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Abstract 

About 80% of the time, people living indoors face an unacceptable quantity of tiny particles that can 

affect respiration systems and lead to serious health issues. This research objective focuses on 

investigating forced ventilation systems and how the crucial parameters relating to the particle, 

including the size, inlet velocity, and room ventilating system, can influence the movement of harmful 

particles. The Computational Fluid Dynamics (CFD) technique was introduced to investigate a room 

model's air movements and compared with experimental data. Due to the turbulent flow, two 

different turbulence models (k- and k- SST) were involved and have been discussed when 

calculating the flow field, as in the Reynolds stress closures. The simulated velocity profiles were 

found in good agreement with experimental data. To obtain additional information on particle 

propagations, the Discrete Phase Model (DPM) was introduced. It was found that flow patterns can 

dominate particle motions in the considered ventilation systems dependent on the size and inlet 

velocity. Due to having different inlet velocities, the number of escaped particles and the residence 

times were found to represent different values for each particle size. As a result, the 1 μm particles 

could completely escape from the room within 13 min, but the larger 10 μm remained in the room 

for longer, finally escaping after 16 min. This DPM modeling technique will be further introduced to 

study such infected particles’ movements in commercial or public places. Modifications to enhance 

the ventilation system's efficiency in particle removal will be crucial in discussions. 
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Introduction 

Small clouds of dust or harmful particles may be 

created by pollution from vehicles and industrial 

activities which becomes suspended in the 

atmosphere. Likewise, the burning of crops in the 

fields can produce smoke, as can burning incense, 

so there is an increase of harmful particles, including 

PM1 and PM10, in the atmosphere (W.H.O., 2021). 

Occasionally, dust particles can travel into  

a building and become trapped inside the building if 

there is an imperfect ventilation system. Such 

particle matter can have a massive impact on 

respiratory health, causing illnesses such as lung 

disease, allergies, and Sick Building Syndrome 

(SBS) (Lab, 2021). Similarly, liquid droplets can 

become a virus carrier (COVID-19); therefore, 

spreading diseased particles which could lead to 

viral infection (Vuorinen et al., 2020, W.H.O., 

2020; Ren et al., 2021). Ventilation system design 

is crucial to the removal of harmful particles in an 

indoor environment, so in order to disperse or 

reduce the accumulation of the infected droplets, 

modifying the configuration of ventilation systems 

may be an alternative solution to reduce particle 

transmissions (Zhao et al., 2004; Kao et al., 2009; 

Mateus et al., 2016; Zhao et al., 2021). 

Due to the proliferation of harmful diseases, 

several experimental works investigating the 

particle flows inside buildings. Kao, Lai, Zhang, and 

Lu observed the movement of aerosol particle flows 

in two-zone rooms (Lu, and Howarth, 1996; Zhang 

and Chen, 2006; Lai et al., 2008; Kao et al., 2009), 

where the variables could indicate the efficiency  

of the forced ventilation system in terms of 

concentration and deposition, and the escape times 

of the particle. Some researchers studied particle 

movement in rooms with displacement and mixed 

ventilation systems (Zhao et al., 2004; Gilani et al., 

2016; Mateus et al., 2016), with the conclusion that 

the particle residence time could indicate of removal 

particle efficiency. The velocity and temperature are 

the focus for monitoring. 

The Computational Fluid Dynamic (CFD) 

method is a tool that captures single-phase (air) and 

two-phase (particle-air) flows in both natural and 

forced convection systems (Promtong et al., 2005; 

Promtong, 2006; Promtong, and Tekasakul, 2007; 

Tekasakul and Promtong, 2008; Promtong et al., 

2016; Promtong et al., 2017; Promtong, 2018; 

Promtong et al., 2018, Promtong et al., 2020a, 

Promtong et al., 2020b). Promtong used the CFD 

method to improve flow uniformity of smoked  

hot gas and temperature distribution in  

a smoking chamber (Promtong, and Tekasakul, 

2007; Tekasakul, and Promtong, 2008), and Chang  

 

 
and Zhao used the Lagrangian model to study  

the residence time of particles indoors (Zhao et al., 

2008; Chang et al., 2013; Brusca et al., 2016).  

By comparing the Lagrangian model and the 

Eulerian model, particle movements of various 

sized particles could be evaluated. Brusca studied 

the flow distribution of PM10 using Eulerian-

Lagrangian 3D models (Brusca et al., 2016), and  

the simulation work showed that the flow paths of 

PM10 could be tracked using the Eulerian system 

for continuous phase (the airflow) and using  

the Lagrangian system for Discrete Phase Model 

(DPM) (Particle Motion). Moreover, researchers 

have studied the influence of different components 

in a forced ventilation system to remove the 

particles, especially the air inlet angle and diffuser 

(Jurelionis et al., 2015; Taheri et al., 2021a, Taheri 

et al., 2021b). Nevertheless, before the introduction 

of the CFD technique for particle flow studies,  

a validation study must be conducted (Promtong, 

and Tekasakul, 2007; Promtong et al., 2016; 

Promtong et al., 2017; Promtong et al., 2020, 

Promtong et al., 2020). 

In this research, we will observe the 

fundamental physics of the particles in a forced 

ventilation system. The investigations will focus  

on how different particle sizes distributed inside  

a forced ventilation system are affected, and 

alternatives that could prevent infections and 

efficiently remove the particles from a building 

could be found and recommended. Overall, the 

objective of this research is to use the 

Computational Fluid Dynamics (CFD) technique; 

1) to investigate the effect of ventilation 

configuration and the flow characteristics in  

a forced ventilation system, 

2) to analyze the particle flow distribution and 

its flow paths in a forced ventilation system,  

3) to study the influence of particle size, inlet 

velocity, and room configuration in relation to the 

flow, and to address these critical factors to improve 

particle removal efficiency.  

The assessment by numerical accuracy of  

the forced ventilation system was performed as  

a mandatory task, and consequently, the validity of 

predictions related to the particle flow simulation 

could be further investigated. As well as, the 

variables considered, including the flow paths and 

the residence time, there will be a discussion 

regarding particle flow characteristics. 

 
Fluid and Particle Flow Equations 

 A room's fluid flow can be described using 

Reynold Averaged Navier-Stroke (RAN) equations. 
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As the particle trajectory interest is evaluated,  

the Discrete Phase Model (DPM) is introduced for 

capturing the particle’s flow characteristics, which 

should be considered if the fluid flow is turbulent. 

Hence the turbulence model is also required to 

calculate the average kinetic viscosity, as shown in 

the equation. 
 

Continuity Equation  

 The mass equation expresses that the mass 

flow within a control volume is conserved (as shown 

in Equation (1)). Since the mass velocity is 

continuous, this partial differential equation is called 

the Continuity Equation. Occasionally, the first term 

can be omitted when the fluid flow is steady. 
 
𝜕𝜌

𝜕𝑡
+ 𝜌

𝜕(𝑢𝑖)

𝜕𝑥𝑖
=  0 (1) 

 

Momentum Equation  

 The momentum equation is described as in  

Equation (2), and the calculation concept is based  

on the momentum conservation within a control 

volume. Each direction’s momentum equation has 

to be discretized and solved using matrix algebra  

to calculate the field velocity. 
 

𝜕𝑢̅𝑖

𝜕𝑡
+ 𝜌𝑢̅𝑗

𝜕𝑢̅𝑖

𝜕𝑥𝑗
= −

𝜕𝑝̅

𝜕𝑥𝑖
+

𝜕

𝜕𝑥𝑗
[𝜇 (

𝜕𝑢̅𝑖

𝜕𝑥𝑗
+  

𝜕𝑢̅𝑗

𝜕𝑥𝑖
) −  𝜌𝑢𝑖

′ 𝑢𝑗
′̅̅ ̅̅ ̅] 

 (2) 
 

 Where 
 

𝜏𝑖𝑗 = −𝜌𝑢𝑖
′ 𝑢𝑗

′̅̅ ̅̅ ̅ =  𝜇𝑡 (
𝜕𝑢𝑖

𝜕𝑥𝑗
+  

𝜕𝑢𝑗

𝜕𝑥𝑖
) −

2

3
𝛿𝑖𝑗𝜌𝑘 (3) 

 

 In Equations (1) and (2), 𝜌 is the fluid density 

and 𝑝̅ is the system pressure. 𝑢𝑖̅, 𝑢𝑗̅ is the average 

velocity components and 𝑢𝑖
′ 𝑢𝑗

′̅̅ ̅̅ ̅  is the velocity 

fluctuation. The 𝑥𝑖 , 𝑥𝑗  terms are the coordinate 

axis, and the gravitational acceleration vector 

and kinetic viscosity are represented by 𝑔𝑗 and 𝜇 

terms respectively. Equation (3) shows the 

Reynolds-stress term (−𝜌𝑢𝑖
′ 𝑢𝑗

′̅̅ ̅̅ ̅) 

 Moreover, the Boussinesq Approximation is 

increased as it calculates the difference between the 

properties of different fluids. This equation can be 

resolved using turbulent models (Launder, and 

Spalding, 1974; Chen, 1995; Chen et al., 2006), 

where the turbulence model named 𝑘 − 𝜀 is used  

to calculate the airflow using the values shown in 

Equations (5) and Equation (6). and then bring to 

calculate the viscosity due to turbulence model in 

Equation (4). 
 

𝜇𝑡 = 𝜌𝐶𝜇
𝑘2

𝜀
 (4) 

 

 𝑘  Equation: 

 
𝜕

𝜕𝑥𝑖
(𝜌𝑘𝑢𝑖) +

𝜕

𝜕𝑡
(𝜌𝑘) =

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝑘
)

𝜕𝑘

𝜕𝑥𝑗
] + 𝑃𝑘 − 𝜌𝜀 (5) 

 

 𝜀 Equation: 
 

𝜕

𝜕𝑥𝑖
(𝜌𝜀𝑢𝑖) +

𝜕

𝜕𝑡
(𝜌𝜀) =

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝜀
)

𝜕𝜀

𝜕𝑥𝑗
] + 𝐶1𝜀

𝜀

𝑘
𝑃𝑘 − 𝐶2𝜀

∗ 𝜌
𝜀2

𝑘
 

 (6) 

 

 Where 

 

𝐶2
∗ = 𝐶2 +

𝐶
3(1 − /

0
)

1 + 3
 

 

 And 

 

 = 𝑆𝑘/  𝑆 = (2𝑆𝑖𝑗𝑆𝑖𝑗)1/2 

 

 The model constants are 

 

𝐶𝜇 = 0.0845, 𝐶1𝜀 = 1.42, 𝐶2𝜀 = 1.68, 
0

= 4.38, 

 𝜎𝑘 = 0.7194, 𝜎𝜀 = 0.7194,  = 0.0012  
 

 In Equation (6), the last term (𝜌𝜀) is the 

destruction rate and 𝑃 is the shear production 

buoyancy production term, which is produced by: 
 

𝑃 = 𝜇𝑡
𝜕𝑢𝑖

𝜕𝑥𝑗
(

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑖

𝜕𝑥𝑖
) (7) 

 

 The details of k- SST turbulent modelling are 

not given but it can be seen from the work of Menter 

(Menter, 1994). Recently, some turbulence models 

were evaluated by researchers the prediction 

capability using the open source CFD program 

(Suvanjumrat, 2017, Yuan et al., 2017).  
 

Discrete Phase Model (DPM) Modelling 

 The trajectory predictions of the discontinuous 

phase (particles) can be calculated using a special 

modelling method. According to the force 

equilibrium (Lagrangian reference frame), the 

particle’s inertia can be equal with the forces acting 

on it; hence it can be written the relation as shown 

in Equation (8).  

 The remaining equations are used to calculate 

the required constant coefficients of the interfacial 

forces. Moreover, in this simulation study, the one-

way approach can be adapted to model particle-

primary fluid interactions when only the primary 

fluid flow affects the particle path. Additional 

information regarding the particle modelling can be 

found in the works of Zahari, Deen and Dickenson 

(Deen et al., 2007; Dickenson and Sansalone, 2009; 

Zahari et al., 2018). 
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𝑑𝑢𝑝

𝑑𝑡
= 𝐹𝐷(𝑢 − 𝑢𝑝) +

𝑔𝑥(𝑝−)

𝑝

+ 𝐹𝑥 (8) 

 

𝐹𝐷 =
18

𝑝𝑑𝑝
2

𝐶𝐷𝑅𝑒

24
 (9) 

 

𝑅𝑒 ≡
𝑑𝑝|𝑢𝑝−𝑢|


 (10) 

 

𝐶𝐷 = 𝑎1 +
𝑎2

𝑅𝑒
+

𝑎3

𝑅𝑒2 (11) 

Research Methodology 

In this numerical study, the activities are divided 

into two main tasks. The validation study is  

the first critical task for completion when using the 

CFD technique, and the second task is the 

fundamental investigation of particle flow in 

different conditions. 

 Also, the key parameters are the velocity 

distribution and the particle residence time in the 

room (for each size), as these factors evaluate the 

ventilation system's performance most efficiently.  

 

CFD Validation Study 

Details of Room Models and Measuring Planes 

 The model room has the dimensions 0.8 m × 

0.4 m × 0.4 m., which is related to the experimental 

investigation by Lai (Lai et al., 2008). The room is 

divided into two zones, and the inlet and outlet 

dimensions are both at 0.1 m × 0.04 m (Figure 1(a)).  

The door is located between the two rooms and 

is 0.1 m. × 0.08 m. × 0.24 m in size. The figure 

shows four measuring planes, which are shown at  

X = 0.1 m, 0.3 m, 0.5 m, and 0.7 m respectively.  
It should be noted that the measuring data on these 

planes were compared with the simulation results. 

 

Meshing 

Figure 1(b) shows the model room after the 

meshing process and it shows the information 

regarding the effect of the elemental figures. It can 

be seen from Table 1 that the maximum grid sizes 

considered as mesh independence study are 0.05 m, 

0.025 m, 0.015 m, and 0.010 m, respectively. 

After completing the benchmarking task, 155,375 

was found to be the most suitable elemental number.  

By using this mesh number, the maximum error was 

less than 3.38% so this number size was used for 

further simulation investigations. 

Results and Discussions 

The first task is to study the airflow in a forced 

ventilation room, and this section will show 

a comparison between the simulations and 

experiments to address the capabilities of the 

numerical tool, especially in terms of prediction 

accuracy. 

 The simulation results were consistent with the 

experimental data shown in Figure 2, where the 

predicted results use different turbulence models, 

namely the RNG k-epsilon and SST k-omega were 

compared. After comparisons, the RNG k-epsilon 

model’s prediction provided a better capture than 

the SST k-omega model. The maximum difference 

can be seen on the second plane at 0.355 m height 

located directly to the inlet.  

 Therefore, the simulation in the second plane 

switched to the SST k-omega model, resulting in 

discrepancies in this plane. Discrepancies may be 

reduced if considering more efficient turbulence 

closure, such as the Large Eddy Simulation (LES) 

model.  

 
(a) Geometry and Measuring Planes 

 

 
(b) Flow Domain Mesh 

 

Figure 1. Geometry of the Two- Zone Model Room 

and the Mesh of the Room 

 

2nd plane x=0.3m 

3rd plane x=0.5m 

4th plane x=0.7m 

1st plane x=0.1m 

Table 1. Information of total mesh used for the model 

(mesh independence study) 
 

Mesh Size 

(mm) 

Total 

Meshes 

Velocity 

(m/s) 

Result Diff. 

(%) 

0.050 7,774 0.059 47.92 

0.025 42,972 0.094 17.76 
0.015 155,375 0.110 3.38 

0.010 445,031 0.114 0 
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 Figure 3 shows the airflow characteristics in 

the model room in both Zone 1 and Zone 2. The air 

enters the room at a high velocity near the ceiling 

and changes direction after it hits the central wall 

(Zone 1). The highest velocities (0.20-0.26 m/s) are 

found in the middle plane in both zones. 

 On average, the velocity in Zone 2 was lower 

than in Zone 1, especially on the right and left 

planes. The current ventilation, which is the 

displacement system, may enhance the efficiency of 

particle removal, and the following section will 

investigate the influence of different particle sizes. 
 

Investigation of Particle Motions  

The Discrete Phase Model (DPM) equation 

was used to track the particle movements during the 

flow calculation, and how the particle flow results 

are in line with the particle size, the velocity, and  

the ventilation system can be investigated and 

discussed. Generally speaking, nine particles of  

the same size (1 μm, 5 μm, and 10 μm) were initially 

allocated evenly on the plane near the inlet wall and 

later flowed freely under the flow distributions.  

It should be noted that the main parameters to 

discuss are the Particle Residence Time (PRT) and 

the flow paths of each particle size. 
 

Influence of the Particle Size 

 Figures 4(a), 4(b), and 4(c) show the 

Particle Residence Time (PRT) of the considered 

particle sizes (1 μm and 10 μm) and how they 

flow with the airstream through Zones 1 and 2. 

When comparing the path of the flows, the 1 μm 

particles swirl in Zones 1 and 2 more than the 10 μm 

particles. These larger particles were more likely to 

be affected by gravity and fall to the floor than the 

flow out of the room.  

 The simulation showed that 1 μm particles 

could escape from the indoor room completely 

inside 13 min, but with the inlet velocity at 0.07 

m/s the larger 10 μm particles remained in  

the room for a longer period, finally escaping after 

16 min. 
 

X Velocity (m/s)

-0.05 0.05 0.15 0.25-0.10 0.00 0.10 0.20 0.30

Z
 (

m
)

0.00

0.10

0.20

0.30

0.40

Experiment

RNG k-epsilon Model

SST k-omega Model

   X Velocity (m/s)

-0.05 0.05 0.15 0.25-0.10 0.00 0.10 0.20 0.30

Z
 (

m
)

0.00

0.10

0.20

0.30

0.40

Experiment

RNG k-epsilon Model

SST k-omega Model

 
(a) At x = 0.10 m. (b) At x = 0.30 m. 

X Velocity (m/s)

-0.05 0.05 0.15 0.25-0.10 0.00 0.10 0.20 0.30

Z
 (

m
)

0.00

0.10

0.20

0.30

0.40

Experiment

RNG k-epsilon Model

SST k-omega Model

    X Velocity (m/s)

-0.05 0.05 0.15 0.25-0.10 0.00 0.10 0.20 0.30

Z (m)

0.00

0.10

0.20

0.30

0.40

Experiment

RNG k-epsilon Model

SST k-omega Model

 
(c) At x = 0.50 m. (d) At x = 0.70 m. 

 

Figure 2. Comparison of the Velocity between the Measuring Values and the Predictions on four planes on  

the x-axis 

 

 
 

Figure 3. Flow Patterns Displaying the Middle Plane 

and the Right (Left) Planes 
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Influence of the Inlet Velocity 

 Different particle sizes have different flow 

paths, and the velocity is also a critical factor in 

reducing the particle’s time spent in the room.  

As shown in Table 2, the particles flowing with 

higher inlet velocity take a shorter time than the case 

of lower inlet velocity. 

Clearly, with the same inlet velocity (0.14 

m/s), the particles of 1mm size travel from Zone 1 

to Zone 2 quicker than the larger ones (10 mm). 

More details about the PRT that the particle sizes 

could escape the room under different inlet 

velocities are given in Table 2. 

 As shown in Figure 5, a higher inlet velocity 

(0.14 m/s) affects the flow path of the 1 μm flows, 

reducing the time taken before they were expunged.  

Interestingly, there were more circulations of small  

particles in Zone 2 than with lower velocities,  

but the conclusion is that the number of particles 

leaving the room is increased and the time taken less 

with higher velocity inputs. 

Influence of the Room Configuration (Additional 

Outlet) 

 Figure 6. shows the tracks of particle paths 

inside the modified room, which has two outlets.  

As the original room had one large outlet,   

 

Table 2. The number of particles and the PRT of the 

particles before escaping the room 
 

Particle 

Size 

(Vinlet) 

Z-1 Z-2 
#Escaped 

(%) 

Times 

escaped the 

room (mins.) 

1 m 

(0.07 m/s) 
0 3 

6 

(66.67%) 

3.2, 5.0, 6.3, 

6.9, 7.8, 7.8 

1 m 

(0.14 m/s) 
0 0 

9 

(100%) 

2.5, 3.5, 3.6, 

3.8, 3.9, 5.1, 

5.5, 7.4, 7.6 

10 m 

(0.14 m/s) 
3 0 

6 

(66.67%) 

1.7, 3.2, 3.3, 

3.7, 4.2, 4.3 

 

 

 

 

 
(a) Particle size = 1 m (b) Particle size = 5 m 

 
(c) Particle size = 10 m 

 

Figure 4. Particle Residence Time (PRT) of Particles Sized 1μm(a), 5μm(b), 10μm(c) at a Speed of 0.07 m/s 

 

 
 

Figure 5. Particle Residence Time (PRT) of Particles 

Sized 1m at a Speed of 0.14 m/s 
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the displacement system allows particles to flow out 

more quickly. Modifications to the indoor structure 

regarding the inlet and outlet positions (mixed 

ventilation system) could influence particle 

motions.  

 Noticeably, the new ventilation system 

influenced particle movement; consequently,  

the particles had flow paths differently. As a result, 

having an additional outlet could increase the PRT 

compared to the original room configuration. 

Conclusions and Future Work  

According to this numerical study, the fluid flow  

in a forced convection system (two-zone room),  

the particle flow characteristics in terms of Particle 

Residence Time (PRT), and the flow path for 

different sizes of particles have been successfully 

investigated. The following conclusions can be 

addressed: 

The RNG k- model predicts the velocity 

profiles more accurately than the SST k- model. 

The smaller particles (1-5 m) swirled before 

departing the forced ventilation room so had  

a longer PRT than the larger particles.  

Most of the large particles (10 m) were 

deposited inside Zone 1 under these parameters.  

The higher inlet velocity decreased the PRT for all 

particle sizes. 

An additional outlet provided more circulation 

into Zone 2 so the PRT of the modified room  

(mixed ventilation) was higher than the original 

configuration (displacement system). 

In future work, more understanding regarding 

the flow of small particles will be utilized when 

simulating the forced ventilation system. Also, 

modifications in the displacement system could be 

helpful for reducing transmissions of infected 

particles. 
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