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Abstract. In the present study, the Multi-Relaxation Time Lattice Boltzmann method (MRT-LBM) was employed to solve the airflow 
inside a scaled room model with dimensions of 0.914×0.457×0.305 m. This room model is considered a representative space with a 
1:10 scale to an actual room. The selected room is equipped with a ventilation system. For optimizing the inlet and outlet locations 
of the airflow, 32 different positions in terms of length, width, and height for the inlet and 4 positions for the outlet were considered. 
The Taguchi method was utilized for optimizing the inlet and outlet locations, reducing the required number of experiments from 
128 to 16. To assess the number of suspended particles, 86400 particles with a size of 1µm were injected into the room. Then, the 
particle behaviors were examined for a total duration of 60 seconds. The obtained results indicate that the location of the air 
conditioning system significantly influences the concentration of airborne particles responsible for disease transmission. Utilizing 
the Taguchi optimization method, optimal positions for the inlet and outlet air were determined to minimize the number of 
suspended particles in the room (the best position) and maximize it (the worst position). 

Keywords: Optimization, Airborne particles, MRT-LBM, Taguchi method. 

1. Introduction 

In recent decades, the lattice Boltzmann method (LBM) has gained significant attention for simulating fluid flow and heat 
transfer [1-3]. This method utilizes the distribution function of fluid particles to simulate the macroscopic properties of the flow. In 
the lattice Boltzmann method, all calculations are explicit, and there is no need to solve any implicit system of equations. Due to 
the inherently local nature of the calculations, this method can easily be parallelized [4]. Moreover, due to the ease of implementing 
boundary conditions, the LBM found extensive application in solving fluid flow problems in complex geometries [5, 6]. Many 
important applications, including fluid flow and heat transfer in turbulent flows, flows with complex boundaries (porous media 
and moving curved surfaces), multiphase flow, and non-Newtonian fluid flows, were reported in the literature [7-9].  

Despite significant advancements over the past century, turbulent flow remains a major challenge for scientists and engineers 
[10]. Notwithstanding numerous efforts, turbulent flow continues to be an unsolved in physics. Nevertheless, various models were 
developed to handle practical turbulent flow applications, each valid for specific flow regimes. The Reynolds-Averaged Navier-
Stokes (RANS) model has gained much attention in engineering applications due to its low computational cost [11, 12]. However, 
the RANS method only provides the results of the averaged flow properties and requires modeling of the Reynolds stresses. On the 
other hand, the Direct Numerical Simulation (DNS) resolves all scales of flows without the need for additional modeling [13]. The 
DNS, however, requires extensive computational resources, making it difficult and expensive for practical applications. Another 
method between the RANS and DNS is the Large Eddy Simulation (LES) [14]. This method directly solves large turbulence eddies, 
while the smaller subgrid scale eddies are filtered and modeled.  

Given that most people spend their time in indoor environments, indoor air quality significantly impacts human health. 
Additionally, the transmission of viral diseases indoors, especially the coronavirus pandemic, which has affected the entire world, 
maintaining indoor air quality is even more critical [15-21]. Balachandar et al. [15] studied the host-to-host airborne transmission 
as a multiphase flow. Gorbunov [16] investigated the transfer of aerosol particles produced by coughing and sneezing using 
computational fluid dynamics (CFD). Bahramian et al. [17] investigated the effect of indoor temperatures and airflow dynamics on 
the airborne transmission of sneeze droplets in enclosed environments.   Bahramian and Ahmadi [18] explored the effect of sneeze 
flow velocity on respiratory droplet dispersion in confined spaces. Karami et al. [19] studied the spread of COVID-19 infection in a 
dental clinic. All these studies used 3D computational models, including heat and mass transfer and dispersion of dilute respiratory 
droplets, to assess aerosols' dispersion in different environments. These simulations demonstrated that the ventilation system and 
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indoor geometries influenced the dispersion of respiratory aerosols. Furthermore, the results indicated that aerosol particles 
ranging from 1µm to 100 µm could potentially carry coronavirus viruses and can travel large distances, even up to 30 meters, under 
certain ventilation conditions. Harish et al. [20] and Mirzaie et al. [21] computationally examined the spread of the coronavirus 
(COVID-19) virus in ventilated classrooms. Their results showed that the speed of sneeze and cough droplets initially decreases as 
they move away from the emitter mouth and then increases as they approach the exhaust. It is also observed that sneeze droplets 
spread to a greater distance compared to cough droplets due to higher initial speeds. The studies of cough and sneeze droplets 
spreading indicate that a social distance of 2 meters is the minimum that should be maintained to prevent virus spread, and it may 
not be sufficient for certain conditions.    

Mofakham and Ahmadi [22] studied the accuracy of discrete and continuous random walk models to simulate particle 
dispersion and deposition in turbulent flows and the effects of velocity fluctuations on particle motion. They suggested improved 
continuous random walk (CRW) and discrete random walk (DRW) models for accurately predicting the particle concentration and 
deposition. Ahmed et al. [23] discussed the importance of studying how droplets are transported when people speak and exhale in 
connection to the COVID-19 pandemic. They reported that the airflow jet at the mouth during speaking is unstable, and its angle 
fluctuates significantly. They also reported that the airflow speed at the lips when making certain sounds is faster than previously 
thought and is not steady. These results indicated that previous studies on air movement during speech have not fully accounted 
for how far respiratory droplets can travel. This is important for understanding how respiratory diseases like COVID-19 spread. 
Mofakham et al. [24] used direct numerical simulations of expiratory flow during sustained fricative utterances. Their results 
improved the understanding of how respiratory droplets are expelled during speech. Mofakham et al. [25] worked on respiratory 
particle propagation during fricative productions and the effect of airflow variations on particle transport and dispersion as a 
function of particle size. Their results illustrated significant effects of the airflow jet trajectory variations on the pattern of particle 
motion and transport during fricative utterances. Obeid et al. [26] used a 3-D computational model to solve the airflow inside a 
ventilated room. They concluded that enhancement in the hourly air change rate from 2.0 to 5.6 declined the 1 μm droplet 
concentration inside the room by a factor of 2.8 and in the breathing zone of the receptor occupant by a factor of 3.2. Karami et al. 
[27] simulated the cough droplet motion using the Eulerian-Lagrangian CFD model. They showed that the air ventilation layout 
strongly affects the droplet motion in the indoor space, and the air-curtain flow pattern significantly reduces the transportation of 
virus-infected cough droplets. Motosami et al. [28] investigated the impact of cough dynamics on safe social distancing in an indoor 
environment using The CFD approach. The findings suggest that, in general, women have a smaller contamination area because of 
their lower cough velocities and droplet emissions. Furthermore, a significant portion of respiratory droplets from unobstructed 
coughing spread more than the two-meter social distancing threshold. Ahmadzadeh and Shams [29] numerically studied the spread 
of infectious diseases in a meeting room. The main objective of their study was to examine the effects of window opening frequency, 
outlet layout, and the location of air conditioning systems on particle dispersion. In their study, two wall-mounted air conditioning 
units are installed on the back or front wall side. Their results indicated that reducing the distance between the installed ventilation 
systems and the ceiling can reduce suspended particles by more than 35%. Xu et al. [30] investigated the movement and settling 
patterns of small particles in turbulent Rayleigh–Bénard convection using 2D simulations at a Rayleigh number (Ra) of 108 and a 
Prandtl number (Pr) of 0.71, corresponding to air. They employed a Lagrangian point particle model to track particle behavior in 
turbulent flow conditions. Their findings revealed that under different Stokes numbers (St), particles exhibited varied distributions: 
homogeneous for St < 10-3, band clustering for 10-3 ≤ St ≤ 10-2, and rapid sedimentation at higher St values. Analysis of mean-square 
displacement showed distinct motion regimes over time intervals, reflecting both isotropic and anisotropic characteristics. 
Moreover, a phase diagram illustrating particle deposition locations on the wall demonstrated three distinct states based on particle 
properties, with a notable tendency for particles to deposit near vertical walls adjacent to hot plumes. 

In many problems, the design of experiments (DOE) is done to reduce the cost and the testing time to reach the optimal number 
of experiments. DOEs are divided into full factorial designs and Fractional Factorial Designs [31, 32]. In the full factorial design, all 
possible combinations of the parameters are examined. However, Taguchi's method [33, 34], one of the fractional factorial methods, 
provides an optimal minimum number of needed experiments. Taguchi's method combines statistical and mathematical methods 
used in experimental design. This method determines the optimal conditions for the input parameters with a minimum number 
of experiments. The reduction in the time and cost of experiments are the main advantages of the Taguchi method. 

The presented literature survey shows that studies of optimizing the ventilation register locations to minimize the spread of 
particles in a room are scarce. Hence, this study examined the impact of the inlet and outlet air register locations on particle 
dispersion and transport. The Taguchi method was used, and the optimal locations of the ventilation inlet and outlet registers for 
mitigating particle dispersion in the room were evaluated. 

 
Fig. 1. Scaled room geometry and the studied locations of inlet and outlet. 
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Table 1. The coordinates of the geometric parameters of the inlet and outlet.  

0.164 (m)  1D  

0.392 (m)  2D  

0.056 (m)  1L  

0.123 (m)  2L  

0.190 (m)  3L  

0.257 (m)  4L  

0.324 (m)  5L  

0.391 (m)  6L  

0.458 (m)  7L  

0.525 (m)  8L  

Table 2. Boundary conditions.  

Boundary Type of Boundary condition 

Inlet Velocity inlet 

Outlet Pressure outlet 

Wall No slip 

2. Room Geometry  

This study investigated a modeled room with a scaling ratio of 1:10, with one inlet and one outlet, as shown in Fig. 1. The room 
model dimensions are 0.914×0.457×0.305 meters. The room inlet and outlet dimensions are the same and equal to 0.101×0.101 
meters. 

As expected, the location of inlets and outlets of the airflow can significantly impact the room's ventilation and, consequently, 
the particle dispersion and transport in the room [9]. Various airflow inlet and outlet locations in the room's ceiling and floor are 
examined here. Figure 1 shows a schematic of the room and the locations of the airflow inlets and outlets studied. There are two 
rows of eight locations for the inlet on the ceiling and floor. Here, Li is the distance of the inlet center from the room's right wall. Di 
is the distance of the inlet center from the room wall, as shown in Fig. 1. There are only four positions for the outlet (two on the 
ceiling and two on the floor) near the room's left wall. The values of the parameters shown in Fig. 1 are listed in Table 1. Therefore, 
there are 32 positions for the air inlet and only four for the airflow outlet. The airflow Reynolds number is 1500 based on the length 
of the inlet and the inlet airflow velocity. The air density is 1.18 kg/m3, and the air kinematic viscosity is 5.10×10-5 m2/s. The airflow 
is incompressible and Newtonian. In addition, the airflow is turbulent, and the LES model is used to simulate the airflow field. The 
boundary conditions used in the present work are listed in Table 2. For the particles, the trap boundary condition is used. So, particles 
are assumed to be deposited when they reach the walls. 

To investigate the particle motion in the room, when the airflow reaches the steady state, 144 particles with a size of 1µm with 
a time interval of 0.05 seconds are injected from the inlet (with the same velocity as the inlet air) into the room for 30 seconds 
(86400 particles), and the particle behavior is examined for 60 seconds. 

3. Numerical Solution  

3.1. Multi Relaxation Time Lattice Boltzmann method using the LES model (MRT-LBM-LES) 

Considering the increased stability of the MRT method, this approach was utilized in the current study. Based on this method, 
for the D3q19 lattice (Fig. 2), the following equation can be used to calculate the distribution function for the velocity [35]: 

(1) 
^

1( , ) ( , ) . .[ ( , ) ( , )]eq
jk k ki i i ijf x c t t t f x t M S R x t R x t−+ ∆ +∆ = − −  

Equation (1) represents the particle velocity, which is expressed as follows for the D3Q19 lattice: 

(2) 

( )0,0 0

( 1,0,0), (0, 1,0), (0,0, 1) 1 6 for 3 19

( 1, 1,0), ( 1,0, 1), (0, 1, 1) 7 18
i

i

c c c c i D Q

c c c i

 == ± ± ± = −
 ± ± ± ± ± ± = −

 

 

Fig. 2. D3Q19 lattice. 
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in which / ,c x tδ δ=  where xδ  and tδ  are constant length and time interval values, which are considered equal to one. R in Eq. (1) 
is calculated as: ,R MF=  where F is the matrix of distribution functions (f), and the matrix M is calculated as: 

(3) 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

30 11 11 11 11 11 11 8 8 8 8 8 8 8 8 8 8 8 8

12 4 4 4 4 4 4 1 1 1 1 1 1 1 1 1 1 1 1

0 1 1 0 0 0 0 1 1 1 1 1 1 1 1 0 0 0 0

0 4 4 0 0 0 0 1 1 1 1 1 1 1 1 0 0 0 0

0 0 0 1 1 0 0 1 1 1 1 0 0 0 0 1 1 1 1

0 0 0 4 4 0 0 1 1 1 1 0 0 0 0 1 1 1 1

0 0 0 0 0 1 1 0 0 0 0 1 1 1 1 1 1 1 1

M

− − − − − − −

− − − − − −

− − − − −

− − − − −

− − − − −

− − − − −

− − − − −

=

0 0 0 0 0 4 4 0 0 0 0 1 1 1 1 1 1 1 1

0 2 2 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2

0 4 4 2 2 2 2 1 1 1 1 1 1 1 1 2 2 2 2

0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0

0 0 0 2 2 2 2 1 1 1 1 1 1 1 1 0 0 0 0

0 0 0 0 0 0 0 1 1 1 1 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1

0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 0 0 0 0

0 0 0 0 0 0 0 1 1 1

− − − − −

− − − − − − − −

− − − − − −

− − − − − −

− − − − − −

− −

− −

− −

− 1 1 1 1 1 0 0 0 0

0 0 0 0 0 0 0 1 1 1 1 0 0 0 0 1 1 1 1

0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1

                                                              − − − − − − − − − − − 



 

The values related to the relaxation time for the geometry under investigation are as follows: 

(4) 
^

0 1 18diag( , ,..., )ijS s s s=  

(5) 1 1.19s =  

(6) 0 3 5 7 0.s s s s= = = =  

(7) 9 11 13 14 15

1

(3 0.5)t

s s s s s
ν

= = = = =
+

  

(8) 2 10 12 1.4s s s= = =  

(9) 4 6 8 1.2s s s= = =  

(10) 16 17 18 1.98s s s= = =  

The LES model with the standard Smagorinsky model was used for evaluating .tν  That is, 

(11) 2( )t SC Sν = ∆  

In this study, the value of sC  was considered to be 0.16 and 1/3( ) .x y z∆= ∆ ∆ ∆  To obtain the value of ,S  we have: 

(12) 2 2 2 2 2 22 2[ 2( )]xx yy zz xy yz xzS S S S S S S S Sαβ αβ αβ= = + + + + +  

(13) 1 1 9 9

1
[ 19 ]

38
neq neq

xxS s h s h
ρ

=− +  

(14) 1 1 9 9 11 11

1
[2 19( 3 )]

76
neq neq neq

yyS s h s h s h
ρ

=− − −  

(15) 1 1 9 9 11 11

1
[2 19( 3 )]

76
neq neq neq

zzS s h s h s h
ρ

=− − +  

(16) 13 13

3

2
neq

xyS s h
ρ

=−  

(17) 14 14

3

2
neq

yzS s h
ρ

=−  
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(18) 15 15

3

2
neq

xzS s h
ρ

=−  

(19) neq eqh R Rα α α= −  

3.2. Particle motion  

The general equation of particle motion is as follows: 

(20) ( ) ( )
Re1 1

1
24

p
D p f pi

i i i i

p

Cdu
u u g n t

dt Sτ

 = − + − +  
  

In Eq. (20), p
iu  is the particle velocity in the i-direction and is given as: / ,p

i iu dx dt=  f
iu  is the instantaneous fluid velocity in the 

i-direction as evaluated from the MRT-LBM-LES, Re /p reldu ν=  is the Reynolds number, where | |f p
rel j ju u u= −  is the relative velocity 

magnitude, S is the particle to fluid density ratio, ig  is the acceleration of gravity, and ( )in t  is the Brownian force per unit particle 
mass.  The first term on the right-hand side of Eq. (20) represents the drag force per unit mass of the particle, in which the particle 
relaxation time is given as: 

(21) 
2

18
c

p

Sd C
τ

ν
=  

 
Here, S is the ratio of particle density to fluid density, and cC  is the Cunningham correction factor, which is given by: 

(22) 
1.12

1 (1.257 0.4 )
d

cC e
d

λ
λ

−

= + +  

Here, d is the particle diameter, and λ  is the air mean free path is equal to 710-8. DC  is the drag coefficient and is obtained from 
the following relationship: 

(23) 

 

 

 

  

24
Re 1

ReD p

p

C = <  

0.68724
(1 0.15Re ) 1 Re 400

ReD p p

p

C = + < <  

The second term on the right-hand side of Eq. (20) represents the effect of gravitational force and buoyancy force, and the last 
term is the random Brownian force, which can be calculated from the following equation [36] at every time step: 

(24) 1( )i i

S
n t

t

π
ζ=
∆

 

Here the spectral intensity of the Brownian excitation is given by: 

(25) 1 2 5 2

216 b

c

k T
S

d S C

ν

π ρ
=  

 
Here, iζ  is a zero mean, unit variance, independent Gaussian random number, T  is the temperature, ν  is the kinematic 

viscosity, and ρ  is the fluid density and bk  is the Boltzmann constant and equal to 1.3810-23. In the present simulations, the effect 
of sub-grid scale fluctuations are neglected.   

 

3.3. Design of Experiment (DOE) 

To study the effects of the five introduced parameters, which are shown in Table 1 and Section 2, one of which has eight levels 
and the others have two levels, there are 8×2×2×2×2 = 128 possible combinations of experimental positions. Conducting this number 
of numerical experiments is very time-consuming and computationally expensive. Using the standard orthogonal array L16, which 
is suitable for designing experiments with five parameters and different levels, the number of experiments can be significantly 
reduced to 16. Table 3 shows the L16 orthogonal array for designing experiments to optimize the air ventilation system for the room. 
The numbers in the table indicate the level of each parameter. 

Table 3. L16 Taguchi orthogonal array.  

Ho Do Hi Di Li Design number (DN) Ho Do Hi Di Li Design number (DN) 

2 1 2 1 5 9 1 1 1 1 1 1 

1 2 1 2 5 10 2 2 2 2 1 2 

2 1 2 1 6 11 1 1 1 1 2 3 

1 2 1 2 6 12 2 2 2 2 2 4 

1 2 2 1 7 13 2 2 1 1 3 5 

2 1 1 2 7 14 1 1 2 2 3 6 

1 2 2 1 8 15 2 2 1 1 4 7 

2 1 1 2 8 16 1 1 2 2 4 8 
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Table 4. Grid independence study. 

 N1 N2 N3 N4 

Grid size 
210×105×70 

(x,y,z) 
300×150×100 

(x,y,z) 
360×180×120 

(x,y,z) 
390×195×130 

(x,y,z) 

In this study, all the experiments shown in Table 3 must be simulated, and the particle deposition in the room space must be 
measured. After conducting the experiments, the results are compared to determine the appropriate level of each parameter to 
achieve the problem's objective. One of the available tools for analyzing the results of the experiments is the signal-to-noise (S/N) 
ratio. 

3.4. Signal-to-noise (S/N) ratio analysis 

In the Taguchi method, the parameters or variables of the problem are divided into two groups: controllable and uncontrollable. 
The controllable factors are those parameters that can be easily controlled and are used to select the best conditions for the 
problem. The uncontrollable factors are all parameters that may cause changes in the output but are not considered input 
parameters due to the difficulty of controlling them or insufficient knowledge about them. The S/N ratio indicates the sensitivity 
of the characteristic under investigation to the input parameters in a controlled process. S/N ratio is related to deviations between 
experimental data and the desired value using a loss function. The value of this function is chosen among the three states: “the 
smaller is better,” “the closer to the nominal is better,” and “the larger is better,” depending on the nature of the response function. 
Taguchi has provided various relationships for calculating the S/N ratio based on the three groups. However, it should be noted that 
having the highest S/N ratio is always desirable for finding the optimal conditions. High values of the S/N ratio indicate that the 
effect of controllable parameters is greater than the effect of uncontrollable and noise parameters. The relationships related to the 
S/N ratio are calculated for each of the states as follows: 

(26) The larger is better 2
1

1 1
10log

n

LB
i i

SN
n y=

  =−    
∑  

(27) The smaller is better 2

1

1
10log

n

SB i
i

SN y
n =

  =−    
∑  

(28) The closer to the nominal is better ( )
2

1

1
10log

n

NB oi
i

SN y y
n =

  =− −   
∑  

where n is the number of experiment repetitions, yo is the desirable value, and yi is the measured output from the experiment 
numbers listed in Table 3. 

4. Results and Discussion 

4.1. Grid independence 

A thorough testing was carried out to ensure the solution was not dependent on grid size. Various uniform grids, as listed in 
Table 4, were used in the present study. The simulation results indicated no significant change in the velocity profile and particle 
deposition as the grid resolution increased from N3 to N4. Therefore, the N3 grid with 360×180×120 cells were selected for the 
subsequent simulations. 

 

Fig. 3. Comparison of the time-averaged vertical velocity along the inlet axis with the previous results of [37, 38]. 
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Fig. 4. Comparison of the number of suspended 1 µm particles in the room at different times with the earlier LES simulation of Tian et al. [38]. 

4.2. Code validation and particle deposition  

Since numerical simulation results are required for the optimization analysis and the statistical regression, it is crucial to ensure 
that numerical simulations capture the physics well. Therefore, the present computational model is verified by comparing its 
predictions with the experimental data of Posner et al. [37] and LES simulations of Tian et al. [38], who studied a similar room model 
with the same dimensions for the room and the inlet and outlet registers. In their studies, the inlet and outlet registers were on the 
ceiling, and a partition was in the middle of the room. In these previous works, when the flow stabilized, reaching a quasi-steady 
state, 86400 particles were injected into the room from the inlet register with the same velocity as the inlet air for 30 seconds, and 
then the particle injection was stopped. We simulated airflow and particle dispersion in the room with the inlet airflow and particle 
injection conditions. The predicted airflow velocity and the number of particles remaining in the room at different times are 
compared with the results of [37, 38] in Figs. 3 and 4. It is seen that the present simulation results for the velocity profile and the 
number of suspended particles are in good agreement with the earlier findings.  

4.3. Simulation results 

In this section, the simulation results obtained for different air inlet and outlet positions, as shown in Table 3, are presented at 
different times in Fig. 5. It is seen that by changing the location of the outlet and inlet, the number of suspended particles in the 
room changes. Therefore, determining the optimal location is very important. In the present study, using the Taguchi method, the 
optimal location for reducing the number of suspended particles in the room, and the worst location, where the number of 
suspended is the highest, are determined. 

The current study aims to identify the designs that minimize and maximize the number of suspended particles in the room. 
According to Eqs. (26) and (27), initially, the S/N ratio for the output of each design must be determined. The S/N ratio data for each 
design is provided in Table 5 for maximizing the number of suspended particles. It should be noted that the value of the S/N ratio 
for each design to minimize the number of suspended particles is also the same value of the S/N ratio for maximization with a 
negative sign. The average value of the S/N ratio must be calculated to evaluate the average signal-to-noise ratio value for each 
parameter at each level. 

 

Fig. 5. Number of suspended particles for various designs at different times. 



8 H. Sajjadi et al., Vol. x, No. x, 2024 

 

Journal of Applied and Computational Mechanics, Vol. xx, No. x, (2024), 1-12 

Table 5. The signal-to-noise ratio values for each experiment, considering the maximization of suspended particles in the room (the larger is better). 

SN Ratio Suspended # of Exp. SN Ratio Suspended # of Exp. 

−10 ∗ log ( 1
435582) = 92.781 43558 Test9 −10 ∗ log ( 1

400552) = 92.053 40055 Test1 

−10 ∗ log ( 1
445032) = 92.968 44503 Test10 −10 ∗ log ( 1

393222) = 91.893 39322 Test2 

−10 ∗ log ( 1
398332) = 92.005 39833 Test11 −10 ∗ log ( 1

398592) = 92.011 39859 Test3 

−10 ∗ log ( 1
386472) = 91.742 38647 Test12 −10 ∗ log ( 1

403182) = 92.110 40318 Test4 

−10 ∗ log ( 1
375142) = 91.484 37514 Test13 −10 ∗ log ( 1

436362) = 92.797 43636 Test5 

−10 ∗ log ( 1
397332) = 91.983 39733 Test14 −10 ∗ log ( 1

436362) = 93.650 48141 Test6 

−10 ∗ log ( 1
377352) = 91.535 37735 Test15 −10 ∗ log ( 1

440562) = 92.880 44056 Test7 

−10 ∗ log ( 1
398262) = 92.003 39826 Test16 −10 ∗ log ( 1

483392) = 93.686 48339 Test8 

 
Fig. 6. The S/N Ratio values considering maximizing the number of suspended particles in the room (the larger is better). 

 
 Fig. 7. The S/N Ratio values considering the minimization of the number of suspended particles in the room (the smaller is better). 

Figures 6 and 7 depict the S/N ratio values for two cases of maximizing and minimizing the number of suspended particles in 
the room, respectively (Details presented in Appendix A). 

According to the Taguchi method theory, the maximum value of the S/N ratio should be selected at each level to find the optimal 
value. The optimal levels for each problem parameter, considering the maximization and minimization of the number of suspended 
particles in the room, are shown in Table 6. 

Therefore, based on the data in Table 6, to maximize the number of suspended particles in the room (the worst case), the optimal 
value for parameter Li is at level 4, Li = 0.257 m, for parameter Di is at level 2, Di = 0.392 m, for parameter Hi is at level 2, Hi = 0 m, for 
parameter Do is at level 1, Do = 0.164 m, and for parameter Ho is at level 1, Ho = 0.305 m, which is shown in Fig. 8. Furthermore, to 
minimize the number of suspended particles in the room (the best case), the optimal value for parameter Li is at level 7, Li = 0.458 
m, for parameter Di is at level 1, Di = 0.164 m, for parameter Hi is at level 1, Hi = 0.305 m, for parameter Do is at level 2, Do = 0.392 m, 
and for parameter Ho is at level 2, Ho = 0 m, which is shown in Fig. 9. 

1 2 3 4 5 6 7 8
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Table 6. The optimal levels for maximization and minimization of the number of suspended particles in the room. 

Ho Do Hi Di Li Parameter 

1 1 2 2 4 Maximization (the worst) 

2 2 1 1 7 Minimization (the best) 

 

Fig. 8. Schematic of the inlet and outlet location to maximize the number of suspended particles. 

 

Fig. 9. Schematic of the inlet and outlet location to minimize the number of suspended particles. 

 

Fig. 10. Number of suspended particles for maximized and minimized cases at different times. 
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Based on the obtained data and the selection of optimal levels, it is necessary to conduct a new simulation to measure the 
number of suspended particles in the room. Table 6 shows that the coordinates of the state with the highest number of suspended 
particles correspond to experiment number 8. Therefore, a new simulation for this state is not necessary, and the results of 
experiment number 8 are utilized. Figure 10 presents the relevant results for the optimal states at different time intervals. As it is 
obvious in Fig. 10, the number of suspended particles will change around 30% by changing the position of the ventilation system, 
so it would be very important to choose a proper situation. Also, the difference of suspended particles will increase by time. 

5. Conclusions  

In the current study, the optimization of the air inlet and outlet location was carried out using the Taguchi method to reduce 
the level of suspended particles in the room. The worst-case scenario regarding the maximum number of suspended particles in 
the room was also investigated. The conclusions of the current study, based on the obtained results, are as follows: 

 Using the Taguchi optimization technique, the lattice Boltzmann method for predicting particle motion and optimizing the 
air inlet and outlet locations showed promising results. It is concluded that this approach could find applications for 
controlling virus transmission in indoor environments. 

 Using the Taguchi optimization method decreases the computational time by more than 87% compared to the full factorial 
method. 

 When the inlet register is on the ceiling and the outlet register is on the floor, indoor air quality is improved. 
 The optimal placement of the air inlet and outlet to reduce the number of suspended particles in the room and subsequently 

reduce the exposure to particles (best case scenario) is as follows (Fig. 9): Li = 0.458 m, Di = 0.164 m, Hi = 0.305 m, Do = 0.392 
m, Ho = 0 m. 

 The optimal placement of the air inlet and outlet to increase the number of suspended particles in the room and 
subsequently increase the exposure to particles (worst case scenario) is as follows (Fig. 8): Li = 0.257 m, Di = 0.392 m, Hi = 0 m, 
Do = 0.164 m, Ho = 0.305 m. 
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Appendix A 

The S/N ratio for the output of each test was previously given in Table 5. This appendix gives the average S/N ratio for each 
parameter at each level. Since level 1 of parameter Li only exists in experiments 1 and 2, the average S/N ratio for these experiments 
obtained as follows: 

(A-1) 
,1

(92.0531 91.8927
91.9729

2iLSN
+

= =  

Similarly, the remaining average S/N ratio values for the parameter Li and the remaining levels can be obtained as follows: 

(A-2) 
,2

(92.011 92.110
92.061

2iLSN
+

= =  

(A-3) 
,3

(92.797 93.650
93.224

2iLSN
+

= =  

(A-4) 
,4

(92.880 93.686
93.283

2iLSN
+

= =  

(A-5) 
,5

(92.781 92.968
92.875

2iLSN
+

= =  
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(A-6) 
,6

(92.005 91.742)
91.874

2iLSN
+

= =  

(A-7) 
,7

(91.484 91.983)
91.734

2iLSN
+

= =  

(A-8) 
,8

(91.535 92.003)
91.769

2iLSN
+

= =  

The average S/N ratio values for the parameter Di and its two levels have been calculated below: 

(A-9) 
,1

(92.053 92.011 92.797 92.880 ... 91.535)
92.19

8iDSN
+ + + + +

= =  

(A-10) 
,2

(91.893 92.110 93.650 ... 92.003)
92.50

8iDSN
+ + + +

= =  

For the parameter Hi and for its two levels, we have: 

(A-11) 
,1

(92.053 92.011 92.797 ... 92.003)
92.30

8iHSN
+ + + +

= =  

(A-12) 
,2

(91.893 92.110 93.650 ... 91.535)
92.39

8iHSN
+ + + +

= =  

For the parameter Do: 

(A-13) 
,1

(92.053 92.011 93.650 ... 92.003)
92.52

8oDSN
+ + + +

= =  

(A-14) 
,2

(91.893 92.110 92.797 ... 91.535)
92.18

8oDSN
+ + + +

= =  

And finally, for the parameter Ho: 

(A-15) 
,1

(92.053 92.011 93.650 ... 91.535)
92.39

8oHSN
+ + + +

= =  

(A-16) 
,2

(91.893 92.110 92.797 ... 92.003)
92.31

8oHSN
+ + + +

= =  
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