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a b s t r a c t

With the prevalence of COVID-19, the phenomenon of viruses spreading through aerosols has become a
focus of attention. Diners in university dining halls have a high risk of exposure to respiratory droplets
from others without the protection of face masks, which greatly increases the risk of COVID-19 transmis-
sion. Therefore, the transmission mechanism of respiratory droplets in extremely crowded dining envi-
ronments should be investigated. In this study, a numerical simulation of coughing at dining tables
under two conditions was performed, namely the presence and absence of protective partitions, and
the evaporation and condensation of aerosol droplets in the air were examined. By using the numerical
method, we analyzed and verified the isolation effect of dining table partitions in the propagation of aero-
sol droplets. The effect of changes in room temperature on the diffusion of coughed aerosols when par-
titions were present was analyzed. We demonstrated how respiratory droplets spread through coughing
and how these droplets affect others. Finally, we proposed a design for a dining table partition that min-
imizes the transmission of COVID-19.

� 2021 China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
Abbreviations

a. Nomenclature

FD
 Drag force per unit mass of the particle

U
 Fluid speed

up
 Speed of the particles

dp
 Diameter of the particle

Re
 Relative Reynolds number

CD
 Drag coefficient of the particle

mp
 Mass of the particle

v i
 Velocity of the particle

Fs
 Saffman lift of a single particle

H
 Convective heat transfer coefficient

Tf1
 Temperature of the ambient air, K

Tf2
 Temperature of the droplets, K

Nu
 Nusselt number

k
 Thermal conductivity of air
Pr
 Prandtl number of air

Cp
 Specific heat capacity of a droplet

hfg
 Enthalpy of phase change in joules per

kilogram

u1
 Speed of humid air

Ni
 The molar flux of convective mass transfer

Mw;i
 The molar mass of the ith component

kc
 Mass transfer coefficient

Ci;s
 Water vapor concentration on the surface of a

droplet

Ci;1
 Water vapor concentration in ambient air

Psat
 Saturated vapor pressure of a water droplet at

temperature Tp
R
 Universal gas constant

Xi
 Mole fraction of water in the air

P
 Absolute pressure of the air

ShAB
 Sherwood number

Di;m
 Diffusion coefficient of water in humid air

Sc
 Schmidt number
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Bm
 Spalling mass

Yi;s
 Mass fraction of water vapor on the surface of

the droplet

Yi;1
 Mass fraction of water in the air

Np
 Number of particles

Rp
 Particle arrival ratio

b. Greek letters

l
 Dynamic viscosity of the fluid

q
 Fluid density

qp
 Particle density

g
 Acceleration of gravity, m/s2
U
 Total heat transferred, J

Ap
 The surface area of the aerosol droplets, m2
c. Abbreviations

COVID-
19
Coronavirus pneumonia termed coronavirus
disease 2019
CFD
 Computational fluid dynamics

DPM
 Discrete particle model
SARS-
CoV-2
Acute respiratory condition coronavirus 2
1. Introduction

Since December 31, 2019, a new type of coronavirus, i.e. coron-
avirus disease 2019 (COVID-19), has had a substantial effect on
humans and has threatened global health, but our understanding
of the transmission of the virus on various occasions is not compre-
hensive. Therefore, the spread of the new coronavirus and the laws
related to the spread, which are crucial to the prevention and con-
trol of the epidemic worldwide, require urgent investigation.

The WHO has confirmed that the virus can spread from an
infected person’s mouth or nose in small liquid particles when they
cough, sneeze, speak, sing or breathe. These particles range from
larger respiratory droplets to smaller aerosols (‘‘Coronavirus
disease (COVID-19)”, n.d.). Although experimental research can
yield reliable results(Schade et al., 2021a, b), the cost of an exper-
iment in this context would be high, and information regarding
droplet migration during the propagation of aerosol droplets is
not easy to be collected. In addition, obtaining the interaction of
droplet transmission and field information, including pressure field
and temperature field of a given space, would be challenging.
Today, awareness of the aerosol transmission of the virus has
increased. The aerosol transmission from a fluid flow viewpoint
has been studied and reviewed since the appearance of SARS-
CoV-2 (Mingotti et al., 2020; Bourouiba, 2021; Schade et al.,
2021a, b).

With the development of numerical calculation methods and
the rapid improvement in the performance of computer calcula-
tions, computational fluid dynamics (CFD) has become the back-
bone of scientific research and engineering applications. Zhao
et al. (2004) used CFD to simulate the diffusion of aerosol droplets
in a room under different ventilation conditions. The results indi-
cated that the human body expels numerous droplets when cough-
ing and that they can spread and remain suspended in the air. The
study also indicated that proper ventilation conditions can quickly
eliminate these droplets (Zhao et al., 2004). Li et al. (2003) per-
formed a numerical simulation to study the movement of aerosol
droplets during periodic coughing. The study revealed that aerosol
droplets are mainly driven by cough-related airflow. After a cough,
drag force and inertia cause droplets to continue moving forward.
By comparing the propagation distance of aerosol droplets during a
single cough with that of periodic coughing, that study discovered
that periodic coughing can carry aerosol droplets farther than can a
single cough (Li et al., 2003).
2

The effect of evaporation on aerosol transmission has drawn the
attention of community of computational fluid dynamics. Ji et al.
(2018) performed a numerical simulation to calculate the evapora-
tion rate of aerosol droplets in different ventilated environments.
The results indicated that smaller droplets are less affected by ven-
tilation than larger ones are. The lower the wind speed, the slower
the evaporation rate of the droplets but the faster the sedimenta-
tion rate (Ji et al., 2018). Liu et al. (2017) performed a numerical
simulation of the evaporation of droplets of different sizes at differ-
ent temperatures and humidity. The study revealed that the pres-
ence of turbulence increased the residence time of droplets in the
air, especially for particles with large diameters. The droplets were
highly sensitive to the relative humidity of the environment, but
smaller droplets were less sensitive to relative humidity and
quickly formed droplet nuclei after evaporation (Liu et al., 2017).
Busco et al. (2020) used numerical simulation methods to conduct
numerous computational studies on human sneezing. The research
revealed that either the deposition rate or the evaporation rate of
the droplets in the traditional model were faster than the actual
rates were. The droplets in the traditional model exhibited less
evaporation and more deposition than actual droplets did. In addi-
tion, the study revealed that cold, dry environments caused a lar-
ger mass percentage of droplet evaporation (Busco et al., 2020).
Feng et al. (2020) used CFD to study the spread of SARS-CoV-2
through the air. The study revealed that the transport of droplets
by wind is complicated and highly dependent on the local flow
field and wake flow pattern. The study also confirmed that 1.8 m
is an insufficient distance to protect people from the spread of
viruses through coughing (Feng et al., 2020).

According to a World Health Organization report, SARS-CoV-2 is
mainly spread through close contact, aerosols, and various other
forms of transmission (Galbadage et al., 2020). Aerosol droplets
carrying the virus may originate from the respiratory behaviors
of infected individuals when speaking, sneezing, or coughing
(Busco et al., 2020). In crowded public areas, such as schools, sta-
tions, and restaurants, the risk of aerosol transmission of the virus
sharply increases. Restaurants are among the most visited areas of
schools. Therefore, the prevention and control of the pandemic in
university dining halls are essential. Since the appearance of
SARS-CoV-2, the use of partitions on dining tables is a common
way to prevent and control SARS-CoV-2 in almost all countries’
school dining rooms. In this article, we use a novel numerical
method for multiphase flows to assess whether this way is reliable.
To achieve this, the discrete particle model (DPM) and the compo-
nent transport model were used to explore the effects of partitions
on the diffusion of aerosol droplets through coughing and deter-
mine whether such partitions can effectively prevent droplets from
spreading between two diners. In the implementation of the DPM,
the Evaporation model which accounts for both heat and mass
transfer between the surrounding air and droplets is utilized.
Changes in seasons and weather were considered to explore the
effect of ambient temperature, which influences the number of
droplets suspended in the air and their proliferation, on the evap-
oration of aerosols with the partition installed.
2. Mathematical model

The aerosol transmission due to cough is a complicated multi-
phase flow process, which involves flow convection and diffusion,
and also the evolution of aerosol droplets dynamics, including dro-
plets evaporation and condensation (Bourouiba, 2021). In the study
of multiphase flow, the two-phase flow method is the approach
most commonly used to study aerosol droplet diffusion. The two-
phase flow method consists of two methods of description. The
first involves treating the fluid as a continuous medium and the
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particles as a pseudo-fluid, and the second involves treating the
fluid as a continuous medium and the particles as discrete units.
The numerical simulation consists of two methods. The first is
the Euler–Euler method, which treats the liquid particles in a flow
field as a pseudo-fluid and uses the Euler coordinate system to
express the liquid particles and the air phase fluid. The second is
the well-known Euler–Lagrangian method, which uses the Euler
method to describe the air continuous phase fluid, and the liquid
particles are described by Lagrangian coordinates.

In this study, the well-known Euler–Lagrangian method, i.e. dis-
crete particle model (DPM), is used (Sokolichin et al., 1997). The
classical turbulence model, k�e turbulence model, is utilized to
resolve the Navier-Stokes equation, which describes the continu-
ous air phase. All the calculation is implemented in the platform
of Anasys software, i.e. FLUENT.

2.1. Discrete particle model

When the trajectory of a particle’s motion is determined by
using the differential equation for particle action, the force balance
equation for a particle in the Cartesian x-coordinate system is as
follows:

dup

dt
¼ FD u� up

� �þ
gx qp � q
� �

qp
þ Fx ð1Þ

where u is the fluid speed, up is the speed of the particles, q is the
fluid density, qp is the particle density, gx is the acceleration of grav-
ity, Fx is the sum of body forces. In Eq. (1), the first term on the right
side of the equation is the drag force per unit mass of the particle,
where

FD ¼ 18l
qpd

2
p

CDRe
24

ð2Þ

where l is the dynamic viscosity of the fluid, dp is the diameter of
the particle, and Re is the relative Reynolds number, defined as

Re ¼ qdp up � u
�� ��
l ð3Þ

In Eq. (2), the drag coefficient CD is expressed as follows:

CD ¼ a1 þ a2
Re

þ a3
Re2

ð4Þ

Where a1, a2, and a3 are coeffients related to Re.
This study investigated the migration of aerosol droplets with-

out considering the interaction force between particles and under
the assumption that the density of the particles is greater than that
of air. Therefore, only the gravity, drag force, and Saffman lift force,
Fs, on the particles were considered; the dynamic equation for dro-
plet particles is as follows:

mp
dv i

dt
¼ p

d2
p

8
CDq ui

� �v i

���
��� ui

� �v i

� �
þmpgi þ Fs ð5Þ

In Eq. (5), mp is the mass of the particle, v i is the velocity of the par-
ticle. The three items on the right are the Stokes resistance, gravity,
and Saffman lift of a single particle in sequence.

For the interaction between the discrete particle phase and the
fluid, coupled calculations were used to obtain information such as
the mass, momentum, and energy of the discrete phase to the flow
field, which can indicate the true state of the flow field. Therefore,
when the diffusion of droplets during coughing is simulated, the
transport and diffusion of the droplets follow the gas–liquid two-
phase flow model. With air used as the background fluid, the cou-
pled flow in gas–liquid two-phase flow was calculated using the
3

motion equation for air and droplet particles. This two-way cou-
pling can yield more reliable results.

2.2. Evaporation model

Meholic et al. (2013) obtained the basic diffusion equation for
liquid evaporation by assuming that droplets evaporated in still
air (Meholic et al., 2013). They discovered through later experi-
ments that the evaporation of a droplet is proportional to its diam-
eter, vapor pressure, and surface tension. Spalding (1953) assumed
that both the gas phase and the liquid phase were quasi-steady,
that the droplet shape was an ideal sphere, and that the tempera-
ture inside droplets was uniformly distributed. A classic droplet
evaporation model was proposed by ignoring the heat conducted
by radiation (Spalding, 1953).

2.2.1. Heat transfer process
Heat is transferred between aerosol droplets and air in two

stages. The first stage is the convective heat transfer between aero-
sol droplets and air, and the second stage is the heat exchange that
occurs when droplets and air undergo mass transfer (Galdi, 2011).
The left side of Eq. (6) is used to control the change in the temper-
ature of the fluid in a control body over time. The first term on the
right side of Eq. (6) is the convective heat transfer between dro-
plets and air, and the second term is the heat exchange during
mass transfer between the two.

mpcp
dTp

dt
¼ hAp Tf1 � Tf2

� �� dmp

dt
hfg ð6Þ

where h is the convective heat transfer coefficient, Ap is the surface
area of the aerosol droplets, Tf1 is the temperature of the ambient
air, and Tf2 is the temperature of the droplets. The convective heat
transfer between aerosol droplets and the air follows Newton’s law
of cooling. Heat transfer is expressed by the following equation:

/ ¼ hAp Tf1 � Tf2
� � ð7Þ

The convective heat transfer coefficient is the key to the calcu-
lation. Usually, the convective heat transfer coefficient is calculated
using the Nusselt number between droplets and the air (Jamil
et al., 2012). Generally, the mathematical expression for spherical
particles is as follows:

Nu ¼ hdp

k
¼ 2þ 0:6� Re

1
2 � Pr

1
3 ð8Þ

In Eq. (8), dp is the diameter of the aerosol droplet, and k is the
thermal conductivity of air. Re is the Reynolds number, and Pr is
the Prandtl number of air.

In the evaporation process, heat exchanged during mass trans-
fer is calculated using the mass change rate and the phase change
enthalpy of droplets.

mpCp
dTp

dt
¼ �dmp

dt
hfg ð9Þ

In Eq. (9), Cp is the specific heat capacity of a droplet, and hfg is the
enthalpy of phase change in joules per kilogram.

2.2.2. Mass transfer process
The process of mass transfer between aerosol droplets and air

generally consists of three stages, namely evaporation, condensa-
tion, and boiling. The evaporation and condensation stages are con-
trolled by the law of diffusion. During boiling, the absorbed heat is
used for phase change (Bernardi et al., 2009).

When the temperature of a droplet is lower than the boiling
point or when the vapor pressure on the surface of a droplet is
lower than the ambient pressure, the droplet will only evaporate
and condense; it will not boil. The direction in which droplets
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evaporate or condense (i.e., the direction of the water phase
change) is controlled by the concentration of water molecules on
the surface of the droplet and in the air. When the concentration
of water molecules in moist air is lower than that on the surface
of the droplet, Evaporation occurs and condensation occurs other-
wise (Nakano and Hashimoto, 2020).

When the mass transfer rate of evaporation and condensation is
low, this rate is controlled by the law of diffusion (Zhuchkov and
Utkina, 2016). The mass transfer rate of the evaporation of droplets
and the condensation of water in humid air is given by

dmp

dt
¼ NiApMw;i ð10Þ

where Ni is the molar flux of convective mass transfer and Mw;i is
the molar mass of the ith component. The mass transfer rate is
determined by molar flux Ni of convective mass transfer in Eq.
(10), and the molar flux of convective mass transfer is given by

Ni ¼ kc Ci;s � Ci;1
� � ð11Þ

where kc is the mass transfer coefficient, Ci;s is the water vapor con-
centration on the surface of a droplet, and Ci;1 is the water vapor
concentration in ambient air.

The water vapor concentration on the surface of a droplet is the
water vapor saturation concentration of the droplet at a certain
temperature. The saturated water vapor concentration on the sur-
face of the droplet is calculated using the ideal gas equation of
state.

Ci;s ¼
Psat Tp

� �
RTp

ð12Þ

In Eq. (12), Psat is the saturated vapor pressure of a water droplet at
temperature Tp, and R is the universal gas constant.

The mass concentration of the water in the air in which a dro-
plet is located is also obtained using the ideal gas equation of state.

Ci;1 ¼ Xi
p

RT1
ð13Þ

In Eq. (14), Xi is the mole fraction of water in the air in which a dro-
plet is located, and p is the absolute pressure of the air.

Mass transfer coefficient kc is related to the Sherwood number,
as shown in the following formula:

ShAB ¼ kcdp

Di;m
¼ 2þ 0:6Re

1
2Sc

1
3 ð14Þ

In Eq. (14), ShAB is the Sherwood number, Di;m is the diffusion
coefficient of water in humid air, and Sc is the Schmidt number.

When the mass transfer rate is high, the mass transfer process is
controlled by convection and diffusion. This process is shown in
the following equation:

dmp

dt
¼ kcApqln 1þ Bmð Þ ð15Þ

In Eq. (15), Bm is the spalling mass, and the spalling mass is calcu-
lated using the following formula:

Bm ¼ Yi;s � Yi;1
1� Yi;s

ð16Þ

where Yi;s is the mass fraction of water vapor on the surface of the
droplet, and Yi;1 is the mass fraction of water in the air.
4

3. Geometric model and evaporation verification

3.1. Model simplification

In this work, we focus on the transport of droplets from the
mouth in the air, in which the evolution of particle size distribution
due to heat and mass transfer is considered. Thus, we followed the
existing studies for respiratory droplets and did not consider the
composition of droplets, especially the COVID 19 virus, for simpli-
fying the numerical simulation. The spread of aerosol droplets
through coughing is a highly complex multiphase process affected
by uncontrollable factors, such as individual factors, the intensity
and duration of a cough, and environmental parameters (Heine
and Bart, 2017). To accurately simulate coughing, the spreading
of droplets in the dining hall was simplified as follows:

Only the flow field after the cough was considered; inhalation
before the cough was not considered. This study mainly exam-
ined the spraying of droplets during coughing and the subse-
quent spreading through an environment.
Only water in the droplets was considered; all other compo-
nents of droplets, such as viruses and particles, were ignored.
This study proceeded under the assumption that the composi-
tion of aerosol droplets generated from coughing was pure
water, that the droplets evaporated or settled after leaving the
mouth, and that the droplets were spherical.
The human mouth exhibits various shapes when coughing. For
this study, the shape of the mouth when coughing was assumed
to be round, with a hydraulic diameter of 0.02 m.
The interaction force between droplets during diffusion was
ignored, and only the effects of gravity, buoyancy and drag force
on the droplets were considered.
The Size distributions of expiratory droplets expelled during
coughing come from the measured data in Chao et al. (2009).

3.2. Establishment of a geometric model and meshing

In this study, the dining hall in universities, as shown in Fig. 1a,
is selected for the research objective since this is one of the most
crowded places. The objective is to study how one person’s cough
affects another person in a short distance, thus only the small area
dominated by the exhaled air from the exhaling person rather than
the entire dining hall area is considered. The flow velocity from one
dinner’s mouth is specified as 11.7 m/s in this study, which is far
greater than the ventilation velocity of university dining halls in
this small area. Thus, the background ventilation is not considered
in the calculation.

The length of the table is 1,200 mm, the width is 600 mm, and
the height is 900 mm. The width of the partition on the table is
700 mm, and its height is 650 mm. The human body was modeled
to have a height of 1,700 mm and a sitting height of 1,250 mm. The
distance between two diners is 1,350 mm. The tables and diners
were modeled in two situations, with the partition, and without
the partition, and the Cartesian coordinate system for modeled
dining tables and diners is presented in Fig. 1b.

In the calculation, unstructured grids were used because the
geometric structure was relatively complex (Corrigan et al.,
2011). The number of unstructured grids was relatively high to
adapt to the complex geometric structures. Fig. 2 presents the
Overall meshing.

The diameter of the mouth in the sample calculation was only
0.02 m, which is small compared with the entire computational
domain. The initial velocity near the mouth was as high as
11.7 m/s. Because the velocity gradient in this area was large, the
mesh at the mouth and the partition were refined (Fig. 3). In other



Fig. 1. Schematic of the Cartesian coordinate system for modeled dining tables and diners. (a) Dining hall with table partitions; (b) Cartesian coordinate system.

Fig. 2. Mesh views from the inside and outside of the computational domain. (a) Mesh view from the outside; (b) Mesh view from the inside.

Fig. 3. Panoramic view of grid encryption. (a) Without partition; (b) With partition.

Table 1
Boundary condition settings in the simulation.
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parts of the basin, larger grids were used to control the number of
grids.
Boundary conditions Parameter settings

Entry boundary type Speed entry
Inlet velocity, m/s 11.7
Hydraulic diameter, m 0.02
Turbulence intensity 5%
Type of outlet boundary Pressure outlet
DPM condition Escape or trap
3.3. Boundary conditions and calculation parameters

The background was a restaurant with no wind inlet in the
computing domain; as such, it was a static wind environment.
The initial temperatures of the airflow and droplets exhaled during
coughing were both set to 37 �C, which is a body temperature. To
be noted here such temperature value might be higher than its real
value for the airflow and droplets. The mouth was the velocity
entrance, and its hydraulic diameter was 0.02 m. The cough cycle
was 0.5 s, the initial speed was 11.7 m/s, and the outlet was a pres-
sure outlet. Table 1 details the boundary condition settings.
5

The formula for calculating the Reynolds number under this
hydraulic diameter is as follows:

ReH ¼ qvd
l

ð17Þ



Table 3
Parameter settings for the verification of the evaporation model.

Calculation model and boundary conditions Parameter settings

Turbulence model Standard k-e model
Speed inlet 10 m/s
Jet source type Single
Droplet size 10 lm, 100 lm
Temperature 25 �C
Humidity 0%

M. Zhao, C. Zhou, T. Chan et al. Geoscience Frontiers 13 (2022) 101353
In Eq. (17), q is the density of the fluid, v is the characteristic veloc-
ity, and d is the characteristic length. The turbulence intensity can
be obtained by using the Reynolds number in the following
equation:

I ¼ u0

v ¼ 0:16 ReHð Þ�1
9 ð18Þ

where u0 is the fluctuation velocity. Chao et al. (2009) used interfer-
ometric Mie imaging technology to measure the distribution of par-
ticle size in aerosol droplets produced by a cough (Chao et al., 2009).
After the analysis was simplified, particle size was fitted to a Rosin–
Rammler distribution. In this study, we used their measured parti-
cle size distribution as the coughed particle size distribution from
the mouth.

To verify the independence of the grid, we set the size parame-
ters shown in Table 2. Four types of grids are generated with or
without partitions, respectively. The total number of grids is
7.73, 6.67, 4.45, and 2.56 million for cases with partition, while
for cases without partition the total number of grids is approxi-
mately 6.55, 5.39, 3.45, and 2.25 million.

The k�e turbulence model is implemented under the same con-
dition, i.e. the ambient temperature is 17 �C and the humidity is
30%, for all grids. We compare the variance of velocity along x-
axis, which is shown in Fig. 4. As shown in the figure above, the
curves of velocity are nearly the same for both cases with and
without partitions. To make the calculation as accurate as possible,
the grids of 6.55 and 7.73 milliion were selected for cases with and
without partitions, respectively.
3.4. Verification of the model used in the work

To verify the accuracy of the evaporation model and the numer-
ical calculation method, the evaporation of a single droplet in the
flow field with no partitions was simulated. Table 3 presents the
condition settings.

Droplets with either 10-lm or 100-lm particles were injected
into the flow field. The ambient temperature was 298 K, and the
Table 2
Independence verification grid generation information.

Minimum grid
size (mm)

Total number of grids
with partitions

Total number of grids
without partitions

3 7735009 6552361
4 6672345 5397549
6 4453452 3454853
8 2569385 20254351

Fig. 4. Grid independence

6

humidity was 0%. The data on droplet size over time calculated
using the dining table model were compared with data generated
under the same conditions in other studies (Fig. 5). In Fig. 5, the
solid orange line represents the change in diameter of the 10-lm
aerosol droplets in the verification model, and the solid blue line
represents the change in diameter of the 100-lm droplets. The
dotted line represents the change in the size of the 10-lm and
100-lm particles during evaporation under the same conditions
as in the study of Wei and Li (2015). The changes in particle size
over time in the two data sets were similar, as were the curves,
and the error was within a controllable range. This indicates that
the evaporation model and the numerical simulation method used
in this study were reliable.
verification diagram.

Fig. 5. Comparison of this work and Wei and Li (2015) for the variance of droplet
size during evaporation.



Fig. 6. x–y cross-section of velocity distribution in the flow field at 0.6, 2, and 4 s.
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4. Results

4.1. Effect of partitions on the velocity field

According to the results of the numerical simulation, with a
cough duration of 0.5 s, most of the aerosol droplets in the space
evaporated in approximately 4 s. Therefore, we used a velocity dis-
tribution diagram that displayed the x- and y-coordinates of the
flow field at 0.6, 2, and 4 s with and without partitions. Fig. 6a, c
and e display the cross-sectional velocity diagrams without a par-
tition at 0.6, 2, and 4 s, respectively. Fig. 6b, d and f display the
cross-sectional velocity diagrams with a partition.

The changes in velocity in the flow field at different times
indicated that without a partition, the aerosol droplets easily
reached the diner on the opposite side of the table through air-
flow. With the partition, the velocity distribution in the flow
field was concentrated in front of the partition. However, no
change in velocity behind the partition was observed, and the
airflow in front of the partition had a negligible influence on
the velocity field behind the partition throughout the coughing
process. This indicates that the partition can effectively block
the air flow caused by coughing and prevent aerosol droplets
from moving forward.
7

The nozzle entrance was used as the starting point, and the
diner on the opposite side of the table was used as the endpoint.
Fig. 7 presents the change in velocity between these two points
over time. Fig. 7a, b and c present the change in velocity with no
partition at 0.6, 2, and 4 s, respectively.

Although the maximum velocity at the starting point was
11.7 m/s, after 0.6 s, the maximum velocity in the flow field of
approximately 1.8 m/s was reached in the center of the jet stream
(Figs. 6 and 7). The partition strongly affected the velocity field; the
direction of the velocity changed immediately after the droplets
made contact with the partition (Fig. 6a and b).

Without the partition, the airflow reached the other diner at 2 s
(Fig. 6c and d). At this time, the maximum velocity of the airflow
was approximately 0.45 m/s. Although this velocity was low, it
was sufficient to carry fine particles to the other diner. With the
partition, the airflow was blocked and did not reach the other
diner, and no change in the velocity in the flow field on the other
side of the partition was observed (Fig. 6d). At this time, the local
maximum velocity of the air mass was approximately 0.1 m/s,
which is lower than the local maximum velocity of the air mass
without the partition at the same time point (Fig. 7b). This indi-
cates that the partition blocked and slowed the airflow to a certain
extent.



Fig. 7. Velocity variance along the line from the droplet entrance to the diner on the
opposite side of the table under two different conditions.
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Without the partition, the air mass generated from coughing
could easily reach and even travel past the other diner (Fig. 6e
and f). A partition changes the direction of airflow, and airflow
speed decreases after the partition is reached.
4.2. Effect of a partition on the spread of droplets

Fig. 8 presents the distribution of the aerosol droplets at 0.6 s.
At this time, the aerosol droplets had not reached the other diner
8

but were close, and a tendency to spread to the other diner over
time was observed. With partitions, only a minuscule number of
droplets reached the opposite diner. Most of the aerosol droplets
were blocked by the partition.

To further analyze the position of the aerosol droplets in the
flow field, in this study, the x-axis in Fig. 9 was defined as the
distance from one diner’s mouth to the opposite diner. The par-
ticle arrival ratio, Rp, is the number of aerosol droplets that
crossed coordinate x out of the total number of aerosol droplets
in the flow field at a given time. Without partitions, the aerosol
droplets were uniformly distributed throughout the space
(Fig. 9). In the partition-free scenario (Fig. 9a), the distance
between two diners was 1.35 m, and the time after a cough
was 0.6 s. The longest droplet migration distance was approxi-
mately 1.28 m. With partitions (Fig. 9b), the longest droplet
migration distance was 0.76 m at 0.6 s, and after this distance,
the number of particles substantially decreased. Almost no dro-
plets traveled farther than 0.8 m. This indicates that the parti-
tion blocks such droplets.

The partition effectively blocked the aerosol droplets at 0.6 s.
However, at this time, the diffusion of the droplets had just begun,
and the droplets had not yet diffused to the other diner. Because
the effect of the partition at this time does not represent its effect
over the entire course of diffusion, the distribution of the droplets
must be analyzed at other time points.

Fig. 10 presents the position and particle size of the aerosol
droplets in the flow field at 2 s. Without the partition, the aerosol
droplets spread to the other diner, and larger particles of size
125 lm began to settle on the dining table. With the partition,
the diffusion of aerosol droplets was blocked, and only a few fine
particles crossed the partition. With the partition, the particle
with sizes of 125 lm also began to settle on the table, and some
of the fine (20 lm) particles diffused upward along with the
partition.

The results of the simulations under the indicated conditions
were analyzed to determine the number of particles that
crossed the partition at 2 s (Fig. 11). Most of the particles trav-
eled approximately 1.46 m, and the distance between the two
diners was 1.35 m. The partition limited the movement of the
aerosol droplet particles to within 0.76 m. This distance is close
to that from the starting point to the partition, which indicates
that the partition can effectively block the diffusion of aerosol
droplets.

Fig. 12 presents the distribution of the droplets 4 s after a cough.
Without the partition, most of the particles had evaporated, and
the remaining droplets were approximately 50–55 lm. Without
the partition, the droplets spread from one diner to another, and
a few droplets continued past the diner. This indicates that the par-
ticles can easily spread to another diner without a partition. With
the partition, the aerosol droplets were blocked, and they either
evaporated or settled in the flow field in front of the partition.
The sizes of the droplets were similar between the two conditions,
but the partition caused the distribution of the droplets to differ.

Without the partition, the maximum migration distance of the
aerosol particles on the x-axis at 4 s was approximately 1.64 m,
which is larger than the distance between two diners (1.35 m),
shown in Fig. 13. Some aerosol droplets reached the other diner,
increasing the chance of infection. With the partition, the aerosol
droplet closest to the starting points was approximately 0.16 m
away, and the number of particles decreased steeply after this dis-
tance. No droplets were observed beyond 0.72 m, at which point
the droplet migration pattern was unclear, and evaporation was
observed. Therefore, after 4 s, the migration of particles does not
change substantially; evaporation and sedimentary movement
are observed, but the extent is limited.



Fig. 8. Snapshot of droplets of a dinner coughing for 0.6 s.

Fig. 9. The variance of Rp along x-axis after a dinner coughed for 0.6 s.

Fig. 10. Snapshot of droplets of a dinner coughing for 2 s.

Fig. 11. The variance of Rp along x-axis after a dinner coughed for 2 s.
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Fig. 12. Snapshot of droplets of a dinner coughing for 4 s.

Fig. 13. The variance of Rp along x-axis after a dinner coughed for 4 s.

Fig. 14. Settlement snapshot distribution of aerosol droplets on the partition after a
dinner coughed for 4 s.

Fig. 15. The total number of aerosol droplets suspended in the air over time.
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4.3. Collection of droplets by a partition

After the particle migration distance on the x-axis was analyzed,
the effect of the partition was analyzed using the number of aero-
sol droplets intercepted. The aerosol particles on the partition at
4 s were analyzed, and the position of each droplet was determined
using the numerical simulation. The width of the partition was
10
700 mm on the z-axis, and the height was 650 mm on the y-axis.
The corresponding coordinate system was created. Fig. 14 presents
the positions of the droplets on the partition.

The aerosol particles were densely concentrated at the center of
the partition, and the droplets around the center were sparse
(Fig. 15). This indicates that most of the aerosol droplets moved
in the direction of cough airflow. Only a few droplets were not
controlled by the airflow because of their size or turbulence and



Fig. 16. Snapshot of droplets of a dinner coughing for 2 s. (a) 280 K space view; (b) 280 K front view; (c) 290 K space view; (d) 290 K front view; (e) 305 K space view; (f) 305 K
front view.
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diffused to the area beyond the partition, indicating that the parti-
tion effectively blocked most of the particles.

Fig. 15 presents the total number of aerosol droplets, N, sus-
pended in the air over time. The droplets could have been sus-
pended in the air, have settled on the table, or have been blocked
by the partition. The number of droplets that settled on the table
11
was similar with and without the partition. Therefore, because
the partition blocked the droplets, the number of droplets sus-
pended in the air must have decreased. An analysis and compar-
ison of the data indicated that because the partition blocked
droplets, the number of droplets suspended in the air with the par-
tition was lower than that without the partition until the particles



Fig. 17. The total number of aerosol droplets suspended in the air over time when the temperature varies at 0.6 and 2 s.

M. Zhao, C. Zhou, T. Chan et al. Geoscience Frontiers 13 (2022) 101353
evaporated. This also indicates that the partition decreased the
density of droplet distribution, thereby decreasing the distribution
density of infectious viruses in the air and limiting their spread.
4.4. Effect of ambient temperature on droplet diffusion

Because of the varying infectiousness of SARS-CoV-2 between
seasons and climate and under different ventilation conditions of
a restaurant, the ambient temperature of the restaurant was set
to 7, 17, and 32 �C for winter, spring, and autumn, summer, respec-
tively. For this simulation, a partition was used, and all other con-
ditions remained the same; only the temperature was changed.
After the literature was consulted and the local climate was con-
sidered, the temperatures were set to 280, 290, and 305 K.

Fig. 16 displays the distribution of the droplets at ambient tem-
peratures of 280, 290, and 305 K at 2 s. As the temperature
increased, the number of aerosol droplets decreased. With an
ambient temperature of 290 K, the droplets near the partition were
considerably smaller than those in the same position at an ambient
temperature of 280 K. When the temperature was 305 K, most of
the smaller particles near the partition evaporated because of the
increase in the temperature, only the larger particles are left. The
number of droplets suspended in the air is presented in Fig. 17,
which shows the total aerosol droplets in the air decrease with
an increase of temperature under the same condition. As the tem-
perature increased, the intensity of evaporation increased, and the
speed at which the aerosol droplets decrease also increased. This
also indicates that an increase in temperature can inhibit the diffu-
sion of aerosol droplets.

Many particles in the flow field had the nearly same size. To
facilitate the statistical analysis and for the sake of visualization,
particle sizes were divided into sections, and the number of parti-
cles in each section was counted, which is shown in Fig. 18. In this
figure, the counted particle number in each section is represented
by the square dot. Linear fitting was performed on the data on par-
ticle size to determine the change in the proportion of each particle
size. When the temperature was 280 K, the proportion of mid-size
particles was even, indicating that the particles were relatively
uniformly sized and that this range accounted for a large propor-
tion of the total particles. When the temperature was 290 K, the
proportion of particle size was bimodally distributed, and the par-
ticle size corresponding to the first peak began to shift to the left,
indicating that the temperature began to cause evaporation and
that some of the small particles began to evaporate and decrease
in size. The particles in the second peak were relatively large,
and because little evaporation at this temperature was observed,
the particles of this size did not change considerably. When the
temperature was 305 K, the double peak disappeared, and the
12
curve shifted to the left relative to the 280 K curve. When the tem-
perature was raised for the second time, the larger particles in the
second peak of the 290 K plot were also affected by temperature
and evaporated, and the peak began to move to the left and merge
with the first peak.

This indicates that the temperature mainly affected the evapo-
ration of the aerosol particles, which subsequently affected their
diffusion distance. The simulation revealed that smaller particles
were more affected by a certain temperature range, whereas the
effect on large particles was small. When the temperature
increased, the larger particles were affected by temperature, and
the evaporation rate accelerated.

In this case, the increase in temperature inhibited the diffusion
of aerosol particles. However, only pure water was used in the
numerical simulation, and the effects of different temperatures
on viruses were not considered. Therefore, the results only indicate
that increasing the temperature can accelerate the evaporation of
aerosol particles and thereby inhibit their diffusion. However,
whether increasing the temperature can suppress viral aerosols
remains to be determined.

5. Summary

In this article, a numerical method for multiphase flows is uti-
lized to study COVID-19 aerosol transmission in a university cam-
pus food environment, which involves the generation, exhalation,
and diffusion of cough droplets. The effectiveness of partitions on
dining tables in a school restaurant in preventing and controlling
the new coronavirus was explored by establishing a model and
grid. The numerical simulation was based on the DPM, and the
propagation, diffusion, evaporation, and condensation of aerosol
droplets produced by coughing at a dining table in a school restau-
rant were simulated. The conclusions are as follows:

(1) Partitions effectively inhibit the spread of aerosol droplets in
a windless restaurant environment. The numerical simula-
tions indicated that the aerosol droplets exhaled through
coughing were blocked by the partition shortly after a cough
and that the remaining aerosol particles disappeared
through sedimentation and evaporation and did not reach
the other diner. Therefore, partitions are effective in pre-
venting and controlling the spread of cough droplets.

(2) Initially, the aerosol particles were not sensitive to an
increase in temperature, possibly because the particles were
still controlled by the temperature of the exhaled air mass.
At 2 s after the cough, the effect of temperature on the evap-
oration of the aerosol particles became apparent, and as the
temperature increased, its effect became more pronounced.



Fig. 18. Variance in a proportion of particle size relative to the total number of
particles under different air temperatures.
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When the temperature was 305 K, almost all of the particles
smaller than 20 lm in the flow field completely evaporated,
and the remaining particles larger than 20 lm were sedi-
mented. During aerosol diffusion, the smaller droplets were
the first to be affected by temperature, which caused them
to rapidly decrease in size. The larger droplets were also
13
affected by temperature, and their size gradually decreased.
The plot of droplet size distribution exhibited a single peak
that transformed into a double peak and then back to a sin-
gle peak.
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