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ABSTRACT
The impact of air ventilation systems on airborne virus transmission (AVT), and aerosols in general, in confined spaces is not yet understood.
The recent pandemic has made it crucial to understand the limitations of ventilation systems regarding AVT. We consider an elevator as a
prototypical example of a confined space and show how ventilation designs alone, regardless of cooling or heating, contribute to AVT. Air
circulation effects are investigated through multiphase computational fluid dynamics, and the performance of an air purifier in an elevator
for reducing AVT is assessed. We have investigated three different flow scenarios regarding the position and operation of inlets and outlets in
the elevator and a fourth scenario that includes the operation of the air purifier. The position of the inlets and outlets significantly influences
the flow circulation and droplet dispersion. An air purifier does not eliminate airborne transmission. The droplet dispersion is reduced when
a pair of an inlet and an outlet is implemented. The overall practical conclusion is that the placement and design of the air purifier and
ventilation systems significantly affect the droplet dispersion and AVT. Thus, engineering designs of such systems must take into account the
flow dynamics in the confined space the systems will be installed.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0038180., s

I. INTRODUCTION

The COVID-19 pandemic1 is one of the most significant world-
wide health and financial crises in modern history and has been
causing the death of millions of people around the globe. Respiratory
droplet transmission is considered as one of the most critical mech-
anisms responsible for the rapid spread and continued circulation of
COVID-19 in humans.2 When an infected person breathes, coughs,
or sneezes, thousands of contaminated saliva droplets are expelled3–5

into the surrounding environment.6 Recently, the authors7–9 devel-
oped a multiphase fluid dynamics modeling and simulation method
and applied it to different airborne transmission conditions. Using
new unsteady heat transfer models for the contaminated droplet
evaporation, we showed that depending on environmental condi-
tions, human saliva-disease-carrier droplets could travel unexpected
considerable distances, which also depend on the environmental
conditions. We also examined the effects of masks and derived
new efficiency laws. Note that we use the term airborne virus

transmission (AVT) in a more general context covering airborne
transmission and aerosols.

Aerosol transport indoors relevant to virus transmission is
an emerging topic of research. Abuhegazy et al.10 conducted a
numerical investigation of aerosol transport in a classroom with
relevance to COVID-19. They investigated different scenarios of
the window openings and students’ configurations on the fluid
physics of airborne particles. In closed spaces,11–14 the flow physics
induced by ventilation systems should be expected to influence
the risk of airborne virus transmission (AVT).15–17 Equally, the
specific details of the virus structure are crucial.18 Bhagat et al.13

investigated the role of building ventilation on the fluid mechan-
ics of airborne particles indoors. They indicated that indoor trans-
mission of the virus far outstripped outdoor transmission and
explained that this is possibly due to longer exposure times and
less turbulence indoors. Rijn et al.19 also investigated the reduc-
tion of aerosol transmission of COVID-19 in hospital elevators
experimentally.
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Forced ventilation is critical in confined and relatively small
indoor spaces. Many elevators are installed in buildings without
air conditioning systems. Furthermore, in tropical and subtropical
regions, we know that air quality can deteriorate rapidly. Smith20

showed experimentally how air quality in an elevator could be mon-
itored during entrapment inside it. In 30 min without ventilation, air
quality degraded to levels that are unhealthy according to the occu-
pational health authorities. Hence, even a single person trapped for a
short time is at significant risk. Therefore, appropriate forced venti-
lation is an essential tool. The influence of air circulation on airborne
virus transmission is neither yet fully understood nor quantified.
The recent pandemic reinforces the need to understand better the
physical interaction between forced ventilation (or air circulation)
and AVT in confined spaces. Some studies recently emerged link-
ing air ventilation and indoor air purifier systems and their effect on
AVT reduction.10,13,15,16,21 Elevator manufacturers have considered
air purifiers22,23 as an ideal solution. However, the systems have not
been designed for reducing AVT.

Air filtration has been a topic of research and development for
many years in different applications.24,25 It attracted more atten-
tion recently for reducing airborne viruses, germs, and bacteria. The
available air purifiers usually comprise 1.5 kg small equipment (30
× 15 × 6.6 cm3) that contains ultraviolet radiation (wholly enclosed
UV photocatalyst) and an internal air intake/exhaust fan (≈60 m3/h).
The contaminated air enters the purifier and leaves it as pure air
free of viruses. Although a few studies dealt with fire propagation in
elevators26–31 and energy consumption issues,32 studies on air puri-
fiers in elevators concerning flow circulation in the cabin are scarce.
Shao et al.33 performed a risk assessment of airborne transmission

of COVID-19 by asymptomatic individuals under different practical
settings such as in an elevator, a small classroom, and a supermarket.
However, they studied only a single configuration of a ventilation
system and, most importantly, did not consider the use of an air
purifier inside the elevator.

This paper aims to deepen our understanding of the fluid
dynamics of respiratory droplets in confined spaces with or
without an air purifier. Mechanical air ventilation systems, e.g.,
intake/exhaust fans, are applied in many indoor closed spaces, such
as residential buildings, schools, factories, hospitals, and car parking,
among others, and at different scales, e.g., elevator cabins, cinemas
and theaters, airplanes, and trains, among other applications. For
the first time, we investigate the flow circulation induced by an air
purifier and its effect on AVT. We focus on air ventilation systems
without air conditioning, heating, or cooling34 and AVT inside an
elevator (1.24 × 1 × 2.2 m3) of a maximum capacity of five per-
sons.35,36 Without air conditioning and when an air purifier is not
operational, the ventilation system alone contributes to AVT. We
quantify the effect of air circulation on AVT and show that installing
an air purifier (the same would apply to a sanitizer) inside an elevator
alters the air circulation significantly but does not eliminate airborne
transmission.

II. MODELING AND SIMULATION
We employed the Eulerian–Lagrangian multiphase modeling

with a full coupling between the phases. The numerical solver is the
one developed recently by the authors to account for saliva droplet
dynamics in the presence of heat transfer, turbulence, and other

FIG. 1. Computational domain of a subject (human dummy) inside an elevator’s cabin of a maximum capacity of five persons.35 The subject is considered as a simple
hexahedral cell geometry because the focus is on the main flow circulation inside the cabin away from the subject’s boundary. (a) 3D view showing the 2.2 m height of the
cabin and an air purifier installed at z ≈ 1.9 m above the cabin’s ground (z = 0). (b) Top view illustrating the man’s position and the air purifier. (c) Front view. (d) Hexahedral
3D mesh (≈6 ⋅ 105) cells with mesh refinement near the inlets/outlets and near the subject’s boundary.
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complex phenomena such as evaporation and droplet–droplet inter-
actions. We refer the reader to the previous papers for details,7–9

including the description of the methods for flow, heat transfer,
droplet dynamics, and the associated validation.

The computational domain of a human dummy (subject) inside
an elevator of a maximum capacity of five persons35,36 is shown in
Fig. 1. The subject’s boundary is considered as a simple geometry
because the focus is given to the main flow circulation inside the
cabin away from the subject’s boundary. Figure 1(a) shows a 3D
view of the 2.2 m height of the cabin and an air purifier installed at
z ≈ 1.9 m above the cabin ground (z = 0). Figure 1(b) shows the top
view illustrating the man’s position and the air purifier. Two posi-
tion scenarios (1 and 2) are considered with two respective coughing
source positions: (x = 0, y = 0.41, z = 1.6) m and (x = 0, y = 0.67,
z = 1.6) m. Figure 1(c) shows the front view of the computational
domain, and Fig. 1(d) illustrates the adopted 3D mesh that is made
of ≈6 ⋅ 105 hexahedral cells. Symmetry is imposed at the midplane
x = 0.

Mesh refinement is applied near the inlets and outlets and the
subject’s boundary. Using the grid convergence index (GCI) by Celik
et al.,37 a mesh convergence study is conducted for the fluid flow
velocity U in addition to the analysis of droplets’ distribution in
space and time. Three grids were generated: fine (593 268 cells),

medium (388 010 cells), and coarse (284 850 cells) grids correspond-
ing to refinement factors of r21 = 1.529 and r32 = 1.362. We adopted
the fine mesh based on the results for the GCI index: GCI21 = 0.24%
and GCI32 = 1.17% for the velocity. A detailed example of the results
of the mesh sensitivity analysis is illustrated at t = 6 s in Fig. 2. It
shows the velocity field in the plane z = 1.6 m and the spatial dis-
tribution of the saliva droplets inside the lift. The results using the
medium and the fine mesh are (qualitatively) very similar. The fine
mesh was used in all simulations reported below.

At the mouth position, 1000 saliva droplets (20 mg) are injected
at the time step of t = 1 s at a speed of 1 m/s and over 0.25 s. This
mimics a single mild cough of a person and is in the same order of
magnitude as in the literature.4,5,7,9 We conducted the computations
at the environmental conditions inside the elevator of 20 ○C, 50%
relative humidity, and atmospheric pressure.

The boundary conditions for scenarios A, B, and C given in
Table I correspond to a flow rate of 100 m3/h for the velocity at the
inlets, the pressure condition at the outlets, and the no-slip condition
on the walls. The above-mentioned conditions mimic the mechani-
cal ventilation of a fan on top of the elevator’s ceiling. The boundary
condition for scenario D given in Table I is a cyclic fan boundary
condition with the flow curve illustrated in Fig. 3. We adjusted the
specific flow curve to match the operating flow rate of a natural

FIG. 2. Scenario A—subject position 1.
Mesh sensitivity analysis at t = 6 s. Top
row: velocity magnitude in the plane z
= 1.6 m. Bottom row: distribution of saliva
droplets in space is illustrated in black
after being scaled by a factor of about
250 with respect to their actual size.
Fine mesh: 593 268 cells; medium mesh:
388 010 cells; coarse mesh: 284 850
cells. For the scenario A conditions, see
Table I. Subject position 1 corresponds
to a person who is standing in the eleva-
tor’s cabin such that her/his mouth as a
coughing source is positioned at x = 0 m,
y = 0.41 m, z = 1.6 m.
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TABLE I. All the applied scenarios for the operating conditions in Fig. 4.

Scenario A Inlet Outlet

On 1 1
On 2 2
On 3 3
Off 4 4

Scenario B Inlet Outlet

Off 1 1
On 2 2
On 3 3
Off 4 4

Scenario C Inlet Outlet

On 1 1
Off 2 2
Off 3 3
Off 4 4

Scenario D Inlet Outlet

Off 1 1
Off 2 2
Off 3 3
On 4 4

air purifier, which is in the order of 60 m3/h. This mimics the air
intake at outlet 4 and the air exhaust at inlet 4, shown in Fig. 4. It is
noteworthy that the patch outlet 4 of the purifier is named an out-
let because at this patch, the flow leaves the computational domain,
while it enters it at inlet 4, of course under scenario D given in
Table I.

Recent studies showed how small droplets in poorly ventilated
spaces could significantly contribute to SARS-CoV-2 transmission.38

Our objective in this study is to examine the fluid physics of airborne
CoV contaminated saliva droplets inside an elevator at different sce-
narios of mechanical ventilation (Table I). Our focus is not only to

FIG. 3. The flow curve of the fan integrated inside the sanitizer or air purifier.

FIG. 4. Geometry showing the different inlets and outlets (δz = 3 cm opening)
defined for the 3D computation domain. A subject is standing in the elevator’s
cabin such that his mouth as a coughing source is positioned at x = 0 m, y
= 0.41 m, z = 1.6 m. An air purifier (sanitizer) is attached to the wall at about
1.9 m above the ground of the elevator’s cabin. The air purifier has an air intake
(outlet 4) and an air exhaust (inlet 4) for air circulation at ≈60 m3/h.

study the effect of the forced ventilation design but also to investi-
gate the effect of the integrated fan system in an air purifier on locally
dispersing the droplets inside the lift. This is very important to assess
the risk of AVT in confined spaces under different forced air circu-
lation systems or designs. This will show scientists, engineers, and
the wider public the significance to have an appropriate method of
ventilation that could reduce the risk of AVT. Furthermore, the sim-
ulations aim to inform the regulatory authorities that they need to
upgrade the safety codes of elevators and escalators (e.g., EN 81-
20:2020 and EN 81-50:202039) in terms of forced ventilation to be
adapted to new measures that reduce AVT in elevators.

III. RESULTS AND DISCUSSION
Indicatively, we present the velocity magnitude and tempera-

ture contours for scenario A (Table I) at t = 6 s in Fig. 5. Significant
flow circulation occurs. The temperature is higher near the subject
and tends to the ambient temperature (equilibrium) away from the
subject boundary. Therefore, we should expect that different ven-
tilation arrangements will contribute to the flow circulation and
influence the droplet dynamics.

A. Qualitative analysis
1. Airborne virus transmission without an air purifier

We consider scenario A (Table I) and show the droplet dynam-
ics in Fig. 6 at t = 2.5 s, 5 s, 7.5 s, 10 s, 12.5 s, and 14 s. The air purifier
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FIG. 5. Scenario A–subject position 1.
Top row: an example of the velocity
magnitude at the planes x = 0.25 m,
y = 0.6 m, z = 1.6 m and z = 0.8 m from
left to right, respectively. Bottom row: an
example of the temperature contour field
at the planes x = 0.1 m, y = 0.25 m,
z = 1.6 m and z = 0.8 m from left to
right, respectively. The environment is at
20 ○C and 50% relative humidity.

is off, and a high ventilation rate is applied with three inlets near the
upper ceiling (Fig. 4). A single, mild cough from an infected person
induces dispersion of the contaminated saliva droplets inside the ele-
vator without evaporation for about 10 s. This constitutes a high risk
of AVT as more people may enter the elevator during that period.
The elevator speed may vary between 1 m/s, e.g., small residential
buildings, and 10 m/s, e.g., towers. In a period of 10 s, an elevator
may travel a total distance that can vary between 10 m (≈4 floors)
and 100 m (≈45 floors).35,36 In actuality, an infected person that talks,
laughs, or coughs, without a face mask, will expel a higher number
of saliva droplets, compared to what we considered here for a sin-
gle, mild cough case. Thus, the present scenario is the best possible
scenario regarding droplet dispersion.

For a medium ventilation rate (scenario B, Table I), the droplet
dispersion is still manifested in the elevator (Fig. 7). For example, at
t = 12.5 s, a droplet cloud appears everywhere in front of the infected
person, which increases the risk of AVT for new individuals entering
the lift without wearing a face mask.9,40

For the minimum ventilation rate—scenario C (Table I) with
a single inlet being active—the AVT risk is lower than in scenarios
A and B (Fig. 8). In scenario C, the dispersion of saliva droplets is

limited to 3 s or 4 s only. This is due to reduced flow mixing inside
the elevator when a smaller number of inlets for mechanical venti-
lation (or air intake) are installed. The regulatory authorities should
define the minimum ventilation required depending on the type of
the building.39

Furthermore, we have investigated the influence of the posi-
tion of an infected person inside the lift. The results are presented
in Figs. 12–14 in the Appendix. The forced ventilation system can
contribute significantly to AVT in confined spaces. Thus, one should
take into account the above effects before designing elevator cabins,
residential spaces and lobbies, restaurants, hospitals, and car parks,
among others.

B. Airborne virus transmission using an air purifier
Furthermore, we consider scenario D (Table I), where an air

purifier is in operation. Manufacturers have proposed the use of air
purifiers to reduce the spread of COVID-19 inside elevators. Here,
we do not investigate the physical mechanism inside the air purifier
that deactivates viruses and/or germs, e.g., UV radiation. Instead, we
are interested in the air intake/exhaust integrated system and its role
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FIG. 6. Scenario A—subject position 1.
Top row: front view. Middle row: top view.
Bottom row: side view. Contaminated
saliva droplets are illustrated in black
after being scaled by a factor of 250
with respect to their actual size. Subject
position 1 corresponds to a person who
is standing in the elevator’s cabin such
that her/his mouth as a coughing source
is positioned at x = 0 m, y = 0.41 m,
z = 1.6 m. For the scenario A conditions,
see Table I.

FIG. 7. Scenario B—subject position 1.
Top row: front view. Middle row: top
view. Bottom row: side view. Contam-
inated saliva droplets are illustrated in
black after being scaled by a factor of
about 250 with respect to their actual
size. Subject position 1 corresponds to
a person who is standing in the eleva-
tor’s cabin such that her/his mouth as a
coughing source is positioned at x = 0 m,
y = 0.41 m, z = 1.6 m. For the scenario B
conditions, see Table I.
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FIG. 8. Scenario C—subject position 1.
Top row: front view. Middle row: top
view. Bottom row: side view. Contam-
inated saliva droplets are illustrated in
black after being scaled by a factor of
about 250 with respect to their actual
size. Subject position 1 corresponds to
a person who is standing in the eleva-
tor’s cabin such that her/his mouth as a
coughing source is positioned at x = 0 m,
y = 0.41 m, z = 1.6 m. For the scenario
C conditions, see Table I.

FIG. 9. Scenario D—subject position 1.
Top column: front view. Middle column:
top view. Bottom column: side view. Con-
taminated saliva droplets are illustrated
in black after being scaled by a factor
of about 250 with respect to their actual
size. Subject position 1 corresponds to
a person who is standing in the eleva-
tor’s cabin such that her/his mouth as a
coughing source is positioned at x = 0 m,
y = 0.41 m, z = 1.6 m. For the scenario
D conditions, see Table I.
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in dispersing contaminated saliva droplets in the cabin. The air suc-
tion/ejection effects on AVT are usually ignored by manufacturers
of air purification equipment.

For an air purifier installed and the subject experiencing a mild
cough, we show (Figs. 9 and 10) the droplet transport for scenario
D (Table I) for two different positions of the subject. If the person is
in the middle of the elevator (Fig. 10), the air purifier induces local
dispersion of the saliva droplets for at least 10 s. Moreover, posi-
tioning the subject closer to the air purifier delays the droplet spread
throughout the space. We explain the mechanism by considering the
flow dynamics around the subject. In position 1, the droplet source
is closer to the air purifier. The space between the person and the
cabin wall behind the person is smaller. Due to this, the flow cir-
culation initially takes place at a higher position, a narrower area
both ahead and behind and lateral to the person. Although we con-
sider the least risky scenario, i.e., single, mild cough from a single
person, the results show that AVT is still significant due to flow
circulation. Comparing scenarios C and D, it shows that installing
an air purifier may increase the droplet spread. The above effect
increases when more infected persons enter the elevator. Thus, the
air purifier design must be optimal for reducing flow circulation.
Furthermore, we should allow a smaller number of people being in
an elevator to minimize the droplet spread and its impact on each
subject.

C. Quantitative analysis of airborne
virus transmission

We performed a quantitative analysis of droplet dispersion
resulting from mild cough of an infected person inside an eleva-
tor. Figure 11 shows the quantitative evolution of droplets and their
diameter as a function of time for scenarios A, B, C, and D given in
Table I. For A, at t = 2.5 s, most of the droplets lie in a radial position
between 0 m and 0.15 m. Hence, they are close to the mouth of the
infected individual. Their diameters vary between 30 μm and 95 μm.
For t > 2.5 s, significant dispersion occurs, but the diameter of the
droplets reduces with time due to evaporation.7,9

For scenario B (Fig. 11), the saliva droplets are less dispersed
compared to scenario A, i.e., a smaller radial position from the
source. The droplets’ diameter varies between 30 μm and 95 μm.
For scenario C (11), at t = 10 s, two clusters of saliva droplets are
observed. One is at a radial position from the source between 0.1 m
and 0.8 m and another is farther away containing a small number
of particles positioned radially between 1.4 m and 1.7 m. Therefore,
the single inlet, per scenario C, reduces the dispersion of contam-
inated saliva droplets. Finally, when the air purifier is active, sce-
nario D (Fig. 11), many contaminated saliva droplets are locally
dispersed. Their radial position from the source is between 0.15 m
and 1.7 m.

FIG. 10. Scenario D—subject position 2. Top column: front view. Middle column: top view. Bottom column: side view. Contaminated saliva droplets are illustrated in black after
being scaled by a factor of about 250 with respect to their actual size. Subject position 2 corresponds to a person who is standing in the elevator’s cabin such that her/his
mouth as a coughing source is positioned at x = 0 m, y = 0.675 m, z = 1.6 m. For the scenario D conditions, see Table I.
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FIG. 11. Quantitative analysis of dispersion of contaminated saliva droplets inside an elevator’s cabin resulting from a mild cough of an infected subject. The subject is at
position 1 such that the source of the cough is positioned inside the lift at (x = 0, y = 0.41, z = 1.6) m (see Fig. 1). Four different ventilation scenarios A, B, C, and D are
investigated according to Table I.

IV. CONCLUSIONS AND RECOMMENDATIONS
We investigated the respiratory droplet dynamics arising from

a mild cough inside an elevator. The single-subject case constitutes
the lowest risk scenario. We studied different ventilation configura-
tions in conjunction with and without an air purifier inside the ele-
vator. The computational setup is also applicable to other confined
spaces.

The placement of ventilation inlets and outlets influences the
flow circulation and droplet dispersion significantly. Without an
air purifier, the case of a single inlet and outlet exhibits the least
droplet dispersion. The subject’s position inside the cabin also
influences the flow circulation and droplet spread. The air puri-
fier reduces the droplet dispersion but will not eliminate it. The
air intake integrated inside the purifier equipment induces flow
circulation that can add to the transport of contaminated saliva
droplets in the cabin. The time required for droplets reaching the
floor of the elevator could be larger than the time necessary to
deactivate the virus by other means such as UV radiation. Thus,
the success of air purifiers lies in addressing the above-mentioned
issue. The results of the present study are pertinent to any confined
spaces, including small rooms in residential or commercial facili-
ties, car parks, shops, as well as an aircraft cabin, submarines, and
spacecraft.

The broader implications of the present findings are that health
and safety authorities must revise guidelines accordingly by consid-
ering the flow circulation and droplet dispersion effects arising from
air purifiers and sanitizers in confined spaces. The design of future
ventilation and purification systems should aim at reducing AVT
through minimization of droplet dispersion.

SUPPLEMENTARY MATERIAL

See the supplementary material (video) for the respiratory
droplet dynamics inside an elevator cabin.
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APPENDIX: DIFFERENT FLOW SCENARIOS
AND OPERATING CONDITIONS

Two position scenarios (1 and 2) for the subject are consid-
ered: (x = 0, y = 0.41, z = 1.6) m and (x = 0, y = 0.67, z = 1.6) m
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FIG. 12. Scenario A—subject position 2. Top row: front view. Middle row: top view. Bottom row: side view. Contaminated saliva droplets are illustrated in black.

FIG. 13. Scenario B—subject position 2. Top row: front view. Middle row: top view. Bottom row: side view. Contaminated saliva droplets are illustrated in black.
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FIG. 14. Scenario C—subject position 2. Top row: front view. Middle row: top view. Bottom row: side view. Contaminated saliva droplets are illustrated in black.

(see Fig. 1). The computational results for subject position
No. 2 inside the elevator (without an air purifier) are shown in
Figs. 12–14.

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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