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Abstract:  8 
High concentrations of airborne particulate matter in factories can cause serious health problems 9 
for workers. One significant reason for these high concentrations is the poor performance of the 10 
ventilation systems in workplaces. This investigation developed a strategy that combines 11 
computational fluid dynamics (CFD) simulations and on-site measurements to study and improve 12 
the ventilation performance in factories. The CFD simulations were able to predict the flow field 13 
and particle distributions in factories with complex layouts. The corresponding on-site 14 
measurements were performed to provide boundary conditions for the CFD simulations and to 15 
obtain key data about airflow and air quality for validating the simulations. This study used the 16 
strategy to improve ventilation performance in an automotive parts factory. Three ventilation 17 
systems were studied: a roof exhaust system, combined roof exhaust and air recirculation systems, 18 
and combined roof exhaust and displacement ventilation systems. This study found that the 19 
combined roof exhaust and displacement ventilation systems provided acceptable indoor air 20 
quality and thermal comfort levels in the factory.  21 
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INTRODUCTION  26 
 27 

Manufacturing processes in factories often produce a large number of particles. Very often 28 
these particles enter the air in occupied zones, with a potentially serious impact on the health of 29 
workers (Hsu et al., 2012). Zhou et al. (2007) found that among 176 factories in Shenzhen, China, 30 
113 ontained toxic hazards and 98 had excessive quantities of particulate matter. He et al. (2012) 31 
investigated hazardous materials in 88 workplaces in Changsha, China, and found that 32 
concentrations of particulate matter in nearly half of the workplaces exceeded the exposure limits. 33 
Ren et al. (2012) examined 5,913 samples of particulate matter from 580 factories in Haidian 34 
District, Beijing, China, from 2006 to 2010. The results showed that 11.5% of the samples did not 35 
meet air quality standards. Long-term exposure to particulate matter may cause asthma, heart 36 
disease, laryngeal cancer, bronchial hyper-responsiveness, and lung cancer (Buonanno et al., 2011; 37 
Chen et al., 2007; Davidsona et al., 2005; Kazerouni  et al., 2000; Judy et al., 2013). Thus, it is 38 
very important to study airborne particulate matter in factories. 39 

Particle concentration in factories is significantly influenced by ventilation systems (Chien et 40 
al., 2007; Lai and Wong, 2010). Effective ventilation systems can reduce the concentration of 41 
airborne particles to acceptable levels and can also maintain a thermally comfortable indoor 42 
environment (Caputo and Pelagagge 2009; Kim et al. 2014). A general method of investigating 43 
ventilation performance and thermal comfort in factories is computational fluid dynamics (CFD). 44 
But CFD simulations often use many assumptions, so it is essential to obtain key data about 45 
airflow and air quality by means of on-site measurements for validating the CFD results. Russo et 46 
al. (2008) and Makhoul et al. (2012, 2013) developed a detailed CFD model to simulate the 47 
airflow and particle distribution in a chamber with a seated thermal manikin. On site 48 
measurements were conducted for obtaining the boundary conditions and validating the CFD 49 
model. Their results proved that the method of combining CFD simulation with on-site 50 
measurements was appropriate to investigate the ventilation performance. However, the challenge 51 
is that the factories are far more complicated than the chamber for both modeling and 52 
measurement. Moon et al. (2005, 2006) used CFD to investigate the performances of the jet fans 53 
and a displacement ventilation system in a welding factory. However, they did not have 54 
experimental data to validate their results. Wang et al. (2012) used an additional personal 55 
ventilation system to improve ventilation performance in a factory with a displacement 56 
ventilation system, but the agreement between the computed results and on-site measurements 57 
was poor because of many unknown factors. Rohdin and Moshfegh (2007) studied ventilation 58 
performance by using different CFD models in a packaging factory and demonstrated that the 59 
RNG k-ɛ model was the best. However, their boundary conditions were relatively simple, which 60 
may not be typical in factories. Rohdin and Moshfegh (2011) also used this method to compare 61 
the performances of mixing and displacement ventilation systems in a shake-out factory with a 62 
complex particle emission source. Although the model was able to accurately predict the air 63 
velocity and temperature, it could not predict the particle concentrations in regions close to the 64 
inlets and outlets because of simplifications in grouping the machines in the space. Huang et al. 65 
(2014) employed the Lagrangian model to predict particle transmission in an enzyme factory and 66 
obtained satisfactory results for particle concentration, air velocity, and air temperature. Because 67 
there was only one source, they were able to estimate the particle source strength from the 68 
particle concentration. If there had been multiple sources emitting particles with variable rates, 69 
the method has not been used. Because of the complex nature of thermo-fluid boundary 70 
conditions in factories, the approaches discussed above differ greatly from one another. Each 71 
situation is unique, making it difficult to improve the performance of ventilation systems. It is 72 
necessary to develop a reliable strategy for studying and improving ventilation performance in 73 
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factories. 74 
This paper reports our approach of using a combination of CFD modeling with limited on-site 75 

measurements to study the ventilation performance in factories. Using several examples, this 76 
investigation shows that our strategy should help designers to streamline their ventilation system 77 
design process while maintaining acceptable indoor environmental quality in factories. 78 
 79 

METHODS 80 
 81 

Previous studies (Huang et al., 2014; Moon et al., 2005, 2006; Rohdin and Moshfegh, 2007, 82 
2011; Wang et al., 2012) have shown that CFD is a powerful tool for studying ventilation 83 
performance in factories. The tool is inexpensive and can handle most of the thermo-fluid 84 
boundary conditions encountered in real-life scenarios. However, CFD uses approximations, so 85 
that the simulated results should be validated with experimental data. Because validation requires 86 
only a few key data points, it is unnecessary to measure air distribution with a high resolution, 87 
which can be costly in a factory.  88 

 89 
Numerical models 90 

To simulate turbulent airflow in a factory, this investigation used CFD based on the Reynolds-91 
averaged Navier Stokes equations with the renormalization group RNG k–ε model (Launder and 92 
Spalding, 1972). The general form of the governing equations can be written as: 93 
 94 
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where φ represents the general variables, mass conservation (φ = 1), the three components of air 97 
velocity (φ = uj with j = 1, 2, 3), turbulence kinetic energy (φ = k), turbulence dissipation rate (φ 98 
= ε), and air temperature (φ = T); t the time; ρ the air density; Γ the effective diffusion coefficient; 99 
and S the source term. 100 

This study used a commercial CFD program, ANSYS Fluent (Ansys, 2009), to solve the 101 
discretized form of Eq. (1) by the finite volume method under steady-state conditions. The 102 
investigation used the RNG k-ε model for modeling turbulent flow and the standard wall 103 
functions (Ansys, 2009). The equations were discretized with the second-order upwind scheme, 104 
and pressure and velocity were coupled by the SIMPLE algorithm (Patankar, 1980). Boundary 105 
conditions for airflow field included the airflow and temperature profiles. Because the flow rates 106 
of the air conditioning systems were fixed, the mass flow rate boundary was applied. For the 107 
turbulence intensity at the supplies, we can measure the air velocity near the inlets as long time as 108 
possible and calculate it by the following equations: 109 

UuI /'        (2) 110 
Where I represents the turbulence intensity; u′ the root-mean-square of the turbulent velocity 111 
fluctuations; U the mean velocity. u′ can be calculated by:  112 
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u are the air velocity fluctuations in x, y, and z direction, respectively. U can be 114 

calculated by: 115 
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Where xU , yU , zU  are the mean air velocities in x, y, and z direction, respectively. In addition, if 117 

the on-site measurements are not available, Zhang et al. (2012) suggested the turbulence intensity 118 
of 10% is applicable for general air inlets. The opened doors used velocity inlet boundary with 119 
the air velocity profile obtained from on-site measurement. Because the pressure determined the 120 
exhaust flow rate, the corresponding pressure outlet was used for the exhausts. For the thermal 121 
boundaries, fixed temperatures were applied at envelops, equipment and ducts. The air was 122 
treated as incompressible fluid. The Boussinesq approximation was used to consider the 123 
buoyancy effect. The simulation could be considered converged if the air velocity, turbulence 124 
intensity and temperature at key locations varied very little and the net mass and energy balance 125 
rates were both less than1‰. To predict the steady-state particle concentration distribution in a 126 
factory, both the Eulerian and Lagrangian methods can be used (Zhao et al., 2008, 2004). Because 127 
Zhang and Chen (2007) found that the Lagrangian approach was more accurate than the Eulerian 128 
approach in predicting particle dispersion in an indoor environment, this study used the 129 
Lagrangian approach. This approach calculates individual trajectories by solving the momentum 130 
equation: 131 
 132 
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 134 
where up is the particle velocity, t the time, FD the inverse of the relaxation time, u the air velocity, 135 
gx the acceleration of gravity, ρp  the particle density, ρ the air density, and Fx the additional forces. 136 
The term on the left-hand side of Eq. (2) represents inertial force; the first term on the right-hand 137 
side represents drag force; the second term gravity and buoyancy forces; and the last term 138 
includes Saffman’s lift force, force caused by Brownian motion, etc. When the particle diameter 139 
is greater than 0.5 μm, the gravity and drag forces are the most important. The rest of the forces 140 
are negligible, so they were not considered in our investigation. 141 

As the Lagrangian approach uses stochastic particle tracking that may introduce some 142 
uncertainties into the concentration calculation, a sufficient number of trajectories should be 143 
tracked. Zhang (2005) indicated that 50,000 samples were needed for only 7500 cells. Thus, the 144 
grid size should be large enough to ensure the stability of the solutions. On the other hand, as the 145 
volume fraction of particles is small in a factory, the impact of discrete particle phase to 146 
continuum fluid phase can be neglected and the force interaction between the two phases is only 147 
considered from fluid phase to discrete phase by using the discrete random walk (DRW) model 148 
(Ansys, 2009; Zhang and Chen, 2006). The model predicts the particle dispersion due to 149 
turbulence by calculating eddies with a Gaussian distributed random velocity fluctuation and a 150 
time scale. This investigation used the DRW model. 151 

Not only does turbulence have an impact on particle motion, but particles can be deposited on 152 
or reflected by rigid surfaces. Hinds (1982) found that particles did not have enough energy to 153 
rebound from a surface, so they were most often attached to the surface. Zhang and Chen (2006) 154 
suggested that the use of a small restitution coefficient would be more reasonable than treating 155 
the particles as completely trapped. The current study used the coefficient determined by Zhang 156 
and Chen (2006). The particle emission time was set long enough to ensure the particle is well 157 
mixed in the computational domain. The particle field was considered converged if the particle 158 
concentration at the breathing height of 1.5 m above the floor was stabilized. 159 

To create a CFD model that can accurately simulate the airflow and particle field in a factory, a 160 
well-studied grid strategy should be performed before running the simulation progress. Gambit 161 
2.4.6 was used to generate the grid. We conducted the grid independence study and chose the best 162 
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performance one by considering both the accuracy and the computational efficiency. As the 163 
factories had significantly different geometric scales, unstructured tetrahedral grid with coarse 164 
globe size was used.. For the grids at small size geometry positions such as the air supply inlets, 165 
outlets and the particle emission outlets, a fine size with 10% of the length of the inlets and 166 
outlets were chosen. To reduce the maximum skewness of the mesh, the grid size gradually 167 
expanded to that of the main domain. In addition, the near wall grid was refined in order to use 168 
standard wall function, which requires that the near wall averaged y+ should be larger than 30.  169 

 170 
On-site measurements 171 

CFD simulations require information about thermo-fluid boundary conditions, and validation 172 
of CFD results requires key airflow and particle concentration data. The boundary conditions in a 173 
factory typically consist of wall temperatures, airflow rates, turbulence intensity and temperatures 174 
from ventilation systems, infiltration through the building envelope, particle diameter and 175 
strength from their sources, etc. Validation requires only a small number of data points from 176 
typical locations in the factory. This investigation used various instruments for the measurements, 177 
as shown in Table 1. Further details are provided in Section 3. 178 
 179 
 Ventilation performance evaluation 180 

In order to evaluate the performance of the ventilation systems in a factory, this study applied 181 
the ventilation effectiveness equation (Mats, 1981): 182 
 183 
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 185 
where ec  is the average particle concentration in the local exhaust air (kg/m3), c the average 186 

particle concentration at breathing level (kg/m3), and sc  the average particle concentration in the 187 

supply air (kg/m3). The higher the ventilation effectiveness is, the better the performance of the 188 
ventilation system. 189 
 190 

CASE DESCRIPTION 191 
 192 

The research method outlined above was used to study air quality, thermal comfort, and 193 
ventilation performance in an automotive parts factory. Figure 1 is a schematic of the factory with 194 
dimensions of 206 m long, 90 m wide and 8 m high. Door 1, with an area of 5.2 m2, was always 195 
open to the reception hall. Doors 2, 3, and 5 were opened frequently, while Door 4 was seldom 196 
opened. Doors 6 and 7 on the east wall were connected to another building. Outdoor air could 197 
flow into the factory through all these door openings. The roof had eight skylights across the 198 
building width, with significant cracks as illustrated in Fig. 2. The factory had three types of 199 
ventilation system: air recirculation with filters, displacement ventilation, and roof exhausts, as 200 
depicted in Fig. 3. The air recirculation system supplied conditioned air downward from a 201 
location at the mid-height of the factory. Although this system had filters, their efficiency in 202 
removing fine particles was negligible. The displacement ventilation system supplied 100% 203 
outdoor air horizontally near the floor along the south wall, and the exhaust ducts for this system 204 
were on the opposite partition wall at a height of 6.0 m above the floor. In addition, there were 205 
seven groups of exhausts evenly distributed across the roof.  206 

The manufacturing processes in this factory involved cutting, twisting, grinding, quenching, 207 
and cleaning, which produced different numbers and sizes of particles and different amounts of 208 



6 

heat. The factory had five production regions with hundreds of machines, which were simplified 209 
as arrays of rectangular boxes shown in Fig.1 and Fig. 4. Although our simulation was performed 210 
for the whole factory, we just showed the airflow and particle field of the region enclosed by the 211 
yellow lines in Fig. 1 and represented by the pink boxes in Fig. 4 since the particle concentration 212 
at that region was the highest.  213 

For predicting the air velocity and particle concentration distributions in this factory, thermo-214 
fluid boundary conditions needed to be measured as inputs for CFD. The infrared camera 215 
specified in Table 1 was used to measure the interior surface temperatures of the building 216 
envelope and the exterior surface temperatures of the ventilation ducts and machines. A hot-wire 217 
anemometer (Model TSI-8386) was used to measure the velocity and temperature of the supply 218 
and return air in the ventilation systems and of the airflow through the door openings. Because 219 
Doors 2, 3, and 5 opened and closed frequently, the airflow rates were not constant. The flow 220 
rates through these doors were the mean rates determined by the opening frequency. The rate of 221 
infiltration through cracks in the skylights was determined by (General Administration of Quality 222 
Supervision, Inspection and Quarantine of the People's Republic of China and Standardization 223 
Administration of the People's Republic of China, 2008): 224 
 225 

V nLl       (7) 226 
 227 
where V is the infiltration rate (m3/s), n the correlation coefficient, L the infiltration per linear 228 
length under a 10 Pa pressure difference (m3/s), and l the effective length of the skylights (m).  229 

The factory had roof exhausts as shown in Fig. 1. The airflow rate through the exhausts was 230 
determined by a mass balance with the air supply from the ventilation systems, the airflow 231 
through the door openings, and the infiltration through the building envelope. The particle 232 
concentrations at the sources were measured by an aerosol monitor (Model TSI-8530 Dustrak). 233 
Measurements of air velocity and area at the source outlets allowed the particle generation rate 234 
from the sources to be determined. The particle diameters were measured by an aerodynamic 235 
particle sizer (Model TSI-3321). 236 
 237 

RESULTS  238 
 239 
Validation of the CFD model 240 

To validate the CFD model, this study performed CFD simulations with the measured thermo-241 
fluid boundary conditions. The simulated air velocity, temperature and particle concentrations 242 
were then compared with the measured data at several key locations in the factory. The 243 
experimental data was obtained on-site on a winter day.  244 

Table 2 summarizes the boundary conditions used in the CFD simulations. The surface 245 
temperature was averaged because it was not uniform. The largest standard deviation (SD) of the 246 
average temperature was ±1.3 ºC. All the airflow rates of the air conditioning systems were 247 
obtained from the provided data by the operators, so the SDs were not available. This study set   248 
the turbulence intensity of 10% to the supply inlets of the air recirculation systems (Zhang et al. 249 
(2012)). But for the displacement ventilation system, we measured the air velocity at the inlets for 250 
5 min and calculated the turbulence intensity by Eqs. (2)-(4). The effective length of the skylights 251 
was 603.2 m. Under the assumptions that L was equal to 1.7×10-3 m3/s and n was equal to 1, we 252 
used Eq. (7) to estimate an air infiltration rate of 8.1 m3/s. The relative errors of the velocity of 253 
the opened doors were all lower than 10%. By performing a mass balance, this investigation 254 
found that the airflow rate through the roof exhausts was 123.9 m3/s. This study also used an 255 
averaged strength for the particle sources from the machines with the SD of ±8.9×10-8 kg/s. The 256 
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aerodynamic diameters of the particles were found to be in the range of 0.5-0.8 μm. Our 257 
simulations used the diameter of the highest concentration of 0.7 μm. The velocity of particles 258 
injected from the equipment was the averaged value with ±0.02 deviation. The measurements for 259 
validation of the CFD results were performed at breathing level of 1.5 m above the floor in 10 260 
key locations, shown as A1-A5 and B1-B5 in Fig. 5. Figure 6 shows that, in most locations, the 261 
CFD results were close to the measured data or within the uncertainty range of the data. Because 262 
of the complex airflow pattern, uncertainties in the measurements, and approximations in the 263 
CFD simulation, a perfect agreement between the CFD results and the experimental data is 264 
unrealistic and may never be achieved. Thus, we consider the differences to be acceptable and the 265 
CFD model to have been validated. 266 
 267 
Analysis of ventilation system performance 268 

The factory had multiple ventilation systems, and they may have counteracted one another so 269 
that the airflow was not organized. Because of the poor air distribution and low air change rate, 270 
the particle concentration in the factory exceeded the exposure limit of 0.5 mg/m3 (shown in 271 
Fig.6) as specified by the national standard (National Occupation Health Standard of the People’s 272 
Republic of China, 2007). This factory used three ventilation systems: a roof exhaust system, a 273 
recirculation system, and a displacement ventilation system. The roof exhaust system was 274 
intended to remove particulate pollutants, and the other two were intended to control the indoor 275 
air temperature at an acceptable level for the workers and also to improve ventilation 276 
effectiveness.  277 

In this section, we discuss the use of the validated CFD model to evaluate the performance of 278 
these systems in the factory. The evaluation was conducted for the following cases: 279 

1. the roof exhaust system only; 280 
2. a combination of the roof exhaust and air recirculation systems; and 281 
3. a combination of the roof exhaust and displacement ventilation systems. 282 

A combination of ventilation systems is necessary because a single system cannot provide an 283 
acceptable indoor environment, as evidenced by the case with only the roof exhaust system, 284 
discussed below. The three cases had the same boundary conditions, as shown in Table 2, with the 285 
exception of ventilation rate. 286 

For the case with only the roof exhaust system, Fig. 7 presents the air velocity and particle 287 
concentration distributions in the working region illustrated in Fig. 5. As shown in Fig. 7(a), the 288 
air distribution for this case was fairly good. The strong upward air velocities were due to the roof 289 
exhaust fans and the thermal buoyancy forces from the machines. However, ventilation through 290 
the roof exhausts was limited, so the buoyant flows that reached the ceiling formed air circulation 291 
patterns in some regions. Nevertheless, the upward air movement brought contaminated air to the 292 
upper part of the factory, as illustrated in Fig. 7(b), and a large portion of the air was extracted 293 
through the roof exhausts. Fig. 7(b) also shows that, because of infiltration and door openings, the 294 
air in the perimeter of the factory was quite clean. In the vertical plane it can be clearly seen that 295 
air distribution played a very important role in ventilation effectiveness. These results also 296 
indicate that the roof exhaust system could effectively remove particles from the factory when the 297 
ventilation rate was sufficiently high.  298 

The above analysis can be extended to the entire region. As shown in Fig. 7(c), the particle 299 
concentration distribution in the working region was high at breathing level of 1.5 m above the 300 
floor. The perimeter zone was much cleaner than the working region, again because of the airflow 301 
pattern. It seems that it would be possible to create a clean working environment in the factory by 302 
further increasing the ventilation rate through the roof exhausts. However, without a heating 303 
system, the air temperature in the factory can be very low in winter. For example, when the 304 
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outdoor air temperature was -3 oC on a winter day, the indoor air temperature was measured at 305 
only 9 oC. This temperature was too low for providing an acceptable level of thermal comfort to 306 
the workers. 307 

Our second case incorporated the air recirculation system that was used to provide heating for 308 
the workers in the factory. The heat exchangers in this system heated the air at the outlets to a 309 
temperature of 32 ºC on a winter day. Cooling coils in the system provided cooling in the summer. 310 
As shown in Fig. 3, the air was supplied in a downward direction from the air recirculation 311 
system. The airflow counter-acted the buoyant flows from the machines. Fig. 8(a) shows that the 312 
resulting airflow pattern was mainly downward. As a result, particles were trapped in the 313 
occupied area, and at breathing level of 1.5 m above the floor level the particle concentration was 314 
even higher than that with only the roof exhaust system, as shown in Fig. 8(b). One major reason 315 
for this high concentration was that the roof exhaust system could not effectively remove 316 
particles because of the poor airflow pattern. Fig. 8(c) illustrates the particle concentration 317 
distribution at breathing level of 1.5 m above the floor. The concentration in the entire region was 318 
clearly higher than that in the first case. The average particle concentration in the working region 319 
was 4.53 mg/m3, which was 1.57 times higher than that in the first case. These results indicate 320 
that combining the air recirculation system with the roof exhaust system was not the proper 321 
approach, even though the former system improved thermal comfort in the factory.  322 

The above results illustrate the dilemma faced by the factory: the roof exhaust system alone 323 
could provide good air quality, but thermal comfort level was low; while the combined roof 324 
exhaust and air recirculation systems improved thermal comfort, but the air recirculation system 325 
made the air quality worse. Therefore, in the third case the air recirculation system was replaced 326 
by the factory’s displacement ventilation system. Displacement ventilation typically supplies air 327 
in the lower part of an indoor space at a slightly lower temperature than that of the room air. The 328 
negative buoyancy force keeps the clean air in the lower part of the factory, while the heat 329 
generated by the machines raises the air temperature to a comfortable level. However, in the 330 
factory studied, the heat from the machines was insufficient to heat the room air. The factory 331 
owner did not want to add another heating system because of the capital investment required. 332 
Therefore, the displacement ventilation system supplied warmer air of 25.3 oC to the factory. 333 
Since the air temperature was not very high, the inertial force was actually much higher than the 334 
buoyant force, and thus the clean air remained in the lower part of the factory as shown in Fig. 335 
9(a). Because of the great width of the factory, the air from the displacement ventilation system 336 
eventually traveled upward at a point one-third of the way from the right wall. Ideally, the air 337 
should be supplied from both the left and right walls. Because there was a furnace room on the 338 
other side of the left wall, it was impossible to supply outside air from that wall. Therefore, the 339 
displacement ventilation system could improve the air quality only on the right side of this region 340 
of the factory, as shown in Fig. 9(b). Although the particle concentration was higher on the left 341 
side of the region than on the right side, Fig. 9(c) shows that the overall concentration at 342 
breathing level of 1.5 m above the floor was lower than that in the first and second cases. This 343 
lower concentration occurred because the flow from displacement ventilation assisted the flow 344 
from the roof exhaust system, creating a desirable airflow pattern. The air generally flowed 345 
upward in the entire region, as illustrated in Fig. 9(a). The average particle concentration in the 346 
working region was about 2.48 mg/m3, which was the lowest among the three cases. In addition, 347 
the air temperature of the occupied zone could be maintained at 18.5oC, which was good for the 348 
thermal comfort of the workers. It can be concluded that the combined displacement ventilation 349 
and roof exhaust systems were effective in removing particles and maintaining a comfortable 350 
thermal environment in the factory. 351 

Table 3 further summarizes the average air temperatures and particle concentrations at 352 
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breathing level of 1.5 m above the floor in the working region, and the ventilation effectiveness 353 
as calculated by Eq. (6). The third case had the best performance. 354 
 355 

CONCLUSIONS 356 
 357 

This study developed a strategy for studying and improving ventilation performance in 358 
factories. The strategy used on-site measurements to provide boundary conditions for the CFD 359 
simulations and to obtain key air distribution information for validating the CFD program. The 360 
validated CFD program was then used to study the ventilation effectiveness and thermal comfort 361 
under different ventilation- system scenarios. 362 

By applying the strategy to the evaluation of particle concentration, air velocity, and air 363 
temperature in an automotive parts factory, this study found that using only a roof exhaust system 364 
would make it difficult to heat the air in the winter and would result in a low level of thermal 365 
comfort. With the addition of an air recirculation system with heating/cooling coils, the 366 
downward air supply would counteract the upward buoyant flow so that particles would be 367 
trapped in the working region. The air quality declined, although thermal comfort improved. The 368 
best scenario was to replace the air recirculation system with a displacement ventilation system. 369 
The combination of roof exhaust and displacement ventilation systems can greatly improve air 370 
quality and maintain thermal comfort at acceptable levels. 371 
 372 
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Table 1 Instruments used for on-site measurements 475 
Instruments Parameter measured Range Accuracy 
Vario CAM infrared camera Surface temperature 0-100 °C ±1.5 °C 
TSI-8386 hot-wire anemometer Air velocity and air 

temperature  
0-50 m/s 
−10-60 °C 

±0.015 m/s 
±0.3 °C 

TSI-8530 DustTrak particle monitor Particle mass 
concentration  

0.01-400 mg/m3 ±0.001mg/m3

TSI-3321 aerodynamic particle sizer Particle diameter 0.5-20 μm N/A*

*N/A means not applicable. 476 
 477 

Table 2 Measured thermo-fluid boundary conditions in the factory 478 
Parameters Boundaries Value (SD) 

Surface temperature (ºC) 

Mean interior wall surfaces 20.5 (±1.1) 
Floor 19.4 (±0.5) 
Roof 21.7 (±1.3) 
Mean machine surfaces 21.3 (±0.9) 
Air recirculation ducts 32.0 (±0.5) 

Air recirculation systems 

System 1 air supply flow rate (m3/s) 
System 1 air supply turbulence intensity (%) 
System 1 air supply temperature (ºC) 

72.2 (N/A)* 

10% (N/A) 
32.0 (±0.5) 

System 2 air supply flow rate (m3/s) 
System 2 air supply turbulence intensity (%) 
System 2 air supply temperature (ºC)

93.3 (N/A) 

10% (N/A) 
32.0 (±0.5) 

System 3 air supply flow rate (m3/s) 
System 3 air supply turbulence intensity (%) 
System 3 air supply temperature (ºC) 

93.3 (N/A) 

10% (N/A) 
32.0 (±0.5) 

Displacement ventilation 
system 

Air supply flow rate (m3/s) 
Air exhaust flow rate (m3/s) 
Air supply turbulence intensity (%) 
Air supply temperature (ºC) 

30.6 (N/A) 
20.0 (N/A) 
8% (0.7%) 
25.3 (±0.3) 

Air infiltration (m3/s) 
Skylights 8.1 (N/A) 
Doors 2, 3, and 5 (frequently open)  3.9 (±0.3) 
Doors 1, 6, and 7 (usually open) 101.3 (±3.5) 

Machines 

Mean particle generation rate for each 
machine (kg/s) 

3.30×10-7(±8.9×10-8) 

Mean aerodynamic diameter for each 
machine (μm) 

0.70 (N/A) 

 Mean particle injection velocity (m/s) 0.15 (±0.02) 
*N/A means not applicable.  479 

 480 
 481 
 482 

483 
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Table 3 The performance of the three ventilation-system cases 484 

Ventilation systems 

Average 
temperature 
(oC) 

Average 
Particle 
Concentration 
(mg/m3) 

Ventilation 
effectiveness 
(%) 

Roof exhaust system 9.0 2.89 38.1 
Roof exhaust and air recirculation systems 25.7 4.53 12.7 
Roof exhaust and displacement ventilation systems 18.5 2.48 40.3 
 485 

486 
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 487 
Fig. 1. Schematic of the automotive parts factory, where yellow lines indicate the region 488 
investigated in this study. 489 

 490 
 491 

 492 
Fig. 2. Interior view of the skylights. 493 

 494 

 495 
Fig. 3. Schematic view of the main processes in the automotive parts factory. 496 

Skylights 
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 497 

 498 
Fig. 4. Enlarged view of the production region studied. 499 

 500 

 501 
Fig. 5. The  locations selected for measuring air velocity and particle concentration at breathing 502 
level of 1.5 m above the floor in the second production region of the automotive parts factory. 503 
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 504 
Fig. 6. Comparison of the simulated air velocity, temperature and particle concentration with the 505 
experimental data at (a) A locations and (b) B locations. 506 

507 
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 508 

 509 
(a) 510 

 511 
(b) 512 

 513 
(c) 514 

Fig. 7. Distributions in the case with only the roof exhaust system: (a) air velocity vectors ; (b) 515 
particle concentration on the middle vertical plane in the working region of the second production 516 
line shown in Fig. 5; (c) particle concentration at breathing level of 1.5 m above the floor in the 517 
region shown in Fig. 5. 518 

519 
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 520 

 521 
(a) 522 

 523 
(b) 524 

 525 
(c) 526 

Fig. 8. Distributions in the case with the roof exhaust system and air recirculation system: (a) air 527 
velocity vectors; (b) particle concentration on the middle vertical plane in the working region of 528 
the second production line shown in Fig. 5; (c) particle concentration at breathing level of 1.5 m 529 
above the floor in the region shown in Fig. 5. 530 

 531 
532 
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 533 

 534 
(a) 535 

 536 
(b) 537 

 538 
(c) 539 

Fig. 9. Distributions in the case with the roof exhaust system and the displacement ventilation 540 
system: (a) air velocity vectors; (b) particle concentration on the middle vertical plane in the 541 
working region of the second production line shown in Fig. 5; (c) particle concentration at 542 
breathing level of 1.5 m above the floor in the region shown in Fig. 5. 543 

 544 


