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Indoor transmission dynamics of expired SARS-CoV-2 virus
in a model African hospital ward
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Abstract
Cough and sneeze droplets’ interactions with indoor air of a typical hospital clinic that could be majorly found in developing
African countries were studied to investigate the effectiveness of existing guidelines/protocols being adopted in the control of the
widespread coronavirus disease (COVID-19) transmission. The influences of indoor air velocity, the type, size distribution,
residence time in air, and trajectory of the droplets, were all considered while interrogating the effectiveness of physical
distancing measures, the use of face covers, cautionary activities of the general public, and the plausibility of community spread
of the SARS-CoV-2 virus through airborne transmission. Series of 3-D, coupled, discrete phase models (DPM) were imple-
mented in the numerical studies. Based on DPM concentration maps as function of particle positions and particle residence times
that were observed under different droplets release conditions, the virus-laden droplets could travel several meters away from the
source of release (index patient), with smaller-sized particles staying longer in the air. The behavior of indoor air was also found
to indicate complex dynamics as particle transports showed no linear dependence on air velocity.
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Introduction

As of 10:00 am Central European Summer Time, 16
September 2020, about 29,611,346 cases of corona virus dis-
ease (COVID-19), including 935,929 deaths had been report-
ed globally since December 2019 [1], creating severe burden
on the healthcare system [2]. From these alarming figures, the
United States of America had had the highest reported cases
(6,606,859), and about 4.587% (1,358,238) of the total cases
had occurred in Africa, with South Africa taking the lead in
the continental catastrophe at the time [1]. The incidence of
increasing daily new cases has raised concerns about the var-
ious modes of transmission of the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), popularly known
as the COVID-19 virus [2, 3]. The SARS-CoV-2 has been
found to be transmissible amongst people, primarily through
respiratory droplets (i.e. coughing or sneezing) and contact
routes (fomites) [4], with possibility of its airborne transmis-
sion through aerosols [4]. Though whether SARS-CoV-2 can
be transmitted by aerosols remains controversial [2, 5], the
environmental and microclimatic conditions in indoor settings
cannot be ignored in abating viral infections like the COVID-
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19, especially as it relates to aerosols. Previous studies have
demonstrated that microclimatic parameters and concentration
of emitted aerosols from indoor sources influence human ex-
posure [6–8]. Indeed, adequate understanding of the extent of
environmental contamination of SARS-CoV-2 is essential for
improving safety practices for essential workers and answer-
ing questions about SARS-CoV-2 transmission among the
public [2].

Research findings are becoming available about the air-
borne transmission of SARS-CoV-2 [9], especially in specific
circumstances and settings such as in procedures or support
treatments that generate aerosols [4]. It has been observed in a
study that the coronavirus may spread not just by sneezes or
coughs, but also via mere talking or possibly even by just
breathing, when aerosolized droplets are produced during
these activities [9]. The bioaerosols of coronavirus droplets
generated directly by patients’ exhalation could remain
suspended in the air and potentially infect someone whowalks
by later. Though airflow conditions in the outdoor environ-
ments are able to disperse the virus, large droplets would de-
posit close to their source of release, and smaller droplets
carrying the virus could be found in the indoor locations more
than 6 feet [9], or 13 feet (about 4 m) [2] away from the
patients. Moreover, in theory, influenza viruses can be trans-
mitted through aerosols, large droplets, or direct contact with
secretions (or with fomites), and these three modes are not
mutually exclusive [10]. Reviewed reports had also suggested
that the previously known SARS-CoV can potentially be
transmitted by short and long-range aerosols to cause disease
[11–16]. Recently, Morawska and Cao have maintained that
the SARS-CoV-2 virus is likely to be spreading through the
air, and small droplets exhaled by an infected person could
travel tens of meters in the air [5] thus, air control measures are
being suggested [17–19].

While the potential for aerosol transmission of SARS-
CoV-2 is not fully understood, it also remains unclear the
absolute maximum distance that a virus-laden fluid particle
can travel and how the concentration of these particles varies
spatially and temporally [17]. In this contribution, computa-
tional fluid dynamics study of the 200–400 nm - sized SARS-
CoV-2 virus was carried out, to investigate the possibility of
its airborne transmission. In doing this, procedures were
followed similar to those reported in previous studies that
had successfully implemented the computational methods to
predict the transmission of infectious diseases such as the
Sverdlovsk anthrax outbreak of 1979, foot-and-mouth dis-
ease, severe acute respiratory syndrome (SARS) virus, TB
bacteria, and others [4, 20–24] by using discrete phase models
(DPM). The study suggests that the general hospital settings
of indoor patients’ bed-spacing in developing countries may
not be adequate, and airborne transmission of SARS-CoV-2
virus, in aerosolized form, may be contributing to the spread
of COVID-19. It could be a matter of airflow dynamics.

Methods

Motivation for choice of computational fluid dynamic
models

The SARS-CoV-2 virus responsible for COVID-19 is genet-
ically similar to other coronaviruses, sharing a high degree of
genetic similarity − 79% identity [25] with the coronavirus
responsible for severe acute respiratory syndrome (SARS–
CoV). Therefore, in instances of limited evidence for
COVID-19, it is reasonable to extrapolate existing data from
other coronaviruses, in particular SARS-CoV [26].
Specifically, computational models using studies of airflow
dynamics have been successfully applied to investigate the
airborne transmission of the SARS virus, in which three-
dimensional spread of a virus-laden aerosol plume was con-
sidered, and its correlation was examined with data of tempo-
ral and spatial distribution of cases [14].

The DPM models of SARS-CoV-2

The phenomenon of airborne transmission of droplets in air is
a type of multiphase flow problem that can be well-defined by
the DPMmodel in ANSYS Fluent. In the present study, series
of coupled, steady-state discrete phase model (DPM) simula-
tions were carried out in ANSYS Fluent on a local machine in
parallel processing mode. The three-dimensional layout of the
hospital ward setting, created in Space claim design modeler
(SCDM) is presented in Fig. 1.

In the model, a hospitalized infected patient lying on his
back in bed coughed/sneezed upwardly (sometimes, side-
ways) was assumed as the index patient. The upward release
has rarely been studied in most previous works, and slower
transport of cough/sneeze droplets may be expected consider-
ing the impacts of gravity on the initial speed of release of
parcels, and hence the simulation results of concentrations
obtained could mean lowest transmission case scenarios.
Worse cases of droplets transport should occur in patients
releasing droplets (cough/sneezes) in the direction of air travel
especially in walking position. The simulation was designed
to answer a number of questions bordering around the air-
borne transmission of SARS-CoV-2 and results are presented
in the following subsections in terms of DPM concentrations
with respect to the x-direction (across the hospital ward) west-
east wise.

The realizable k-ε turbulence model with standard wall
functions in Fluent was used tomodel the effects of turbulence
on airflow and aerosols transport. Coupled DPM method al-
lows interaction of discrete phase (droplets) with the continu-
ous phase (air) during solution iterations, and hence the cal-
culation of DPM concentrations of virus-laden aerosols in-
door. A summary of input parameters used in the computa-
tional study is presented in Table 1.
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The DPM theory

In DPM, the trajectories of particles, droplets or bubbles are
computed in a Lagrangian frame. The particles can exchange
heat, mass, and momentum with the continuous gas phase.
Each trajectory represents a group of particles, all with the
same initial conditions. The DPM simulation models the air
as the continuous phase and the cough or sneeze droplets as
the discrete phase. The air comes in through windows on one

side of the building as defined, and leaves through the win-
dows on the opposite wall. The cough or sneeze source was
from an index patient, with location in the ward as defined.
Findings from this work can as well apply to all public gath-
erings and public places such as the shared offices, public
transports, restaurants, classrooms, places of worship, market
places, shoppingmalls or supermarkets. To compute the DPM
concentration in ANSYS Fluent, it is calculated by defining
the DPM concentration as given in Eq. (1);

DPMconcentration ¼ ðAvg:particlemassincell � ParticleresidenceTime� StrengthofparticleÞ
Cellvolume

ð1Þ

where, the strength of particle is defined as (Eq. 2a,b):

Strength of particle ¼ number in parcel
dt flow

ð2aÞ

¼ total particle flow rate
mass of single particle in the stream

ð2bÞ

In Eq. (2a), dt_flow is change in flow. Therefore, from
Eq. (1) and Eq. (2b), it follows that:

DPM conc: ¼ ðAvg: particle mass in cell � Part resi: Time� Total particle flow rateÞ
ðmass of single particle in stream� cell volumeÞ ð3Þ

The DPM concentration maps (x-y plots) were therefore
considered convenient as easy to interpret, and was used to-
gether with the DPM concentration contours to present the
particle transport behaviors in the indoor environment.

Results and discussion

Indoor environmental conditions: air velocity

The indoor environmental parameters such as the humidity,
temperature, or air flow rate are important in dealing with

droplets and aerosol transports vis-à-vis the transmission of
infectious diseases like the COVID-19. As shown in Fig. 2,
the air velocity was found to have impact on the transmission
of SARS-CoV-2 virus either via cough droplets or sneezes.
The air velocity impact (1, 2, 3, 4, 5 and 6 m/s) was investi-
gated for cough droplets (3000 parcels) and sneezes (40,000
parcels), at flow rate of 1 kg/s and relative velocities of
(10 m/s, 100 m/s), respectively.

Cough droplets were released upwards, and sneezes were
released sideways in the positive x-direction. Based on the
one-dimensional path length (along x-position) shown in
Fig. 2, some sneeze droplets from infected persons could reach

(a) (b)

Droplets
Source

Fig. 1 The hospital ward setting
showing (a) a six-bed layout, with
the droplets source clearly identi-
fied (where the index patient lying
on a bed could cough or sneeze
upwards or sideways), and (b) the
meshing
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4.6 m within a fraction of a second after release from source.
Though with non-linear complex dynamics, the path lengths
traveled by droplets was observed to have changed directions
randomly in the x-y-z axes at higher air velocities due to turbu-
lence (large Reynolds number), and thus was generally reduced
in the x-direction. Increased turbulence caused complex parti-
cles dynamics which made particles traveled in all directions.
The higher velocities are considered representative of forced
convection, and the results would imply that keeping physical
distance under normal indoor (natural convection air flow)
should be considered different from indoor settings which gen-
erate forced air currents such as the AC systems or similar
operations. Supporting the air turbulence-influenced complex
particle dynamics are the 3-D plume and DPM concentration
maps presented in supporting information (S1 – S4), and
Fig. 3a - for sneezes, and Fig. 3b - for cough droplets.

Face masks efficiency: are textile masks able to
prevent transmission?

Common surgical masks and their equivalent textile types are
nowwidely used in Africa in various styles to reduce the risk of
SARS-CoV-2 infection. These face covers are able to reduce
the immediate release of original virus-laden aerosols, but they
are not 100% efficient in preventing the transmission of drop-
lets from coughs or sneezes [23]. Another issue with the use of
nose masks is the danger of CO2 poisoning as persons on nose
masks for too long could inhale their own exhaled CO2 from
breathing. However, what has been studied in this work is the
efficiency of masks in preventing the transmission of droplets
from infected persons. It can be inferred fromFig. 4 that barriers
such as masks are able to reduce the concentration of virus-
laden cough droplets depending on the mask efficiency.
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5Fig. 2 Air velocity impact on
virus-laden sneezes and cough
droplets

Table 1 Summary of input
parameters for CFD analysis 1. Room Features

Room dimensions 30 ft × 18 ft × 14 ft

2. Sneeze flow properties

Sneeze material Liquid water droplets

Relative velocity of sneeze 100 m/s (16)

Particle size distribution 0.5–12 µm (16)

Flow rate 1 kg/s

Number of parcels 40,000 (16)

3. Cough flow properties

Cough material Liquid water droplets

Relative velocity of cough 10 m/s (23)

Particle size 0.31 microns (23)*

Flow rate 1 kg/s

Number of parcels 3000

4. Air flow characteristics

Air velocity 1–6 m/s

*The corona virus is reported to have size in the range 200–400 nm (0.20–0.40 µm)
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However, depending on air conditions, the small droplets
not screened by masks could as well force their ways into the
immediate air at low concentrations. On an average air veloc-
ity of 2 m/s, the concentrations were reduced as the flow rate
of cough droplets decreased from 1.0 to 0.1 kg/s due to the use
of masks. In addition, face screens that are without adequate
filters may be discouraged as these kinds of barriers would
only change the direction of particle dynamics without neces-
sarily reducing its concentration. The corresponding DPM
concentration maps at different mask efficiencies are present-
ed in supporting information (S5).

Sneezes and cough droplets would transport
differently

Given the same air flow condition, it was found that distances
travelled by sneezes and cough droplets are different, as well

as the residence times of their particles as they remain in air.
Noting that sneezing can produce as many as 40,000 droplets
of 0.5–12 µm, expelled at a velocity of 100 m/s, a cough can
generate about 3,000 nuclei, the same number as talking for 5
minutes [16]. Large droplets could have shorter residence time
in the air while smaller sizes of droplets from infected persons
may remain suspended in the air for some time. Cough parcels
could reach 3000 droplets released at 10 m/s. In essence, re-
spiratory maneuvers (such as breathing, speaking, coughing)
in human expired droplets could influence the transmission to
other persons [27]. In the present DPM numerical study,
sneezes have been found to traverse further path length than
the cough droplets under the same air flow (5m/s) as shown in
Fig. 5a-d.

It is normal that concentrations are higher with sneeze
droplets than cough due to parcel concentrations in their re-
lease sources, but residence times of cough particles are higher

a

Fig. 3 a Concentration maps showing the effects of air dynamics on
sneeze droplets transport (X-position), at air velocities of 1–5 m/s.
(Sneeze droplets size distribution: 0.5–12 µm). b Concentration maps

showing the effects of air dynamics on cough droplets transport (X-
position), at air velocities of 1–6 m/s
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than in sneeze particles making cough materials to remain
suspended in air at longer times (Fig. 5e, f). This also indicates
that large particles tend to fall close to the source of agrees
with an established. Though the air velocity of 5 m/s is

representative of forced convection scenarios under AC sys-
tems, fans or similar operations, similar observations can be
made with free convection (at lower air velocities – Sect. 3.1).
The particle tracks (Fig. 5a, b) show that sneeze droplets due

b

Fig. 3 continued.

Fig. 4 Mask efficiencies in
reducing the transmission of
aerosolized cough/sneeze drop-
lets carrying SARS-CoV-2 virus
released by infected persons

336 J Environ Health Sci Engineer (2021) 19:331–341



to their larger sizes (0.5–12 µm) and higher relative velocity –
100 m/s (compared to air – 5 m/s) tend to transmit further in
the direction of release than cough droplets (10 m/s, 0.31 µm)
which rather spread quickly in all directions.

Propositions based on DPM model results

The dynamics of airborne transmission of SARS-CoV-2
through aerosolized cough and sneeze droplets is strongly

nonlinear as the particle properties showed complex relation-
ships with the air flow (Fig. 6). Nonetheless, a number of
inferences can be made from the DPM simulation results.

How long are droplets able to stay in the air?

Although transient DPM simulations were not accomplished
in this study due to computational demands, the steady-state
results could suggest that aerosolized forms of cough/sneeze

West - East

(a) (b)

(c) (d)

(e) (f)

Fig. 5 The 3-D particle tracks, path length, and residence time concentration maps for (a), (c) & (e) cough droplets, and (b), (d) & (f) sneeze droplets,
respectively. (Flow rates = 1 kg/s)
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particles are able to remain suspended in the air as long as they
travel, and with their dynamics being dictated by the air flow
conditions in the environments (Fig. 7).

For as long as the air dynamics permit, the particles are
found in the air but their concentrations could reduce as
they leave with the exiting air. These residence time ob-
servations are different from those reported for a closed,
stagnant air environment, where the droplets disappear

within 8 to 14 min [28]. The particle residence time
shows the time elapsed by the particles in the trajectory.
The residence time of particles suspended in the air is
directly proportional to the path length, i.e. the more par-
ticles are able to travel along their path, the longer their
residence time in the air. The smaller droplets would un-
derstandably have longer residence time than the larger
droplets [29, 30].

Fig. 6 Nonlinear complex
relationships between air velocity
and properties of cough/sneeze
droplets in the indoor
environment
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Fig. 7 Transport of cough
droplets at air velocity of 1 m/s
showing (a) & (b) 3-D concen-
tration maps at residence times of
(c) 0.0215589 s (100 iterations);
and (d) 0.0533417 s (2,000 itera-
tions). Max. Path length: 1.88 m;
2.32 m, respectively
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How far could sneezes or cough droplets travel in the air?

The role of cough and sneezes expired droplets in transmitting
SARs-CoV- 2 has been a subject of debate among researchers
[30–32]. Air dynamics of aerosols expired in indoor environ-
ment remain complex. Determining the absolute distance trav-
elled by cough and sneeze droplets is important to formulate
preventive and control measures. Depending on the air dy-
namics, some sneeze and cough droplets were found at about
4.6 m (15 ft) and 2.28 m (7.5 ft) distance from the source of
release (supporting information S6 and S7) under normal in-
door air flow of about 1 m/s. The particle tracks were obtained
in single pulse mode which sets the pulse mode to release a
single wave of particles.

While it is possible that droplets could travel further than
the values obtained in the present study as conditions of air
dynamics are varied, the results obtained in this work are
consistent with values reported in other studies [2, 5].
Expiratory droplets composition, age and health status of in-
dividuals may affect the flow, distance travelled and size dis-
tribution of expired droplets [33]. Figure 7 showed that dis-
tance travelled by cough droplets at 1 m/s air flow could in-
crease (from 1.88 to 2.32 m, or more) with time. However,
some contrary observations have also been reported in previ-
ous works. For instance, Faridi et al. [32] showed that
COVID-19 is not transmitted by airborne route; the
bioaerosols were not detected at 2–5 m distances. Though,
real experimental observations may be preferred in investigat-
ing whether COVID-19 is airborne, the procedure and circum-
stance used in the work of Faridi et al. [32] would limit the
applicability of their findings to specific conditions.

Keeping social or physical distance: 1 m, 2 m, 4 m, or more,
which way to go?

An absolute distance to which the SARS-CoV-2 virus could
travel is not known. Study conducted by Dbouk and Drikakis
[30] opined that 2 m distance suggested for the social distance
recommendation may be grossly insufficient as expired drop-
let particle could reach up to 6 m. Shafaghi et al. [34] showed
that droplets expired by infected person could travel between
4 and 7 m. The study [34] posited that transport dynamics of
expired droplets may be complicated by the position and the
motion of infected person. Thus, the observance of physical or
social distancing could be relative, depending on the circum-
stance. It is pertinent that policy makers delineate between the
several cases that could obviously be determined by particle –
air dynamics. Taking into consideration the possibility of air-
borne transmission of SARS-CoV-2 virus would mean intro-
ducing improved protocols/guidelines to reduce the risk of the
virus spread. Indoor microclimatic parameters such as venti-
lation strategy, relative humidity and air temperature have

been found to affect the concentration level and transport pat-
terns of indoor airborne aerosols [8, 35, 36].

General ventilation systems: public transports and Safety
of essential workers

With airborne transmission, frontline health workers and se-
curity agents enforcing lockdown orders are at greater risk.
Persons driving inside their own vehicles may imagine that
cough droplets or sneezes which are carrying infectious dose
of SARS-CoV-2 from an infected person at close distance
outside their vehicles could get into their cars. As the virus
could spread through ventilation systems in passenger vehi-
cles, the role of ventilation in preventing its spread should be
well-defined. At present, various control measures are being
suggested to reduce the infection risks by addressing several
extant procedures in operations and design [17–19], including
the need for reengineering of ventilation systems. The use of
mask and the grade of mask to be used by various categories
of essential workers should be encouraged and enforced to
safeguard them and reduce spread.

Connection of airborne transmission with contact routes

The transmission of SARS-CoV-2 virus by direct or indirect
contacts with contaminated objects/surfaces have been well
documented. There are evidences of possible wall contamina-
tion during air transport of virus-laden droplets as obtained in
the DPM model results of the present study. Aside sneezing
and coughing, studies have shown that the virus could be
expired through breathing and talking. However, higher drag
force exerted while sneezing could promote the increase in
residence time of expired aerosols [34]. The patient masks
could also contain exhaled droplets and oral secretions, im-
plying an outright and absolute discouragement to the transfer
and reuse of face masks. It is therefore pertinent to routinely
disinfect masks before discarding them.

Conclusion

Coupled discrete phase models of aerosols transport in indoor
air were implemented to investigate the aerodynamics of
SARS-CoV-2 virus-laden cough droplets and sneezes. It was
found that virus-laden droplets could travel up to 4.6 m or
more away from the source of release; but it was not
ascertained whether these concentrations were in infectious
doses. The residence times of particles also showed that drop-
lets could remain suspended in air for some time, and impli-
cations of these observations on the existing guidelines for
reducing the risk of SARS-CoV-2 were discussed. The results
from this study have given useful insights into indoor dynam-
ics of SARS-CoV-2 and could serve as a guide for the design
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and the setting of reasonable precautionary measures needed
to minimize the spread. The suggestions given therein will
benefit governments at all levels and relevant stakeholders in
curtailing the spread of the pandemic.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s40201-020-00606-5.
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