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ARTICLE INFO ABSTRACT

Keywords: Social distancing is a key factor for health during the COVID-19 pandemic. In many indoor spaces, such as el-
Airborne particles evators, it is difficult to maintain social distancing. This investigation used computational-fluid-dynamics (CFD)
COVID-19 to study airborne particle exposure in riding an elevator in a typical building with 35 floors. The elevator traveled
g;chosed spaces from the ground floor to the 35th floor with two stops on floor 10 and floor 20, comprising 114 s. The CFD

simulated the dispersion of the aerosolized particles exhaled by an index person while breathing in both lobby
and elevator areas. The study calculated the accumulated dose of susceptible riders riding in elevators with the
index person under different conditions including different ventilation rates, air supply methods, and elevator
cab geometries. This investigation also studied a case with a single cough from the index person as the person
entered the elevator. The results show that, due to the short duration of the average elevator ride, the number of
particles inhaled by a susceptible rider was low. For the reference case with a 72 ACH (air changes per hour)
ventilation rate, the highest accumulated particle dose by a susceptible passenger close to the index person was
only 1.59. The cough would cause other riders to inhale approximately 8 orders of magnitude higher particle

Dynamic mesh

mass than from continuous breathing by the index person for the whole duration of the ride.

1. Introduction

The spread of COVID-19 across the globe has brought a catastrophe
to societies. Transmission of COVID-19 during riding elevators has been
a significant concern as many people take elevators almost every day. In
addition, the elevator is generally small and potential for high occupant
density, which creates ideal conditions for COVID-19 transmission.
Cases of possible COVID-19 transmissions in enclosed spaces have been
reported by the news media, such as in elevators [1-3], airplanes [4-6],
restaurants [7], and other similar rooms [8]. The transmission modes of
COVID-19 are mainly by contact and droplet transmission, airborne
transmission, and fomite transmission [9]. Although any of these three
routes of transmission can occur in an elevator, viral transmission via
small airborne micro-droplets and particles has received considerable
attention [10-12]. This study also focused on the relative exposure for
airborne particle transmission due to its complex transmission mecha-
nism [13-15].

* Corresponding author.
E-mail address: xw_zhao@seu.edu.cn (X. Zhao).

Particles with germs are mixed in the air to form aerosols that follow
the airflow and cause infection when inhaled [16-18]. The aerosols
released by infected individuals through sneezing, coughing, talking,
and breathing could accumulate in the air over time, increasing in
concentration, if the elevator is not well ventilated. Smaller
virus-containing particles can remain suspended in the air over long
distances and time periods [19]. Nishiura et al., 2020 [20] found that
transmission of COVID-19 in a confined space was 18.7 times greater
compared to an open-air environment. In enclosed spaces, the airflow
pattern induced by the ventilation systems has large influence on the
airborne particle transmission [21-23]. Therefore, the ventilation sys-
tem of the elevator is important for efficiently diluting or removing the
aerosol concentration [24]. In addition, Mazumdar et al. [25] found that
the wake generated by a walking person can carry SARS virus as far as 7
m. Blocken [26] recently studied COVID-19 transmission for people
running in an outdoor environment, and found that particles generated
can be dispersed much farther due to people’s movements. Many

1 These authors contributed equally to this work and should be considered co-first authors.
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Fig. 1. The schematic diagram of the whole process when taking the elevator.

investigations [27-30] have found that the aerodynamic effects of
human movement can significantly influence the airflow motion and
contaminants transmission in enclosed environments. Therefore, for
airborne transmissions of COVID-19 when riding elevators, the dynamic
behavior of the people should be considered.

Very few studies are available from literature evaluating the airborne
particle exposure for riding elevators, and those studies may not have
been sufficiently thorough. For example, Lim et al. [31]] explored the
airborne transmissions in a high-rise hospital building due to the stack
effect through he elevator shaft. However, they did not pay much
attention to the indoor aerosol transmission in the elevator cab. Shao
et al. [32] investigated the risk of airborne transmission of COVID-19
under different practical settings using computational-fluid-dynamics
(CFD) simulation, including an elevator, a small classroom, and a su-
permarket. They found that highly non-uniform spatial risk distribution
in the elevator and ventilation system played a major role. However, this
investigation studied only steady airborne transmission inside an
elevator cab that was not representative of a typical elevator ride. Dbauk
and Drikakis [33] explored the airborne virus transmission in elevators
and confined spaces. They found that the position of the inlets and
outlets significantly influences the flow circulation and droplet disper-
sion. However, they mainly focused on the fluid dynamics of respiratory
droplets in a confined elevator with only one person standing still in the
cab, which did not consider the dynamic process of taking the elevator.

Based on the current understanding and the state-of-the-art in
studying airborne particle transmission in enclosed spaces, the objec-
tives of this investigation were (1) to evaluate dynamic airborne particle
exposure when riding an elevator, and (2) to study different elevator
design parameters that could have a major impact on the airborne
particle exposure.

2. Research method
This section discusses a typical elevator ride used in this investiga-

tion, the case design, and the computer methods used to evaluate
accumulated particle dose by susceptible riders with an index person.

2.1. Typical elevator ride

To consider the whole process when taking an elevator, we assumed
an elevator ride scenario in a representative building with 35 floors with
a 4 m height of each floor. This is a general commercial building height
in China. The building had four elevators side by side. Six people waited
in the lobby of the ground floor, and one of them was an index person as
shown by the red color in Fig. 1. When the elevator arrived and the
elevator door opened, the six people walked successively into the
elevator cab. After the door was closed, the elevator cab moved from
floor 1 to floor 10. Here, the elevator door opened again, and two riders
disembarked. Then the remaining four riders continued their journey
from floor 10 to floor 20. Again, another two riders moved out from the
cab on floor 20. The remaining two riders, including the index person,
continued the trip from floor 20 to floor 35. Finally, these two riders left
the cab on floor 35. Note that the generalization of the typical elevator
ride is not made according to particular situations but our assumption.
More scenarios such as different relative positions (face to face or with
an orientation angle between two people), different person densities,
different traffic flow patterns, etc. should be considered in the future
investigation.

Fig. 2(a) shows the duration of the elevator ride for different stages.
The longest ride from floor 1 to floor 35 was 114.1 s. The floor areas or
flow domains studied varied during the ride. The lobby on floor 1 was
larger than that of the other floors. Fig. 2(b) illustrates in more detail the
ground floor lobby with four elevator doors. The elevator lobby was
connected to the main building lobby and other spaces in the building.
Thus, the two light-yellow color surfaces were not walls but the flow
domain boundaries with zero relative pressure (Outlet). The size of the
elevator lobby was 11.5 m long, 5.0 m wide, and 4.0 m high. The
elevator cab represented a typical model with a 1600 kg capacity, at 2.0
m long, 1.65 m wide, and 2.5 m high. The diffusers which supply the air
to the lobby were installed in the ceiling of the lobby. The size of the
diffusers is 0.4 x 0.4 x 0.03 m.

2.2. Case design

Table 1 summarizes our case design parameters used for this
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Fig. 2. (a) the duration and flow domains for different stages of the elevator ride (total duration was 114.1 s), (b) the flow domain considered on the ground floor

(floor 1).

Table 1
Key parameters for different cases studied.

Case Spaces Airflow direction Flow rate (m>/s) Ventilation rate (ACH) Dimension (m®) Inter-vention Particle source
1 Elevator In 0.165 72 2.00 x 1.65 x 2.50 None Breathing
2 Elevator In 0.165 72 2.00 x 1.65 x 2.50 None Coughing
3 Elevator In 0.071 31 2.00 x 1.65 x 2.50 None Breathing
4 Elevator In 0.026 11 2.00 x 1.65 x 2.50 None Breathing
5 Elevator Infiltration 0.017 7 2.00 x 1.65 x 2.50 None Breathing
6 Elevator Out 0.165 72 2.00 x 1.65 x 2.50 None Breathing
7¢ Elevator In 0.026 23.6 1.10 x 1.80 x 2.00 None Breathing

2 The cab with 2.00 x 1.65 x 2.50 m® had 1600 kg capacity and the cab with 1.10 x 1.80 x 2.00 m® had 1000 kg capacity.

investigation. Case 1 was the reference case. The airflow rate was 0.165
m®/s, which corresponds to 72 ACH. No intervention methods were
used. Previous investigation [34] found that viral respiratory infected
individuals shed virus into the environment by coughing or sneezing or
even during quiet breathing. Since the breathing from the index person
was a continuous process and had low uncertainty, we selected
breathing as the particle dose for further evaluation of airborne particle
exposure in riding the elevator. In case 2, we only changed the particle
source to coughing for the index person, and other parameters remained
the same as case 1. Case 2 was designed for studying the impact of
particle sources from the index person upon dose inhaled by susceptible
passengers. Cases 1, 3, 4 and 5 were designed for studying different
ventilation rates due to mechanical ventilation and infiltration. In case

6, the air supply direction was changed from blowing in to blowing out,
but other parameters were the same as those in Case 1. Case 6 was
designed for studying different air supply direction. In case 7, we used a
deeper cab with a smaller floor area to explore the impact of elevator
geometry on the dose level of susceptible passengers. The above analysis
can provide a quantitative evaluation of the accumulated particle dose
(by count or mass) by a susceptible passenger riding the elevator.

2.3. Numerical procedure

This investigation further used the RNG k-¢ model [35] from a CFD
program, ANSYS Fluent version 2019, to simulate COVID-19 virus
transmission when taking the elevator. The index person with COVID-19
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Table 2
Boundary conditions for sub-case 2 in case 1 (reference case).
Boundary surface Velocity Temperature Particle
°C)
Human body No slip 31 [36,44] Trap
Elevator walls No slip Adiabatic Trap
Lobby walls No slip Adiabatic Trap
Inlets (elevator) 0.47 m/s (Normal to the 22 Reflect
boundary)
Outlets (elevator) Outflow - Escape
Diffuser (Lobby) 2.07 m/s (Angle of 15° 22 Reflect
from the ceiling)
Outlets (Lobby) Outflow - Escape
Mouth and nose of the UDF 33 Reflect”

index person

? Note that the particles were injected when the velocity was positive. When
the velocity was negative, no particle was released from the mouth.

is shown in red color in Fig. 2(a) and in green color in Fig. 2(b). Previous
investigation found that [36] the manikin geometry has little influence
on the airflow around the person. Comparison of the results between the
heated rectangular column and human subject indicated a satisfactory
agreement of the overall flow pattern. To simplify the simulation, we
used a rectangular column to represent a person as shown in those fig-
ures. Our preliminary simulation was for a breathing case in which the
index person exhaled particles with an average of 0.4 ym in diameter.
The total number of particles exhaled per breath was 525 [37] from the
nose of the index person. The injection direction was (0.5 m/s in the
horizontal direction, 0 m/s to the side, —0.866 m/s downwards), rep-
resenting normal breathing from the nose of the person with an angle of
30° downwards. The breathing flow rate from the nose was set according
to the measured data from Gupta et al. [37] implemented by a
user-defined function (UDF) in ANSYS Fluent.

The simulation used unsteady-state Reynolds-averaged Navier-
Stokes (RANS) equations with the RNG k-e turbulence model to solve
the airflow and temperature fields in the cab and lobby. The governing
transport equations were solved by means of the finite volume method.

Building and Environment 207 (2022) 108543

The numerical method used the SIMPLE (semi-implicit method for
pressure-linked equations) algorithm for coupling pressure and velocity
equations, and the second-order discretization schemes for the convec-
tion and viscous terms of the governing equations. The Boussinesq
model was used to consider the temperature difference in the domain.
The temperature boundaries were listed in Table 2. The results were
considered converged when the residuals for all the independent pa-
rameters reached 10™%.

This investigation used the Lagrangian method to track individual
particle motion being breathing out. The Lagrangian method tracked
particle phase separately through the flow domain by solving the force
balance equations of particle movement. According to Chen and Zhao
[38], the evaporation effect of droplets with sizes considered in this
study can be neglected because of the high evaporation rate for small
droplets. Previous investigation [39] found that the pressure gradient
force and the virtual mass force could be neglected due to the small ratio
of air density to particle density. The Saffman’s force and Brownian
force only have a substantial effect on sub-micron particles [40].
Considering the small amount of the aerosol particles in indoor air, the
collision in particles can be neglected [41,42]. Therefore, this investi-
gation did not consider them in the particle movement equation. The
Lagrangian method determines the particle model in accordance with
Newton’s law:

di, 8u, ([~ -\ 8, —r.
ﬁ: Ha (ua_up)+w
dt  p,d:C. Py

@

where the first and second terms on the right-hand side represent the
drag force and gravity term, respectively, u, air viscosity, d, particle
diameter, ﬂp particle velocity vector, 1, air velocity vector, g gravita-
tional acceleration vector, p, particle density, p, air density, and C the
Cunningham correction factor. The Cunningham correction factor can
be expressed as:

22

2 1.1
CC:1+d—/l(l.257+O.4exp(f dp)) 2)

P

(e)

(2) (h)

Fig. 3. Computational geometry of the eight sub-cases: (a) sub-case 1, (b) sub-case 2, (c) sub-case 3, (d) sub-case 4, (e) sub-case 5, (f) sub-case 6, (g) sub-case 7, (h)

sub-case 8.
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Fig. 4. Data transfer between different cases with different geometries and mesh types.

where 1 is the mean free path of air molecules.

Particle turbulent dispersion, which is associated with instantaneous
flow fluctuations, is one of the main mechanisms of the spread of par-
ticles. This study used the discrete random walk (DRW) model [43] to
calculate the particle turbulent dispersion. This study assumed no par-
ticle resuspension, so particles were considered trapped once they
reached a wall surface. Similarly, when a particle reached an outlet, the
calculation of that particle’s trajectory ended.

The CFD model used different computational domains for the 114 s
elevator ride. Since the whole elevator ascension process was exceed-
ingly difficult to simulate at once, this study separated the whole process
into eight sub-cases as shown in Fig. 3. Fig. 3 shows the size of the flow
domain for the eight sub-cases of the ride. In sub-case 1, six riders stood
still in the lobby waiting for the elevator for 30 s. A steady mesh was
used to simulate the airflow and particle transmission in the lobby. In
sub-case 2, we first employed a UDF to transfer all the flow and particle
data from the lobby to sub-case 2 as the initial condition, including the
distributions of air velocity, temperature, pressure, turbulent kinetic
energy, particle distributions, etc. Fig. 4 shows the velocity distributions
transferred from one case to another with different geometries and mesh
types using the UDF. We can find that the data can be successfully
transferred without too much differences. Then, the six riders moved
successively into the elevator cab with a walking velocity of 0.5 m/s. The
total walking time was 13 s. A UDF describing rigid body motion was
used to realize the rider movement along with re-meshing methods in
ANSYS Fluent. In sub-case 3, the simulated results from sub-case 2 were
first transferred as the initial conditions for sub-case 3. Then, the riders
stood in the elevator for 16 s. We did not simulate the cab movement
from floor 1 to floor 10 but only the particle dispersion process.
Therefore, a steady mesh was used. Since there was no direct connection
between the cab and the lobby, the computational domain contained
only the cab area. In sub-case 4, the simulated results from sub-case 3
were first transferred as the initial conditions for sub-case 4. Then, the
two riders near the cab door moved successively out of the cab to the
lobby. A UDF along with re-meshing methods was used in ANSYS Fluent
to describe the movement of the two riders. The simulation for sub-case

5 was similar to that for sub-case 3; sub-case 6 to sub-case 4; sub-case 7
to sub-case 5; and sub-case 8 to sub-case 6.

This investigation used Gambit software (version 2.4.6) [44] to
generate a discrete grid for discretizing the governing transport equa-
tions and ANSYS Fluent to perform the CFD simulations. Because of the
complexity of the geometrical model, this study used the tetrahedral
grid, which can be adapted to various geometric structures. This
investigation used the smoothing and dynamic re-meshing method in
ANSYS Fluent to realize human walking. We wused Spring/-
Laplace/Boundary Layer in smoothing method which specifies that the
smoothing method is spring-based, or appropriate for the Laplacian
smoothing method (for 2.5D re-meshing) or the boundary layer
smoothing method. In the re-meshing method, re-meshing sizing options
were based on local cells and local faces. The sizing function was also
used to ensure better transitions of the grid size. A UDF describing rigid
body motion was used to realize the rider movement along with
re-meshing. The grid for the eight sub-cases was 3.65 million, 3.62
million, 0.76 million, 3.17 million, 0.67 million, 2.95 million, 0.48
million, and 2.87 million, respectively.

2.4. Boundary conditions

Table 2 summarizes the boundary conditions for sub-case 2 in case 1
(reference case). For the human body, a constant surface temperature of
31 °C [37,45] was adopted. This is generally the temperature of the
human body after wearing clothes. The human body was modeled as a
rectangular column with dimensions of 0.4 m x 0.2 m x 1.68 m. All the
walls of the elevator and lobby were treated as adiabatic. The condi-
tioned air with a temperature of 22 °C was supplied from the ceiling of
the elevator. The velocity was 0.47 m/s, and the direction was normal to
the surface. The inlet area of the elevator is 0.351 m2. The corresponding
airflow rate is 0.165 m>/s. We set two diffusers in the lobby to supply
conditioned air with 22 °C. The total airflow rate from the diffusers was
0.192 m%/s, which corresponded to 3 ACH. The lobby was connected to
the main lobby and other spaces in the office building. The breathing
flow rate from the mouth of the index person was set according to the
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Fig. 5. Boundary conditions for breathing and coughing: (a) Flow generated over time for index person [36], (b) Coughing velocity generated over time for index
person [37], and (c) Particle size distribution for coughing from Chao et al. [46] study.

measured data from Gupta et al. [37] through a UDF.

This study investigated particle sources generated by an index person
through breathing and coughing. For breathing, the particle size used for
the numerical simulation was averaged with 0.4 pm in diameter and the
count is 525 particles per breathing cycle from Gupta et al. [37]. Each
breathing cycle lasted 4 s. Fig. 5(a) shows the flow boundary conditions
for breathing through the nose. For coughing, this study used 16
different particle sizes and counts through Chao et al. study [46], as
shown in Fig. 5(c). The total particle count per cough was 1951. The
particles were injected into the flow for the whole stage for 0.4 s. Fig. 5
(b) depicts the coughing velocity generated from the index person.

Exhaust

2.5. Calculation of accumulated particle dose

To estimate the accumulated particle dose inhaled by each suscep-
tible person, this investigation developed a UDF to calculate accumu-
lated particle counts through Eq (3). or accumulated particle mass by Eq
(5). in the breathing zone of each person, which was outputs of the CFD
simulation. The breathing zone was a spherical space centered on the
nose of each person with a radius of 0.2 m [47,48]. The particles in the
breathing zone were calculated in each time step (0.01 s). Then the
accumulated particles can be summed for the whole ride of each person.
Note that this investigation did not accurately simulate the process of
particles being breathed into the lung of the susceptible person. Instead,
we assumed if the particles were suspended in the breathing zone of the
susceptible person, the particles would be breathed in by the person.
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Fig. 6. A sketch of the environmental chamber configuration and experimental arrangements used by Zhang and Chen [50].
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Therefore, even though the particle number in the breathing zone is
always the same, the accumulated dose will increase over time. In
addition, the uneven distribution of particles in the breathing zone does
not influence the results since the breathing zone was taken as a whole
zone. Besides, since the accumulated dose was related to the exposure
time, it is more rational to compare the exposure risk under the same
time.

t

N— / Cupdt 3)
0
With
= ’3’:} )
And
,
M;= / p;pdt (5)
0
With
R L% Vol ®)

where Nj and M; are the accumulated particle count and mass inhaled by
person j, respectively; C;; and pj, the numerical particle concentration
and the average particle density in the passenger’s breathing zone at
time ¢, respectively; p the passenger’s breathing flow rate (0.00053 m>/
s) [49]; num; the total particle count in the breathing zone; and mass ;
the mass of the particle k in the breathing zone at time t.

3. Results
3.1. CFD validation

To validate the performance of CFD models for calculating particle
transmission, this investigation first validated our CFD simulations by
comparing our simulated results with experimental data from an
enclosed room with displacement ventilation [50] as shown in Fig. 6.
Fig. 7 compares the simulated and measured velocity, temperature, and
particle concentration distributions. The results of the Lagrangian

calculation in this figure were based on sample size (i.e., the number of
trajectories) of 1.2 million. The results are in reasonable agreement with
the experimental data thus validating the simulation technique pre-
sented in this paper.

3.2. Reference case (case 1)

This subsection shows our simulated particle distributions for the
reference case with the validated CFD model. Fig. 8(a) shows the tem-
poral distributions of particles in the lobby of floor 1 (sub-case 1) when
the passengers were waiting for the elevator. The particles came from
the continuous breathing of the index person (person in green color).
The particles traveled upward due to the thermal plumes formed by the
passengers as well as the ventilation, as shown in Fig. 9(a). The tem-
perature distribution around the persons of sub-case 1 for the reference
case can be found in Fig. A1 in Appendix I. The lobby was large and was
also connected to other building spaces through the two ends. The
general ventilation in the lobby brought the particles away from those
people so there were almost no particles reaching the breathing zone of
those people, despite the waiting time of 30 s.

In sub-case 2, the passengers moved successively into the elevator
cab in sub-case 2. The flow domain that was simulated included the
lobby and the elevator cab, and the movement of the passengers was also
simulated. Fig. 8(b) shows the particle distributions of sub-case 2. Note
that we used the particle and airflow distributions from the previous
sub-case (sub-case 1) as the initial conditions to conduct the numerical
simulation. Therefore, the red particles were those from sub-case 1, and
the blue particles were newly generated by the index person through
breathing for sub-case 2. The result was that some red particles were
carried as the passengers walked into the elevator cab due to the wakes
generated by their movements, as shown in Fig. 9(b). More detailed
temporal distributions of particles of sub-case 2 for the reference case
can be found in Fig. A3 in Appendix II.

Fig. 8(c) shows the particle distribution of sub-case 3. When the
passengers took the elevator from floor 1 to floor 10, the total ride time
was 16 s. At the end of the trip, some red particles from sub-case 2 were
still suspended in the air. The newly generated blue particles were
mainly concentrated around the index person because it was difficult to
disperse in the small space. The particle distributions were highly non-
uniform. Fig. 9(c) shows the velocity distribution in the cab. The
airflow around the persons mainly goes upward due to the thermal
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Fig. 8. Particle distributions of different sub-cases: (a) sub-case 1, (b) sub-case 2, (c) sub-case 3, (d) sub-case 4, (e) sub-case 5, (f) sub-case 6, (g) sub-case 7, and (h)
sub-case 8. (Red particles were those from the previous sub-case and the blue particles were newly generated by the index person through breathing for the next sub-
case.). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)



S. Liu et al. Building and Environment 207 (2022) 108543

Veloci

Veloci

Vector
ek 0.50
0.38 0.38
0.25 0.25
0.12 0.12
0.00 0.00
[ms*-1] [ms*1]
Velocit¥
. Vector
Yessty D30
0.50
0.38
0.38
0.25
0.25
0.12 0.12
.00 0.00
[m s*-1] [msh-1]
Veloi
velostty
Veloci 0.50
VeSS
0.38
0.38
0.25
0.25
0.12
0.12
0,.‘01
0.00 Iz
[m s*-1]
Velocil
v&%&é i
vetssty
0.50
0.38
0.38
0.25
0.25
0.12
0.12
0.00
0.00 migt1)
[m s*-1]

Fig. 9. Velocity distributions in the surfaces through the index person of different sub-cases: (a) sub-case 1, (b) sub-case 2, (c) sub-case 3, (d) sub-case 4, (e) sub-case
5, (f) sub-case 6, (g) sub-case 7, and (h) sub-case 8.
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Fig. 11. Comparison of the accumulated particle mass doses inhaled in the reference (breathing) case with those in the coughing case.

plume generated from the manikin and the ventilation.

Sub-case 4 was when the elevator reached floor 10, the elevator door
opened, and two passengers walked out of the elevator. Fig. 8 (d) shows
the particle distributions of the sub-case. Due to the wakes generated by
the walking passengers, as shown in Fig. 9(d), some particles were
carried into the lobby on floor 10. However, most of the particles
remained in the elevator. Since the total walking time was only 4.7 s, the
newly generated particles from the index person were confined in their
vicinity. Most suspended particles were from the previous sub-case.
More detailed temporal distributions of particles of sub-case 4 for the
reference case can be found in Fig. A4 in Appendix II. When the elevator
moved from floor 10 to 20 for 16 s in sub-case 5, the particle distribu-
tions were similar to sub-case 3 but with a much higher particle con-
centration as shown in Fig. 8 (e). When two more people left the elevator
on floor 20, Fig. 8(f) shows very similar particle distributions to sub-case
4. Also, sub-case 7 was almost the same as sub-case 5, and sub-case 8 was
nearly the same as sub-case 6. The major difference was the increasing
particle concentration.

Fig. 10 depicts the accumulated dose of each person in the reference
case. The blue numbers of 1-8 on the top of the figure represent the time
span for each of the eight sub-cases. When each passenger left the
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elevator cab, their accumulated dose would stop at that time. The dose
for passenger B was the highest before the person left on floor 20,
because that passenger was in front of the index person. Passenger D
stood side by side with and was also close to the index person; the
accumulated dose was the highest because of the longest duration with
the index person.

3.3. Impact of particle sources on accumulated doses

Particles generated by an index person could come from breathing,
talking, coughing and sneezing. The reference case used breathing data
from Fabian et al. [51] as the particle source. This study also designed
another case with coughing. Unlike the breathing scenario, coughing
does not occur very frequently. For a 2-min elevator ride, a person may
not even cough once. Nevertheless, this study assumed that the index
person would cough once after all the riders had entered the elevator at
floor 1 and the elevator door was closed, i.e. sub-case 3 as shown in
Fig. 3.

To compare coughing with breathing, the coughing case was
designed without breathing, which is physically unrealistic but numer-
ically feasible. This design would give us a clear picture of the
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Fig. 12. Particle deposition on manikin surfaces as well as the particle concentration in the cab: (a) Particle deposition on manikin surfaces for breathing, (b)
Breathing jet, (c) Particle concentration in the cab for breathing, (d) Particle deposition on manikin surfaces for coughing, (e) Coughing jet, (f) Particle concentration
in the cab for coughing.
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differences between the two cases. Fig. 11 compares the accumulated
particle mass doses of each passenger in the reference case with those in
the coughing case. Due to the much larger size and much higher number

of particles in a cough, the particle mass doses in the coughing case were
approximately 8 orders of magnitude higher than those of the reference
(breathing) case. Note that this comparison was based on the whole

1 2 3 4 5 6 8
—B-2ACH -|-B-31ACH F -B-11ACH -] B-7TACH
—C-J2ACH ~}-C-31ACH }--Q-11ACH -} C-71ACH
- —D-T2ACH --}-D-31ACH | -D-11ACH -|-D-7ACH
—-E-2ACH ~}-E-31ACH |--E-11ACH -} E-7|ACH
56 F —F-RACH ~}F31ACH }--F-11ACH -} F-7|ACH
2 _'1 559
£ L
=
=2 - 4.78
% ﬁ B ﬁ - _/// :
o = -
o D E F -7
(53 B .
2 (N | A S 3.51
<. | | {293
£ 71274
51 -1 - /
<27 : 1.59
71,52
20 30 100 110

Time in elevator (s)

Fig. 13. Accumulated dose for each passenger of three cases with different ventilation rate (72 ACH, 31 ACH, 11 ACH, and 7 ACH).
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Fan blowing in

(a)

exposure time with continuous breathing and one single cough.

The results clearly show that particle source is particularly important
in determining the airborne particle exposure. The coughing case led to
a much more risky indoor environment than breathing for the elevator
ride. Since coughing was not a continuous process, the results had much
higher uncertainty. On the other hand, talking could be a more likely
scenario in an elevator ride, which also produces large particles.

For a small and crowded place like the elevator, close-contact
transmission should be important. We compared the particle deposi-
tion on surfaces inside elevators due to breathing and coughing. Fig. 12
depicts the particle deposition on manikin surfaces as well as the particle
concentration in the cab for sub-case 3. In the breathing case, most
particles go upward due to the thermal plume generated by the infected
person. Therefore, some particles will deposit on the ceiling of the
elevator. However, for coughing case, most particles will deposit on the
manikin in front of the infected person as well as on the floor due to the
coughing jet. It is suggested to cover the mouth when coughing or wear a

mask.

3.4. Impact of ventilation rate and method on accumulated doses

Since breathing is a continuous process and has a low uncertainty,
this investigation selected breathing as the particle source for further
evaluation of airborne particle exposure in taking the elevator. Venti-
lation rate and method are always important for determining the dose of
susceptible people. Therefore, this sub-section reports our research

Accumulated dose (number)
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Fan blowing out | ‘

(b)

Fig. 14. Schematic of the reference case and the fan blowing out scenario: (a) Fan blowing in scenario (reference case) (b) Fan blowing out scenario.

results on the subject.

3.4.1. Comparison of different flow rate due to mechanical ventilation and
infiltration

Elevators have different ventilation rates according to their design
and applications. The reference case had a ventilation rate of 0.165 m>/s
(72 ACH). This study investigated three other flow rates: mechanical
ventilation with 0.071 m®/s (31 ACH) and 0.026 m®/s (11 ACH) and
infiltration through vents and other openings with 0.017 m>/s (7 ACH).
Fig. 13 compares the accumulated particle dose of each passenger of the
four cases under different flow rates. The dose for passenger B was the
highest before the person left on floor 20 because the passenger stood at
the front of the index person. The accumulated doses for passenger B
after they left on floor 20 were 1.39 particles for 72 ACH, 3.51 particles
for 31 ACH, 5.59 particles for 11 ACH, and 4.78 for 7 ACH, respectively.
The accumulated doses for passenger D, who went all the way with the
index person to the top floor, were 1.59 particles for 72 ACH, 1.52
particles for 31 ACH, 2.74 particles for 11 ACH, and 2.93 for 7 ACH,
respectively. The dose for passenger D with 7 ACH was lower versus 11
ACH because of the highly non-uniform distribution of the particles in
the cab. Another such difference existed between 11 ACH mechanical
ventilation and 7 ACH infiltration, where the dose inhaled by passenger
B with 11 ACH was higher than those with 7 ACH infiltration.

3.4.2. Comparison of different air supply direction
This investigation explored the impact of air supply direction on
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Fig. 15. Comparison of the accumulated particle dose by each passenger with different supply airflow direction in the elevator (solid lines for fan blowing in and

dash lines for fan blowing out).
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Fig. 16. Comparison of the particle distributions in the fan blowing in scenario and the fan blowing out scenario when the elevator reached floor 35: (a) Fan blowing

in scenario (b) Fan blowing out scenario.
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Fig. 17. Comparison of the airflow at a cross section with different air supply direction.

particle dispersion. For the reference case with a fan blowing inwards,
the air was supplied from the inlet installed around the edges of a drop-
ceiling and exhausted from vents at floor-level as shown in Fig. 14. For
comparison, we studied an exhaust fan scenario that simply reversed the
fan flow direction. Except for the air supply direction, all the other
settings were the same.

Fig. 15 compares the accumulated particle dose (particle number)
over time for the fan blowing in case (reference case) and the fan
blowing out case. Except for passengers B and D, the accumulated doses
of other passengers were almost the same for both cases. In addition, the
accumulated dose inhaled by passengers B and D for the exhaust fan
scenario was much higher than in the reference case. This was because
the dose for passenger D in the exhaust fan case increased quickly in sub-
case 7 and the final dose was much higher than in the reference case.

Fig. 16 shows the particle distributions when the elevator reached
floor 35. The particle distribution of the fan blowing out scenario was
more evenly distributed than that of the fan blowing in scenario, which
causes a much higher particle concentration around the breathing zone

13

of person D. Fig. 17 further shows the airflow at a cross-section through
the two persons. The air velocity in most parts of the fan blowing out
scenario was higher than that in the fan blowing in scenario. It made the
particle inside the cab more evenly distributed. Note that although the
air flow downwards by fan blowing in scenario, however, the air around
the persons is going upward due to the thermal plume generated from
the persons as well as the ventilation, as shown in Fig. 17 and Fig. A2 in
Appendix I. The particles will follow the airflow pattern around the
person and go upward. Therefore, most particles are gathered on the top
of the cab.

3.5. Impact of elevator geometry on accumulated doses

To investigate the impact of cab geometry on particle dispersion
when riding the elevator, this study selected one deep cab to compare to
the reference case as shown in Fig. 18 for further study. The dimensions
of the reference cab were 2 m wide x 1.65 m deep x 2.5 m high and the
deep cab was 1.1 m wide x 1.8 m deep x 2.2 m high. The deep cab used



S. Liu et al.

Building and Environment 207 (2022) 108543

® —B-Reference Case-72 ACH
...... B-Deep Cab-23.6 ACH
~12 | ---B-11ACH
é ------- C-Deep Cab-23.6 ACH
E —D-Reference Case-72 ACH
bt N D-Deep Cab-23.6 ACH
E ---D-11 ACH
g 6 L E-Deep Cab-23.6 ACH
E ------- F-Deep Cab-23.6 ACH
=
Q
<5 |
0 ,
20 30

Time in elevator (s)

Fig. 18. Comparison of the accumulated particle dose for each passenger in different cabs.

(a)

Fig. 19. Particle distributions in the elevator cab with different geometry and ventilation rate: (a) Reference case with 0.165 m3/s (72 ACH), (b) Same as the
reference case but 0.026 m>/s (11 ACH), (c) Deep cab with 0.026 m?/s (23.6 ACH).

in this study was representative of a residential size or a typical Euro-
pean size. The ventilation rates for the reference cab and deep cab were
0.165 m%/s (72 ACH) and 0.026 m®/s (23.6 ACH), respectively, which
was typical for the two cab types. The air supply in both cases was from
the inlet around the ceiling, and the air was exhausted from the outlet
near the floor.

Fig. 18 compares the accumulated particle dose for each passenger in
the different cabs. Since both the geometry and ventilation rate of the
reference case was different from the deep cab, this study also added
another case (11 ACH in the legend) that had the same geometry as the
reference cab and the same flow rate (0.026 m®/s) as the deep cab for
comparison. The final accumulated dose for passenger D in the deep cab
was almost 6 times that of the reference case. When passengers B and D
were in the elevator at the same time, passenger B inhaled more particles
than passenger D in both the reference case and the case with the lower
ventilation rate of 0.026 m®/s. However, the corresponding result in the
deep cab was the opposite. That was because the distance between
passengers B and E in the deep cab was smaller than that in the reference
case, which caused high movement of particles in the y-direction in the
deep cab. This can be clearly seen in Fig. 19.
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4. Discussion
This investigation had the following limitations:

e Since the numerical simulation of the entire process was very time-
consuming, this study separated the whole process into eight sub-
cases and transferred data after each sub-case simulation. Since the
mesh for each case could not be exactly the same, some errors may
have been introduced.

Although we needed to simulate the movement of people by walking,
using a real-shaped person would have demanded tremendous
computing resources. In addition, Nielson [52] found that there was
not a big difference in heat transfer and airflow patterns between a
real-shaped person and a simplified person. Therefore, this study
used a rectangular column to simulate a person.

We assumed the air conditioning systems in the lobby of floor 1
supplied fresh air in the ceiling and that the lobby was connected
with other spaces. Therefore, the outlets were assigned at the two
connection walls. For the particular case we simulated, all the par-
ticles from the index person moved upward and then to other spaces.
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The exposure of all other susceptible riders was almost zero. In re-
ality, this may not always be true, as a wait time of 30 s is pretty long
to be in close proximity to others in an environment with potentially
stagnant air. One should not neglect the impact of exposure on the
susceptible riders in an elevator lobby.

This investigation only validated the simulation method for airflow
and particle concentration of steady process. Further investigation is
needed to verify the unsteady process of human walking.

This investigation assumed that the building has 35 floors, the per-
sons that riding the elevator are six, and stand regularly inside the
elevator, two persons are going out on 10th floor and two persons
going out on the 20th floor, the index person went the whole 35
floors, the persons leave the elevator one by one, but not simulta-
neously. The coughing occurred immediately after the person
entered the elevator. The setting of the scenario seems to be not
general. More scenarios should be considered in future
investigations.

Since the numerical simulation of the process of particles being
breathed into the lung of the susceptible person is very complicated
and time-consuming, this investigation used a simple equation to
calculate the accumulated dose of the susceptible person. Some er-
rors may have been introduced.

5. Conclusions

This investigation used CFD to study airborne particle transmission
of COVID-19 in riding an elevator in a typical building with 35 floors.
The study calculated the accumulated dose of susceptible riders in riding
elevators. The study led to the following conclusions:

e Due to the short duration of the elevator ride, elevators with high
ventilation had low particle exposure. For the reference case with a

Building and Environment 207 (2022) 108543

72 ACH ventilation rate, the highest accumulated particle dose by a
susceptible passenger close to the index person was only 1.59.
Because of the highly non-uniform distribution of the particles in the
elevator cab, the accumulated dose was not inversely proportional
with the ventilation rate. The dose for passenger B was the highest
before they left on floor 20 because this passenger stood at the front
of the index person. The accumulated dose for passenger D was the
second-highest in the wide cab or the highest in the deep cab. This is
because a deep cab could trap the particles inside the elevator. The
air supply direction had an impact on the particle dispersion in the
elevator cab.

This study assumed an index person would cough once when the
person entered the elevator. The cough would cause other riders to
inhale approximately 8 orders of magnitude higher particle mass
than from continuous breathing by the index person for the whole
duration of the ride.
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Appendix ITemperature distribution of different sub-cases for the reference case
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Fig. Al. Simulated results of sub-case 1 for the reference case: (a) temperature and velocity distribution in the surface across three persons, (b) location of

the surface.
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Fig. A2. Simulated results of sub-case 3 for the reference case: (a) temperature and velocity distribution in the surface across three persons, (b) location of
the surface.

Appendix II. Temporal distributions of particles due to breathing from the index person of different sub-cases for the reference case
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(@t=11s (hyt=13s

Fig. A3. Temporaral particle distributions of sub-case 2 for the reference case (Red particles were those from the previous sub-case and the blue particles were newly
generated by the index person through breathing for the next sub-case.).
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(e)t=4s

(Ht=47s

Fig. A4. Temporaral particle distributions of sub-case 4 for the reference case (Red particles were those from the previous sub-case and the blue particles were newly
generated by the index person through breathing for the next sub-case.).
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