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Abstract. To analyze how temperature distribution affects particle deposition in an enclosed space, different placements for heating 
and cooling systems (HC) are examined and the quantity of particles deposited is determined. Taguchi’s optimization method is 
implemented for finding the best location in order to reduce the number of suspended particles. To evaluate the effect of particle 
size on the deposition rate for various HC system locations, particles with different sizes (100 nm to 10 µm) are considered. With 
respect to the results, the location of the HC system does not have a significant effect on the deposition rate of small-sized particles 
(1 µm and 100 nm), but for particles with a size of 10 µm, where the most of the Covid-19 and Sars viruses are in this range, the HC 
system’s location significantly affects the number of suspended particles. Therefore, the optimization process with Taguchi’s 
method has been carried out for the particle with a size of 10 micrometers. Furthermore, the findings indicate that the vertical 
placement of the heater system is the most important factor and the longitudinal position of the cooler system is the least 
important factor in the reduction of suspended particles. 

Keywords: Suspended particles; HC location; LBM; Taguchi’s optimization method; Sensitivity Analysis. 

1. Introduction 

As a result of particles expelled during human respiration, SARS-Covid and other respiratory viruses are likely to be transmitted 
among infected people [1, 2]. The rate of transmission and deposition of the particles and droplets depends on their size and type, 
and for small particles, it is possible to transfer to long distances [3, 4]. On the other hand, when the HC system is on in an enclosed 
space, its position can have an important effect on how the viruses are transmitted. This effect can be positive for reducing the 
level of contamination of people or negative for increasing the level of contamination of people. So that if an infected person sneezes 
or coughs in an enclosed space, the viruses will be suspended in the air, and if the HC system is well placed, the rate of their settling 
in short distances can be increased and the number of suspended particles will be declined [5, 6].  

The experimental investigation of indoor flows and also the experimental observation of the particles motion such as viruses 
are very complicated and expensive, therefore, numerical modeling of such problems has caught the interest of scholars [7-10]. The 
Lattice Boltzmann method (LBM), as one of the well-known methods for complex geometries and investigating the behavior of 
particles with different sizes has been used by many researchers in the past decades [11, 12]. Sajjadi et al. [13] investigated the 
deposition and dispersion of particles inside an office room. They used the LBM to analyze the flow and particles motion and 
reported that the LBM as an efficient and low-cost method can well predict the behavior of particles. Also, recently Sajjadi et al. [4], 
analyzed the effect of the inlet air location on the transfer and settling of incoming particles by the air conditioning system using 
the LBM. Their findings indicated that the position of the inlet air can have a great effect on increasing or decreasing the transfer 
rate of pollutants. Zhao et al. [14] investigated the behavior of particles from sneezing and coughing inside the room. The geometry 
that they investigated was a simple room in which a person sneezes. Their results showed that during normal breathing, a small 
number of particles enter the environment, and the entered particles also travel a very small distance. But when the person coughs 
or sneezes, a much larger number of particles enter the environment and there is a possibility of transmission up to more than 3 
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meters. Liu and Novoselac [15] modeled an artificial cough and reported the results of analytical and experimental solutions. Their 
results showed that the size of the particles is very effective in the amount of transmission, so that for large particles with a size of 
7 micrometers, the amount of transmission is very small and after a few millimeters, they deposited on the ground, but for small 
particle with a size of about one micrometer this distance increases to about one meter. Ahmadzadeh and Shams [16] introduced 
a numerical method to prevent the spread of infectious diseases in the meeting room. They used ANSYS Fluent software to analyze 
the motion of particles produced inside a safe meeting room. Their purpose was to consider the effects of window opening 
frequency, outlet layout and position of AC systems on particle motion. Their results illustrated that the fraction of particles which 
are in the room will decrease by more than 35% and the number of people who are exposed to the contamination of viral particles 
will declined three times. Motosamy et al. [17] investigated the impact of cough pattern on appropriate social distance in an 
enclosed space. They numerically examined the evolution of transient cough, contamination range, probability of particle arrival 
and deposition fraction for different age groups of men and women while standing and sitting in a ventilated room. The results 
showed that, in general, the range of contamination is lower for women due to the speed of coughing and the number of particles. 
In addition, a significant part of the particles passes the two-meter threshold of social distancing by coughing without hindrance.  

In many engineering problems, finding optimum values for problem parameters in order to achieve a desired goal is one of the 
challenges in designing systems. Various algorithms have been devised to find the optimal values of a problem. In some cases, to 
find optimal values, an analytical solution can be found using the first and second derivatives of the objective function [18]. There 
are also scientific methods such as OFAT [19] and trial and error methods [20], which are usually time-consuming to implement. In 
fact, such methods require a large number of unnecessary experiments, which is practically an inefficient method. In addition to 
traditional optimization methods, there are other optimization methods called evolutionary algorithms. These algorithms generate 
answers randomly in the initial steps and produce better answers in later steps by relying on natural processes [21, 22]. On the other 
hand, design of experiments (DOE) is a statistical technique that aims to identify which factors significantly affect the output of a 
system. DOE involves designing an experiment by systematically varying the levels of input variables and measuring the outcomes. 
By analyzing the data using statistical tools, engineers can determine the effect of each variable and optimize the system 
accordingly. DOE methods achieve more reliable results, save time, significantly reduce the number of experiments and ultimately 
lead to process optimization. One of the methods of designing experiments in order to determine the optimal combination of 
parameters is to examine all possible combinations of variable levels (full factorial) and find the optimal combination among them 
[23]. Finding the optimal combination of the full factorial of experiments is reasonable, but not cost-effective in terms of time and 
cost. Taguchi's method [24, 25], widely used in various branches of engineering [26, 27], is known as a fractional factorial method in 
the DOEs. In the orthogonal array, all parameters are examined simultaneously, and it may also be possible to examine the 
interaction effect of the parameters. Among the advantages of Taguchi's method, it can be mentioned the reduction of the number 
of experiments and costs and the possibility of examining qualitative or quantitative parameters with different levels. In Taguchi's 
method, the concept of signal-to-noise (SN) ratio is used to obtain optimal conditions in the DOEs. A high SN value indicates that 
the effect of controllable parameters is greater than the effect of uncontrollable parameters or disturbance parameters [28]. 

According to the literature review, it is very important to investigate the effect of the location of HC systems on the particles 
deposition. To the best of our knowledge, no research has been done on the effect of the location of heating systems which are 
based on natural heat convection on the particles motion. Therefore, here, the effect of these types of heating systems location on 
the particles deposition is investigated, and the best location to reduce the amount of suspended particles for different sizes (100 
nm to 10 micrometers) is obtained using the Taguchi`s method for the first time. 

2. Present Geometry  

The current research deals with the study of a three-dimensional cubic office room with a natural convection based HC system 
(Fig. 1). In order to optimize the position of the HC system to reduce the number of suspended particles, it has been decided to 
select sixteen different positions. In this arrangement, the wall located at X = 0, contains a two dimensional (L/4 × L/4) heater and 
the wall located at X = L, contains a two dimensional (L/4 × L/4) cooler. H_H and L_H are used to show the position of the heater and 
H_C and L_C for the cooler. The constant temperature boundary condition is utilized for the HC system and the adiabatic is utilized 
for other walls. Also, the flow is incompressible and the Boussinesq approximation is utilized. To consider the effect of buoyancy 
force two Rayleigh numbers (Ra = 104 and Ra = 105) were chosen. Also, for investigating the particle motion, 64000 particles with 
three different sizes (100 nm, 1 µm and 10 µm) are injected in the middle of the room and the behavior of them have been tracked 
for 100s after injection. Particles are deposited when they touch each of the walls. 

Based on the present geometry and natural convection heat transfer, the governing equations in non-dimensional form are 
derived as follows: 
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Fig. 1. Schematic of the proposed geometry. 
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3. Numerical Solution  

The Lattice Boltzmann method (LBM) is an efficient computational method used to simulate the flow of fluids. It is particularly 
well-suited for the simulation of natural or forced convection problems. The main advantages of the LBM compared to other 
numerical methods can be listed as follows: 

1. It is a Lagrangian approach, which allows for the study of arbitrary shaped domains. 
2. It is a meshless method, which eliminates the need for a complex and time-consuming grid generation process. 
3. It can accurately capture flow phenomena such as shocks, complex geometries and contact lines. 
4. It is computationally efficient and can be easily parallelized for improved performance. 
5. It is highly versatile and used to simulate a vast variety of natural phenomena.  
Therefore, this method is used to solve the flow filed. 

3.1. Double multi relaxation Lattice Boltzmann method (DMRT-LBM) 

The Multi Relaxation Time (MRT) technique has several benefits for the collision step of Lattice Boltzmann Method (LBM). These 
advantages primarily comprise of enhanced stability, greater precision, quicker convergence, reduced storage needs, and improved 
parallelism [11-13]. 

In comparison to single relaxation time (SRT) method, the MRT technique exhibit a greater degree of stability, thereby allowing 
for an increase in the time step size that ultimately results in a faster and more precise solution. This enhanced stability can be 
attributed to the MRT method having superior numerical diffusion characteristics, which in turn leads to improved numerical 
stability. Additionally, the MRT method offers superior convergence properties compared to the SRT method, as they require fewer 
iterations to achieve a steady-state solution, thus reducing computational costs. 

   

Fig. 2. The D3Q19 lattice. 

   

Fig. 3. The D3Q7 lattice. 
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The MRT method was employed in this study due to its exceptional stability. Using this method and considering the D3q19 
lattice (Fig. 2) for flow and D3Q7 lattice (Fig. 3) for temperature fields, the equations for temperature and velocity distribution 
functions are presented as below: 

(6) 
^

1( , ) ( , ) . .[ ( , ) ( , )]eq
jk k ki i i ij if x c t t t f x t M S R x t R x t F−+ ∆ +∆ = − − +  
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In Eqs. (6) and (7), ci and ei represent the discrete speed of particles, which are expressed as follows for the D3Q19 and D3Q7 
lattices: 
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Details of the Eqs. (6) and (7) such as Mij
-1 and Nij

-1 have been reported in [29], so they were not explained in this work. 

3.2. Particle motion equation  

The movement of particles can be explained using the subsequent formula [30]: 

Re1 1
( ) (1 ) ( )

24
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Here ,p
iu ,ig  and ( ),in t   are the particle velocity, the accelerations of the body forces and the Brownian force per unit mass, 

respectively. 2 / 18p CSd Cτ ν=  is known as particle relaxation time, where particle density divided by fluid density is defined by S, 
and 1 2 (1.257 0.4exp( 1.1 / )) /cC d dλ λ= + + −  is the Stokes-Cunningham slip correlation. Using the equations below, drag coefficient 
can be obtained: 
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Among small particles, Brownian force ( )in t  is important, and reported as follows [13]: 
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3.3. Taguchi’s method 

Optimization with Taguchi's method is an effective approach to solving complex problems that require many variables to be 
optimized simultaneously. In contrast to other techniques for evolutionary optimization, like particle swarm optimization and 
genetic algorithms, Taguchi optimization evaluates a set of predetermined values and parameters to determine how an outcome is 
affected. This is done by running a series of experiments with different parameters that designed by orthogonal arrays. The design 
of experiments using the orthogonal array technique reduces the number of experiments as much as possible.  

In order to use the Taguchi method, first, the parameters affecting the desired process and their different levels should be 
determined. Then, the minimum number of experiments is designed using orthogonal arrays. After the experiments, the results 
are compared with each other in order to determine the appropriate level of each parameter to achieve the goal of the problem. 
One of the available tools for analyzing the results of experiments is the signal-to-noise (SN) ratio. 

The SN ratio, is a key parameter in Taguchi's method. It is used to measure the performance of a product and is calculated by 
comparing the desired output signal to the undesired output noise. In Taguchi's method, the SN ratio is used to compare the 
difference between the actual performance and the desired performance. 

To determine the SN ratio, according to the purpose of the problem, three functional characteristics "smaller value is best", 
"larger value is best" and "nominal value is best" can be used. In Eqs. (15) to (17), the method of calculating the SN ratio is given 
according to the three introduced performance characteristics, respectively.  
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in which S/N is the SN ratio, n is the number of repetitions of each experiment, iy  is the desired output and 0y  is the target value. 
It should be noted that in order to determine the optimal value of each parameter, the level with the highest SN ratio is closer to 
the goal of the problem and is the optimal level of the parameter.  

The factors studied in this research are HH, LH, HC and LC and four levels are considered for each factor. Table 1 shows all the 
factors and their corresponding levels. 

According to the factors number (#4) and the levels number of each parameter (#4), the proper orthogonal array to determine 
the design of experiments is L16 that is given in Table 2. 

Taguchi’s method is one of the powerful optimization tools that has recently been widely used in various engineering systems. 
Compared to other common methods, the special advantage of this method is to decline the number of experiments and minimize 
changes around the target through process optimization. Therefore, the computation time and the cost in this method are 
significantly reduced. It is also possible to consider the impact of several variables on a process with the least number of 
experiments using this method. 

4. Results and Discussion 

4.1. Grid study and code validation 
The numbers of deposited 1 µm particles after 100 s for the number of experiment 2 and Ra = 104 are shown for different grid 

sizes in Fig. 4. Two consecutive grid resolutions (60×60×60) and (70×70×70) showed little variation for the particle deposition, as a 
result, the (60×60×60) grid size was selected. 

 

Fig. 4. Grid independency. 

Table 1. Factors and levels in Taguchi analysis. 

System Factors 
Levels 

1 2 3 4 

Heater 

Height 
position 

HH 
� = 0.00 

0.00 < � < 0.25 

� = 0.00 

0.25 < � < 0.50 

� = 0.00 

0.50 < � < 0.75 

� = 0.00 

0.75 < � < 1.00 

Longitudinal 
position 

LH 
� = 0.00 

0.00 < � < 0.25 

� = 0.00 

0.25 < � < 0.50 

� = 0.00 

0.50 < � < 0.75 

� = 0.00 

0.75 < � < 1.00 

Cooler 

Height 
position 

HC 
� = 1.00 

0.00 < � < 0.25 

� = 1.00 

0.25 < � < 0.50 

� = 1.00 

0.50 < � < 0.75 

� = 1.00 

0.75 < � < 1.00 

Longitudinal 
position 

LC 
� = 1.00 

0.00 < � < 0.25 

� = 1.00 

0.25 < � < 0.50 

� = 1.00 

0.50 < � < 0.75 

� = 1.00 

0.75 < � < 1.00 

Table 2. Table of Taguchi experiments based on L16 orthogonal array. 

Number of Exp. 
Factors 

Number of Exp. 
Factors 

HH LH HC LC HH LH HC LC 

1 1 1 1 1 9 3 1 3 4 

2 1 2 2 2 10 3 2 4 3 

3 1 3 3 3 11 3 3 1 2 

4 1 4 4 4 12 3 4 2 1 

5 2 1 2 3 13 4 1 4 2 

6 2 2 1 4 14 4 2 3 1 

7 2 3 4 1 15 4 3 2 4 

8 2 4 3 2 16 4 4 1 3 
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Table 3. Nusselt number comparison with Khanafer et al. [31]. 

Rayleigh number Present work Khanafer et al. [31] 

103 1.85 1.96 

104 4.02 4.03 

105 8.10 8.31 

As it is mentioned in the literature review there is not any data for particle motion in a closed room with a natural based HC 
systems, so to confirm the results which are achieved from a homemade FORTRAN code, a comparison of the Nusselt number at 
different Rayleigh numbers with the findings from a previous study [31] is displayed in Table 3. Approximately 5% errors were 
observed in the present study, which would be acceptable. 

 
Exp. 1 Exp. 2 

 
Exp. 3 Exp. 4 

Exp. 5 Exp. 6 
 

Exp. 7 
 

Exp. 8 

Exp. 9 
 

Exp. 10 
 

Exp. 11 
 

Exp. 12 

Exp. 13 
 

Exp. 14 Exp. 15 
 

Exp. 16 

Fig. 5. Streamline for Ra = 104 and various experiment numbers. 



698 H. Sajjadi et al. Vol. 11, No. 3, 2025 

 

Journal of Applied and Computational Mechanics, Vol. 11, No. 3, (2025), 692-706 

 
Exp. 1 

 
Exp. 2 

 
Exp. 3 

 
Exp. 4 

 
Exp. 5 

 
Exp. 6 

 
Exp. 7 
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Exp. 12 
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Exp. 14 

 
Exp. 15 

 
Exp. 16 

Fig. 6. Streamline for Ra = 105 and various experiment numbers. 

4.2. Flow pattern 

Particle motion in laminar natural convection is greatly affected by the flow pattern. As the flow pattern affects the forces acting 
on individual particles, the particle trajectories, velocities and microstructure of the medium, it affects the motion of the particles. 
For instance, if the flow pattern is laminar, the forces on the particles are symmetrical, resulting in a straight-line motion along the 
flow axis. On the other hand, if the flow pattern is turbulent, it leads to a more complex motion of the particles, with the particles 
being pulled in multiple directions. Therefore, the flow pattern has a significant influence on the particle motion in laminar natural 
convection. So, in this work the streamlines are presented for the various experiments in Figs. 5 and 6 for Ra = 104 and Ra = 105, 
respectively. As it is observable in Figs. 5 and 6, by changing the position of HC system the streamlines changed significantly, 
especially for Ra = 105. The flow pattern in natural convection heat transfer is significantly influenced by the Rayleigh number. As 
the Rayleigh number increases, the fluid motion changes from a laminar flow to a turbulent flow, this change in flow pattern is 
accompanied by a change in the streamlines. At low Rayleigh number (Ra = 104), the streamline pattern is smooth and regular, and 
the fluid motion is dominated by conduction. As the Rayleigh number increases, the fluid motion becomes more turbulent and 
chaotic, with convection dominating, and streamlines becoming increasingly complex and irregular. Additionally, eddies and 
vortices form within the flow. 
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Table 4. Number of deposited particles on the room walls for Ra = 104. 

Number of Experiment 1 µm 10 µm 100 nm 

1 1579 52643 187 

2 1577 50215 205 

3 1576 48967 198 

4 1579 50795 230 

5 1602 50901 186 

6 1601 51098 202 

7 1601 49285 188 

8 1601 49387 203 

9 1601 50903 203 

10 1601 50070 229 

11 1604 52363 209 

12 1601 51822 170 

13 1601 52799 172 

14 1601 52332 179 

15 1603 52840 162 

16 1601 54058 175 
 

Table 5. Number of deposited particles on the room walls for Ra = 105. 

Number of Experiment 1 µm 10 µm 100 nm 

1 1592 43186 278 

2 1600 40207 292 

3 580 38720 278 

4 1575 40744 255 

5 1689 44509 279 

6 1664 43304 263 

7 1660 40580 268 

8 1667 42579 230 

9 1650 46135 238 

10 1660 45826 219 

11 1676 49551 221 

12 1680 48358 205 

13 1637 49930 242 

14 1642 49123 263 

15 1660 50137 266 

16 1650 52021 254 
 

4.3. Particle deposition 

Particles are deposited on the walls of a room in a few different ways. The most common is via air circulation. As air moves 
through the room, some of the particles suspended in the air will be deposited on the walls and other surfaces. Particles can also 
be deposited by direct contact, this occurs when something is physically brought into the room, such as clothing, furnishings, or 
animals, which can carry particles from the outside environment. Particles can also be created within the room, such as from 
cooking, burning, or chemical reactions. In this work, the air circulation effect on particle deposition has been investigated. Big 
particles such as dust, pollen and other allergens tend to fall to the floor due to gravity. This is because they are heavier than the 
air molecules that surround them, so they are pulled downward by the force of gravity. These particles can also be pushed down to 
the floor by air currents, such as the air being expelled from a fan or an air conditioner. Small particles suspended in a room remain 
afloat due to their low mass and the force of air currents, this is known as Brownian motion. Unlike larger particles, smaller particles 
cannot overcome the force of air currents, causing them to remain suspended in the air.  

In this research, based on Taguchi experiments, the number of deposited particles on the room walls for different Rayleigh 
numbers have been investigated and the results are given in Tables 4 and 5. (More details have been reported in Appendix A). 

To show the pattern of deposition on the walls of the room for various experiments visually, Figs. 7 and 8 show the walls that 
the particles are deposited on them for different experiment numbers (To brevity some of the cases are illustrated). 

By increasing the size of the particles, the deposition rate will increase for all positions of the HC system and also for both 
Rayleigh numbers, and most of the particles will deposit on the floor of the room. This result is obvious because as the size of the 
particle increases, its mass increases, as a result, the buoyancy force will become the dominant force and the particles will deposit 
toward the floor of the room in the direction of this force. In addition, it was observed that the tendency of the small particles (100 
nm and 1 µm) to move towards the positions of the HC system is greater and they deposited on the left wall (X = 0).  

 
Number of Experiment 100 nm 1 µm 10 µm 

1 

   

5  

 
Fig. 7. Deposited particles on the room walls for Ra = 104. 
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Number of Experiment 100 nm 1 µm 10 µm 

1 

   

4 

   

10 

   

12 

   

Fig. 8. Deposited particles on the room walls for Ra = 105. 

For particles with the smallest size (100 nm), as can be seen in Figs 7 and 8, due to the low mass of these particles, the Brownian 
force will be the dominant force and the particles will be more affected by the flow, so according to the Fig. 5 and 6 that show the 
flow path, by changing the position of the HC system, the dispersion path of these particles is affected more than large particles, 
and they remain suspended inside the room and deposited less than bigger size on the walls. 

Deposition on the upper wall (Z = H), the front wall (Y = L), the back wall (Y = 0) and the right wall (X = L) for particles with a size 
of 1 and 10 micrometers is almost zero, which is due to the dominance of the buoyancy force over the drag and Brownian forces, 
while the particles with a size of 100 nm deposited on these walls due to the dominance of Brownian force. 

In addition. as indicated in Figs. 7 and 8, as well as in the supplementary tables, a large number of particles with a size of 10 
micrometers deposited at the bottom of the chamber due to gravitational force. On the other hand, according to Figs. 5 and 6, as 
the Rayleigh number increases, the strength of the vortices inside the chamber also increases. Since the flow direction in these 
vortices moves from the bottom to the top, some of the particles that are in the process of settling at the bottom are recirculated 
and do not settle. Therefore, the number of settled particles at the bottom of the chamber (which mostly occurs for particles of 10 
micrometers) decreases. As a result, the number of settled particles for the larger-sized particles (10 micrometers) decreases with 
an increase in the Rayleigh number.  
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Fig. 9. The mean value of the SN ratio for different levels of each factor (Ra = 104, Size = 10 µm). 

 
Fig. 10. The mean value of the SN ratio for different levels of each factor (Ra = 105, Size = 10 µm).  

According to the obtained results, the location of the HC system does not have a significant effect on the deposition rate of 
small-sized particles (1 µm and 100 nm), but for particles with a size of 10 µm, where the most of the Covid-19 and Sars viruses are 
in this range, the effect of the HC system location is evident on the number of suspended particles. Therefore, the optimization will 
be done only for the particle with a size of 10 micrometers. 

To find the optimal levels for the considered factors, the values of the SN ratio are first calculated according to the "smaller 
value is best" criterion. The SN ratio obtained from Taguchi analysis to achieve the reduction of suspended particles is shown in 
Figs. 9 and 10. A high value of the mean of the SN ratio for a level of a factor indicates that the desired level in our evaluation is in 
an optimal state. In other words, the optimal value of a factor is the value corresponding to the level in which the SN ratio is 
maximum. Therefore, according to Figs. 9 and 10, the optimal level of the considered factors for different Rayleigh numbers is stated 
in Table 6. Figures 11(a) and 11(b) show the flow pattern and Figs. 12(a) and 12(b) show the particles deposited on the walls for the 
optimized experiments of Taguchi analysis. 

Table 6. Optimum level of each factor for different Rayleigh numbers. 

Rayleigh number 
Optimum Value Number of  

Deposited Particles HH LH HC LC 

Ra = 104 

Level = 4 

� = 0.00 

0.75 < � < 1.00 

Level = 1 

� = 0.00 

0.00 < � < 0.25 

Level = 1 

� = 1.00 

0.00 < � < 0.25 

Level = 1 

� = 1.00 

0.00 < � < 0.25 

54605 

Ra = 105 

Level = 4 

� = 0.00 

0.75 < � < 1.00 

Level = 4 

� = 0.00 

0.75 < � < 1.00 

Level = 1 

� = 1.00 

0.00 < � < 0.25 

Level = 2 

� = 1.00 

0.25 < � < 0.50 

53373 
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Table 7. The mean value of the SN ratio and the importance of factors (Ra = 104, Size = 10 µm). 

Level HH LH HC LC 

1 −82.46 −81.69 −81.15 −81.88 

2 −82.80 −82.31 −81.95 −82.10 

3 −82.06 −82.29 −82.63 −82.18 

4 −80.81 −81.84 −82.41 −81.98 

∆ 2.00 0.61 1.48 0.30 

Rank 1 3 2 4 

Table 8. The mean value of the SN ratio and the importance of factors (Ra = 105, Size = 10 µm). 

Level HH LH HC LC 

1 −87.32 −85.04 −84.36 −85.27 

2 −86.53 −85.62 −85.01 −85.08 

3 −84.33 −85.37 −85.79 −85.15 

4 −82.71 −84.85 −85.72 −85.38 

∆ 4.62 0.77 1.43 0.30 

Rank 1 3 2 4 
 

 

(a) 

 

(b) 

Fig. 11. The flow pattern of the optimum experiment, (a) Ra = 104, (b) Ra = 105. 

 

(a) 

 

(b) 

Fig. 12. The pattern of deposited particles on the walls of the optimum experiment, (a) Ra = 104, (b) Ra = 105. 

By performing statistical analysis, the importance of each factor in the issue of reducing suspended particles in the room can 
be easily determined. A summary of this statistical analysis is given in [25]. Table 7 and 8 show the numerical values of the SN ratio 
as well as the importance of each factor for two different Rayleigh numbers. Undoubtedly, more changes in the value of the SN ratio 
indicate a high degree of importance for each factor. 

According to Tables 7 and 8, it can be seen that for both Rayleigh numbers 104 and 105, the height position of the heater system, 
HH, is the most important factor and the longitudinal position of the cooler system, LC, is the least important in the reduction of 
suspended particles in a room. Therefore, special importance should be given in choosing the location of the heating system for 
optimal ventilation in a room. 

5. Conclusions 

In this work, the effect of HC system location, which is based on natural heat convection, on particle deposition in a room has 
been studied by selecting various positions for the HC system. The number of deposited particles has been reported and Taguchi's 
optimization method is used to determine the best location for reducing the number of suspended particles. Regarding the 
presented results the following conclusions are drawn:  

 The location of the HC system does not have a significant effect on the deposition rate of small-sized particles (1 µm and 
100 nm) 
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 For particles with a size of 10 µm, where the most of the Covid-19 and Sars viruses are in this range, the effect of the HC 
system location is evident on the number of suspended particles. 

 The best location for the heater to reduce the number of suspended 10 µm particles is: 0.75 < Z < 1.00 and 0.00 < Y < 0.25, 
0.75 < Z < 1.00 and 0.75 < Y < 1.00 for Ra = 104 and Ra = 105, respectively. 

 The best location for the cooler to reduce the number of suspended 10 µm particles is: 0.00 < Z < 0.25 and 0.00 < Y < 0.25, 
0.00 < Z < 0.25 and 0.25 < Y < 0.50 for Ra = 104 and Ra = 105, respectively. 

 The height position of the heater system, HH, is the most important factor and the longitudinal position of the cooler 
system, LC, is the least important to reduce the number of suspended particles. 

The current study is based on a cubic room shape, which allows for symmetrical boundary conditions and a simplified flow 
pattern analysis. However, the model can be extended to other room shapes, such as rectangular, cylindrical, or L-shaped rooms, 
by adjusting the boundary conditions and reconfiguring the heating and cooling system (HC) placements. 

In all cases, the governing equations of fluid motion and particle dynamics remain applicable, but the boundary conditions and 
initial conditions need to reflect the specific geometry. Optimization techniques such as the Taguchi method can still be employed 
to find the optimal HC system placement for different room geometries, ensuring effective particle deposition and contamination 
control. 

While this study has successfully optimized the location of HC systems for minimizing suspended particles in enclosed 
environments, there are several areas for future research. First, the present study focused on natural convection heat transfer for 
HC systems; future studies could investigate forced convection systems or mix convection approaches to better understand their 
impact on particle deposition. Moreover, while Taguchi’s optimization method allowed us to explore a range of parameters 
efficiently, further research using more optimization techniques such as RSM and GA or machine learning methods could provide 
deeper insights. 
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Appendix A 

The number of deposited particles on each wall has been shown in Tables A.1 to A.6. 

Table A.1. Number of 1 µm deposited particles on the various walls for different positions of the HC system and Ra = 104. 

Number of Experiment Left wall (X = 0) Right wall (X = L) Bottom wall (Z = 0) Top wall (Z = H) Behind wall (Y = 0) Front wall (Y = L) 

1 0 0 1579 0 0 0 

2 0 0 1577 0 0 0 

3 0 0 1576 0 0 0 

4 0 0 1579 0 0 0 

5 2 0 1600 0 0 0 

6 1 0 1600 0 0 0 

7 1 0 1600 0 0 0 

8 1 0 1600 0 0 0 

9 1 0 1600 0 0 0 

10 1 0 1600 0 0 0 

11 1 0 1603 0 0 0 

12 1 0 1600 0 0 0 

13 1 0 1600 0 0 0 

14 1 0 1600 0 0 0 

15 3 0 1600 0 0 0 

16 1 0 1600 0 0 0 
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Table A.2. Number of 10 µm deposited particles on the various walls for different positions of the HC system and Ra = 104. 

Number of Experiment Left wall (X = 0) Right wall (X = L) Bottom wall (Z = 0) Top wall (Z = H) Behind wall (Y = 0) Front wall (Y = L) 

1 0 0 52643 0 0 0 

2 0 0 50215 0 0 0 

3 0 0 48967 0 0 0 

4 0 0 50795 0 0 0 

5 0 0 50901 0 0 0 

6 0 0 51098 0 0 0 

7 0 0 49285 0 0 0 

8 0 0 49387 0 0 0 

9 0 0 50903 0 0 0 

10 0 0 50070 0 0 0 

11 0 0 52363 0 0 0 

12 0 0 51822 0 0 0 

13 0 0 52799 0 0 0 

14 0 0 52332 0 0 0 

15 0 0 52840 0 0 0 

16 0 0 54058 0 0 0 

Table A.3. Number of 100 nm deposited particles on the various walls for different positions of the HC system and Ra = 104. 

Number of Experiment Left wall (X = 0) Right wall (X = L) Bottom wall (Z = 0) Top wall (Z = H) Behind wall (Y = 0) Front wall (Y = L) 

1 40 0 120 0 0 27 

2 51 0 124 0 0 30 

3 49 0 113 0 0 36 

4 49 0 149 0 0 32 

5 45 0 105 0 0 36 

6 50 0 130 0 0 22 

7 47 0 108 0 0 33 

8 53 0 127 0 0 23 

9 47 0 129 0 0 27 

10 60 0 134 0 0 35 

11 55 0 128 0 0 26 

12 48 0 99 0 0 23 

13 38 0 98 0 0 36 

14 29 0 121 0 0 29 

15 38 0 98 0 0 26 

16 38 0 109 0 0 28 

Table A.4. Number of 1 µm deposited particles on the various walls for different positions of the HC system and Ra = 105. 

Number of Experiment Left wall (X = 0) Right wall (X = L) Bottom wall (Z = 0) Top wall (Z = H) Behind wall (Y = 0) Front wall (Y = L) 

1 50 0 1535 0 0 7 

2 62 0 1538 0 0 0 

3 66 0 1514 0 0 0 

4 52 0 1523 0 0 0 

5 56 0 1629 0 0 4 

6 58 0 1606 0 0 0 

7 60 0 1600 0 0 0 

8 64 0 1603 0 0 0 

9 44 0 1603 0 0 3 

10 60 0 1600 0 0 0 

11 53 0 1623 0 0 0 

12 54 0 1626 0 0 0 

13 37 0 1600 0 0 0 

14 42 0 1600 0 0 0 

15 41 0 1619 0 0 0 

16 41 0 1609 0 0 0 
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Table A.5. Number of 10 µm deposited particles on the various walls for different positions of the HC system and Ra = 105. 

Number of Experiment Left wall (X = 0) Right wall (X = L) Bottom wall (Z = 0) Top wall (Z = H) Behind wall (Y = 0) Front wall (Y = L) 

1 0 0 43186 0 0 0 

2 1 0 40206 0 0 0 

3 0 0 38720 0 0 0 

4 2 0 40742 0 0 0 

5 10 0 44499 0 0 0 

6 7 0 43297 0 0 0 

7 6 0 40574 0 0 0 

8 11 0 42568 0 0 0 

9 14 0 46121 0 0 0 

10 7 0 45819 0 0 0 

11 4 0 49547 0 0 0 

12 3 0 48355 0 0 0 

13 0 0 49930 0 0 0 

14 0 0 49123 0 0 0 

15 0 0 50137 0 0 0 

16 0 0 52021 0 0 0 

Table A.6. Number of 100 nm deposited particles on the various walls for different positions of the HC system and Ra = 105. 

Number of Experiment Left wall (X = 0) Right wall (X = L) Bottom wall (Z = 0) Top wall (Z = H) Behind wall (Y = 0) Front wall (Y = L) 

1 90 0 112 0 0 76 

2 122 0 149 0 0 21 

3 117 0 146 0 0 15 

4 110 0 127 1 0 17 

5 124 0 88 2 0 65 

6 149 0 93 1 0 20 

7 157 2 57 3 0 49 

8 127 0 75 1 0 27 

9 108 0 61 6 0 63 

10 132 2 42 13 0 30 

11 127 0 61 8 0 25 

12 98 0 69 8 0 30 

13 93 0 64 38 0 47 

14 103 0 78 42 0 40 

15 106 0 89 36 0 35 

16 88 0 103 36 0 27 
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