
trend except for 100um. For buoyancy dominant cases (Fr<<1), with the increasing D (e.g. D=1.5m to 5m), thermal
body plume affects the limited region around human surface after droplets are released. The droplet initial size and
RH has less effect on IF comparing to wind-driven cases.

The droplets deposited on the clothing or surfaces of the human body may also fall on the mucous membrane
due to human behaviors, and subsequently cause infection. Fig. 10 reveals the droplet deposition on different parts
of susceptible person. It is interesting to find that, when Uret =3m/s, DF on face, front and legs are at least ten times

greater than those when Uyer =0.2m/s.

For large background wind cases (Uref =3m/s, Fig. 10al,b1,c1), DF on face, front and legs decrease with D (e.g.
for 50um droplets under RH=95%, DF+ace decreases from 18200ppm to1500ppm as D increases from 0.5m to 5m).
Most droplets will deposit on the front of human body, and DFront is about 1.5 to 100 times more than DFface. With

the increase of droplet size, the deposition area gradually changes to the lower part of the susceptible person’s body.
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For Urer =0.2m/s (Fig. 10a2,b2,c2), the trend of DF is completely different from that of Urer =3m/s. It is mainly
shown as a maximum DF for 10um and 50um droplets when D=1m. It is obvious to find the effect of RH on large
droplets (100um), few of which will deposit on the susceptible person under RH=95%. While in dry environment
(RH=35%), 100um droplets/droplet nuclei tend to deposit on the face of the susceptible person who is close to the

patient (D=0.5m), and the deposition area changes to the front and legs of human as D increases.

5 Limitations and future work

Further research will take more processes and parameters into account. Firstly, future investigations will
consider different respiratory activities (e.g. speaking, coughing, singing, sneezing), which may lead to complex jet
speed and different initial characteristics of droplets (sizes, velocities, etc.). Secondly, this study considered the
relatively ideal open space outdoors, while similar with reactive pollutant dispersion (e.g. Liu et al., 2020; Zhang et
al., 2020a) and thermal environments by coupling turbulence and buoyancy forces with radiation processes (Antoniou
et al., 2019; Chatterjee et al., 2019; Chen et al., 2020; Wang et al., 2020b) in street canyons, the droplet dispersion
in real urban environment with street networks and buildings aligned at both sides is more complicated than an open
space, which deserves in-depth research. Thirdly, relative humidity link to the ambient temperature is the key factor
in the process of droplet evaporation and dispersion, which will be considered in future work. Finally, the composition
and activity coefficient of the virus-laden droplets are of great importance for the transmission and infection risk

depending on the specific characteristics of infectious diseases.
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6 Conclusions
In this study, we established a numerical model to study the integrated effect of background wind speed, relative

humidity, thermal buoyancy and social distance on the evaporation and dispersion of exhaled droplets with different

initial sizes in an open outdoor environment. The infection risks were evaluated by calculating the deposition fraction

(DF) and inhalation fraction (/F) of droplets reaching the susceptible person.

Some meaningful findings are obtained:

(1) Thermal body plume is completely destroyed when the background wind speed is relatively large (e.g. Uy=3m/s,
F~10), while it dominates the droplet transmission under weak background wind (U,.r=0.2m/s, Fr~0.01).

(2) Inhalation fraction decay exponentially and the decay rate (b) is from 0.93 to 1.06 (IF=1Fee®®-09) determined
by the droplet initial diameters and relative humidity under U,.=3m/s.

(3) The deposition fraction under U,r=0.2m/s is at least 10 times smaller than that under U,./~3m/s, as we only
consider the worst exposure case in outdoor open space that the susceptible person locates face-to-face downwind
region of the source infected person.

(4) Wind effect on the droplet transport and deposition in outdoors is complicated because of the wake flow patterns
and localized secondary flow intensities between two people. For wind dominant cases, the closer the two people
are, the higher the risk infection is. The exposure risk is highest if D=Im in weak background wind environment.

(5) Followed by droplet initial size, relative humidity is another key factor. For relatively large droplet under wet
environment, the exposure risk decreases more quickly than small droplet in dry environment with D.

Therefore, we conclude that it is necessary to keep distance between people in outdoors to reduce the infection

risk. Avoid standing in the area directly downstream of the prevailing wind direction and try not to talk to people
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face to face. Under the weak background wind environment, keep at least 1.5m to protect yourself. Although further
investigations are still required before providing practical guidelines, this work attempts to assess the impacts of

relative humidity on droplet transmissions with different social distances between two people in outdoor environment.
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-b(D-0.5)

Table.1 Exponential decay fitting of /F toward social distance (/F=IF *e )
Cases IF; (ppm) Decay rate b

10pm 709.94 0.95

RH=35% 50pm 563.73 1.06
100pum 9.86 1.06
10pum 646.72 1.02

RH=95% 50pm 299.43 0.93
100pum 0.27 \
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Flow field for D=0.5m, U,=3m/s 5 Flow field for D=0.5m, U,=0.2m/s
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Fig. 4. Normalized velocity magnitude (U/U,s) and temperature around humans at the center plane (y=0) for case with D=0.5m:
(al-bl) U./=3m/s, (a2-b2) U,~=0.2m/s.
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(c2)
Fig. 5. Normalized velocity magnitude (U/U,.s) around humans at the center plane (y=0) for case with D=1m, 1.5m, 3m, Sm: (al-d1) U,=3m/s, (a2-d2) U,,=0.2m/s.
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Fig. 6. Vertical velocity (U:) at the center line (x=0, y=0) under (a) U,,=3m/s, (b) U,,~0.2m/s
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Droplet residence time (s)
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8  Fig. 7. Droplets dispersion (10pm, 50pum and 100pm) under (al-a3) U,./=3m/s and (b1-b3)
9  U~0.2m/s at =10s when D=1.5m and RH=35%.
10
11
Droplet residencei -ti‘me.-"(s)._ : -~RH=35% RH=95%
\

(a) (b)
12 Fig. 8. Droplets dispersion of 100um under (a) RH=35% and (b) RH=95% when D=1.5m and

13 Up=0.2ms.
14
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15  Fig. 9. Normalized droplet number inhaled by the susceptible person (/F)) under (a,b) U,./=3m/s
16  and (c) U.=0.2m/s.
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Fig. 10. Normalized droplet number of deposited on different part of the susceptible person under

U,e=3m/s and U,.~=0.2m/s: deposition fraction on (al-2) face (DFjuce); (b1-2) front (DFjion); (c1-
2) legs (DFiegs).
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