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Abstract: This study investigated the aerosol particle spreading characteristic under transient state at different
location released by an assailant inside a mosque. Particles deposited at receivers were used to determine the virus
reproductive number (Ro) over time. The spreading during coughing process was validated with previous literature
review using Computational Fluid Dynamics (CFD) simulation study. Mesh sensitivity study was done on the
model to get better accuracy results and optimum computational load. The model involved internal space of the
mosque and 160 prayers during the congregation prayers. It was discovered that, the particle spreading
characteristics was found to be influenced mostly by the velocity distribution and velocity vector inside the
mosque. This is due to force flow generated by fan and air conditioner air flow. Particles size less than 10 pum were
the most deposited on the wall and ceiling. The particles greater than 30 um deposited on the ground and the
prayers body. The location of assailant at the center was found to cause the most infection among the prayers
which was 52% of the total prayer with the R, of 0.83. The assailant at top right and bottom right produced high R,
of 0.73 and 0.6 while top left produced the lowest which was 0.32. The existence of partition was found to reduce
the particle spreading from the assailant at bottom left.

Keywords: Airborne, ventilation, pathogen, indoor, CFD

1. Introduction

COVID-19 outbreak were first reported in Wuhan, China and later spread throughout the world becoming a global
pandemic *. The coronavirus was believed to be transmitted from animals to humans and later became a human-to-
human transmission. As of June 29, 2021, the total confirmed cases globally are almost 181 million and almost 4
million deaths. It was believed that the coronavirus transmission to human started at a wet market in Wuhan, China 2.
While the research on Covid-19 has been done intensively, however, less attention has been focused om the possibility
of the virus transmission through aerosol dispersion inside an enclosed space where people spent most of their time in
indoor environment. Aerosols particles are smaller compared to respiratory droplets and have a significantly higher
transmission distance and can remain in air for much longer period 3. Respiratory viruses such as COVID-19 are
believed to be transmitted through multiple ways such as physical contact with contaminated surface and respiratory
droplet. There are two paths for the virus to spread through airborne which is a droplet transmission and aerosols
transmission. The infected person will expelled the viral particles during breathing, talking, coughing and sneezing “.
Respiratory particles can be distinguished by determining the size of the particles. Large respiratory droplet, with the
size of particle of more than 100 um are likely to fall to the ground within 1 to 2 meter due to gravity. Small respiratory
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droplets which is typically 5 1 m or less can be categorized as aerosols, and can remain airborne for a long time, and
the viruses attached to the droplet can remain viable for up to several hours °. Small droplets are also formed from the
evaporation process of large droplet 6. The expelled respiratory droplet was found to be able to travel as far as (7 - 8 m).
The droplets from the coughing of the infected person will remain viable in the air to the people near 6 feet and 10 feet
from the source in a static air environment.” Particles in the air are subjected to gravity, turbulent diffusion, inertial
forces, thermal gradients, electromagnetic radiation. ® Vapor pressure will be increased with high temperature and
volatilization amount will be reduce with higher relative humidity 5. 95% relative humidity will leads to higher
deposition on the ground and human body and enhance the condensation effect of the particle 7. The author also found
that 40% relative humidity will have smaller droplet size due to the evaporation of water in the droplet which will cause
the particle to suspend in the air for a longer period. There is a several characteristics of the particle that were exhaled
from the mouth during the coughing process. During the event of coughing and sneezing, small respiratory droplets
ranging from the size ~1 - 1000 um were expelled from the nose and the mouth at velocities over 20 m/s for a period of
0.25 s with as much as ~40 000 droplets were expelled during sneezing and around 3000 droplets for coughing.® When
cough jet interacts with the ambient air flow, the size of the particles will increase therefore reducing the velocity of the
particle the more the particle travelled in the air °. Wang also found that droplets smaller than 50um are easier to be
inhaled for the people of the same height as the infected person.

The location of source has a significant impact on the aerosol transport.l® The study was conducted inside a
classroom by using CFD simulation and found that student that was placed in the middle of the classroom transmitted
~2.1% of exhaled particles to other student when compared to the student that was sit in front corner which exhaled
~0.55% of 1 um aerosol particles to other students. The spreading of respiratory viruses increases when a person sneeze
near the fresh air ducts in the car park. ' The author found that respiratory particle concentration in underground car
parks depend on the jet fan air velocity and when more than one person exists in the car park, the transmission of viral
particle will significantly increase. The coughing from manikin near the inlet have higher overall inhaled aerosol by
other manikin positioned inside the room when compared to coughing from manikin positioned further from inlet.*?
The aerosol inhalation was found the be three times more without the direct influence of air. The infection risk can be
very low due to the existence of very high ventilation rate 1. The author also found that the wind speed and wind
direction have a significance toward the ventilation rate.

This paper aims to investigate aerosol particle spreading characteristic under transient state at different location
released by an assailant, investigate the particle deposition according to the position of assailant and determine the virus
reproductive number over time at different condition. The spreading during coughing process was validated with
previous literature review using Computational Fluid Dynamics (CFD) simulation study. Mesh sensitivity study was
done on the model to get better accuracy results and optimum computational load for the CFD simulation. The model
involved in this study is the mosque and the prayers during the congregation prayers. The measurements of the mosque
were taken to create geometrical model and the boundary condition involved in this study were taken from literature
review.

2. Methodology

2.1 Geometrical Modelling

The geometry of the model is created by using FreeCAD software and mesh is generated by using scFlow student
edition. The dimension for the prayers is based on the average size of Malaysian male which is 170 cm in height, 48.5
cm in width and 20.8cm in head length 3. The size of the mouth is 4 cm? based on the information extracted from °.
The model of the prayers was arranged in the main hall as shown in the Figure 1. As much as 160 mannequins acting as
prayers were arranged inside the main hall.

Ceiling Fan

Partition

Air-
conditioner

Fig. 1 - Arrangement of prayers inside the main hall
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2.2 Governing Equation

For the air flow in this study, the governing equation that were used are conservation of mass, momentum, and
energy. The equation for the governing equation is listed as below:

Conservation of Mass

ap . —
5T V-(pv) =0 @)
Conservation of Momentum
auj auj oP 0 .
Pt PULS L == S - pg) @
Conservation of Energy
dUu = oQ — oW +u'dM )

The modelling of particle transportation can be done by analysis the forces acting on the particle. Thus, the
equation of motion can be presented in Equation 4. u,, is denoted as particle velocity vector and i is represented by
continuous-phase velocity. In the equation, it consists of 3 main forces component. The first force is drag force (Fp),
the second term refers to the gravitational force and finally external force denoted as F.

duy dpp=-p) | 2
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dt Pp

The drag force of the particle can be obtained from Equation 5. The change between particle velocity with
continuous flow velocity multiple by the Fj,. u is represented by dynamic viscosity, Cp is the drag coefficient and dp, is
the particle diameter.

s 18u CpRe ,_, s
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2.3 Mesh Sensitivity Study

After creating the geometrical model of the mosque and prayers, it was imported into scFLOW tool for meshing
purposes and arranged as in the Figure 2. The reason why meshing is needed is because the governing equation cannot
be applied to the arbitrary shape of the geometrical model. Meshing will allow the governing equation to be computed
on a finite volume and predictable shaped. Mesh will affect the accuracy and the speed of the CFD simulation. For an
ideal CFD results, the mesh should have an infinite number of cells. However, it is impossible to have an infinitely fine
mesh, due to lack of computational power and the meshing will take a very long time. Therefore, fine mesh with finite
number of cells will be compared to the ideal cases of infinitely fined mesh with infinite number of cells. However,
there is always error involved in comparing the real mesh with ideal mesh. Mesh refinement study is used to estimate
the discretization in error. The error can be calculated by using the Equation 6.

P1—Po
Po

extr —

€21 (6)

Based on the Equation 6, e£{*" represented the extrapolated error and, ¢ is the value that we want to find. Meshing
near the mouth was set to 40 mm with growth rate of 1.2. The maximum size of the mesh is 400 mm as shown in the
Figure 2. The meshes were categorized into several type, which is fine, medium, and coarse. Each type can be
differentiated by their cell length and in this case, representative cell length, h was introduced. The value of h can be
calculated by using the Equation 7.

1
h= < Yceus v, ]

Where h is the representative cell length, N is the number of cells and V is the volume. The importance of finding,
h is because it signifies the average element size of the meshes which tells in which category the meshes in and it also
can tell that when h approaching zero which is an infinitely fine mesh, N will become infinite. Celik, Zhang * suggest
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that the grid refinement factor that can be found in Equation 8 should be greater than 1.3 or 30%. From the equation,
the mesh convergent plot of fine, medium, and coarse were shown against the velocity in Figure 3.

r= hfine

®

hcoarse

Meshing near mouth 40 mm with growth rate of
1.2

00 mm (maximum size of mesh)

Zoom View of Polyhedral Mesh

Fig. 2 - Cross sectional view of polyhedral mesh on the model
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Fig. 3 - Mesh convergence plot for velocity

The axial velocity that was used in this study located at 1.6 m from the ground level. From Figure 3, the mesh
sensitivity obtained were different for each mesh type. It is expected that fine mesh will be the most accurate among the
other meshes therefore fine mesh was chosen as the boundary condition. The representative cell length for fine length is
15.22 mm with the value of 8.95 m/s, the values were obtained by running the CFD simulation with SST model. The
values obtained from Grid Convergence Index were tabulated in Table 1. For Grid Convergence Index, the value of
representative length was only taken when errors for fine mesh size is less than 5% 516, The table shows the different
mesh size, and the errors were compared to the value of representative length, h = 0.

Table 1 - Data obtained from the mesh sensitivity study

Representative Present Simulation

Mesh Size Length (SST) Relative Error
Infinitely small 0 8.67 Reference

Fine 15.22 8.95 3.18%
Medium 22.68 9.15 5.49 %

Course 35.15 9.54 9.98 %
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2.4 Selection of Turbulence Model

For this study, turbulent model was chosen in the CFD simulation since most flows are regarded as turbulent flows
naturally. Four turbulent models that are commonly used were chosen in this study are SST k-omega, K-epsilon,
Spalart Almaras, and Large Eddy Simulation (LES). The turbulence model used can also be seen from the Figure 3. For
the simulation, velocity will be the output parameter. The values for velocity obtained from the simulation were
compared to the velocity obtained by Kwon et al. (2012) experimentally which is 7.72. The selection of the turbulence
model was based on the closest value to the experimental data where the LES model has the closest value to the
experimental data which is 8.062.

2.5 Boundary Condition

The boundary condition, the values were obtained from the literature review. Ganegoda, Wijaya, Amadi, Erandi,
Aldila 7 state that relative humidity and temperature will affect travelling distance of the respiratory droplets. He also
states that that 3000 of particles were released during coughing with the peak velocity of between 10 m/s to 20 m/s with
a mouth opening of 4 cm?. The boundary conditions that were set in this simulation were summarized in the Table 2.

Table 2 - Boundary condition used in the study

Parameter Value
Analysis type Transient
Type of Flow Turbulence
Turbulent model LES
Number of time step 1000

Time steps (adaptive) 0.1 s (begin)
Ambient & Inflow temperature 37°C
Inflow humidity 100 %
Ambient humidity 50 %
Density of droplet particle 1000 kg/m?®
Coefficient of Restitution 0.78
Number of particles 3000

Type of Particle Diameter Gaussian
Average Velocity of Particle 11.2 m/s
Initial Particle Velocity 25 m/s

2.6 Experimental Validation

The velocity obtained from the simulation will be compared to the experimental value that were obtained from
Kwon, Park, Jang, Cho, Park, Kim, Bae, Jang 8. In this study, LES were chosen among the turbulence model due to the
accuracy of LES which have the closest value of velocity when compared with the experimental value. The comparison
of the data was tabulated in Table 3.

Table 3 - Validation table

Height (m) u-velocity outlet u-velocity outlet (LES Relative error (%)
(Kwon 2012) Present)
1.60 7.72 8.06 4.43%
1.65 9.68 10.03 3.62%
1.70 11.64 12.05 3.52%
1.75 13.60 14.25 4.78%
1.80 15.56 16.31 4.82%
3. Result

3.1 Particle Spreading Characteristic

The operating condition of the model consist of 5 main areas. The areas are the bottom left, bottom right, centre,
top left, and top right of the mosque’s main hall. The measurement of particle deposition is done on the assailant and 5
prayers near the assailant, the wall, ceiling, and the ground. The simulation is done based on the condition in the
afternoon where the congregation prayers is usually done. The areas involved in the simulation are shown in Figure 4.
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Fig. 4 - Areas involved and the location of assailant

The velocity distribution in horizontal inside the main hall of mosque is shown in Figure 5 and Figure 6. The
measurement of the velocity distribution is taken at the middle of the prayer’s mouth and at time, t = 20s, 40s, 60s, 80s
and 100s. In the figure also shows the particle spreading from the assailant mouth over time. As the magnitude of
velocity increases, the particle spreads further from the assailant and spreads throughout the mosque. The location of
the assailant is at the top left of the mosque’s main hall. The plane is measured at the height 1.63m from the ground
which is the height from the ground to the middle of the assailant’s mouth which also applied to other areas. The
highest velocity is 2.85 m/s which can be seen mostly located at the middle area of the mosque. This is due to the
middle area of the mosque are more exposed to the fan and air-conditioner when compared to other areas. The lowest
velocity magnitude is 0.15 m/s. The particle can be seen spreading actively after the 40 seconds. In the figure, particle
is coloured in pink. The simulation is also being done at other assailant location inside the mosque based on Figure 7.
The velocity vector is seen to be affected by the fan and the air-conditioner. The velocity vector is found to be higher in
the middle part of the main hall when compared to the rest of the area. Figure 7 shows the velocity vector for different
areas inside the mosque at time 100 seconds.

4. Particle Deposition

The particle deposition in this simulation is measured at the ground, wall, ceiling, assailant body, prayer 1, prayer
2, prayer 3, prayer 4 and prayer 5. The location of prayers can be referred to Figure 8. The deposited particle is also
measured at different location inside the mosque such as bottom left, bottom right, centre, top left and top right. The
deposited particles are measure at time, t = 100s. Based on Figure 8, most of the particles are found to deposit on the
ceiling. This is probably due to the small particle size (0 - 10 um) that are light, and the effect of gravity is neglected.
The particle deposition on the prayers is very small which is near 0. However, in Figure 8, some of the particle
deposited on the prayers are regarded as 0 due to the rounding off the number to 2 decimal places. The reason behind
this is probably due to the surface area of the prayers which is smaller when compared to ceiling and wall. The
deposition on ground is small is due to the aerosol characteristic of the particle that causes the particle to linger in air
longer. The number of particles deposited on the prayers in Figure 8(a) shows that prayer 4 and prayer 5 received more
particles when compared to other prayers. prayer 3, 4 and 5 are in front of the assailant. However, prayer 3 received
almost 0 particles due to the prayer location which is under the air-conditioner. This coincide with the finding from
Nazari A. et al. (2021), where the safest location from the viral infection is near the inlet. The airflow from the air-
conditioner is pushing the particles away from the prayer 3. In Figure 8(b) the particle deposition on the assailant body
is high. This is probably due to the partition near the assailant which causes disruption on the local flow field. Based on
Abuhegazy, Talaat, Anderoglu, Poroseva *°, self-deposition increases on the student that is in the presence of the screen
from 47% to 60% and the total aerosol transmission is significantly decreases which agrees with the finding where the
deposition on assailant body is high when compared to other prayers due to the presence of partition near the assailant.
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Fig. 5 - The velocity distribution and the particle spreading observed at horizontal plane and the location of
assailant at centre of the mosque at time (a) 0s; (b) 20s; (c) 40s; (d) 60s; (e) 80s and; (f) 100s
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Fig. 8 - Particle deposition on different region inside the mosque at the position of assailant at (a) bottom left; (b)
bottom right; (c) centre; (d) top left and; (e) top right

4.1 Virus Reproductive Number

The infection of the prayers is counted by assuming that the prayers will get infected if particle deposition are
found on them. Based on Yan & Lan (2020), the cough containing virus concentration of 4 x 10* units/m3 will greatly
increase the virus reproductive number. The particle spreading can be seen from Figure 9. Based on Figure 9, the
number of infected prayers is counted based on the location of assailant from time, t = 0 seconds until 100 seconds. The
total number of prayers inside the mosque is 160. The virus reproductive number is calculated by using the equation 9.

R, =Bly ©

Where g is the number of infected and y is the mean infectious period %, and in this case it is 100 seconds. From
Figure 9 we can obtain the number of infected prayers, 8 thus RO can be calculated. The Rq for bottom left area is 0.45,
bottom right is 0.60, top left is 0.32, top right is 0.73 and centre is 0.83. This shows that if an infected person coughs at
the bottom left, top right, and centre of the mosque, it may cause higher infection among the prayers.

4.2 Comparison with Existing Paper

The data obtained from the particle deposition are compared with the finding from Abuhegazy, Talaat, Anderoglu,
Poroseva *°. In his paper, the effect of source location is found to have effect on the total aerosol’s transmission inside
the classroom. The paper found that student sit at the back corner and front corner of the class, will result in increased
deposition on the wall and ceiling by 44%. Student that sits at the centre back of the classroom will received the most
particle self-deposition. This result is obtained in the current simulation where the particle deposition is high at ceiling
and wall at the location bottom right and top left of the mosque.
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Fig. 9 - Number of infected prayers over time at assailant’s location (a) bottom left; (b) bottom right; (c) top left;
(d) top right and; (e) centre

4.3 Practical Application

The super spreader event will occur when a huge amount of people gathered at the same place in a confined place.
This can be seen from Figure 6 where a single person cough will infect as much 148 prayers out of 160 prayers in the
mosque. It can be said that almost everyone in the mosque will be infected by the cough of an infected person. This can
be seen from the Therefore, avoiding gathering in a confined space will reduce the chance of super spreader event. The
areas at the bottom left, centre and top right of the mosque should be leave vacant based on the high number of
infections from those areas after time, t = 100s that can be seen from Figure 6. The existence of partition inside the
mosque can also be useful in reducing the particle spreading which can be seen from Figure 6(b), where the number of
infected prayers is less than 100 after 100 seconds. This finding is with the agreement with Abuhegazy, Talaat,

143



Mat et al., Int. Journal of Integrated Engineering Vol. 14 No. 4 (2023) p. 134-145

Anderoglu, Poroseva *°. where the installation of screen or barrier inside the classroom may reduce the total aerosol
transmission from the source student by up to 92%.

4.4 Limitation Finding

The time constraint and lack of computational power are proven to be a major limitation in doing this simulation.
Due to lack of computational power, the simulation is only based on five different areas inside the mosque main hall
and the particle deposition is only calculated on the five nearest prayers to the assailant which may affect the accuracy
of the finding. The virus reproductive number in this study is determined by assuming that the prayers will be infected
as soon as the aerosols particle deposited on their body. This, however, does not represent the real-world scenario
where the person will only get infected if their antibody fails to eliminate the pathogen and the time for a person to
show a symptom may take hours or days instead of 100 seconds.

5. Conclusion

The study on the particle spreading characteristics, particle deposition and virus reproductive number over time at
different location inside the mosque has successfully been done. The first conclusion is that the velocity distribution
and velocity vector does affect the particle spreading characteristics throughout the mosque. The particles are found to
be concentrated at the area with high velocity region which is usually found in the middle of the mosque due to the
presence of fans and air-conditioner. The second conclusion is that the particle deposition is dependent on the particle
size where the particle with smaller size (0 -10 um) will be usually found deposited on the ceiling and walls and the
particle with bigger size will be found deposited on the ground (> 30 um). The aerosol particle deposition found on the
body of the prayers are small when compared to the particle deposition on the wall and ceiling which is due to the small
surface area of the prayers. The third conclusion is that the virus reproductive number are found to be high when the
assailant is located at the top right, centre and bottom left of the mosque with the Ro value of 1.48, 1.47 and 1.34
respectively. The high amount of Ry will cause more prayers to be infected. The presence of partition inside the mosque
can also be beneficial towards the prayer. This can be seen from the Ro value at bottom right which is 0.89. While the
study focuses on the effect of location of assailant towards the particle reproductive number, the effect of location of
ventilation is also important especially towards the air flow inside the mosque which will affect the particle spreading,
particle deposition and the virus reproductive number.
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