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In the painting production process, repairing of paint work defects by running the part 
through repeat process, together with the essential requirement quality control 
routines, account for a very large proportion of the operating costs .The dust and fibre 
defects is ranged between 40% and 50% and found to be the highest rejection from 
one of the local industry painting line. Hence that, this research is focused to study the 
effectiveness of simulating this painting line using Computational Fluid Dynamic (CFD) 
method to identify the air flow and turbulence pattern which may help to understand 
the particle concentration and movement in the painting line. Six mechanical designs 
of ventilation system was proposed in order to study the particle movement and 
concentration to this automotive painting line. From here, the best design which suite 
the objective of minimizing the particle concentration and its dissipation into the 
painted part are justified. Hence, improvement action such as layout arrangement and 
mechanical design are factors involved to overcome and minimize the foreign particle 
from fall down into the parts during the painting process. The result from this study 
may also be a benchmarking for future design of new automotive painting line.  
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1. Introduction 
 

Dust and fibre have been identified among the highest contributor for the defect in automotive 
painting line with a range from 40% to 50% of total defect breakdown [1]. Eventually, those defects 
will effect on both visual appearance and also performance of the parts. In addition, the significance 
of controlling dust in the production line is crucial in order to maintain the quality of the product, 
part performance yield and the effect on workers’ health [2]. In order to reduce the airborne 
contamination, many manufacturer in electronic and food industries are using the clean room 
method to control the dust particle by using the air distribution system that related to Computational 
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Fluid Dynamic (CFD) [3]. By doing so, the air flow pattern and turbulence that affects the dust and 
fiber concentration in painting line can be identified using CFD which is one of the primary methods 
used to assess indoor airflow [4]. 

CFD has widely been applied to various engineering applications such as automobile and aircraft 
design, weather science, civil engineering, and oceanography. Srebic et al., [5] used CFD to predict 
contaminant dispersion around human occupants. Their study revealed that the optimum air speed, 
the speed resulting in the lowest particle counts was in the range of 0.35~0.55 m/s. These findings 
were also aligned and supported with the study conducted by Jatuporn et al., [6] especially at the 
effective Fan Filter Unit (FFU) speed in range of 0.35~0.55 m/s to block and purging the dust from 
enter the clean room. Rouaud and Havet [7] have applied CFD to solve the contamination on food 
processing in clean room. In addition, Noh et al., [8] simulated the particle movement in LCD 
manufacturing clean room. By adopting the particle tracking techniques, the movement of air and 
other particulate matter can be predicted [9]. Therefore, CFD is proven to be able to identify areas 
of stagnation and recirculation in complex situation [10].  

Air distribution in an enclosed environment can be driven by different forces, such as natural 
wind, mechanical fan or thermal buoyancy. The combination of these flow mechanisms (forced, 
natural, and mixed convection) creates complex indoor airflow characteristics with impingement, 
separation, circulation, reattachment, vortices and buoyancy (Figure 1).  

 

  
Fig. 1. Typical flow characteristics in an enclosed 
environment with various flow mechanisms. 

 
Whyte et al., [11] carried out a series of experiments and bacteriological evaluations in an 

Operation Room equipped with Laminar Air Flow systems. They have found that the down-flow 
(horizontal) system is bacteriologically superior to the cross-flow (vertical) when conventional 
clothing is used. Since the existing ventilation system in the automotive painting line has already 
established the horizontal laminar air flow system, the research for particle movement can be 
narrowed down by focusing on the horizontal ventilation system with focusing on the interior air 
circulation and exhaust system. 
 
2. Methodology  
 

The k-ε model family is the most popular turbulence model and has the largest number of 
variants. The “standard” k-ε model developed by Launder and Spalding [12] is one of the most 
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prevalent models for indoor airflow simulation due to its simple format, robust performance, and 
wide validations. The turbulent eddy viscosity, νt, is calculated in the k-ε model as follows: 
 

𝑣𝑡 = 𝐶𝜇
𝑘2

𝜀
                           (1) 

 
where k is the turbulence kinetic energy, ε is the dissipation rate of turbulence energy, and Cµ = 0.09 
is an empirical constant. To apply the model for low Reynolds number flows, such as near-wall flows, 
wall functions [12] are usually used to connect the outer-wall free stream and the near-wall flow. The 
standard k-ε model with wall functions was commonly used and produces acceptable results [13]. 
However, the model is facing difficulty in dealing with certain special room situations such as high 
buoyancy effect and large temperature gradient.  

Yakhot et al., [14] has improved the RNG k-ε model by providing similar but slightly better results 
compared to existing Standard k-ε model. Although the physics is treated in a simplistic manner, the 
model works surprisingly well in many types of flows [15]. Chen [16] previously evaluated the 
performance of five k–ε models for the simulation of forced convection, natural convection, and 
mixed convection room airflow. The results from the RNG k–ε model were slightly better than those 
from the standard k–ε model, and the other models. This model was developed using renormalization 
group theory and can be written as follows: 
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where 
 

𝐶2𝜖
∗ = 𝐶2𝜖 +

𝐶𝜇𝜂
3(1−𝜂/𝜂𝑜)

1+𝛽𝜂3
                       (4) 

 
with  
 
𝜂 = 𝑆𝑘/𝜖                           (5) 
 
and  
 

𝑆 = (2𝑆𝑖𝑗𝑆𝑖𝑗)
1/2

                         (6) 

 
k is a turbulence kinetic energy per unit mass and e is turbulence dissipation rate, more details and 
all the constants are given by Yakhnot et al., [17]. 
 
2.1. Mechanical Design Proposal 
 

A total of six mechanical designs of ventilation system in automotive painting line were proposed 
in order to study the dust particle movement and concentration. The mechanical design of the 
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ventilation system is focusing on the location of the outlet, size and orientation of the exhaust (outlet 
system) in the painting line system (Figure 2). 

 

 
Fig. 2. Mechanical design proposal for air ventilation system in automotive painting 
line: (A) Change the position of exhaust, (B) Additional exhaust, (C) New exhaust 
design - Horizontal design, (D) Air Curtain - Down draft system, (E) Air Curtain - Add 
position (left/ right) and (F) Initial/current condition 

 
2.2. Parameter at Boundary Conditions 
 

The inlet conditions set at a uniform velocity of 0.455 m/s and the inlet turbulence intensity is 
4%. These conditions are consistent with Nielsen’s test case [18].The outlet condition was a constant 
pressure of zero. The velocity was set to zero at the room walls and outlet walls to impose a no-slip 
condition. The left and right walls and the ceiling were assumed to be adiabatic. The commercial 
software FLUENT 15.0.7 was used to perform the numerical simulations and a SIMPLE algorithm were 
selected to run the simulation. A second-order upwind scheme was used for discretizing the 
convection terms. Convergence criteria for the continuity and energy equations were set to be 0.02. 
The particle movement in the ventilated system of painting line was simulated using anthracite 
particle by applying Lagrangian-based discrete random walk (DRW) model and the particle size was 
set at 1e-6. The dispersion of particles was accounted with the stochastic discrete-particle approach. 
The mesh structure with an average of 1800000 nodes from 6 different design was chosen. 
 
2.3 Validation and Convergence Study 
 

Simulation convergence should be satisfied the following factor. All discrete conservation 
equations (momentum, energy, etc.) are obeyed in all cells to a specified tolerance or the solution 
no longer changes with subsequent iterations. In addition, overall mass, momentum, energy, and 
scalar balances must be achieved. As for benchmarking for the lowest particle concentration 
(mechanical model E), the convergence was archived at 317 steps with the momentum value was set 
at 0.03 (as shown in Figure 3). At this stage, necessary action has been planned to run the experiment 
in a small scale model of automotive painting line. 
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Fig. 3. Convergence for simulation at mechanical model (E) Air Curtain - Add position (left/ right) 

 
3. Results and discussion 
 

The results from six mechanical models of automotive painting line were evaluated based on the 
velocity vector and particle mass concentration. The particle mass concentration of anthracite 
particle was monitored from the particle dispersion during ANSYS Fluent Simulation. The summary 
of particle distribution in horizontal plane for each model can be referred from the Figure 4.  

 

 
Fig. 4. Total particle distribution at horizontal plane 

 
The ventilation system was tested by expanding the size, relocation and installation of additional 

outlet system to ensure particle distribution can be reduced. The result shows by changing the 
location and design of exhaust system, the particle distribution in the ventilated system of 
automotive painting line can be improved. From the result, the F model which is the initial design of 
automotive painting line provide the highest particle distribution from the other models. From six 
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conceptual designs that have been simulated, the E model shows the prevalent result compared to 
others. Even though all presented model shows significant improvement compared to the existing 
model, the E model shows the best result by judging at the particle distribution in the ventilated 
system. In overall, model E provides in total 8464 particles recorded in horizontal plane compared to 
current painting line model F with 11717 particles. 

  
 

 
 

  

 

 
 

 
Fig. 5. Velocity vector for air ventilation system in automotive painting line: (A) Change the 
position of exhaust, (B) Additional exhaust, (C) New exhaust design - Horizontal design, (D) 
Air Curtain - Down draft system, (E) Air Curtain - Add position (left/ right) and (F) 
Initial/current condition. 
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The main factors that affect the particle distribution is the velocity vector and the mechanical 
design of ventilation system (as shown in Figure 5). By having higher velocity vector, the idea is to 
swipe away and reduce the particle concentration from the ventilation system. However, an efficient 
ventilation is not only a matter of increasing airflow velocity. For example, simulation for model A, B 
and D provide among highest velocity vector compared to other models with the average velocity 
speed is 0.3886 m/s. However, the particle concentration is still higher compared to model E. This 
situation might be contributed from inappropriate airflow rates which result in flow pattern 
transition from laminar to less efficient turbulent mixing. This shows that by increasing the air 
exchange rate alone will not always guarantee sufficient control of the particle movement within the 
ventilation system. In this situation, airborne particle was carried out by air flow towards painted 
area and settle down into the painted part. For the other models with high velocity vector, except 
models E and F, the air flows create a minor turbulence circulation around the painted area which 
contribute to the particle concentration and accumulation around painted surface. Even with high 
velocity vector around the horizontal plane, the outcome of particle concentration will become 
uncertain when improper and ineffective ventilation design is not considered. For example, the 
model E has an average velocity vector is around 0.346 m/s with consistent laminar air flow provide 
less particle concentration and reduced the turbulence effect around the painted parts.  

On other hand, the F model (current system) provides the lowest velocity vector through the 
horizontal plane. Due to low velocity of the air flow rate, sedimentation velocity of emitted particles 
appeared to be slightly higher. In other words, the settling velocity was found to be higher at low 
velocity. Despite the velocity vector from this model appear to be much lower than models, the 
results show that accumulation of the particles in the system is the highest among all six tested 
models. In overall, there is 27.8% reduction of particle concentration from the improved model E 
compared to existing model F. The reduction was contributed by improved laminar air flow with 
higher velocity vector and less particle concentration around the painted surface. 
 
4. Conclusions 
 

Airflow and particle distribution in automotive painting line have been predicted numerically to 
investigate the effects of various mechanical design of ventilation system on the flow characteristics. 
For this purpose, the RNG k–ε model is preferred because of its slightly better prediction of air flow 
and works surprisingly well with many types of flows. Different turbulence models may produce 
different solutions under the same boundary conditions. Selection of multiple mechanical design of 
ventilation system particularly on the exhaust system to flush and sweep off the particle in the system 
depend on many factors including the location of the outlet, size and machine capacity. In this 
simulation, the painting line parameter have been fixed to be constant to measure the effectiveness 
of the proposed mechanical design. Positive outcome depends to the effectiveness of the ventilation 
system to sweep and reduce the particle concentration in the painting line and minimize the particle 
movement towards the painted part by understanding the air velocity vector. The results confirmed 
that by adding more exhaust fan at opposite direction can improve the air flow circulation and reduce 
the particle concentration in the painting line. Future works such as experiment on small scale of 
automotive painting line shall be conducted in order to verify the result obtained from the numerical 
simulation done using ANSYS Fluent. 
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