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Abstract
The COVID-19 pandemic has plunged the world into uncharted territory, leaving people feeling helpless in the face of an
invisible threat of unknown duration that could adversely impact the national economic growths. According to the World
Health Organization (WHO), the SARS-CoV-2 spreads primarily through droplets of saliva or discharge from the mouth or
nose when an infected person coughs or sneezes. However, the transmission of the SARS-CoV-2 through aerosols remains
unclear. In this study, computational fluid dynamic (CFD) is used to complement the investigation of the SARS-CoV-2 trans-
mission through aerosol. The Lagrangian particle tracking method was used to analyze the dispersion of the exhaled particles
from a SARS-CoV-2-positive patient under different exhale activities and different flow rates of chilled (cooling) air supply. Air
sampling of the SARS-CoV-2 patient ward was conducted for 48-h measurement intervals to collect the indoor air sample for
particulate with diameter less than 2.5 μm. Then, the reverse transcription quantitative real-time polymerase chain reaction (RT-
qPCR) was conducted to analyze the collected air sample. The simulation demonstrated that the aerosol transmission of the
SARS-CoV-2 virus in an enclosed room (such as a hospital ward) is highly possible.
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Highlights •First simulation study that reports the dispersion of the virus
particles can be affected by the cooling air flow in an enclosed hospital
ward.
•The flow rates of chilled (cooling) air supply are positively associated
with the risk of SARS-CoV-2 infection.
•For strong expiration (e.g., coughing), the velocity of particulate matters
is negatively correlated with the flow rate of cooling air flow.
•In an enclosed room, aerosol transmission is one of the possible trans-
mission routes for the SARS-CoV-2.
•Some of the virus particles will be exhausted through the air conditioner
inlet.

Responsible Editor: Lotfi Aleya

* Bey Fen Leo
beyfenleo@um.edu.my

* Mohd Shahrul Mohd Nadzir
shahrulnadzir@ukm.edu.my

1 Lee Kong Chian, Faculty of Engineering and Science, Universiti
Tunku Abdul Rahman, 43000 Kajang, Selangor, Malaysia

2 Faculty of Medicine, Universiti Malaya, 50603 Kuala
Lumpur, Malaysia

3 Department of Biological Sciences and Biotechnology, Faculty of
Science and Technology, Universiti Kebangsaan Malaysia,
43600 Bangi, Selangor, Malaysia

4 Department of Earth Sciences and Environment, Faculty of Science
and Technology, Universiti Kebangsaan Malaysia,
43600 Bangi, Selangor, Malaysia

5 Department of Geology, Faculty of Science, Universiti Malaya,
50603 Kuala Lumpur, Malaysia

https://doi.org/10.1007/s11356-021-14519-9

/ Published online: 25 May 2021

Environmental Science and Pollution Research (2021) 28:53478–53492

http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-021-14519-9&domain=pdf
http://orcid.org/0000-0002-8075-0295
mailto:beyfenleo@um.edu.my
mailto:shahrulnadzir@ukm.edu.my


Introduction

The coronavirus disease 2019 (COVID-19) caused by SARS-
CoV-2 was first reported in China in December 2019 and led
to life-threatening pneumonia. The coronavirus outbreak was
declared a pandemic by the World Health Organization
(WHO) on March 11, 2020. To date, the WHO has recorded
more than 159 million positive cases and 3.3 million deaths
(Dong et al. 2020). Malaysia alone has confirmed more than
453,000 cases and 1,761 deaths by the Ministry of Health
(Dong et al. 2020). According to WHO, the SARS-CoV-2 is
primarily transmitted between people through respiratory
droplets and contact routes with respiratory droplets of particle
size > 5 to 10 μm in diameter (Chan et al. 2020; Liu et al.
2020a; WHO 2007).

Droplet transmission occurs when a person is in close con-
tact (within 1 m) with a SARS-CoV-2 patient experiencing
respiratory symptoms such as coughing, shouting, or sneez-
ing. Mucosal membranes of the mouth and nose or conjunc-
tiva exposed to potentially infective respiratory droplets from
a symptomatic patient are the possible transmission of the
SARS-CoV-2 via fomites which is also evident (Burke et al.
2020; Liu et al. 2020a; Ong et al. 2020). Therefore, the trans-
mission of the SARS-CoV-2 virus can occur via direct contact
with infected people and indirect contact with surfaces in the
environment (fomites) (Guo et al. 2020). In addition, the
WHO also emphasizes a possible airborne transmission of
the virus via aerosol generation (particle diameter < 5 μm)
(Wang and Du 2020). Effective strategies such as surface
cleaning, contact and isolation precautions, and vaccine regi-
mens have been recommended and implemented by local au-
thorities globally to break the chain of infection.

It is reported that larger droplets rapidly fall to the ground
surfaces within 1–2 m from the source resulting in the mea-
sures applied for social distancing (Jones et al. 2020). By
increasing the ventilation rate and pressure differentials, the
rate of short-range transmission does not reduce significantly.
Depending on the environmental factors, these large-diameter
droplets may shrink (due to evaporation) before they settle or
collide with each other to form smaller particles (< 10 μm)—
namely aerosols. These evaporated droplet residuals or aero-
sols can remain airborne for several hours, traveling over a
long distance before infecting secondary hosts (Bourouiba
2020). A study has shown that aerosols are primarily affected
by the air flow patterns in the environment (Jayaweera et al.
2020). Although air ventilation does not significantly change
the settling course of larger droplets, it promotes the transmis-
sion of SARS-CoV-2 via fine aerosols. Specifically, direction-
al air flow can create laminar or turbulent flow patterns and
transport the infectious aerosols around. Several airborne-
related outbreaks of this viral disease have been documented.
Virus transmission was reported in an air conditioned restau-
rant in Guangzhou, China, which involved three family

clusters. The study showed that the air flow direction was
consistent with droplet transmission (Lu et al. 2020).
Moreover, a study in inner Mongolia of China showed that a
person was confirmed SARS-CoV-2 positive when he walked
pass a house of a COVID-19 patient with the door open
(Wang and Du 2020). Furthermore, Ong et al. (2020) also
detected positive SARS-CoV-2 in the air exhaust outlets of
the SARS-CoV-2 outbreak center in Singapore, suggesting
the possibility of airborne transmission. However, there has
been no clear evidence of how the exhaust outlet was contam-
inated. Therefore, the understanding of the building’s heating,
ventilation, and air conditioning (HVAC) operational prac-
tices to reduce the spread of the SARS-CoV-2 is of urgent
need (Dietz et al. 2020; Liu et al. 2020b). Although there is
no concrete evidence on the minimum infectious viral load for
the SARS-CoV-2 to cause the infection, several researchers
estimated that a few hundreds of virus particles would be
enough to infect a person (Beggs 2020; Science Media
Centre 2020).

Yang et al. (2017) used computational fluid dynamic
(CFD) simulation to predict the dispersion of cough-jet in an
airline cabin. The simulation only considered one row of pas-
senger’s seat and it was reported that the cough-jet affects the
air flow field in front of the coughing passenger. Redrow et al.
(2011) used a numerical model to predict the dispersion of the
coughing droplet using particles with three different sizes—1
μm, 10μm, and 100μm. The study found that the evaporation
of the droplet is largely affected by the relative humidity of the
environment. Furthermore, Jayaweera et al. (2020) deduced
the dispersion of the SARS-CoV-2 inside a vehicle (as well as
the effect with a face mask or without a face mask) based on
the simulation results reported byKhatoon and Kim (2020). In
a confined environment, the dispersion of the droplets and
aerosols showed complex behavior. Since multiple studies
have demonstrated the transmission of SARS-CoV-2 is direct-
ly linked to the dispersion of droplets and aerosols generated
from a COVID-19-positive patient, hence, there is a necessity
to further investigate the transport mechanism of the infectious
droplets and aerosols to control the spreading of the virus. In
this case, computational fluid dynamics was adopted to pre-
dict the transport phenomenon of droplet and aerosol exhaled
from a COVID-19 patient.

Given the aforementioned phenomena, it is clear that un-
derstanding the transmission of the SARS-CoV-2 within in-
door space is crucial, especially in healthcare premises. In
China alone, as many as 1716 healthcare workers have been
infected due to poor understanding of the spreading route in
hospital environments (Tang et al. 2020), whereas in the USA,
approximately 9000 healthcare workers were being confirmed
positive for a similar reason. As a result, minimizing nosoco-
mial transmission and ventilation may significantly reduce
disease transmission rates. Healthcare facilities including hos-
pitals are potential hotspots for the spread of COVID-19 via
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human-to-human transmissions in a confined environment.
Thus, atmospheric forensic studies are important to better un-
derstand the transmission of the SARS-CoV-2 facilitated by
PM produced by COVID-19 patients in an indoor
environment.

Herein, a computational fluid dynamic technique with
Lagrangian particle tracking is employed to complement our
previous studies on detecting the SARS-CoV-2 virus in the air
sampler of the enclosed single occupant ward in the hospital in
Kuala Lumpur (Md et al., 2020). Three different velocities
representing weak, medium, and strong human expiration
with three different flow rates of cooling air were simulated.
The dispersion of the SARS-CoV-2 virus particle under the
influence of various patient exhalation activities and different
cooling air flow rates by the ceiling cassette air conditioner
were investigated. A low-volume air sampler was used to
collect the air sample in the single-bed ward within 48-h in-
tervals. Reverse transcription quantitative real-time polymer-
ase chain reaction (RT-qPCR) test was conducted to confirm
the detection of the SARS-CoV-2 from the air sampling.
Lastly, a new air conditioner design with supply diffusers,
room return, and aerosol arrestor was proposed to reduce the
dispersion of the exhaled particles. These findings may pro-
vide key information on the role of the droplets and aerosols in
SARS-CoV-2 transmission. Furthermore, this study also of-
fers better knowledge when designing an ideal ward condition
to protect healthcare workers from exposure to viruses while
managing patients.

Air sampling, monitoring, and numerical
modeling of the single occupant ward

Air sampling and virus analysis

This current study was an extension from the study previously
conducted by Md et al. (2020). Briefly, air sampling of the
SARS-CoV-2 patient ward was conducted for 48-h measure-
ment intervals at a hospital in Kuala Lumpur, Malaysia (31
March to 4 April 2020) to collect the indoor air sample. Two
different types of equipment were installed in the ward to
monitor and collect the air sample as shown in Fig. 1. The
equipment is a low-volume sampler (MiniVol, AirMetrics,
USA) and in-house air quality sensor AiRBOXSense (UKM
Tech Sdn Bhd, Malaysia). AiRBOXSense was used to mea-
sure and monitor the PM2.5 inside the ward. Quartz microfiber
filters (Whatman) with pore size of 0.6 to 0.8 μm were used
for particle retention. The filter papers in the low-volume sam-
pler situated about 1.2–1.5 m from the patient’s bed were
collected in the single-bed ward within 48-h intervals, then
stored in a sealed container and kept in the freezer at −80
°C. This was followed by virus genome extraction and RT-
qPCR according to the guidelines suggested by the Centres for

Disease Control and Prevention (CDC) to validate the pres-
ence of SARS-CoV-2 in the air of the room exhaled from the
patient. The air flow simulation was used to complement the
air sampling work and gain insight into the dispersion mech-
anism of the SARS-CoV-2 virus–laden aerosol in the room
and potential sites where particle deposition is plausible under
the influence of air flow.

Single-bed ward model

The CADmodel of the single-bed ward was constructed using
commercial CAD software—Solidworks 2017. Figure 1
shows the improvised ward layout version adopted from Md
et al. (2020) where the dimension of the ward is 5960 mm
(length) × 2830 mm (width) × 2900 mm (height) and the
dimension of the bed is 2140 mm (length) × 1040 mm
(width) × 760 mm (height). The ceiling cassette air condition-
er installed in the room supplies up to three different flow rates
which are 13.5, 17.5, and 21.0 CMM. The ceiling cassette air
conditioner has four outlets opening at 40 degrees to the hor-
izontal with each outlet opening area of 0.045958 m2 to sup-
ply cooling air flow at 24 °C. In the study, the bed was placed
at the center of the room adjacent to the wall. The human
subject was modeled in the analysis to better understand the
influence of air flow on human expiration. The SARS-CoV-2-
positive patient lying on the middle of the bed assumed parti-
cles were exhaled from the mouth through various human
exhalation activities. The ceiling cassette air conditioner was
located at the center of the room near the leg of the patient.

Numerical procedures

Numerical modeling of the air flow field in the ward was
conducted using commercial computational fluid dynamics
(CFD) simulation software ANSYS-CFX. CFD analysis was
used to accomplish the experimental work and to gain insight
into the air flow field and transport of the virus particle that
was difficult to visualize. Several assumptions that used to
model the transport phenomena of the virus particles from
the expiration of the patient are listed below:

Fig. 1 Floor plan/layout of a single-bed ward, and the position of air
sampler (LVS) and monitoring sensors (AiRBOXSense)
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1. Unsteady exhalation particle tracking.
2. The air flow in the ward is incompressible.
3. No thermal energy source in the fluid.
4. No evaporation of the droplet or aerosol expelled from the

patient mouth.

Governing equation

In the numerical simulation, the air was treated as continuous
fluid and the particle exhaled from the patient was treated as
particle transport fluid. The dispersion of the exhaled particles
was solved using the Lagrangian particle tracking model. The
exhaled particles are described using the equation below by
considering the effects of Stokes’ drag, gravity, and variation
of pressure (Zhu et al. 2006).

mp
du
dt

¼ FD þ FP þ FG ð1Þ

The drag force, pressure force, and pressure force are de-
scribed in the equation below:

FG ¼ Vd ρp−ρa
� �

g ð2Þ

where Vd represents the volume of the droplet, m3; ρp repre-
sents the particle density, kg/m3; ρa represents the air density,
kg/m3; g represents the gravity acceleration, m/s2.

FP ¼ −Vd∇p ð3Þ

Fp represents the pressure force due to far-field pressure
gradients.

FD ¼ 1

2
CDApρa u−up

�� �� u−up
� � ð4Þ

where CD represents the drag coefficient; Ap represents the
project area of the particle (=πdp

2/4), m2; dp represents the
particle diameter, m; up represents the relative velocity be-
tween the particle and the fluid, m/s.

For the particle in the air with particle’s density larger than
the density of air (ρp>>ρs), following approximations for co-
efficients of drag, CD was used (Flagan and John 1988).

CD ¼

24

Re
; Re < 0:1 Stokes0lawð Þ

24

Re
1þ 3

16
Reþ 9

160
Re2ln 2Reð Þ

� �
; 0:1 < Re < 2

24

Re
1þ 0:15Re0:687
	 


; 2 < Re < 500

0:44; 500 < Re < 2 x 105

8>>>>>>><
>>>>>>>:

Reynolds number of the droplet is given by (McPherson
1993).

Re ¼ ρa u−up
� �

dp
μa

ð5Þ

where μa represents dynamic viscosity of the air, Ns/m2.
The velocity (u) of the air flow was given by the summa-

tion of the random perturbation to the local average velocity
(Zhu et al. 2006):

u ¼ euþ u0 ð6Þ

The variable velocity component is derived from the
Gaussian probability density function as equation below
(Zhu et al. 2006):

G u0ð Þ ¼ 1ffiffiffiffiffiffiffiffi
2πσ

p exp −
u02

2σ2

 !
ð7Þ

The standard deviation (σ) is defined by the following
equation (Zhu et al. 2006):

σ ¼
ffiffiffiffiffiffiffiffiffiffi
2k=3

p
ð8Þ

The terminal velocity of the particle is defined by the equa-
tion below (McPherson 1993):

vt ¼
d2pg ρp−ρa
� �

Cc

18μa
ð9Þ

where Cc represents the slip correction factor and can be ap-
proximated by using the equation below (Pandis 2000):

Cc ¼ 1þ 2λ
dp

1:257þ 0:4exp −
1:1dp
2λ

� � �
ð10Þ

where λ represents the mean free path of the air, m.
The relaxation time of the particle is defined by the equa-

tion below (McPherson 1993).

τ ¼ vt
g

ð11Þ

Continuity of mass, Navier-Stokes equations of momen-
tum, and energy equations were used to model the air flow
field in the single-bed ward (Eq. (12) to Eq. (16)).

The air (or carrier phase) of the exhalation particle is de-
scribed as a continuum in an inertia reference frame. The
continuity equation is given below (Saw et al. 2018):

∂ρ
∂t

þ ∇: ρuð Þ ¼ 0 ð12Þ

Momentum equation in X, Y, and Z direction is described
in Eq. (13) to Eq. (15) (Saw et al. 2018; Versteeg and
Malalasekera 1995).
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X-momentum

∂ ρuð Þ
∂t

þ ∇: ρuuð Þ ¼ −
∂P
∂x

þ ∇ � μ∇uð Þ þ SMx ð13Þ

Y-momentum

∂ ρvð Þ
∂t

þ ∇: ρvuð Þ ¼ −
∂P
∂y

þ ∇ � μ∇vð Þ þ SMy ð14Þ

Z-momentum

∂ ρwð Þ
∂t

þ ∇: ρwuð Þ ¼ −
∂P
∂z

þ ∇ � μ∇wð Þ þ SMz ð15Þ

The energy equation for the air is described in the equation
below.

∂ ρið Þ
∂t

þ ∇: ρiuð Þ ¼ −p∇:uþ ∇ � k∇Tð Þ þ Φþ Si ð16Þ

The unknown thermodynamic variables (ρ, P, i, and T) in
the above equations were obtained through thermodynamic
equilibrium. Equations of the state were used to relate the
variables to the two-state variables (Versteeg and
Malalasekera 1995).

P ¼ ρRT ð17Þ
hf ¼ ∫T f

Tref
Cpf dT f ð18Þ

The standard k-ε turbulence model in the equation below is
used to simulate the flow conditions in the hospital ward
(Launder 1972; Santana et al. 2020; Saw et al. 2018;
Versteeg and Malalasekera 1995).

ρ f
∂k
∂τ

þ ρ f ∇ ukð Þ ¼ ∇
μt

σk
∇k

� 
þ Gk−ρ f εþ Sk ð19Þ

ρ f
∂ε
∂τ

þ ρ f ∇ uεð Þ ¼ ∇
μt

σε
∇ε

� 
þ C1ε

ε
k
Gk−C2ερ f

ε2

k
þ Sε ð20Þ

where k is the turbulence kinetic energy, ε is the turbulence
dissipation rate, Sk is the source term for k, Sε is the source
term for ε, σk is the turbulent Prandtl number for k, and σε is
the turbulent Prandtl number for ε.

μt and Gk are represented by Eq. (20) and Eq. (21).

μt ¼ ρ f Cμ
k2

ε
ð21Þ

Gk ¼ μt ∇uþ ∇uð ÞT
h i

=∇u ð22Þ

Numerical setup and boundary conditions

Three-dimensional steady-state simulations with Lagrangian
particle tracking were conducted to investigate the dispersion

of the particles exhaled by the SARS-CoV-2 patient under
different exhalation activities. Few studies showed that parti-
cles detected during sneezing and coughing are larger than
1 μm (Fabian et al. 2011; Tang et al. 2013; Yang et al.
2007), while almost 98% of the particles detected during tidal
breathing are less than 1 μm (Edwards et al. 2004). In this
study, the particle sizes were selected to give more resolution
for fine particles to validate the previous experimental results
and experimental study from previous research (Aliabadi et al.
2010, Edwards et al. 2004, Fabian et al. 2011, Kwon et al.
2012, Md et al. 2020, Tang et al. 2013, Xie et al. 2009, Yang
et al. 2007). In total, 3000 particles were being used in this
study. The particles were grouped into ten different sizes rang-
ing from large particles (10 μm) to the smallest particles
(70 nm equal to the size of a virus particle). The distribution
of the particle size used in the simulation is 0.07 μm, 0.1 μm,
0.3μm, 0.5μm, 0.8μm, 1.0μm, 2.0μm, 5.0μm, 8.0μm, and
10 μm. Besides, the transport phenomenon of the droplet and
aerosol particles exhaled by the patient under the influence of
different cooling air flow rates was also investigated. Three
different mass flow rates and velocities (weak, medium, and
strong expiration of the SARS-CoV-2-positive patient) were
assigned to the mouth (Kwon et al. 2012; Xie et al. 2009). In
modeling of the weak expiration (e.g., breathing), the velocity
of 1.3 m/s and particle mass flow rate of 0.01 gs−1 were
assigned to the mouth of the patient. On the other hand,
modeling of medium expiration (e.g., talking), the maximum
velocity of 4.5 ms−1, and particle mass flow rate of 0.05 gs−1

were assigned to the mouth of the patient. Lastly, in the
modeling of strong expiration such as coughing, the maxi-
mum velocity of 15.3 ms−1 and particle mass flow rate of
0.1 gs−1 were assigned (Kwon et al. 2012). A total of nine
cases were analyzed from an air conditioned single-bed ward.

ANSYS ICEMCFD 19.0 with a hybrid meshing technique
was used to discretize the executive ward for the CFD analy-
sis. The Y+ value for this computation domain is calculated
using Eq. (23) and ensured the Y+ value is around 11 (Ahmed
et al. 2021; Ansys 2009).

Yþ ¼ yμT

v
ð23Þ

y is the absolute distance from the wall of the ward, m; μT

is the friction velocity, ms−1; ν is the kinematic viscosity,
m2s−1.

There are five inflation layers being generated in the current
computation domain and the first node is placed to capture the
buffer layer of the turbulence. In addition, near-wall treatment is
maintained with scalable wall function to facilitate better accura-
cy in turbulence calculation (Ahmed et al. 2021, Ansys 2009).
Different size of the computational domain is generated to ensure
that the computed results are independent of the grid. The grid-
independent test result will be discussed in the following section.
The meshed model of the single-bed ward is illustrated in Fig. 2.
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Inflation layers were created to capture the information at the
boundary layer region.

The cooling air supply by the ceiling cassette air condition-
er was using air properties at 25 °C and the water properties
were assumed as exhaled particle expelled from the patient’s
mouth. Mass flow boundary conditions with a medium turbu-
lence intensity of 5% and temperature of 24 °C were assigned
to the four outlets of the ceiling cassette air conditioner.
Moreover, the inlet of the air conditioner was assigned as
the opening and pressure boundary condition, whereas non-
slip wall and adiabatic wall boundary conditions were
assigned for the bed and wall of the ward. The computational
domain of the ward was set at 1-atm pressure.

The boundary conditions of the ward used in the CFD
simulation is illustrated in Fig. 3 and the boundary condition
details are summarized in Table 1. A high-resolution advec-
tion scheme and first-order turbulence numerics were used for
all CFD simulation cases. Tight convergence criteria were
applied for continuity, momentum, and energy equations with
root mean square residual fall below 1 × 10−6. As a result, nine
simulation cases were conducted in this study as shown in
Table 2.

Mesh independent test

The density of the mesh significantly affects the accuracy of
the result. Hence, a mesh independent test is needed to test if
the simulation results are independent of mesh sizing. In this
study, the discrepancy of the velocity was kept less than 1%.
The results of the mesh independent test for the ward are
illustrated in Fig. 4. The mesh independent test was conducted
with an air conditioner flow rate of 13.5 cubic meter per min-
ute (CMM). As shown in Fig. 3, four different sets of mesh
sizing are generated with M1 (coarse) with 750617 elements,
M2 (medium) with 1153959 elements, M3 (fine) with
2546694 elements, and M4 (finest) with 10418874 elements

to assess the impact of the mesh size on the velocity at point
(0.4, 2.5, 0.479) which is near to the patient mouth. The mesh
independent test by monitoring the point location was also
adopted in the Li et al. (2020b) study.

The relative deviation in the computed velocity for M2 to
M1, M3 to M2, and M4 to M3 is 33.69%, 0.59%, and 0.1%,
respectively. This shows that mesh M3 with 2546694 ele-
ments is sufficient to model the air flow field in the ward
and dispersion of the exhalation particle from the patient in
the room. CFD modeling was performed on the workstation
equipped with Intel i7-6800K, 3.40 GHz CPU, and 112 GB
RAM. The total computational time was approximately 35 h.

Proposed new air conditioner configuration

The air flow patterns, thermal comfortability, and distribution
of the aerosol particles in the patient room depend on numer-
ous factors such as the presence of air conditioner, the flow
rate of fresh air diffusers, the location of fresh air diffusers,
and room return. Past literature showed that the design of the
ventilation system and air flow pattern are important criteria
that affect the flow path of the particles (Licina et al. 2015;
Pantelic and Tham 2013). In this study, a new air conditioner
design with ceiling supply diffusers, room return, and aerosol
arrestor as shown in Fig. 5 was proposed for the patient room.
Since the size of the single-bed ward was identical to the study
conducted by Khankari (2017), a similar air change rate was
adopted for the current study. The fresh air is supplied through
three air diffusers and the size of the air diffuser is about 1.2 m
length × 0.025 m width at an angle of 15° to the ceiling
(Khankari 2017). Each of the two air diffusers at the side of
the patient supplies 1.98 CMM of fresh air at 24 °C. On the
other hand, the linear air diffuser facing the patient supplies
2.46 CMM of fresh air at 24 °C. Hence, the total fresh air
supplied to the room is about 6.42 CMM. The return diffuser
is located at the center of the room and the dimension is about
0.5 m × 0.5 m. An aerosol arrestor was proposed to capture the
exhaled particles from the patient and reduce the dispersion of
the particles (transmission risk) to the healthcare worker. The
opening size of the aerosol arrestor is approximately 1.05 m ×Fig. 2 Meshed model of the single-bed ward

Fig. 3 Boundary conditions of the single-bed ward
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0.5 m and the suction rate is ~ 5 CMM (placed near the pa-
tient’s mouth). Note that the suction flow rate is the minimum
flow rate required to cater for weak to strong exhalation.

Results and discussion

Respiratory droplet transmission as a function of
particle size

Numerical simulation of the patient’s exhaled behavior in-
volving two-phase flow is a complex transport phenomenon.

Fine particles of various size were detected during different
exhalation activities from the patients. The terminal velocity
and relaxation time of the particles used in the simulation were
calculated using Eq. (9) and Eq. (11) as tabulated in Table 3.
Terminal velocity of the particles is defined as the free-falling
speed of a particle under the influence of gravity. However,
the falling of the particle further depends on other environ-
mental factors such as forced convection, heat source, and
humidity. The modeling result showed that fine particles as
small as 70 nm can suspend in the air for a longer duration (up
to 4137.4 h) than particles with a larger size without the influ-
ence of air flow.

Table 1 Boundary conditions
details of the single-bed ward
with non-intubation COVID-19
patient in ANSYS CFX

Boundary name Boundary details

Fluid domain Patient body and bed Non-slip wall

Patient body and bed heat transfer Adiabatic

Ward wall Non-slip wall

Ward heat transfer Adiabatic

Heat transfer Fluid dependent

Fluid specific models Air heat transfer model Thermal energy

Saliva heat transfer model Particle temperature

Air conditioning outlet Temperature 24 °C

Turbulence intensity 5%

Flow rate 13.5 CMM

17.5 CMM

21.0 CMM

Air conditioning inlet Opening pressure 0 Pa

Patient mouth Saliva mass flow rate 0.01 gs−1

0.05 gs−1

0.1 gs−1

Average velocity 1.3 ms−1

4.5 ms−1

15.3 ms−1

Temperature 37.8 °C

Table 2 Simulation cases with
different boundary conditions Case Cooling air flow rate, CMM* Saliva velocity, m/s Saliva mass flow rate, g/s

Case 1 13.5 1.3 0.01

Case 2 13.5 4.5 0.05

Case 3 13.5 15.3 0.10

Case 4 17.5 1.3 0.01

Case 5 17.5 4.5 0.05

Case 6 17.5 15.3 0.10

Case 7 21.0 1.3 0.01

Case 8 21.0 4.5 0.05

Case 9 21.0 15.3 0.10

*CMM cubic meter per minute

53484 Environ Sci Pollut Res  (2021) 28:53478–53492



According to the literature, the size of SARS-CoV-2 ranges
from 65 to 125 nm (Kim et al. 2020; Shereen et al. 2020). The
virus particles that inhabit the droplet or plumes of aerosols
generated by human exhalation (e.g., sneezing, coughing,
talking, and tidal breathing) can disperse in the air for an
extended amount of time and distance (Milton et al. 2013).
Bourouiba (2020) found that particles can travel more than 6
m and further than the recommendation (6 ft or 2 m) from the
Centers for Disease Control and Prevention (CDC). Hence,
the healthcare workers who carry out intubation works on
patients, including dental works and bronchoscopies, may
have a higher risk of virus infection.

Single-bed ward air flow field

The difference in exhalation activities may affect the air flow
field and the dispersion of particles in an indoor environment.
Compared to the air flow field without the influence of forced
convection, the velocity of the exhalation flow decreases sig-
nificantly under a different flow rate of chilled (cooling) air
from the air conditioner. A typical air flow field for different
exhalation velocities with varying flow rates of the air condi-
tioner is shown in a velocity plot (Fig. 6).

At low exhalation velocity, the cooling air flow tends to
affect the exhalation flow from the patient and deflect it to the
head of the patient as shown in the velocity vector plot. The
degree of deflection depends on the cooling air flow rate,
where the deflection is higher under a strong cooling air flow
rate. As shown in Fig. 6, the velocity distribution of the flow
field around the patient is less disturbed by the low air condi-
tioner flow rate. Conversely, when the patient is experiencing
strong exhalation (such as coughing) where the exhalation
velocity is as high as 15.3 ms−1, it was found that the exhala-
tion flow is not likely to be affected by the strong cooling air
flow. From the contour plot, strong exhalation flow could
reach the ceiling. Due to the geometry of the room, recircula-
tion flow at the corner of the room is possible. Since the
velocity vector plot of the cooling air flow is in the downward

position, this further promotes the dispersion of virus-laden
aerosols to the surrounding people.

Transport of exhaled particle

The simulation shows that particles exhaled from the patient’s
mouth remained in agglomerate form, regardless of size. The
agglomerated particles begin to break up when in contact with
the chilled air from the air conditioner. The turbulent flow of
the chilled air may bring the virus-laden aerosols to the vicin-
ity of the surface for succeeding deposition. When the parti-
cles arrive at the boundary layer, the virus-laden aerosols mi-
grate to the boundary thin layer and diffuse to the surface
th rough Brownian mot ion , tu rbu len t d i f fus ion ,
thermophoresis, electrostatic attraction, inertial drift, and grav-
itational settling (Marshall and Wilcox 2015). However, the
simulation work showed that smaller particles remain
suspended in the air for a long time before falling on the floor.
In relation to the observation, a study done on the influenza
virus with almost similar virus particles size has shown that
more infectious virus particles were detected in particle sizes
of below 5 μm as compared to coarse particles (Milton et al.
2013).

The trajectory of the exhaled particles from a patient’s
mouth for weak, medium, and strong expiration is shown in
Fig. 7. The simulated results predicted that large-eddy currents
might account for the dispersion of particles from the patient’s
mouth to other places. It is also reported that turbulent air flow
is one of the critical factors that promote surface deposition of
the particles (Marshall and Wilcox 2015). On the other hand,
Brownian diffusion is another dominant process that governs
the transport of the particle after the dissipation of advective
transport. Both factors support the movement of the agglom-
erated virus-laden aerosols in fomites at the human nose level.
Hence, the results implied that it is crucial to wear a face mask
and face shield to reduce the risk of inhaling the virus-ladenFig. 4 Results of the mesh independent test

Fig. 5 Proposed new air conditioner design with ceiling supply diffusers,
room return, and aerosol arrestor for the patient room
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aerosols in an enclosed environment. As shown in Fig. 7 a, d,
and g for weak exhalation cases, strong cooling airflows are
predicted to deflect the exhaled particles to the side of the
patient. The particles then move downward instead of upward
from the patient’s mouth before moving upward toward the air
conditioner inlet. These particles are likely to entrain back into
the cooling air supply stream and spread into the entire ward.
Nevertheless, for strong exhalation cases as shown in Fig. 7 c,
f, and i, the exhaled flow is less affected by the intensity of
cooling air flow. Similar to weak and medium exhalation
cases, the exhaled flow is predicted to move upward toward
the air conditioner diffuser and then downward after hitting
the cooling air stream. The exhaled flow then entrain back
with the cooling air stream which eventually disperses
throughout the room. For medium exhalation cases as shown

in Fig. 7 b, e, and h, the exhaled flow path demonstrates
similar pattern as to the weak and strong exhalation. To sum-
marize, our model shows that the exhaled particles appear to
disperse in the ward under the influence of air conditioner
diffusers before returning to the inlet of the air conditioner.
The presence of strong air flow precludes the exhaled particles
from escaping to the inlet of the air conditioner. Hence, the use
of cassette air conditioning unit may not be ideal for SARS-
CoV-2 patient wards.

The particle deposition velocity primarily depends on the
size of particles, surface characteristics, near-surface air turbu-
lence, the electric field near the surface, and air to surface
temperature. Fine particles (less than 1 μm) are heavily affect-
ed by the chilled air flows and disperse throughout the ward.
This particle remains airborne for a prolonged duration before

Table 3 Particles mean diameter,
relaxation time, terminal velocity,
and time taken to fall from 1 m to
ground level

Group Mean diameter, μm Relaxation time, μs Terminal velocity, ms−1 Time taken to fall from 1 m

1 0.07 0.0069 6.87 ×10-8 4137.4 h

2 0.1 0.058 5.72 × 10-7 486.1 h

3 0.3 0.088 8.80 × 10-7 322.3 h

4 0.5 1.02 1.01 × 10-5 27.7 h

5 0.8 2.40 2.35 × 10-5 11.8 h

6 1.0 3.59 3.53 × 10-5 7.9 h

7 2.0 13.36 1.30 × 10-4 2.1 h

8 5.0 79.63 7.82 × 10-4 21.4 min

9 8.0 199.56 1.96 × 10-3 8.5 min

10 10.0 313.58 3.08 × 10-3 5.4 min

Fig. 6 Typical air flow field at the center of the single-bed ward. a Case 1, b case 2, c case 3, d case 4, e case 5, f case 6, g case 7, h case 8, i case 9
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dropping to the floor. Gravitational settling is the main factor
that drives the deposition of the particle on the floor.
Furthermore, the deposition of particles on the ceiling and
vertical wall is attributed to turbulent and Brownian diffu-
sions. A majority of the particles are predicted to drop/settle
on the table at the left-hand side and collected by the low-
volume air sampler. Only a tiny amount of the particles is
expected to be directed/drawn toward the air conditioner inlet.
On average, the simulation results show that at least 0.1% of
the particle flows through the exhaust of the air conditioner
inlet. The simulation study is consistent with the experimental
findings from Ong et al. (2020) where the swabs taken from
the air exhaust outlets in a symptomatic patient’s room
showed positive results.

Given a strong cooling air flow scenario, more particles are
predicted to be concentrated around the head region of the
patient with weak expiration (e.g., breathing) compared to
strong expiration (e.g., coughing) where the particles may
travel to a greater distance. Larger particles will drop off with-
in the vicinity of the patient, while smaller particles are ex-
pected to be transported by the chilled air flow and distributed
throughout the room, which may eventually adhere randomly
on the wall or floor (Stadnytskyi et al. 2020). For strong ex-
piration, the velocity of the particle did not reduce

significantly after being expelled from the mouth and was
not affected by weak or medium cooling air flow. The parti-
cles are predicted to penetrate the chilled air and reach the
ceiling. In this simulation study, most of the particles expelled
from the mouth are less than 1 μm. These particles are less
affected by gravity or inertia but heavily influenced by the
forced convection induced by the air conditioner. Since the
air conditioner installed in the ward is a ceiling cassette air
conditioning unit that consists of four outlets, the dispersion of
the particle is expected to be in multidirectional mode. In
addition, it is also implied that the air flow rate will greatly
affect the dispersion of virus-laden aerosols of infectious re-
spiratory diseases especially SARS-CoV-2. The percentage of
particles lingering in the air was evaluated at the height of 1.5–
2.0 m above the ground level to assess the risk of exposure to
the virus-laden aerosols in the breathing zones. The results are
tabulated in Table 4. It is shown about 20% of the total parti-
cles found in the room were suspended in the height of 1.5–
2.0 m. On the other hand, the distribution of the particles
around the patient mouth was further affected by the exhale
activities and cooling air flow rate of the air conditioner. At a
low exhaled velocity of 1.3 ms−1, the distribution of the par-
ticle within the diameter of 1 m was positively correlated with
the air conditioner flow rate. Besides, this increased trend was

Fig. 7 Flow pathline indicating probable trajectory of the exhaled particle from the patient’s mouth: a case 1, b case 2, c case 3, d case 4, e case 5, f case
6, g case 7, h case 8, and i case 9
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also observed for case 1, case 4, and Case 7. Approximately
50% of the particles fell within the diameter of 1 m. However,
no similar trend was found in medium and high exhaled ac-
tivities. The particles found out from the patient mouth of
medium and high exhaled activities interact with the cooling
air flow rate and caused an uneven distribution of the particle.
It is heavily influenced by particle velocity as well as the air
flow rate. The overall length of the room is about 6 m and a
small number of particles are also found on the farthest end.
Under enclosed environment without any fresh air being in-
troduced into the room or air being ventilated out from the
room, the safety distance of 1 m is not sufficient to keep
people safe from the SARS-CoV-2 infection. Therefore, fresh
air inlet and outlet is necessary to reduce the risk of SARS-
CoV-2 transmission in any working environment.

Verification of the collected air sample

The average concentration of PM2.5 (48 h) recorded in the
single-bed ward was 11.25±2.05 μgm−3 (Md Nor et al.
2021). On the other hand, the filter membranes collected from
the low air volume sampler have been processed and subject-
ed to the RT-qPCR analysis to test the presence of the SARS-
CoV-2 virus. As reported in our previous work, the RT-qPCR
test results showed that SARS-CoV-2 RNA was found from
the filter paper of the collected air sample with a detection
copy number of 74 ± 117.1 copies/μL (Md Nor et al. 2021).
Furthermore, the cycle threshold (CT) of the sample was less
than 40 and confirmed the presence of SARS-CoV-2 in the
collected sample. The current simulation work provides sup-
port for the previous experimental work to further explain and
confirm the transmission of the SARS-CoV-2 RNA even
when the air sampler was placed more than 1 m from the
patient’s bed, which is the primary source of SARS-CoV-2
transmission. Under the strong influence of the ventilation, the
SARS-CoV-2 is able to travel further than 1 m. Thus,
healthcare workers may be exposed to virus-laden aerosols

in a healthcare facility that treats COVID-19 patients, espe-
cially in an enclosed room. In general, ventilation is a key
strategy for infectious disease control. Infected patients should
ideally be placed in an optimally ventilated room that con-
stantly clears the viral aerosols to reduce the infection risk of
SARS-CoV-2 on healthcare workers or people living close to
them.

New air conditioner configuration

Poor ventilation systems (e.g., low rate of air changes per
hour, poor maintenance) in confined indoor spaces have been
associated with the increased transmission or spreading of
infectious diseases such as tuberculosis, influenza, measles,
smallpox, chickenpox, and SARS (Chadwick et al. 1994;
Josephson and Gombert 1988; Li et al. 2007; Qian and
Zheng 2018; Shiu et al. 2019). The Federation of European
Heating, Ventilation, and Air Conditioning Associations
(REHVA) suggested that the SARS-CoV-2 virus can be pick-
ed up by the air conditioning systems if operated under the air
recirculation mode. REHVA has proposed to increase the in-
flow of outdoor air and deactivate air recirculation mode in all
indoor environments (Kurnitski et al. 2020). Herein, the com-
putational fluid dynamic for new air conditioner configuration
with aerosol arrestor was studied as shown in Fig. 8 and Fig. 9.
Figure 8 illustrates the air flow distribution vector plot, where-
as Fig. 9 shows the streamline plots of the probable flow path
of the exhaled particles released from the patient’s mouth. The
air flow that passes through the linear diffusers is predicted to
form a strong recirculation flow over the patient and behind
the bed due to the induction characteristic of the linear dif-
fusers (Khankari 2017). Part of the air flows upward and en-
trains back into the fresh air supply stream and exits the room
through return diffusers and aerosol arrestor. Therefore, the
installation of the air conditioner diffuser ensures sufficient
fresh air supply throughout the room and maximize the
comfortability for the patient or visitors in the room.

Table 4 Distribution of the
aerosol particles at a height of
1.5–2.0 m above the ground

Case Distribution of the particle at a height of 1.5–2.0 m in %

Total distribution Within distance ≤ 1 m Beyond distance ≥ 1 m

Case 1 17.09 43.75 56.25

Case 2 17.39 45.01 54.99

Case 3 15.18 63.98 36.02

Case 4 13.09 49.11 50.89

Case 5 15.35 35.11 64.89

Case 6 16.30 69.31 30.69

Case 7 10.85 53.54 46.46

Case 8 13.46 43.68 56.32

Case 9 17.59 49.67 50.33
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Figure 9 shows the flow path of the exhaled particles
released from the patient mouth for weak, medium, and
strong exhalation under the influence of aerosol arrestor.
As shown in the figure, the introduction of an aerosol
arrestor significantly alters the flow path of the exhaled
particles from the patient mouth. It is clearly shown that
the incorporation of an aerosol arrestor can provide a
single-pass flow to the exhaled particle and reduce the
dispersion and entrainment of the exhaled particles into
the supply air flow. The exhaled particles follow the di-
rect path into the aerosol arrestor and exit the room with-
out any obstruction and recirculation in the patient room.
As a result, incorporating an aerosol arrestor in a room
could help reduce the transmission risk and deposition of
the airborne pathogens on the room surfaces. The hospital
or patient room hygiene can be improved further by re-
ducing the nosocomial transmission through airborne or
surface contact.

COVID-19 pandemic is an immediate health emergen-
cy; control and prevention measures are urgently needed
to reduce the spread of infectious diseases effectively. The
new air conditioner configuration with aerosol arrestor
introduced in this study can reduce pollution by minimiz-
ing air recirculation with the treatment of external air.
Besides the structural changes to hospital facilities regard-
ing ventilation system, the environmental engineering
controls in healthcare settings, such as high efficiency
particulate air filtration, negative pressure rooms, ultravi-
olet lights, and scavenging devices can also rapidly de-
crease the viral load in a confined space (Christian et al.
2004). Moreover, the use of protective equipment (e.g.,
face mask and face shield) is strongly recommended for
healthcare workers when dealing with SARS-CoV-2
patients.

Conclusions

In conclusion, the dispersion of the SARS-CoV-2 in a single-
bed ward under different cooling air flow rates and expiration
flow rates was simulated using a three-dimensional

computational fluid dynamic analysis with Lagrangian parti-
cle tracking model. The simulation work demonstrated that a
strong exhalation and strong air flow instantaneously disperse
the SARS-CoV-2 virus–laden aerosol throughout the room
compared to weak exhalation and low air flow rate. The re-
sults suggested that the particles exhaled from patients are
microscopic and the effect of gravity or inertia is negligible.
The dispersion of the virus particles in the room is mainly
affected by the cooling air flow and the type of air conditioner
used. Introduction of linear fresh air supply diffusers, return
diffuser, and aerosol arrestor can potentially provide an effec-
tive escape route for the exhaled particles to exit the patient
room without recirculating in the room and deposition on the
room surfaces. It should be noted that the type of air condi-
tioners, location of the air conditioner, supply air flow rate,

Fig. 8 Air flow pattern of the newly proposed air conditioner
configuration

Fig. 9 The exhaled particle flow path from the patient mouth
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and location of the return diffusers are complex combinations
that affect the air flow patterns and dispersion of the exhaled
particle. These factors highly depend on the configuration of
the hospital ward. Therefore, it is difficult to come up with a
universal configuration of the air conditioner for all hospital
ward designs. Our study suggests that the introduction of an
aerosol arrestor offers an alternative solution to effectively
evacuate the exhaled particles. It should be noted that the flow
rate of the aerosol arrestor can be further optimized to cater for
mild and severe SARS-CoV-2 patients in the ward. In addi-
tion, we concluded that aerosol transmission is a possible
transmission route for the SARS-CoV-2 in an enclosed room.
The findings from this study may assist in promoting the
guideline on airborne isolation precautions. This may be ben-
eficial to public health preparedness in terms of engineering
control measures, including the air flow rate of the air condi-
tioner, and the number of air exchanges in the patients’ wards
to better protect both patients and healthcare workers from PM
containing viruses. Further, we recommend continuing the
current study on the aerosol transmission of SARS-CoV-2
using a negative pressure room and include more detailed
epidemiological research parameters from the SARS-CoV-2-
positive patients in hospital wards.
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