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ABSTRACT 
 
This study aims to investigate the effectiveness of physical distancing in a mosque during 
congregational prayer using the Computational Fluid Dynamic (CFD) simulation 
approach. A three-dimensional (3D) model of a mosque, prayer, and assailant was designed 
using Computer Aided Design (CAD) software. Then, a simulation is run using CFD 
software to simulate the pathogen transmission during the congregation prayer. The 
simulation is run with the fix of air movement, temperature, and humidity at variable 
distances, as distancing is the main focus of the study. This is to avoid other factors affecting 
the results of this study, as what matters the most is the distance among the prayers. The 
mesh sensitivity study has been done to get a good simulation result that is close to the real 
world using the numerical computational method. A correct turbulent model is then chosen, 
and the simulation data obtained were pre validated by the previous literature study. The 
simulations showed that the pathogen tends to move to the front right side of the mosque. 
Particles deposition showed that prayer at the front of the assailant received the most 
percentage of the particles deposition which is the highest 1.3% particles at 3m physical 
distancing and prayers at the side received least percentage of particles deposition for all 
physical distancing. The particles also mostly deposited at the ceiling and the mosque's 
ground. Finally, the result showed that the further distance among the prayers will minimise 
the virus reproduction number, Ro value during the congregational prayer. The highest 
value of Ro for without physical distancing is 3 at the interval of 40s to 50s, while the value 
of Ro for 3m and 4m physical distancing is 0 at the interval of 80s to 100s. This is because 
the virus cannot be transmitted to many people as the distance between humans increases. 
The percentage of probability infected prayers is the highest for without physical distancing, 
which is 26.63% out of total prayers, while at the lowest for 4m physical distancing, which 
is 14.29% out of all prayers. In conclusion, the pathogen transmission among prayers can 
be reduced by applying physical distancing as the pathogens are droplet nuclei that are 
sufficiently small to remain suspended in the air for an extended period and can travel more 
than 2m distance. 
 
Keywords: Physical distance, Indoor, CFD, simulation, prayer  
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1.0 INTRODUCTION 
 
By late December 2019, a virus outbreak occurred in Wuhan, China, and it was identified 
as a novel coronavirus. The virus has been temporarily named severe acute respiratory 
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syndrome coronavirus 2 and later officially named coronavirus disease 2019 (COVID-19) 
by the World Health Organization (WHO) [1].  

Now, COVID-19 has become a pandemic affecting the whole world. One of the 
preventives measured to prevent the virus from spreading more is a physical distancing 
prescribed by the WHO, stating that everyone should keep a 1.5 m or 2 m distance between 
each other to minimise the spread of the virus. However, recent studies show that the virus 
might be able to transmit over a two (2) m distance [2]. This is due to smaller respiratory 
droplets (<5 μm), which can remain airborne for a longer period and can travel further 
compared to bigger droplets (> 100 μm), which likely can only travel within two (2) m and 
then fall due to gravity [3]. 

Therefore, this study will focus on the effect of physical distancing in a confined 
space area on minimising virus transmission. Since the congregational prayer inside a 
mosque takes place in a confined space and involves a large number of people, therefore a 
study inside a mosque is chosen as a model for this study to determine the best physical 
distancing in minimising the virus transmission from human to human while congregation 
prayer is done. 

 
2.0 METHODOLOGY 
 
2.1 Simulation Model 
Masjid Riyadhus Solihin, located in Seri Kembangan, Selangor was selected to become the 
model as a confined space area for the simulation process. . The selection is made due to 
the mosque's size, which is not too big for the simulation process, as the time required to 
process the simulation will not be too long. The 3D model was created using SolidWorks, 
and the internal model was simplified to reduce the numerical computational load. In 
addition to this, the mosque also was chosen due to its availability of all mechanical devices 
such as air conditioners units, wall and ceiling fans to represent general mosques in 
Malaysia. Next, the 3D model was created by using SolidWorks and the internal of the 
model has been simplified to reduce the numerical computational load. 

The measurements of the mosque are estimated taken by Apple’s measurement 
application as shown in Table 1. The application uses LiDAR Scanner technology which 
can gauge the size of objects and save the photos of the measurements. So, some errors 
need to be considered when taking the measurements of the mosque. 
 

Table 1: Simplified the Model's Measurement for reference as designed by SolidWorks 
Parameter Value 
Floor plan (L x W x H) (m) 23 x 14 x 2.65 
Pulpit (L x W x H) (m) 3 x 3 x 2.65 
Pulpit’s window (L x H / radius) (m) 1 x 1.2 / 0.5 
Pillar (L x W x H) (m) 0.2 x 0.2 x 2.65 

 
The 3D model was then constructed by using SolidWorks software in Figure 1, and 

all the doors and windows were neglected as they were closed during the congregation 
prayer. The air conditioners were also attached to the wall of the building while the ceiling 
fans and ceiling were added during the CFD process. 
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Figure 1: SolidWorks 3D Model of the Mosque 

 
Eight (8) ceiling fans and four (4) air conditioners are used inside the mosque. The 

model used for the ceiling fans is from KDK K15VC (150cm) [6], and the model for the 
air conditioners is Daikin FHC60AV1M [7]. All fans and air conditioners are switched on 
during the congregation prayer. All the operating conditions for the fans and air 
conditioners are in Table 2. 
 

Table 2: Fans and Air Conditioners Operating Conditions 
Parameter Value 
Number of ceiling fan 8 
Number of air conditioner 4 
Volume flow rate of ceiling fan 230 m3/min 
Volume flow rate of wall fan 17.56 m3/min 

 
The prayer and assailant are constructed as a 3D model of a simple mannequin and 

its dimension is presented in Table 3. Only essential parts are considered during the 
construction of the 3D model: body, head, and mouth. 
 

Table 3: Prayer’s/Assailant’s Measurement 
Parameter Value 
Body (H x L x W) (mm) 1600 x 450 x 250 
Head (H x L x W) (mm) 250 x 200 x 200 
Mouth (H x L) (mm) 10 x 40 

 
The study considered that only one assailant coughed once at the centre of the 

mosque. The main variable to be studied is the distancing between the prayers. All the 
operating conditions for the cough are in Table 4. 
 

Table 4: Prayer/Assailant Operating Conditions 
Parameter Value Source 
Size of coughing droplets 1-1000 μm Ho, C.K., 2021 [3] 
Type of particle diameter Gaussian Ho, C.K., 2021 [3] 
Quantity of droplets 3000 Ho, C.K., 2021 [3] 
Velocity of droplets 11.2 m/s Kwon et al., 2012 [5] 
Initial velocity of droplets 25 m/s Kwon et al., 2012 [5] 
Reynolds number 10000 Ho, C.K., 2021 [3] 
Mouth opening 4cm2 Ho, C.K., 2021 [3] 
Density 1000 kg/m3 Refer to distilled water 
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The air flow circulation inside the mosque is predicted by using CFD simulation 
approach. The CFD simulation is conducted using a CFD solver, scFLOW student edition. 
The airflow circulation process followed the continuum fluid model, and this applies to the 
governing equations which are conservation of mass, momentum, and energy [4]. The 
equations require operating condition as prepared in Table 5. Transient state analysis is 
selected to monitor the spread of pathogen transmission during the conducting of the CFD 
simulation. The pathogen originated from the location of the mouth of the assailant and 
only coughed once. The distancing between the prayers will be varied to study the 
effectiveness of physical distancing in a mosque during congregational prayer. Each of 
these distances are going to be tested under the same conditions. This is to avoid other 
factors affecting the results of this study as what matters the most is the distance among the 
prayers. The Figure 2 and Figure 3 represent the prayer arrangement set to 1-meter and 3-
meter physical distancing. 
 

 
Figure 2: Prayer Arrangement 1 Meter 

 
Figure 3: Prayer Arrangement 3 Meter 

 
Table 5: CFD Simulation Operating Condition 

Parameter Value Source/Note 
Analysis type Transient Ho, C.K., 2021 [3] 
Type of flow Turbulent Ho, C.K., 2021 [3] 
Turbulent model LES Turbulent Model Selection 
Number of cycles 
Time steps 
Exhaled air temperature 
Exhaled air humidity 
Ambient temperature 
Ambient humidity 

1000 
0.1s 
37ºC 
100% 
20ºC 
50% 

Try and error analysis 
Try and error analysis 
Ho, C.K., 2021 [3] 
Ho, C.K., 2021 [3] 
Ho, C.K., 2021 [3] 
Ho, C.K., 2021 [3] 
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2.2 Mesh Sensitivity Study 
The meshing process is one integral part of whenever engineering simulations are used. 
Usually, meshing involves complex geometries divided into simple elements used as 
discrete local approximations of larger domains. Meshing is vital as it determines the 
accuracy, speed, and convergence of the simulation.  

A fine meshing statistic is used as a fine mesh provides much better accuracy than a 
medium and coarse mesh. A few settings have been done based on the design to suit the 
study. The maximum size of the mesh is set to 300 mm around the prayer and assailant 
body, and the minimum size near the mouth is 40 mm, with a growth rate of 1.2. The mesh 
gets smaller as it approaches the area of the mouth and nose, which are the most vulnerable 
parts of the human body to pathogens. as shown in Figure 4. 
 

 
Figure 4: Zoom View of Polyhedral Mesh 

 
The mesh is classified into three different categories of mesh, which is fine mesh, 

medium mesh and coarse mesh. The classification is determined by calculating the 
representative cell length, h, which is the average element size for all meshes in the domain. 
As it is a 3D model, the h is calculated by the equation (1) :  
 
ℎ =  1

𝑁𝑁
 ∑ 𝑉𝑉𝑝𝑝

1/3
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶                                                         (1) 

 
It is more effective to know the value of h compared to the number of cells, N, as the 

value of h reaches zero as the mesh becomes infinitely small, which is the ideal mesh, and 
N will become infinity for this mesh. The velocity, v, for each mesh, is then obtained after 
the simulation by using SST turbulent model, and a graph of h against v is plotted to obtain 
the velocity at h = 0, using the Richardson extrapolated method. This method required many 
iteration processes to reach the final value. The Richardson extrapolated error is required 
as the simulation of the smallest mesh size takes a very long time and requires a very high 
computational load to produce.  

The value then is compared with the three different mesh to get the relative error by 
using the equation (2) : 
 
𝑒𝑒21𝐶𝐶𝑒𝑒𝑒𝑒𝑒𝑒 =  �𝜑𝜑1−𝜑𝜑0

𝜑𝜑0
�                                                                  (2) 
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As the error obtained is less than 15% as shown in Table 6, the final value of velocity 
by using this method is accepted.  
 

Table 6: Velocity Value for Each Mesh 

Mesh Size Representative 
Length (mm) 

Velocity (m/s) 
Present Simulation 

(SST) 

Extrapolated 
Relative Error 

Infinitely Small 0 12.57 Reference 
Fine 10.06 13.08 4.06% 

Medium 14.64 13.55 7.49% 
Coarse 20.83 14.38 13.36% 

 
2.3 Selection of Turbulent Model 
As most natural flows are turbulent, a turbulent flow model is required to do the CFD 
simulation to estimate the model's fluid flow. Three common types of turbulence models 
are selected: K-Epsilon, Spalart Almaras, and Large Eddy Simulation (LES) model as 
shown in Figure 5. The simulation uses all three models, and the velocity parameter is 
obtained. Based on the simulations at 1.7 m height, the velocity values for K-Epsilon, 
Spalart Almaras, and LES were 14.985 m/s, 15.586 m/s and 12.14 m/s respectively. The 
values are then compared to the experiment data from the research of Kwon et al. [5], 
stating that the experimental value of the velocity at 1.7 m height was about 11.64 m/s. The 
1.7 m height was chosen as it is the average height for the location of the mouth and nose; 
this location is the most vulnerable part of the human body to the pathogen. From Figure 5, 
the best projection turbulent mode for the velocity is the LES model, so the LES model is 
chosen for this study. 
as presented in Table 7. 
 

 
Figure 5: Mesh Refinement Plot of Three Mesh Categories against Velocity 

 
Table 7: Turbulent Model Selection for Velocity Measured at 1.7 m Height 

Velocity (m/s) 
 Kwon et al. (2012) 

Velocity (m/s) 
(k-epsilon) P.S * 

Velocity (m/s) 
 (Spalart Allmaras) 

P.S * 

Velocity (m/s) 
 (LES) P.S * 

11.64 14.985 15.586 12.14 
P.S* = Present Simulation 
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2.4 Mathematical Model 
The governing equations used in the present research is the conservation of mass, 
momentum, and energy. The equations are as follows: 
 

 Conservation of Mass as in equation (3) 
 
𝜕𝜕𝜕𝜕
𝜕𝜕𝑒𝑒

+ ∇ ∙ (𝜌𝜌𝜌𝜌) = 0                                             (3) 
 
Conservation of Momentum as in equation (4) 
 
𝜌𝜌 𝜕𝜕𝜕𝜕𝜕𝜕

𝜕𝜕𝑒𝑒
+ 𝜌𝜌𝑈𝑈𝑒𝑒

𝜕𝜕𝜕𝜕𝑗𝑗
𝜕𝜕𝑒𝑒𝑡𝑡

= − 𝜕𝜕𝜕𝜕
𝜕𝜕𝑒𝑒𝑗𝑗

− 𝜕𝜕𝜏𝜏𝑡𝑡𝑗𝑗
𝜕𝜕𝑒𝑒𝑖𝑖

+ 𝜌𝜌𝑔𝑔𝜕𝜕                                                   (4) 

 
Conservation of Energy as in equation (5) 
 
𝑑𝑑𝑈𝑈 =  𝛿𝛿𝛿𝛿 − 𝛿𝛿𝛿𝛿 + 𝑢𝑢′𝑑𝑑𝑑𝑑                                                      (5) 

 
2.5 Preliminary Validation Analysis 

The preliminary validation process in this study is by using benchmark test by 
comparing the simulation data with the experimental data obtained by the research of Kwon 
et. al. So the simulations for other heights are then ran and the values of velocity at other 
different heights are obtained. . All the values are then compared with the experimental 
data. Table 8 shows the velocity data at different heights. 
 

Table 8: Experimental Preliminary Validation 

Height u-Velocity outlet 
(Kwon 2012) 

u-Velocity outlet 
(LES Present) 

Relative Error 
(%) 

1.60 7.72 8.02 3.89% 
1.65 9.68 10.08 4.13% 
1.70 11.64 12.14 4.30% 
1.75 13.60 14.25 4.78% 
1.80 15.56 16.33 4.95% 

 
3.0  RESULT AND DISCUSSION 
 
3.1 Aerosol Particles Spreading Characteristics 
The particle transportability pattern is used to investigate the aerosol particles spreading 
characteristic, representing the pathogen transmission inside the mosque as demonstrated 
in Figure 6. The pattern chosen is at 100s time as it is the most significant time to be studied. 
The characteristic of the particles spreading under transient state can be determined by 
knowing the pattern.  

The top view of the particle transmission for the magnitude of the velocity of the 
particles at 100s time without distancing, 1m, 2m, 3m, and 4m distancing are presented in 
Figure 6. The significant finding reveals that the pathogen tends to move to the front left 
side of the mosque without physical distancing. However, with physical distancing of 1m 
until 3m, the pathogen tends to move to the front right side of the mosque. However, with 
4m distancing, the pathogen can move to the middle right of the mosque. The pathogen 
transmissions most of the time are to the right side of the mosque, which might be due to 
the position of the air conditioners on the left of the mosque, and the flow from them pushes 
the pathogen to the right of the mosque. Meanwhile, the prayers might block the flow with 
no distancing, causing the pathogen transmission to the front left of the mosque. Adwibowo 
A (year) mentions that the flow of the particles is affected by the seating configuration [12] 
and supports the finding in the simulation. The pathogen also did not move to the rear of 
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the mosque for all simulations, and this might be caused by the positioning of the fans that 
are only placed at the rear of the mosque, preventing the pathogen from moving to the rear. 
As the ceiling fan's volume flow rate is higher than air conditioners [6,7], particles are 
pushed to the mosque's front side. This simulation of the particle transmission also proves 
that the pathogen can travel further than 2m, as stated by Setti, L. et al. and up to 4m 
distance [2]. 
 

 
0m 

 
1m 

 
2m 

 
3m 

 
4m 

 
 

Figure 6: Magnitude of Velocity of Particles for different Physical Distancing 
 

The magnitude of the velocity of air circulation at 100s times is also considered to 
understand the pathogen transmission behaviour further. The particle velocity vector of air 
conditioners and fans for all five (5) physical distancing are demonstrated in Figure 7. The 
air velocity vector for all simulations is the same except without physical distancing. Figure 
7 shows that the highest velocity are at the middle of the mosque for the prayers without 
physical distancing. In contrast, the prayers with physical distancing show that the highest 
velocity vector is from the middle to the front of the mosque. The air circulation from the 
air conditioners and the fans causes this velocity vector. M.N.H. Mat (2021) mentions that 
fan activation influences pathogen transmission and deactivation due to the propagational 
energy of the fan flow [8]. This finding can verify the pathogen transmission discussed 
before. 
 

 
0m 

 
1m 

 
2m 

 
3m 

 
4m 

 
 

Figure 7: Magnitude of Velocity of Air Circulation for different Physical Distancing 
 
3.2 Particles Deposition 
The particle deposition shows how much particles are touching the prayers and the 
surroundings of the inside of the mosque. The entities chosen for the particle deposition 
study are the assailant, six (6) prayers located at the side and front of the assailant, ground, 
wall, and ceiling. The particle deposition data is extracted, and the percentage of the 
particles is calculated for each entity chosen out of the total of all entities. From the data 
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extracted, bar graphs show the percentage of the particle’s deposition. Figure 8 shows the 
percentage of particles touching the assailant, six (6) prayers located at the side and front 
of the assailant, ground, wall, and ceiling for different physical distancing. Prayer 1 and 
Prayer 2 mostly had the lowest percentage of particles touching them as they were at the 
assailant's side. The other prayers received a higher percentage of particle deposition 
because they were at the front of the assailant. As the pathogens are mainly transmitted to 
the front of the mosque, these prayers received a higher percentage of pathogen touching 
them than the prayers at the side. Prayer 3 gains the highest percentage of particle 
deposition with 3m physical distancing at around 1.3% of total particles. The result can be 
supported by a paper by M.N.H. Mat that states prayer at the front of the assailant receives 
the highest number of particle depositions [8]. 

However, most of the particles are deposited at the ceiling and the ground for all five 
(5) different physical distancing, with mostly the highest percentage of particle depositions 
at the ceiling except for the ground at 3m physical distancing. The highest percentage of 
particle deposition for the ceiling is without physical distancing with 96.9% particle 
deposition, while the lowest is 30.9% at 3m physical distancing. It might be due to the 
highest concentration of pathogens in the air due to the flow of air conditioners and the fans. 
This result can be related to a study by Yang., et al. and Ho, C.K. and, that smaller 
respiratory droplets (<5 μm) can remain airborne for a longer period [11,3] and can travel 
further compared to bigger droplets (> 100 μm) which likely can only travel within 2m and 
then fall down due to the gravity [3]. This means that the smaller droplets tend to move 
upward to the ceiling while the bigger droplets drop down to the ground. 
 

 
(a) 

 
(b) 
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(c) 

  

(d) 

 
(e) 

Figure 8 (a-e): Particles Deposition for different Physical Distancing 
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3.3 Virus Reproductive Number 
The number of probability infected prayers with respect to time for 5 different 

physical distancing are represented in Figure 9. The number of probability infected prayers 
is gradually increasing over time for all distancing with higher value for without physical 
distancing compared to 4m physical distancing. 
     For the simulation without the physical distancing, the number of probability infected 
prayers constantly increasing from 0s until 100s. The number increases drastically between 
40s to 80s then started to slow down a bit. The highest value of Ro for without physical 
distancing is 3 which is at interval of 40s to 50s. The same pattern can be seen for 1m 
physical distancing, which shows that the probability of infected prayers keeps on 
increasing over time. For 2m physical distancing, the probability of infected prayers hardly 
increases from 0s to 50s, but then the number increases remarkably until 100s. 
     However, the pattern for the 3m and 4m physical distancing shows different patterns 
from the pattern of simulation for the without physical distancing, 1m, and 2m physical 
distancing. Figure 9 shows that the number increases 0s to 40s and then remain stagnant 
until 60s, then increases until 80s, and remains the same again until 100s. The same pattern 
can be seen for the simulation for 4m physical distancing which is the value remain the 
same from 0s until 40s then started to increase until 80s then the number of infection prayer 
continue to be the same again. The value of Ro for 3m and 4m distancing is 0 at the interval 
of 80s to 100s. This finding can be supported by Kucharski, A.J., et al and Jarvis, C.I., et 
al that stating the physical distancing can reduce the reproductive number of infected 
persons [9,10]. 
 

 
(a) 

 
(b) 
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(c) 

 
(d) 

 
(e) 

Figure 9: Number of probability Infected Prayers for different Physical Distancing 
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Table 9: Percentage of Probability Infected Prayers at 100s time 

Physical Distancing Percentage of Probability Infected 
Prayer Total Prayers 

Without Physical 
Distancing 26.63% 353 

1m 21.01% 119 

2m 16.33% 49 

3m 25.00% 28 

4m 14.29% 21 

 
Finally, at 100s time, the percentage of probability infected prayers for each physical 

distancing is calculated to compare how many prayers are probably infected out of the total 
of the prayers. The percentage of the probability infected prayers gradually decrease from 
without physical distancing to 2m physical distancing. But the percentage increases for 3m 
physical distancing. However, the percentage is decreasing again for the 4m physical 
distancing. The highest percentage of probability infected prayers is at without physical 
distancing meanwhile the lowest percentage is at 4m physical distancing. Jarvis, C.I., et al 
also found 74% reduction in the average daily number of contacts observed per participant 
when physical distancing was adopted [10] proving that when the physical distancing is 
applied, the percentage of infected people decreasing. 

The virus spreading transmission from the top view for every physical distancing at 
intervals of 20s are demonstrated at Table 10. The red colour represent the virus particles 
transmission over the time. The virus transmission starts at the middle of the mosque for 
all physical distancing. The virus then gradually start moving to the front of the mosque 
and manage to cover around 25% of the area of the mosque at 60s time. The virus 
transmission follows the pattern of air velocity circulation at chapter 3.1. The transmission 
mostly affected by the air flow of air conditioners and fans of the mosque. A quite similar 
pattern can also be found in paper wrote by Mohamadi, F. and A. Fazeli [13]. 
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Table 10: Direction of Virus Spreading from the Top View 

 
 
4.0  CONCLUSION 
 
In conclusion, the pathogen transmission among prayers can be reduced by applying 
physical distancing as the pathogens are droplet nuclei that are sufficiently small to remain 
suspended in the air for an extended period and can travel more than 2m distance. The 
pathogen can still travel through air for over 2m distances and in this study up to 4m 
physical distancing. In recommendation, the physical distancing among prayers need to be 
applied in the time of pandemic to reduce the virus infecting more people. 

The study uses a simulation of the virus transmission in a confined space, inside a 
mosque. Therefore, this study can also be used to investigate the virus transmission in other 
confined places with similar conditions, such as in cinema, which is a closed space with 
the person not moving for a long time. The cinema also commonly used air conditioners 
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like the mosque in this study, so the spreading characteristic might be quite similar to the 
result obtained from the simulation. However, if the confined space consists of constantly 
moving people, this analysis might not be accurate to be used. Therefore, understanding 
the nature of the space could help to compare this finding with other spaces. 

However, every research has its own flaws and limitations. For every 3000 droplets 
of coughing [3], it is not definitely that all particles contained the virus, so not all prayers 
that have contact with the particles is confirmed to be infected by the virus. The contact 
also considered at all over the body of the prayers not specified in the dangerous area like 
in the face area, so the prayers that have contact are only have some possibilities to be 
infected by the virus. Furthermore, the simulations only consider constant environmental 
conditions such as constant wind velocity, temperature, and humidity whereas the real 
world all the conditions are not constant all the time. The simulations also only consider 
the assailant only cough once while in real life the assailant might coughing more than once. 

Hence, there are still more room for improvements to be done to get more accurate 
result. Some of the recommendations that could be done for the next study are: 

i) Develop more real 3D modelling of the confined space to get more 
accurate result. 

ii) Do real-world experiments for final validation of this study. 
iii) Perform simulations with higher number of mesh to get more accurate 

result. 
iv) Find the exact number of viruses in the coughing droplets. 
v) Specified the area that are vulnerable for the virus to infect human. 
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