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Covid-19 has become one of the most severe diseases causing acute respiratory problems and has killed
millions of people worldwide. It was declared as the ongoing pandemic by the World Health
Organization. It is an infectious virus which can be transmitted by sneezing, coughing and exhalation
of air by any infected person. There are certain places having high chances of becoming contaminated like
hospital rooms. In this context, we studied the transmission of Covid-19 particles in an ICU room. We
have considered the combined effect of both of air-conditioning (AC) and ceiling fan in the room. The
infected person can transmit the disease when under influence of fan and AC. The work highlights the
flow of aerosol particles considering the combined effect as well as the individual effects of fan and
AC. The results also emphasized that the aerosol particle flow have a promising application in sanitizing
the room.
Copyright � 2021 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the 3rd International Con-
ference on Contemporary Advances in Mechanical Engineering
1. Introduction

Novel coronavirus (caused by the SARS-CoV-2 virus) has
infected around 96.2 M people across the world and has caused
the death of around 2.06 M people. During the infected persons’
coughing, sneezing or exhaling, the COVID-19 virus gets transmit-
ted through the droplets generated by them. These droplets don’t
hang in air, as they are too heavy. Hence, they just fall on any sur-
faces or walls [1].

Aerosols are the microfluidic particles which are produced
when someone sneezes or coughs. The consideration of shape, size
as well as evaporation kinetics of these particles are necessary as
these properties of particles have a significant impact on the trans-
port of aerosol as well as droplets in the system [2]. It has been
noted that the disease can be transmitted through large droplets
(>5lm) capable of carrying sufficient viral load produced by
coughing and sneezing (Gralton et al. 2011, World Health Organi-
zation 2004). The forces acting on a particle primarily depend on
particle size and its position in the flow field [2]. Especially, while
considering the case of airborne transmission of the diseases, the
risk of infection of these diseases increases significantly for the
persons inhaling the viruses which are attached to tiny respiratory
droplets (usually, less than 5 mm, therefore considered as aero-
sols), which can be produced by any normal action like normal
breathing, talking, etc., and are suspended in the air for a signifi-
cant time duration in the order of hours as well as they can be
accumulated in poorly ventilated indoor spaces [3,4].

In the previous studies researchers have done detailed study on
classrooms, gyms, lifts and restaurants (Jiarong Hong et al. 2020)
etc. but there has been no proper computational analysis for the
ICU room where there are greater chances of aerosol transmission
because of the various infected patients visiting the ICU room. Abu-
hegazy et al. [2] numerically investigated the aerosol transmission
related to COVID-19 in a class room. They investigated transport of
aerosol and surface deposition using computational fluid dynam-
ics. They explored the particle size in different locations of the
room like windows and glass barriers. They found that a significant
fraction (24%–50%) of particles smaller than 15 lm exit the system
within 15 min through the air conditioning system. Particles larger
ring
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Nomenclature

SymbolMeaning
q Density (kg/m3)
qd Density of particle (kg/m3)
t Time (s)
V
!

Velocity vector (m/s)
P Pressure (Pa)
S
!

Source term
l Dynamic viscosity (m2/s)
T Temperature (K)
k Turbulent kinetic energy (J)
cP Specific heat capacity (J/kg K)
ST Total Source Term
xi Cartesian direction of i
ui Velocity component of i (m/s)
xj Cartesian direction of j
ak Effective inverse Prandtl number for the turbulent ki-

netic energy
ae Effective inverse Prandtl number for the turbulent ki-

netic energy’s dissipation
leff Effective dynamic viscosity (m2/s)

Gk Generation of turbulent kinetic energy
e Turbulent dissipation rate
Sk User defined source term
Se User defined source term
Re Source term for Renormalization
Cle Model constant = 1.42
C2e Model constant = 1.68
Vd Particle velocity (m/s)
FD Coefficient of Drag force
g! Gravitational acceleration (m/s2)
FL Saffman Lift Force (N)
FB Brownian Force (N)
d Particle’s diameter (m)
CC Cunningham coefficient
FD Coefficient of Drag Force
_m Mass flow rate of particles (kg/m3s)
r Radius of droplets (m)
n Number density of droplets (m�3)
K Fluid thermal conductivity (W/m K)
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than 20 lm almost entirely deposit on the ground, desks, and
nearby surfaces in the room. Asymptomatic people transmitted
COVID-19. A study on this aerosol transmission of COVID-19 parti-
cles was presented by Liu et al. [5]. A large eddy simulation solver
combined with some other numerical methods was used by them
for simultaneously resolving some important but complex indoor
processes like the effects of turbulence, interplay of flow and aero-
sol, thermal effect, effect of filtration, etc. which were caused
mainly due to the air conditioners.

Crawford et al. [6] presented a study on aerosol transmission of
airborne pathogens in an ICU. It is believed that viruses containing
aerosols produced by any infected patient can enter into other
rooms through ventilation and put other medical staff at risk. It
was observed in the results that the usage of High Flow Nasal Can-
nula in the oxygenation technique modified the air flows which
were generated due to coughing as well as normal breathing. This
further increased the infectious airborne particles’ shedding. The
schlieren optical method was used in these experiments. This
study also uses a 3D Computer Fluid Dynamics model based on a
Lattice Boltzmann Method to simulate the air flows as well as
the movement of numerous airborne particles produced by a
patient’s cough within an ICU room under negative pressure.
Mutuku et al. [7] presented a study on transmission and airflow
of aerosol transmission in human airways. The differences in the
deposition efficiencies as well as the deposition patterns of toxic
as well as the pharmaceutical aerosols in both the conditions of
human airways, which were healthy as well as obstructed were
investigated in detail by them. The transmission of airborne virus
in confined spaces like elevators was investigated by Dhouk et al.
[8]. They considered an elevator as a prototyping model of a con-
fined space and showed the detailed study of the design of ventila-
tions. They also investigated about the air circulation through
multiphase CFD and performance of air purifier in an elevator.
The disease and mortality severity were increased because of the
accumulation of the virus in enclosed spaces. It remained airborne
in such spaces which caused the upper respiratory tract’s repeated
exposure as well as high viral load’s buildup in it.

Bhattacharyya et al. [19] measured the effectiveness of aerosol
sanitizer mixed air from air conditioner used to disinfect the room
having COVID-19 virus. They concluded that sanitizer can be dis-
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tributed effectively by utilizing the high turbulent fields which
were created in the room. The CFD analysis model used in this
study was the transition SST k-emodel. Mirzaie et al. [20] analyzed
the effect of installing transparent barriers in front of classroom
seats in order to prevent the effect of coughing or sneezing of a
COVID-19 infected person standing in the front area of the class-
room. It was observed that the barriers were quite effective for pre-
venting the infection. Moreover, increment in air velocity of
ventilation which was in the direction of airflow proved to be ben-
eficial as it decreased the time which droplets took to get trapped
by the partition. If the partitions were not present, then the per-
sons whose seats were the closest to the infected persons got
affected the most as the droplet concentration was the highest in
that area. Many other studies have been carried out implementing
the CFD analysis in areas having COVID-19 infected persons.

It is observed that no detailed study has been done till now on
ICU rooms for aerosol transmission of Covid-19. ICU rooms are the
indoors places where there is much chance of transmission but
with better ventilations and settings this infection of aerosol infec-
tion of virus could be minimized. Because of the accumulation of
the virus in enclosed spaces, the probability of contracting to the
disease as well as the amount of severity and the risk of mortality
gets significantly increased.

Hospitals come under essential services so it is high time that
researchers should focus more on analyzing the flow behavior of
the aerosol transmission by some robust computational method.
This paper deals with simulation for aerosol transmission of
Covid-19 particles in an ICU room. The room has been analyzed
and divided on the basis of R factors. The room has been divided
into three types of zones: (i) Red zone (ii) Yellow zone and (iii)
Green zone. The red zone has a maximum chance of getting con-
taminated. The room is designed in such a way to get least contam-
ination of the Covid-19.

2. Proposed methodology

The CAD model of ICU consists of a bed, a table, a chair, regular
sized fan, almirah, air conditioner consisting of inlet and outlet.
These entities have been considered for the CFD work. However,
this model can be utilized even for other geometries of the infras-
tructure in the room. The assembly of the study room was created
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in Solidworks and later it was imported in the Design modeler of
commercial ANSYS FLUENT 2019 R3. The top base of the fan has
been considered as outlet and lower base is considered as inlet of
the fan. An aero solid model was created in ANSYS DESIGNMODE-
LER after importing the SOLIDWORKS 2016 geometry. Air volume
is extracted from the SOLIDWORKS model in order to generate
the grid. Various control volumes were made by dividing fluid vol-
umes. The dimensions of various room entities are shown in
Table 1.

The computational domain is discretized using mesh genera-
tion. The analytical solutions obtained by Navier-Stokes equations
are valid only for ideal condition flows. Real flows can be analyzed
through numerical methods having equations modified with alge-
braic approximations. The Discretization of governing equations is
done by dividing the entire spatial domain into numerous small
finite control volumes by using the meshing process. Integration
of governing equations over each control volume is performed by
discretely conserving quantities like energy, mass, momentum,
etc. over each control volume. An extremely large no. of cells in
the domain might increase the computation time and a very few
cells might result in inaccuracy of results. ANSYS MESHER is used
for meshing. Mode toolbar or switch-to-solution mode command
is used to transfer the meshed figure into the solution mode. In
the solution mode, one can perform functions like boundary condi-
tion setting, defining the properties of fluid, execution of the solu-
tion, viewing as well as the post processing of the results.

Grid is generated from different control volumes consisting of a
bed, a table, regular sized fan, almirah, air conditioner as shown in
Fig. 1. The meshes are generated using tetrahedral as well as hex-
ahedral elements (refer Fig. 3). The intricate parts of the control
volumes of the model were filled using the hexagonal mesh ele-
ments, whereas the remaining parts were tetrahedral mesh ele-
ments. The governing equations which were used on each
element were the mass, momentum as well as the energy conser-
vation equations. Moreover, the Finite Volume Method was used in
this CFD analysis. The number of nodes in the mesh were 63,390
and the number of mesh elements were 2,20,107. Boundary condi-
tions are an integral part of any CFD analysis. The inlet boundary
conditions were considered for the Fan as well as the AC inlet.
The inlet air velocity, mass flow rate and the temperature for the
AC were considered to be 3.1 m/s, 0.569625 kg/s and 288.15 K
respectively. The outlet mass flow rate for AC was considered to
be 0.569625 kg/s, the same as the inlet. The inlet conditions for
the fan were 3.3 m/s as inlet air velocity, 7.155 kg/s as air mass
flow rate, and 303.15 K as inlet temperature. The room tempera-
ture was considered to be 303.15 K. The outlet of the fan as well
as AC were considered to be the pressure outlets.

The assumptions made for the simulation are given as follows:

� The air conditioning and ceiling fan systems in selected bed-
rooms are fully functioning and running well (refer Fig. 4)

� The room is fully sealed and enclosed without any holes or gaps
(excluding doors, windows and exhaust vent).

� The outside temperature on the surface of the room is constant.
� Internal heat emitted from the digital devices and lights will be
neglected due to minimal effect on the temperature.
Inflation layers are layer (s) of fine mesh which are created in
the domain’s area of interest (refer Fig. 2). Here, the inflation layers
Table 1
Dimensions of the room entities.

Room Entity Size

Room Domain 5 m � 5.5 m � 3 m
Fan diameter 1.5 m
AC Inlet 1 m � 0.3 m
AC Outlet 1 m � 0.2 m
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are created by selecting the wall boundary. They are used to cap-
ture flow at the boundaries. The transition ration used in the mesh-
ing was 0.247 with the growth rate 1.2. The Fig. 2 shows the
inflation layer of the mesh.

Discretization is required by a governing equation’s numerical
solution. Boussinesq approximation along with second order
upwind schemes are used to serve this purpose [9]. The flow phy-
sics of this system is analysed using unsteady CFD analysis. Model-
ling for laminar-transitional flow is done for this system of the ICU
room. For serving this purpose, the RNG k � e model is used.
Yakhot et al. [10] developed this model by using Re-
Normalization Group (RNG) methods for renormalizing the
Navier-Stokes equations for applying to the small-scale motions
to know their effects. A single turbulence length scale is used to
determine the eddy viscosity in the standard k � e model, due to
which, the turbulent diffusion is calculated only at the particular
specified scale. The reality is however, not exactly the same, as
motions of all the scales have their contribution in the turbulent
diffusion. The production term is changed in the epsilon equation’s
modified form in the mathematical technique of the RNG approach
for the derivation of the turbulence model similar to that of the
standard k � e model.

2.1. Governing equations

Ventilation air flow modelling:
For incompressible steady air flow, the conservation equations

of mass, momentum and energy are given as:
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Turbulence modelling:
In order to simulate the airflow in indoor environments, the

RNG k-e turbulence model was considered to be quite suitable
[10,11]. The turbulent kinetic energy k as well as the dissipation
rate e transport equations are given as:
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Discrete phase modelling:
The particle trajectory analysis was done in the air flow, having

dilute concentration of droplets in the present case. Newton’s sec-
ond Law in Lagrangian setup [12–14] Fis used for evaluating the
virus-carrying droplets’ trajectories. Following are the motion
equations for it:

dVd

dt
¼ FD V

!� V
!

d

� �
þ g! qd � qð Þ

qd
þ FL þ FB ð6Þ

FD ¼ 18l
d2qdCC

ð7Þ

The Saffman lift force as well as the Brownian force [15] are
given in Eq. (6), FD being drag force, CC being the Cunningham Coef-
ficient [16,17]:
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Fig. 1. (a) Room geometry (b) Room Entities.

Fig. 2. Inflation Layer.
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CC ¼ 1þ 2K
d

1:257þ 0:4e�
1:1d
2kð Þ� �

ð8Þ

Following is the formula for particles’ mass flow rate:

_m ¼
4
3Pr3
� 	� qd � n

t
ð9Þ

Three different grid sizes having number of elements as 220107,
246765 and 298978 were considered. The simulation was per-
formed for all three grid sizes computational domain. It was
Fig. 3. M
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observed that the results were converging for grid 1 and grid 2.
So, the grid size which was least computationally expensive was
considered for all the numerical simulations.
3. Results and discussion

The COVID-19 pandemic has demonstrated the extraordinary
transmissibility of the virus. Our model integrates innovative
in situ measurements and CFD simulations to offer a systematic
assessment of the hazards of airborne virus transmission caused
by asymptomatic persons inside a COVID-19 dedicated ICU. Our
observational results allow us to characterize disease transmission
patterns in great detail. Many significant outcomes are highlighted
and established by the air transmission pattern and streamlining
presented concerning an ICU room. This section elaborates the
obtained results from the performed experiments and discusses
the results. The simulation is conducted by using the ANSYS Fluent
CFD software.

The fan’s velocity curve is shown in Fig. 5(a). In the case of
COVID-19, the flow from the fan has the ability to disseminate
the disease and transmit the virus around the room if the infected
patient is lying on the bed. It is clear from the diagram that various
velocities exist in different areas of the room. The speed ranges
from 0 to 4.06 m/s. Moreover, there are some regions where veloc-
ity is below 0.5 m/s. Ventilation, in particular, can assist in dissem-
inating virus-containing particles to wider regions outside the
esh.



Air Conditioner
Fan

Inlet
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Fig. 4. Different components used in ICU Room.

Fig. 5. (a) Velocity contours of the air flow through fan showing aerosol transmission. (b) Velocity contours of combined effect of Fan and AC.

Fig. 6. Streamlines showing the combined effect AC and Fan.
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proximity of asymptomatic persons, even though it allows virus-
containing particles to be removed. Depending on the relative loca-
tion of the particle emitter, ventilation, and space settings, impro-
per ventilation can potentially lead to local hot spots with hazards
that are orders of magnitude higher than other areas.

Fig. 5(b) shows the disease transmission in a COVID-19 dedi-
cated ICU having both Air conditioner and Fan. The combined effect
of both the Air Conditioner and Fan are taken into account while
solving the model. Fig. 2 shows the regions with a velocity below
0.5 m/s and regions with a velocity higher than 0.5 m/s. This shows
that the above room as more chances of disease transmission since
rooms with AC have low to no ventilation. Fig. 3. Shows the veloc-
ity streamline from the fan inlet in the COVID-19 ICU room.

Fig. 6 illustrates the streamlines developing from the top of the
ICU room. The streamlines show the path of virus transmission
inside the room. If a non-infected person/medical staff falls directly
into the path of the streamlines, he would have a high chance of
disease contamination. The streamlines can be seen descending
downhill in these figures, creating an influence on the patient beds
and the isolation chamber floor. Following that, the flow striking
the floor bounces back and spreads to the walls. Thus, airflow
can increase particle deposition on surfaces, resulting in patched
areas with significant surface contamination, as evidenced by the
enormous quantity of COVID-19 RNAs recovered from hospital
floors and air vents [12]. It is also worth noting that these faceted
particles and droplets that land on surfaces may form highly resi-
lient microscale residues, which may shield viruses from environ-
mental changes and contribute to long-term surface infectivity
reported [18].

When the ceiling ventilation is located in the rear corner of the
ICU Room (i.e., far from the emitter), particles are dispersed
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throughout the room. The dispersion of particles is mainly
restricted to the region before the front side of the room. The area
around the vent, in particular, can pose a considerable risk, with
paramedics present at a hot spot in the back inhaling several times
more particles than those present at a safe position. When the ven-
tilation is moved to the emitter side, the risk is considerably
decreased compared to the previous situation.

The total particle number passing through this location during
the simulation time, which can be interpreted as the number of
particles a person can inhale during the simulation time, is used
to calculate the risk of a person encountering virus-containing par-
ticles in one specific location (R).



Fig. 7. Volume rendering of the aerosol transmission showing various zones.
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The wall contours in the 3D contour plots are the risk contours
that have been spatially averaged in the x, y, and z axes, respec-
tively. Furthermore, assuming that each person is 1.75 m tall, from
the horizontal slices of the risk contour at various locations, it can
be inferred that places lying in direct contact with the plotted
streamline are in a high-risk zone as compared to those away from
it, i.e., the safe criterion can be calculated based on the distance
from the streamlines. It is worth noting that the overall danger
defines safe and unsafe zones in each situation.

Fig. 7 demonstrates the volume rendering of the contamination
regions in the ICU room. It is observed that the green region i.e.
zone 1 which is just below the fan has the maximum chances of
a person being contaminated. While light green region i.e. zone 2
has significantly lower chances of contamination. Zone 1 has high
chances of getting contaminated. Flow pattern of the air is quite
more in the region. So, it is advised not to sit below fan in an ICU
room when fan is on. Through this contour, one would be analyse
easily where they should give ventilation in a room.

4. Conclusion

The flow characteristics of a regular ICU unit are investigated
computationally in this study, which is essential for disinfecting
the room air and thereby preserving the lives of physicians, nurses,
and healthcare workers. The path of these streamlines should be
studied while designing a sanitizing/virus controlling system for
the ICU. Because of relatively constant flow circulation zones in
the area and the enormous quantity of particle deposition on sur-
faces, ventilation at a single site, even at the maximum rate cur-
rently used, is very ineffective at eliminating particles. The
patterns of airflow along in an ICU with ventilation have been
investigated in this work. As the contaminated droplets also move
with the airflow, the people, especially the medical workers com-
ing in their streamlines have a high probability of getting infected.
The work can be positive contribution in designing for HVAC orga-
nizations. Further they can make use of streamlines pattern to
design the innovative solutions that target the zones according to
their impact. A proper air cleaning technology can be implemented
that purify air according to the concentration of the zones, with the
help of proper sensors.
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