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A B S T R A C T   

People in cities use elevators daily. With the COVID-19 pandemic, there are more worries about elevator safety, 
since elevators are often small and crowded. This study used a proven CFD model to see how the virus could 
spread in elevators. We simulated five people taking in an elevator for 2 min and analyzed the effect of different 
factors on the amount of virus that could be inhaled, such as the infected person’s location, the standing positions 
of the persons, and the air flow rate. We found that the position of the infected person and the direction they 
stood greatly impacted virus transmission in the elevator. The use of mechanical ventilation with a flow rate of 
30 ACH (air changes per hour) was effective in reducing the risk of infection. In situations where the air flow rate 
was 3 ACH, we found that the highest number of inhaled virus copies could range from 237 to 1186. However, 
with a flow rate of 30 ACH, the highest number was reduced to 153 to 509. The study also showed that wearing 
surgical masks decreased the highest number of inhaled virus copies to 74 to 155.   

1. Introduction 

The COVID-19 pandemic has caused widespread illness and death, as 
well as economic turmoil globally. As of November 1st, 2022, the World 
Health Organization has reported 62 million confirmed cases and 6.6 
million deaths globally. Research has shown that the virus primarily 
spreads in enclosed, poorly ventilated, and crowded indoor spaces 
where people are in close proximity to each other [1–3]. Elevators are 
small and often have high occupancy, making it difficult to maintain 
social distance which could facilitate the spread of COVID-19. There 
have been several reported outbreaks of COVID-19 in enclosed and 
crowded spaces [4,5], such as in elevators [6]. As modern people taking 
elevators almost every day, there is growing concern about the safety of 
elevator rides. However, there is a lack of studies that quantify the 
infection risk during elevator rides. Therefore, it is important to un
derstand the transmission and infection of SARS-COV-2 in elevators. 

An infected individual can spread thousands of virus-carrying saliva 
particles into the air through breathing, coughing, or sneezing. These 
particles were expelled from the respiratory system [7,8]. The 
virus-laden saliva aerosols may suspend in the air for a significant 
amount of time [9] or travel long distances [10] depending on the 
airflow pattern in the surrounding spaces. Therefore, it highlights the 

importance of understanding how these droplets spread in enclosed 
spaces like elevators. In an elevator, the airflow physics generated by 
ventilation systems significantly impacted the airborne droplet trans
mission and infection [11,12]. It is essential to use mechanical ventila
tion to keep the air fresh and dilute any viral droplets. Unfortunately, 
many elevators lack this important ventilation system. According to ISO 
8100–1 [13] and EN 81 [14], ventilation apertures should be installed in 
the elevator, with a required effective area of 2% of the floor area. 
However, there are no established requirements for fan settings or 
adequate airflow rate values. This means that elevators may not have 
proper ventilation systems in place to prevent the spread of airborne 
droplets. According to the American standard for elevators ASME A17.1 
[15], fans with proper ventilation should be installed in elevators with 
solid enclosures and doors. However, there are no specific guidelines for 
the airflow rate. Therefore, adhering to elevator standards alone may 
not prevent the spread of COVID-19 in elevators. Apart from the venti
lation system, other factors could also impact the droplet transmission, 
such as location of the infected person [16,17], how persons are posi
tioned in the elevator [18], and whether the persons are wearing masks 
[19,20]. Therefore, it is essential to assess the likelihood of infection of 
COVID-19 in elevators under different ventilation rates, source loca
tions, and person standing arrangements. 
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A search of the literature revealed that there is a lack of studies 
evaluating the risk of infection and spread of SARS-COV-2 in elevators 
taking into account different above-mentioned factors. Shao et al. [21] 
have attempted to evaluate the risk of inhaling virus-containing particles 
of COVID-19 in elevators. They found that the infection risk was 
extremely low for breathing scenario but the infection risk increased 
proportionally for speaking scenario. However, they only simulated 
breathing and speaking to produce particles and only assessed the risk 
based on the number of particles at a specific location. Dbauk and Dri
kakis [22] and Biswas et al. [23] compared the influence of different 
ventilation conditions on droplet dispersion in the elevator. They found 
that the position and operation of inlets and outlets significantly influ
enced the airflow pattern and particle dispersion in the elevator. How
ever, they only considered one person in the elevator cab without any 
other persons. Sen [24] explored the transmission of droplets in the 
elevator under various conditions, including different ventilation set
tings, different numbers of people coughing, and different directions of 
cough droplets. The findings showed that appropriate ventilation is 
necessary in elevators. However, this investigation only used extremely 
simple rectangular boxes to present the three persons without consid
ering different standing postures. In our previous research [25], we used 
dynamic mesh in CFD simulation to investigate how a person’s move
ments affected particle transmission when entering or exiting a car 
cabin. We evaluated the exposure of other persons to particles 
throughout the entire elevator ride, but our focus was limited to parti
cles exhaled from the normal breathing of the infected person. Du et al. 
[26] explored the virus transmission and risk of infection in elevators. 
They found that the risk was generally low because of the short duration 
of the elevator ride. But they only considered one specific standing 
scenario and fixed the source position. While in reality, the infected 
person may appear in different locations within the elevator and have 
varying relative positions to other persons. The effectiveness of face 
masks in reducing the spread of respiratory viruses was supported by 
several epidemiological studies [27,28]. In addition, various in
vestigations [26,29] have explored the effect of wearing masks on 
reducing the infection risk. Deng and Chen [29] measured and simulated 
the mass of droplets inhaled by a susceptible manikin wearing a mask 
with different social distances. They found that the distance can be 
reduced to 0.5 m when people wear masks. Du et al. [26] found that 
when the infected person coughed, mouth covering thoroughly could 
reduce the virus intake of others by 85%–93%. However, limited 
investigation examined the effect of wearing masks on the transmission 
of COVID-19 in elevators. 

Previous studies have not thoroughly examined the impact of 
ventilation rates, the position of the infected person, the location of 
persons, and wearing masks on the transmission and risk of COVID-19 in 
elevators. Their scope was limited. This paper aims to (1) investigate 
how easily the virus spreads through coughing droplets in elevators and 
assess the risk of infection for others, and (2) examine how source 
location, posture, and airflow rate impact the amount of virus inhaled by 
susceptible persons. Our previous investigation [25] found that the 
inhaled particle by susceptible persons was insignificant when consid
ering normal breathing alone. Therefore, this investigation focused on 
the transmission of SARS-COV-2 through coughing. 

The structure of this paper is as follows: In section 2, we will provide 
a detailed description of our research method, including information on 
the case design, boundary conditions, and numerical procedure. In 
section 3, we will present the results from our CFD model verification 
and analysis of various cases. In section 4, we will discuss the limitations 
and potential future works. Finally, we draw the conclusions in Section 
5. 

2. Research method 

This section outlines the design of our case study, the parameters 
taken into account, and how we calculated the amount of virus inhaled 

by susceptible persons in an elevator. We will also explain the simulation 
techniques used to assess the transmission and infection risk when an 
infected individual is present in the elevator. 

2.1. Case design 

To investigate the transmission of SARS-COV-2 in an elevator, our 
simulation assumed a 120-s elevator ride in a cab with a capacity of 
1600 kg (or up to 12 people) and a typical size of 2.0 m × 1.65 m x 2.5 m, 
which was similar to typical elevators in commercial and residential 
buildings. Fig. 1 shows the geometry model of the elevator cab and 
persons. The air flow into the cab was through inlets on the ceiling and 
out of the cab through outlets near the floor. The widths of the inlet and 
outlet were 0.05 m and 0.011 m, respectively, which were based on 
previous investigations [25,26]. The COVID-19 pandemic has made 
more people conscious of the importance of social distancing. Therefore, 
people tend to wait for the next elevator if the current one is already full. 
In addition, the number of people in an elevator is typically limited 
outside of rush hours. Therefore, we assumed that five people were 
standing still inside the cab. They were all 1.7 m tall with a total skin 
surface area of 2.1 m2. From our on-site observations of people taking an 
elevator, we noticed that people generally stand facing the elevator door 
upon entering. Some people prefer to stand with their backs against the 
elevator wall. Due to the limited space, people usually do not stand 
facing each other. Therefore, we assumed two common standing pos
tures in this investigation, as shown in Fig. 1(a) and (b). Standing sce
nario I represents all people facing the elevator door. Standing scenario 
II represents everyone standing against the walls. Because the geometry 
of the elevator cabin was nearly symmetrical, the infected person was 
assumed to locate at positions A, C, and D, as shown in Fig. 1(c). These 
three source locations represent the front, middle, and back positions of 
the elevator source. The simulation also considered two ventilation 
rates, 3 ACH and 30 ACH [30], to represent infiltration and mechanical 
ventilation, respectively. ACH means how many cubic feet of air can be 
provided every hour divided by the volume of the room. The volume of 
the elevator was 8.3 m3. 

The case design used in this study was summarized in Table 1. Case 1 
was the baseline case, which was a common scenario with low venti
lation. The ventilation rate in Case 1 was as low as 0.007 m3/s by only 
infiltration. Person A was infected in standing scenario I. The first set of 
cases 1 to 5 were designed to investigate various standing positions and 
source locations. Note that in the standing posture I, when person D was 
the infected person, most particles would be deposited on the elevator 
wall in front of person D due to the short distance. This would result in a 
low infection risk via airborne droplets. Therefore, we only simulated 
case 5 under standing posture II with person D infected. In the second set 
of cases 6 to 10, we used an airflow rate of 0.069 m3/s by mechanical 
ventilation, which corresponded to 12 CFM (cubic feet per minute) for 
each person when the capacity was 12. The second set of cases repeated 
the same source locations and standing positions as the first set. We also 
investigated the effect of wearing masks on the amount of virus inhaled 
by persons in the elevator. In cases 11 to 13, the positions and postures 
of the other persons were kept the same as in cases 2, 4, and 5, but the 
infected person was assumed to be wearing a surgical mask. This 
investigation only simulated three cases to explore the impact of wear
ing masks on inhaled virus load. This is because the inhaled virus copies 
can be scaled by using the reduction efficiency for other scenarios. 

2.2. Boundary conditions 

In order to accurately evaluate the risk of SARS-COV-2 transmission 
in an elevator, it is important to provide accurate source information 
about how the virus was propelled into the air. A COVID-19 patient 
could expel the SARS-COV-2 virus through the exhalation of respiratory 
droplets. This study focused on how the virus was spread through 
coughing in the elevator, as our previous investigation [25] found that 
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breathing alone did not contribute significantly to the spread of the 
virus. To introduce the particles into the airflow field, we first need to 
obtain the size spectrum of droplets due to coughing. This investigation 
used the particle data from previous research by Chao et al. [31] and 
Yang et al. [32]. The data from Chao et al. did not include droplets 
smaller than 1 μm, while Yang et al. measured particles smaller than 3 
μm. To account for this, this study used data from Yang et al. for particles 
smaller than 3 μm. The respiratory droplets are initially wet by nature. 
Then they would evaporate and finally become “droplet nuclei”, which 
can remain airborne for long periods of time and spread widely 
following the airflow pattern [31]. Many investigations [33,34] have 
studied the process of droplet evaporation into droplet nuclei. Previous 
investigation [35] has found that droplets smaller than 30 μm did not 
significantly evaporate while large droplets were prone to settling and 
difficult to inhale. Therefore, this study did not take into account droplet 
evaporation. It was important to note that the particle sizes provided by 

Chao et al. [31] were wet droplets. This investigation further converted 
the wet droplet sizes into dry particles according to Nicas et al. [36]. 
Table 2 summarized the cough-generated particle sizes and numbers by 
Chao et al. [31] and Yang et al. [32]. Chao et al. [31] used interfero
metric Mie imaging to measure the droplet size in close proximity to the 
mouth to avoid air sampling losses. Eleven volunteers were asked to 
cough 50 times during the test. The average droplet number count per 
person was summarized in their investigation which can be assumed 
typical. This investigation assumed that the infected person only 
coughed once during the entire 120-s elevator ride. The coughing 
occurred at 0.5 s, which was at the beginning of the 120-s ride. There
fore, the particles were emitted from the infected person’s mouth at 0.5s. 

The virus load, the amount of virus in the droplets, was a key factor 
in determining the relative contribution of SARS-COV-2 transmission. 
This investigation used the following equation to calculate the virus load 
Nd in droplets of different diameter d: 

Fig. 1. Geometry model of the elevator and persons: (a) standing posture of scenario I – all persons facing the elevator door, (b) standing posture of scenario II – all 
persons standing against the walls, (c) different source locations and infected person. 

Table 1 
An overview of the case design used in this study.  

Case Ventilation 
rate (ACH) 

Flow 
rate 
(m3/s) 

Infected 
person 
location 

Standing 
posture 
scenario 

Protection 

1 3 0.007 A I None 
2 3 0.007 A II None 
3 3 0.007 C I None 
4 3 0.007 C II None 
5 3 0.007 D II None 

6 30 0.069 A I None 
7 30 0.069 A II None 
8 30 0.069 C I None 
9 30 0.069 C II None 
10 30 0.069 D II None 

11 3 0.007 A II Surgical 
Mask 

12 3 0.007 C II Surgical 
Mask 

13 3 0.007 D II Surgical 
Mask  

Table 2 
Size distribution and the number of virus copies in the droplet’s nuclei by 
coughing.  

Diameter (μ m) Number of droplets [31,32] Number of virus copies [38–40] 

0.75 140,000 0.43 
1.32 71 5 
2.64 974 41 
5.28 362 80 
8.8 119 370 
12.32 44 1 
15.84 42 3 
19.8 36 6 
27.5 36 15 
38.5 25 42 
49.5 30 89 
60.5 28 163 
77 78 337 
99 44 716 
165 37 3313 
330 25 26,507  
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Nd = Cd ×
πd3

6
(1)  

where d refers to the diameter of the wet droplet, Cd is the corresponding 
viral concentration. Johnson et al. [37] found that droplets larger than 
20 μm mainly originated from the mouth. While those smaller than 20 
μm came mainly from the respiratory tract. Recent research [38,39] has 
revealed the viral concentration in saliva and sputum. Generally, the 
saliva comes from the mouth, and sputum from the respiratory tract. 
Consequently, droplets larger than 20 μm were found to have a viral 
concentration of 1.2 × 108 copies/mL, while those smaller than 20 μm 
had a viral concentration of 1.34 × 1011 copies/mL. This investigation 
further calibrated the viral concentration for droplets less than 20 μm 
based on the data from Lindsley et al. [40]. The authors found that 35% 
of the viral concentration was in droplets smaller than 4 μm, 23% was in 
particles from 1 to 4 μm, and 42% was in particles smaller than 1 μm. 
This investigation calibrated the viral load by keeping the same amount 
of total virus concentration for small particles <20 μ m. The calculated 
viral copies are also consistent with previous investigations [24,41]. 
Table 2 summarizes the number of virus copies in the droplet’s nuclei 
due to coughing. 

Simulating how particles transmitted in an elevator required not 
only accurate information about the amount of virus present but also the 
thermal fluid characteristics from the persons. This investigation used 
the flow characteristics of coughing and breathing from Gupta et al. [42, 
43]. Fig. 2(a) and Fig. 2(b) show the air velocity profile and the jet di
rection by coughing. Fig. 2(b) shows the change in airflow when the 
persons started breathing through the nose according to [42]. In reality, 
all the persons would breathe differently. Therefore, this investigation 
used different patterns of asynchronous breathing for each person. 
Gupta et al. [42] conducted measurements to obtain the breathing flow 
rate, flow direction, and area of mouth/nose opening and developed the 
equations to express the breathing flow rate. This investigation used the 

same equations as Gupta et al. [42] to generate random amplitude and 
frequency of the breathing sine wave. Fig. 2(b) depicts the random 
patterns of breathing air velocity assigned to each person’s nose. The 
mouth of the infected person was assigned for coughing, while the nose 
was assigned for breathing. For the other individuals who only breathed, 
their mouths were assumed to be closed, and only their nose breathing 
airflow was simulated. The effect of wearing masks on particle trans
mission was also simulated, where the mask significantly reduced the 
coughing velocity and filtered the cough-generated particles. Due to the 
complexity of the simulation model, a simplified method was used to 
represent the mask’s blocking effect. The coughing velocity and particle 
droplets after passing through the mask were directly assigned as 
boundary conditions for the person’s mouth. The velocity of coughing 
with a surgical mask can be described as two jets with upward and 
forward directions according to Chen et al. [44], as shown in Fig. 2(c). A 
filtration efficiency from Pan et al. [45] was applied to the 
cough-generated particles. The filtration efficiencies for particle sizes of 
0.75 μm, 1.32 μm, 2.64 μm, and 5.28 μm were 67.3%, 73.0%, 78.0%, 
and 93.0%, respectively. All particles larger than 5.28 μm were filtered. 
When particles reached the nose of each person, the particles were 
inhaled by the corresponding person when the breathing status is 
inhaling. The accumulated virus copies inhaled by each fellow person by 
breathing could be sampled through the nose of each person along time. 
This investigation adopted the accumulated inhaled virus dose inhaled 
over time to assess the infection risk for the susceptible persons. 

Table 3 lists the boundary conditions for Case 1. The airflow rate was 
0.007 m3/s. The air coming into the elevator had a velocity of 0.02 m/s 
and a temperature of 28 ◦C. The air flows into the elevator perpendicular 
to the inlet surface. The surface temperature of the persons, who were 
dressed, was measured at 31 ◦C [46]. The elevator walls were treated as 
adiabatic. For particle boundary conditions, the size distribution and 
number of particles due to coughing can be found in Table 2. The trap 
boundary was used for all the walls, which presumed no particle 

Fig. 2. The fluid boundary conditions: (a) coughing velocity produced by the infected person [43]; (b) the coughing jet direction, there was a downward angle based 
on Gupta et al. [43]; (c) the air velocity of asynchronous breathing distributions [42] assigned at the nose of each person. For subsequent times, it was assumed that 
breathing would fluctuate periodically; (d) coughing velocity with wearing a mask. 
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re-suspension. Therefore, particles would be deemed trapped once reach 
a wall surface. The particle’s trajectory would end when it reached the 
outlet and left the computational domain, which was considered to be 
the escape boundary. Note that elevators usually accelerate or decel
erate within a distance of one floor and reach their rated speed [47]. 
Since the acceleration or deceleration time is relatively short, it has been 
disregarded in this investigation. 

2.3. Calculation of accumulated virus dose 

In this study, the following equation was used to determine the 
number of SARS-CoV-2 droplets inhaled by susceptible persons: 

Dose=
∫ T

0

∑

d
Nd dt  

where Nd is the number of virus loads with a diameter of d inhaled by a 
susceptible person, t is time in s, and T is the length of duration in the 
elevator. According to Prentiss et al. [48], it took roughly 300–2000 
virus copies to cause an infection. For Omicron variant, the susceptible 
persons would be infected if they inhaled over 400 virus copies [49]. 

2.4. Numerical procedure 

We first ran steady state simulation for airflow distribution in the 
elevator where the mouths and noses of all persons were closed. Then we 
moved to transient simulation for coughing and breathing by using the 
steady state airflow as the initial airflow conditions. In this study, the 
RNG k-ε model [50] was used in ANSYS Fluent version 2021 to calculate 
the airflow and temperature fields in the elevator, which has been found 
to be more appropriate for indoor airflow than other RANS models [12, 
51]. The standard form of the governing equations is shown as: 

∂(ρΦ)

∂t
+ ρui

∂Φ
∂xi

−
∂

∂xi

[

Γφ,eff
∂Φ
∂xi

]

= SΦ (2)  

where Φ is the solving variables, i.e., velocity, temperature, and tur
bulence parameters namely turbulent kinetic energy and the dissipation 
rate of the turbulent kinetic energy; Γφ,eff the effective diffusion coeffi
cient, and SΦ the source term of an equation; ui and xi denote the 
directional components for velocity and space coordinates, respectively 
[52,53]. The governing transport equations were discretized by means 
of the finite volume method. The SIMPLE algorithm was used to solve 
the Navier-Stokes equations. The convection and viscous terms of the 
governing equations were solved using a second-order discretization 
scheme. Furthermore, Boussinesq model was used to take into account 
the changes in air density. The solution was considered to have 
converged when the normalized residuals for all independent parame
ters were below 10− 4. 

After determining the airflow pattern, this study used the Lagrangian 
method to calculate the trajectory of each particle by coughing based on 
Newton’s law. This method could allow for the consideration of each 

particle individually and the forces between fluid and particles as 

md
dud
̅→

dt
= FG
̅→

+ FD
̅→ (3)  

FG
̅→

=
πd3

d

6
(ρd − ρ) (4)  

FD
̅→

=
CD

2
πd2

d

4
ρ|ud
→− u→|(ud

→− u→)
/

Cc (5)  

where dp particle diameter, up
→ particle velocity vector, u→ air velocity 

vector, g gravitational acceleration vector, ρp particle density, ρ air 
density, and Cc the Cunningham correction factor [54], and CD the drag 
coefficient. The CD is expressed as: 

CD = a1 +
a2

Red
+

a3

Re2
d

(6)  

where a1, a2, a3 are coefficients. They are determined by the droplet 
Reynolds number [55]: 

Red =
|ud
→− u→|dp

υ (7)  

where υ is kinematic viscosity. 
To model the turbulent dispersion of the particles, this investigation 

used the discrete random walk (DRW) model [56], which was one of the 
most widely used models for simulating particle dispersion in a turbu
lent flow. Note that there are 140,000 droplets with the size less than 1 
μm and only 1950 droplets with the size larger than 1 μm, as Table 2 
shows. The large quantitative differences would easily skew the simu
lation results. To accurately calculate the number of droplets and save 
on computational resources, two separate simulations were run: one for 
droplets smaller than 1 μm and one for droplets larger than 1 μm. In the 
simulation for smaller droplets, 140,000 particles were released into the 
cab from the infected person. To ensure accuracy in the simulation for 
larger droplets, 1950 × 100 particles were released into the cab where 
1950 was the actual particle number emitted from the coughing, as 
shown in Table 2. This is because the DRW model used the stochastic 
method to simulate the turbulent dispersion of the particles. When the 
particle number is too small, the simulated results may not be accurate. 
To improve the accuracy, one solution is to repeat the simulation for 
several runs and further calculate the average particle concentration by 
using the simulated results. Another method is to increase the emitting 
particle number to meet the statistical criterion. Zhang et al. [57] have 
compared these two methods and found that by gradually increasing the 
particle number, the solution became more stable. Therefore, this 
investigation emitted 1950 × 100 particles from the coughing. The 
simulated virus copies were then scaled by 0.01 times to maintain the 
actual particle source. Finally, the results of the simulated inhaled virus 
copies for each person from both simulations were then added together 
to get the final results. The particle size distribution larger than 1 μm was 
set using the “DPM injections from file”, where the particle diameter and 
particle number were listed according to Tables 2 and in Ansys Fluent. 

This study used the ANSYS meshing tool to create a tetrahedral grid 
for the complex geometric structures of the elevator and riders in all the 
cases. We conducted a grid independence analysis by comparing three 
different grid sizes with different total grid cell numbers, including a fine 
mesh (5.5 million), medium mesh (2.01 million), and coarse mesh (0.99 
million). Fig. 3 compares the air velocity and temperature with different 
meshes. The results showed that using the medium and fine meshes 
produced similar results. Further refinements of the meshes contributed 
to a negligible difference in the velocity and temperature profiles with 
an average relative error within 5%. So, the medium mesh was chosen 
for the subsequent simulations. Fig. 4 shows the grid distribution used in 
the elevator and the mesh near the mouth and nose of the person. The 
grid sizes at the mouth, nose, human body, ceiling inlet, floor outlet, and 

Table 3 
Boundary conditions used for all considered cases.  

Boundary Type Conditions Particle 

Human body Non-slip 
wall 

Temperature of 31 ◦C [46] Trap 

Elevator walls/ 
ceiling/floor 

Non-slip 
wall 

Adiabatic Trap 

Inlet Velocity- 
inlet 

Supply velocity of 0.02 m/s 
Temperature of 28 ◦C 

Reflect 

Outlet Outflow – Escape 
Mouth and nose of the 

infected person 
Velocity- 
inlet 

User-defined function in Fig. 2 
Temperature of 33 ◦C 

Reflect 

Noses of the other 
persons 

Velocity- 
inlet 

User-defined function in Fig. 2 
(b) Temperature of 33 ◦C 

Escape  
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Fig. 3. Comparison of the air velocity and air temperature with different meshes at two different locations.  

Fig. 4. Grid distribution used in this study: (a) in the elevator, and (b) near the mouth and nose of the person.  

Fig. 5. The configuration of the office chamber and experimental measurement locations used by our previous investigation [58] to validate the CFD model.  
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elevator were 0.0015 m, 0.0015 m, 0.03 m, 0.03 m, 0.0075, and 0.03 m, 
respectively. A grid size function with a growth rate of 1.2 was adopted 
to increase the grid size gradually. 

3. Results 

3.1. Verification of CFD model 

It is essential to assess the accuracy of the CFD model for simulating 
particle transmission. In this study, we first compared the results from 
the CFD model with data from a previous study that measured airflow 
and particle concentration in an office space [58]. Fig. 5 shows the ge
ometry of the office room and the measurement locations. The office 
space used in the previous study had similar airflow dynamics to an 
elevator. Fig. 6 compares the simulated and measured temperature, 
velocity, and particle concentration distributions in the office. The 
maximum differences between the simulated results and measured data 
for temperature, air velocity, and normalized concentration were 1 ◦C, 
0.01 m/s, and 1.0, respectively. This study did not consider the detail of 
the diffusers and some supporting structures were neglected. In addi
tion, there were discrepancies between the simulated geometric model 

and the actual office structures, which could contribute to the differ
ences observed. The results of the comparison shown in Fig. 6 indicated 
that the CFD model reasonably predicted the airflow and particle con
centration in the office space, validating the method used in this 
investigation. 

3.2. Simulation results of case 1 

This subsection presents the results of simulating the spread of virus- 
laden particles caused by a single cough in an elevator (Case 1) using the 
verified CFD model. The results in Fig. 7 illustrate the temporal distri
bution of particles expelled by the infected person A (person in purple 
color). The figures show that large particles tend to deposit in the 
proximity of the infected person due to the large inertial force and 
airflow pattern. While smaller particles were transported by the airflow 
in the elevator. Additionally, Fig. 8 demonstrates that the particles tend 
to travel upwards due to the thermal plume formed by the people in the 
elevator, and that the particles eventually reach the breathing zone of 
person D at 20 s. The figures also show that the particles were mainly 
concentrated on the left side of the elevator for the first 60 s, then moved 
to the other side of the cab. This is because the air distribution inside the 

Fig. 6. Comparison of measured and calculated air temperature, velocity, and particle concentration in an office room at different measurement points. (C* the 
measured normalized particle concentration (C - Csupply)/(Cexhaust - Csupply)). 
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elevator was nearly symmetric in this case, as shown in Fig. 8. Two 
vortexes were formed on the upper part of the persons and some parti
cles were still suspended in the air inside the elevator at 120 s. More 
detailed information on airflow distributions in the elevator of Case 1 
over time can be found in Fig. A1 in Appendix I. 

Fig. 9 shows the accumulated number of virus copies inhaled by each 
person in the baseline case. The results show that the inhaled virus dose 
for person D was the highest, as this person was standing in front of the 
infected person and the airflow brought particles into the breathing zone 
before being discharged through the exhausts near the floor of the 
elevator. The inhaled number of virus copies for person D during the 2- 
min elevator ride was 438, which may result in infection. While the 
inhaled number of virus copies for the other three persons was less than 
50. Note that according to Fig. 9, there appears a nearly horizontal line 
between two ascending sections of the time series of the number of 
inhaled viruses. This is because this investigation sampled the particle 
number inhaled from the nose of the susceptible persons. While each 
breathing cycle can be divided into inhalation and exhalation. When 
exhaling, people are not inhaling any particles. As a result, the cumu
lative number of viruses inhaled will remain constant during this time. 

3.3. Impact of source locations and standing positions on inhaled virus 
load 

Our study examined various postures and positions that people may 
stand while in an elevator, including two postures and three different 
source locations. The results and analysis of cases 2 to 5 are presented in 
this section. 

Fig. 10(a) illustrates the number of virus copies inhaled by each 
person in Case 2, where only the standing postures of D and E were 

altered. The other boundary conditions were identical to those in Case 1. 
Unlike Case 1, the particles initially reached the breathing zone of 
person C before person D, due to the significant impact of the changes in 
the standing postures of D and E on the airflow within the elevator. 
Before the time of 50 s, person C had the highest accumulated dose due 
to their proximity to the infected person. However, over the 2-min 
duration of the ride, person D inhaled the most virus copies with a 
total of 587, as many particles initially traveled upward before 
descending to the breathing zone of that person. 

Fig. 10(b) displays the amount of virus copies inhaled by each person 
in both Case 3 and Case 4, where person C was designated as the infected 
person. The solid and dashed lines represent the results for standing 
postures I and II, respectively. Compared to Case 1, the number of virus 
copies inhaled by person E greatly increased in Case 3. This was because 
when the infected person stands in position C, the particles generated by 
coughing travel upward due to the thermal plume before descending 
with the airflow. When comparing Cases 3 and 4, it is shown that the 
number of inhaled particles in standing posture I was greater than that of 
standing posture II. This was because the downward airflow created by 
the inlet suppressed the upward dispersion of the particles. The highest 
number of inhaled virus copies for Cases 3 and 4 were 567 and 237, 
respectively. According to Fig. 10(b), although persons D and E are 
positioned similarly relative to person C, they did not inhale the same 
virus. This is because the breathing curves for them are not exactly the 
same, as shown in Fig. 2(b). In addition, the turbulent dispersion of 
particles was modeled using the discrete random walk method, which 
may introduce inaccuracies due to the random fluctuations of computed 
concentrations [59]. 

Fig. 10(c) illustrates the amount of virus copies inhaled by each 
person in Case 5. When the standing postures of person D and person E 

Fig. 7. Distributions of virus-laden particles expelled from a single cough in the elevator of Case 1 over time.  
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were altered, the downward airflow from the inlet on top of person D 
and E inclined towards person C because there was less resistance be
tween person D and E compared to standing posture I. As a result, par
ticles were more likely to spread into the breathing zone of person C. 
Person C inhaled the largest amount of virus copies with a total of 1186. 

Fig. 11 compares the air velocity distributions of different cases with 
3 ACH. Fig. 11(a) depicts the velocity distributions in the elevator of 
Case 2. It demonstrates that the airflow distributions were almost 
symmetrical due to the geometry symmetry. Two vortexes were formed 
on the upper part of the person. However, the airflow distributions on 
the lower part of the elevator were significantly affected by persons D 
and E. Their shoulders blocked the downward airflow and caused the 
flow direction to change, forming two vortexes on the lower part of the 
elevator. Fig. 11(b) depicts the velocity distributions in the elevator of 
Case 3. Here, the thermal plume generated from the persons and the 
downward airflow from the inlets caused two vortexes on the upper part 
of the elevator. The airflow distributions were similar to those of Case 1 
with the same standing postures. This is because the difference in par
ticle information and cough-generated airflow boundary conditions at 
the noses of different persons would not essentially change the airflow 
pattern due to the short coughing time. Fig. 11(c) and (d) demonstrate 
the velocity distributions in the elevator of Case 4 and Case 5, which 
were similar to those of Case 2. 

3.4. Impact of ventilation rates on inhaled virus load 

The amount of air that was ventilated into an elevator could vary 
depending on the type of ventilation system. The baseline case in this 
study used a ventilation rate of 0.007 m3/s (3 ACH). This investigation 
also compared another flow rate of 0.069 m3/s (30 ACH), which was 
equivalent to mechanical ventilation. Table 4 summarizes the amount of 
inhaled virus copies for each person in various cases. Generally, as the 

ventilation rate increased, the average inhaled virus copies for other 
persons decreased, as Case 7–10 showed. However, in Case 6 when the 
infected person stood in position A with standing posture I, the inhaled 
virus copies for persons in the 30 ACH scenario were higher than that of 

Fig. 8. Velocity distributions in the elevator of Case 1 at t = 120 s: (a) airflow in the surface across infected person A and person D, (b) airflow in the surface across 
persons D and E. 

Fig. 9. Accumulated dose for each person in Case 1.  

Fig. 10. Comparison of the accumulated inhaled virus in different cases for 
3 ACH. 
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the 3 ACH scenario. This was because the larger momentum of air from 
the inlet causes particles to travel more quickly to the breathing zones of 
other persons. As shown in Fig. 12(a), some particles have reached the 
floor in front of person D at t = 20s, while in Case 1, particles only 
reached the head region of person D at the same time, as shown in Fig. 7. 

Additionally, the supply air went down to the floor first and then went 
upward in front of person A for Case 6, as shown in Fig. 13(a). The high 
air velocity blew particles away, resulting in an increase in inhaled virus 
copies for the susceptible persons of Case 6 compared to Case 1. The 
highest inhaled virus copies for Case 6 were 509. 

Fig. 11. Velocity distributions in the elevator of different cases for 3 ACH at t = 120 s: Case 2 to Case 5. (The green surfaces show the positions of the vectors.). (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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In Case 7, the inhaled virus copies of person C decreased significantly 
compared to Case 2. This was because the air velocity around person C 
was smaller, causing particles to more easily concentrate in the 
breathing zone in Case 2. As shown in Fig. 12(b), at t = 20s and t = 40s, 
there were fewer particles in the breathing zone of person C compared to 
Case 2. The inhaled virus copies for other persons also decreased due to 
the increased ventilation rate. 

In Case 8 and Case 9, the increased airflow rate caused a decrease in 
the number of inhaled virus copies for persons D and E. However, for 
other persons standing behind the infected person, the number of 
inhaled virus copies may increase. This was because the higher air ve
locity in the elevator, as shown in Fig. 12(c) and (d), with the 30 ACH 
scenario, caused the particles to spread farther compared to the smaller 
airflow rate of 3 ACH. 

Fig. 12(e) shows the particle distribution in the elevator for Case 10. 
Similarly, the particles were dispersed over a larger area in Case 10 
compared to Case 5. A higher ventilation rate could reduce the con
centration of particles more quickly, but it also caused the particles to 
spread further. Thus, it may lead to an increase in the number of inhaled 
virus copies for other persons. 

Table 4 summarizes the inhaled virus copies for each person in 
different cases. In general, using mechanical ventilation with a flow rate 
of 30 ACH reduced the risk of infection of COVID-19 in an elevator. The 
highest number of inhaled virus copies for 3 ACH scenarios was between 
237 and 1186, while for 30 ACH scenarios, the highest number was 
between 153 and 509. More detailed information on inhaled virus copies 
over time for each person in Cases 6 to 10 can be found in the Appendix. 

Fig. 13 compares the air velocity distributions of different cases with 
30 ACH. Fig. 13(a) depicts the velocity distributions in the elevator of 
Case 6. The air velocity in the elevator was higher than that of Case 1, as 
shown in Fig. 8. The downward airflow from the inlets reaches the floor 
without forming any vortexes on the upper part of the elevator due to 
the large air momentum. Fig. 13(b) shows the velocity distributions in 
the elevator of Case 7. The airflow distribution was similar to that of 
Case 2 but with larger air velocities. Moreover, Case 8 was almost the 
same as Case 3; and Cases 9 and 10 were nearly the same as Cases 4 and 
5, respectively. The major difference was that the air velocity for 30 ACH 
was larger than that of 3 ACH. The air velocity in the breathing zone for 
3 and 30 ACH was around 0.08 m/s and 0.15 m/s, respectively. With 30 
ACH, the downward airflow from the inlets could reach the floor. Some 
of the air was exhausted from the outlets while some others bounced 
upward to the breathing zone. This resulted in a significant decrease in 
air velocity due to the hitting effect. 

3.5. Impact of wearing masks on inhaled virus load 

We also investigated the impact of wearing masks on inhaled virus 
load, as people may wear masks in the elevator. The results of cases 11 to 
13 showed that wearing masks can effectively reduce the infection risk 
of COVID-19 in the elevator. Fig. 14 shows the accumulated number of 
virus copies inhaled by each person in the cases of coughing while 

wearing a mask, which exhibited the same trend as the cases without 
masks in Fig. 10. However, thanks to the filtering of large particles and 
the suppressed coughing velocities, the number of inhaled virus copies 
for susceptible persons was much lower than the no mask cases. Table 5 
summarizes the inhaled virus copies for each person of cases with and 
without wearing masks, showing that the highest number of inhaled 
copies can be effectively reduced from 237 to 1186 to 74 to 155 when 
wearing surgical masks. Our investigation found that wearing masks 
properly by the infected person can reduce the inhaled virus copies by 
70%–90%, which is consistent with the previous investigation [26]. One 
can use the reduction efficiency scaling to estimate the number of 
inhaled viruses for other scenarios. 

3.6. Impact of different riding time on inhaled virus load 

This study simulated a 120-s elevator ride. In reality, people may stay 
in the elevators for varying durations. Therefore, we further calculated 
the inhaled virus copies for each person with shorter rides of 30 s and 60 
s, as shown in Table 6. We found that only person C in Case 5 may be at 
risk of infection if the riding time was less than 60 s. Note that according 
to [60], different virus variants such as Alpha, Delta, and Omicron may 
shed more viral RNA copies into exhaled aerosols than other variants, 
making the number of virus copies required for infection dependent on 
the virus subtype. Additionally, this investigation assumed the infected 
person coughed once. Whereas in reality, the infected person may cough 
several times. The simulated results can be overlaid multiple times to 
estimate the inhaled virus copies for multiple coughing [61]. 

4. Discussions 

This study used a uniform manikin model for all the persons to es
timate the risk of COVID-19 infection. Future studies should take into 
account the diversity of persons in terms of gender, age, height, and 
weight. Additionally, this study only considered two standing postures 
and three different source locations due to limitations in computing 
resources. Additional scenarios should be explored in future studies, 
such as the impact of different social distancing measures and the facing 
positions of people with varying loading capacities. Moreover, the 
standing positions may be random rather than symmetrical in the cab. 
Previous investigations [62,63] have found that the asymmetric geom
etry may lead to asymmetric airflow and the cross-transport of pollut
ants. Therefore, future investigations should examine the influence of 
different random standing postures on airflow and particle transmission. 
This study assumed that only the infected person was wearing a surgical 
mask in the elevator, and the infection risk could be significantly 
reduced. When all persons wore surgical masks, the inhaled dose could 
be further reduced [45]. Previous research [29,64] has also shown that 
wearing masks could effectively reduce the risk of infection. Therefore, 
it is recommended to wear a mask in elevators for protection against 
COVID-19. 

This investigation assumed that the elevator cab was clean when the 
simulation started. However, in reality, particles can settle on various 
surfaces in the elevator, including the person in front of the infected 
person, the floor, the elevator buttons and the walls, as Fig. 15 depicts. 
Additionally, some particles may remain suspended in the air in the 
elevator. Since elevators are frequently used in buildings, it is possible 
that the cab may contain the COVID-19 virus for long time. Further 
research is needed to answer the questions: if elevator cabs should be 
sanitized before each ride, and if air purification systems should be 
installed. Additionally, more research should be done to understand the 
risk of infection through contact with surfaces [65]. 

This investigation utilized a mixing ventilation system that bring in 
air from the ceiling perimeter of the elevator which affected the spread 
of COVID-19. The results in Section 3.4 showed that increasing the 
ventilation rate did not always decrease the risk of infection propor
tionally, and in some cases, it even increased the risk due to uneven 

Table 4 
Summary of the inhaled virus copies for each person in different cases. (Ave. 
Means the average value of four susceptible persons.)  

Case ACH Infected person A B C D E Ave. 

1 3 A 0 7 46 438 24 129 
2 3 A 0 11 433 587 44 269 
3 3 C 39 61 0 567 408 269 
4 3 C 76 56 0 237 170 135 
5 3 D 84 72 1186 0 190 383 

6 30 A 0 11 111 509 38 167 
7 30 A 0 11 79 438 21 137 
8 30 C 63 57 0 381 362 216 
9 30 C 142 84 0 153 106 121 
10 30 D 170 50 476 0 87 196  
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Fig. 12. Distributions of droplet nuclei and air velocity in different cases: Case 6 to Case 10.  
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particle distribution. The mixing ventilation system is not suitable for 
elevators unless higher ventilation rates were implemented. This study 
only compared two different ventilation rates. It may be possible to test 
cases with much higher ventilation rates in the future. Previous research 
has shown that the direction of air supply can impact particle trans
mission in an elevator cab [24,25]. We suggest that more research is 
needed to determine the best ventilation system design to decrease the 
risk of infection [66], as well as to consider factors such as the direction 
of air supply and when the infected person coughs during the ride. 

This investigation used the particular spectrum as the source infor
mation to conduct the CFD simulation. There are several investigations 

[67,68] that provide information on particle size and number in cough. 
Using different particular spectrum may result in different simulated 
outcomes, which should be further investigated. In addition, this study 
calculated the number of virus copies that each person in the elevator 
would inhale under different scenarios. We used a model that took into 
account the number of particles inhaled and the virus load on those 
particles. However, it should be noted that this model assumed that all 
inhaled particles were biologically active and able to transmit the virus, 
which may not be entirely accurate. This simplification is commonly 

Fig. 13. Velocity distributions in the elevator of different cases for 30 ACH at t 
= 120 s: Case 6 to Case 10. 

Fig. 14. Comparison of the accumulated inhaled virus in the mask covered 
coughing case: Case 11 to Case 13. 

Table 5 
Summary of the inhaled virus copies for each person in cases with and without 
masks. (Ave. Means the average value of four susceptible persons.)  

Mask Case ACH A B C D E Ave. 

None 2 3 0 11 433 587 44 269 
4 3 76 56 0 237 170 135 
5 3 84 72 1186 0 190 383 

Surgical mask 11 3 0 0 28 74 0 26 
12 3 0 3 0 82 75 40 
13 3 8 1 155 0 33 39  
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used because modeling and predicting the biology of transmission is 
challenging. More research is needed to better understand the role of 
particle biology and environmental factors in the transmission and 
infection risk of COVID-19 [69]. 

5. Conclusions 

In this study, the validated CFD model was employed to investigate 
the potential transmission of COVID-19 through coughing in an elevator. 
We computed the number of virus particles inhaled by susceptible per
sons during a 2-min ride in the elevator. The study led to the following 
conclusions.  

• For the baseline base, the virus particles reached the breathing zone 
of person D at 20 s. This person inhaled 438 virus copies during a 2- 
min elevator ride, which could result in infection. On the other hand, 
the number of virus copies inhaled by the remaining three persons 
was less than 50, which may not lead to infection.  

• The results revealed that the position of the source and the standing 
posture significantly impacted the spread of particles in the elevator. 
In both standing postures, the person standing in front of or beside 
the infected person was found to inhale the highest number of virus 
copies, which could reach 1186 during a 2-min elevator ride.  

• The study evaluated the effect of various ventilation rates on the risk 
of infection. The results showed that using a mechanical ventilation 
system with a flow rate of 30 air ACH reduced the COVID-19 trans
mission in the elevator. In 3 ACH scenarios, the highest number of 
inhaled virus copies ranged from 237 to 1186, while in the 30 ACH 
scenarios, the highest number was reduced to 153 to 509.  

• The study investigated the impact of wearing surgical masks on the 
risk of infection. In 3 ACH scenarios with standing posture II, 
wearing surgical masks was found to reduce the highest number of 
inhaled virus copies to 74 to 155. 
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Table 6 
Summary of the inhaled virus copies by each person in different cases for 
different riding times.  

Riding time Case ACH Infected person A B C D E 

30s 1 3 A 0 0 5 34 0 
2 3 A 0 0 146 14 0 
3 3 C 0 0 0 1 1 
4 3 C 0 0 0 1 1 
5 3 D 0 0 812 0 1 

6 30 A 0 0 0 126 0 
7 30 A 0 0 5 17 0 
8 30 C 0 0 0 131 111 
9 30 C 0 0 0 16 5 
10 30 D 0 0 66 0 3 

11 3 A 0 0 0 0 0 
12 3 C 0 0 0 4 4 
13 3 D 0 0 34 0 0 

60s 1 3 A 0 3 6 240 7 
2 3 A 0 0 247 312 20 
3 3 C 9 7 0 82 57 
4 3 C 10 6 0 81 55 
5 3 D 9 9 985 0 144 

6 30 A 0 0 17 370 12 
7 30 A 0 0 13 266 6 
8 30 C 23 9 0 239 225 
9 30 C 63 34 0 60 35 
10 30 D 68 8 275 0 21 

11 3 A 0 0 6 35 0 
12 3 C 0 0 0 45 41 
13 3 D 1 0 81 0 8  

Fig. 15. Particle number deposition on different surfaces in the elevator (Left: 
front view; Right: back view. Person A is the infected person). 
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Appendix I. The airflow distributions in the elevator of Case 1 over time

Fig. A1. The airflow distributions in the elevator of Case 1 over time: (a) airflow in the surface across infected person A and person D, (b) airflow in the surface across 
persons D and E. 

Appendix II. The accumulated inhaled virus for each person of Case 6 to Case 10  
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Fig. A2. Number of virus copies inhaled by each person in different cases with different ventilation rates.   
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