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Abstract 

Re-suspended particles from indoor sufaces present a 
real threat to occupants. The ventilation system plays a 
primordial role in enhancing the indoor air quality. A 
CFD model was developed to compare particle removal 
effectiveness of variable mixed air distribution 
configurations. A parametric study was performed to 
assess the effect of two main factors affecting the airflow 
pattern: the relative inlet/outlet location and suction 
velocity. 

It was found that the mixing ventilation configuration 
with floor outlets located at middle of the walls presented 
the best performance due to the creation of a suction 
effect covering the majority of the floor area leading to 
high removal effectiveness. Furthermore, increasing the 
suction velocity strengthened the suction effect resulting 
in better particle removal by the escape of a larger 
number of particles generated at floor level. 

1. Introduction

Indoor aerosol particles constitute high risks to the 
human health [1, 2, 3]. These particles originate from 
variable indoor and outdoor sources covering a wide range 
of sizes [4] and are present on the different indoor surfaces 
as floors, carpets, mattresses [5]. Cleaning and vacuuming 
constitute common techniques of dust removal from 
indoor environments but are not capable of removing all 
particles accumulated on surfaces [5] presenting reservoir 
for the contaminated particles.  

Particles stored on indoor surfaces and floors might be 
reintroduced to air by re-suspension. Re-deposited 
particles present a serious threat to humans breathing close  

to surfaces seeded with particles and dust [6-7]. Particle 
re-suspension can take place under the influence of 
variable flow mechanisms [8-9]. Deposited particles 
disturbed by variable mechanical activities can re-
suspend increasing the possibility of occupant 
contamination [10]. People activities (e.g. dusting, 
walking, crawling, and vacuuming) were shown to 
contribute significantly to indoor re-suspension [11-16].  

Heating ventilation and air conditioning (HVAC) 
systems should decrease the indoor contaminants’ 
concentration and ensure minimal deposition and re-
deposition on surfaces and floors. The aim of this work is 
to compare the effectiveness of different mixed air 
distribution configurations in the removal of re-
suspended particles from indoor occupied space for 
particle generation at floor level.  

For this purpose, the ANSYS Fluent software was 
used to develop a CFD model. Taking into consideration 
the contribution of re-suspension to people infection by 
the inhalation process [17, 18], it is necessary to come up 
with engineering design strategies for removal of indoor 
pollutants. Therefore micro particles transport physics 
should be well understood and modeled. HVAC systems 
should not only ensure thermal comfort of occupants but 
also reduce the level of pollutants concentration and 
ensure minimal deposition and re-deposition fractions 
over surfaces and floors [19, 20].  

One of the conventional HVAC methods are the 
mixed ventilation (MV) system characterized by the 
ceiling location of supply and return vents [21] and 
displacement ventilation (DV). These common 
configurations might not be efficient in removing floor 
generated particles due to the opposing gravitational 
settling hindering particle upward motion to reach the 
exhaust level [23, 24]. Therefore, it is important to 
control the particle transport in enclosed environments 
and particularly in case of particle generation from floor 
level (as in the case of a vacuuming session for example). 
Hence, there is a need for the design of ventilation 
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system with appropriate locations of the supply/return air 
vents for optimal removal of pollutants.  

2. Problem description 
.  

Figure 1 illustrates the conditioned space and the 
variable configurations of MV systems investigated. All 
MV configurations investigated shared the inlet vent 
location at top north wall but differed by the placement 
level of the outlet. Exhaust location is expected to largely 
affect particle behavior since it modifies the airflow 
circulation pattern. The location of an exhaust (LE) can be 
defined as the distance of its center to the supply jet wall 
(D) normalized by width of the wall (L) on which is 
located the exhaust as described below:  

 
LE = D/L                                                (1) 
 

 
 

 
 

 
 

 
 

 
 
 
 
 
 
 
 
 

 
 

Fig. 1. : Different layouts of MV systems considered 
through varying the exhausts’ location  

 
The variable MV configurations represented in Fig. 1 are 
described below: 

 
a) Top supply and top return vents (TT 

configuration) where the supply vent (S) and 
return vents (E1 and E2) are located at top (T) 
north wall 

b) Top supply and floor return vents (TFoc 
configuration) where two exhausts (E4 and E7) 
are placed at the floor level (F) at the northeast 
and southwest opposite corners (oc) (LE4=1/6; 
LE7=5/6) 

c) Top supply and floor return vents (TFsc 

configuration) where two exhausts (E3 and E4) 
are located at the corners of the air supply wall 
(sc) (LE3=1/6; LE4=1/6) 

d) Top supply and floor return vents (TFm 

configuration) where two exhausts (E5 and E6 ) 
are placed at the middle (m) of the east and west 
walls (LE5=1/2; LE6=1/2) 

e) Top supply and floor return vents (TFm1 
configuration) where one exhaust (E5) is located 
at the middle (m) of the east wall (LE5=1/2) 

f) Floor supply and top return vents (DV 
configuration) where the supply vent (E5) is 
placed at floor level while return vents (E1 and 
E2) are located at top north wall. 

 

3. Methodology 

3.1. CFD Model 
 

To CFD modeling constitute a viable tool in 
assessing the performance of indoor ventilation systems. 
CFD has shown high efficiency in literature in terms of 
computing airflow velocity and temperature profiles and 
distribution of particles of variable diameters and 
densities in indoor spaces [25-26]. For this reason, CFD 
modeling was used in this work to investigate the 
performance of different mixing configurations in 
particle removal.  

A detailed CFD model was developed to predict the 
airflow and concentration fields using the commercial 
software ANSYS FLUENT. Modeling of the different 
flow physics insures robust CFD results. The Eulerian 
approach was selected to simulate the indoor room air 
since it can be assumed as a continuous fluid [27]. 
Furthermore, the interaction between air and particles 
was modeled as one way coupling since the discrete 
phase volume is negligible compared to the indoor space 
volume [28]. For turbulence modeling, the realizable k-ε 
model was adopted since it presents a high accuracy in 
the prediction of flow behavior involving recirculation in 
indoor spaces [29]. The energy, momentum k and ε 
equations were solved by a second-order upwind 
discretization scheme. The “PRESTO!” staggered 
scheme was used to compute the pressure field [30] 
while the SIMPLE algorithm was adopted for the 
coupling between pressure and velocity fields [30].  
 

3.2. Boundary Conditions 
 

For accurate CFD predictions appropriate boundary 
conditions should be provided. The space thermal load is 
resulting from conventional lighting load of 10 W/m2 
[31] 11 W/m2 from walls. The supply air is characterized 
by a flow rate of 100 L/s at a temperature of 18 oC. 
 

3.3. Particle Tracking 
 

To study particles’ behavior, the Lagrangian 
tracking technique which is a discrete trajectory method 
was used in the CFD model. The Lagrangian method is 
based on the second law of Newton involving variable 
forces affecting particle behavior as gravitational, lift 
and drag forces. 
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The effect of local turbulence intensities on particles’ 
trajectories was considered using the discrete random 
walk model (DRW) which adopts a stochastic approach to 
compute particles’ paths [32]. The particle source in-cell 
(PSI-C) scheme was adopted for computing the resulting 
concentrations within the indoor space [29].  

In the viscous sub layer, particles can be exposed to 
very high fluctuating velocities in the normal direction to 
the wall. This might lead to over-estimation of the 
frequency of collisions between particles and walls 
resulting in over-prediction of surface particle deposition 
which requires appropriate mesh treatment. Thus, in 
addition to the use of enhanced wall functions near 
surfaces, surface inflation and face sizing are used for 
mesh. Figure 2 shows the generated mesh for the 
computational domain with the corresponding treatment. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 2. : Generated mesh for the computational 
domain with appropriate treatment 

 
 
Particle concentration field was predicted by tracking 

a high number of particles trajectories within the space 
[33-34]. The implementation of appropriate boundary 
conditions when particle trajectories reach a surface is 
primordial for accurate prediction of distribution of 
particles within the domain of the indoor space. The 
“escape” boundary condition was adopted at outlets, while 
to account for particle deposition the “trap” condition was 
selected when a particle trajectory reached a wall. The 
escaped and trapped trajectories terminate while the 

remaining trajectories are tracked within the domain. 
Particles were generated at floor level from variable 
positions distributed over the flooring area. The emission 
locations are presented in Fig. 3. 

 
 
Fig. 3. : Layout of particle generation 
 
 
Numerical convergence was reached when the 

following three conditions were satisfied: scaled 
residuals became lower than 10-5, domain net heat flux 
dropped below 1% of the total heat gain, and particle 
concentrations within the space were stabilized. A grid 
independence test was performed to decide on the 
number of elements required. Temperature and velocity 
values at 10 randomly selected locations within the 
domain were compared between meshes to insure 
statistically reliable results. The number of elements was 
increased until the maximum relative difference in the 
predicted values of temperature and velocity between 
two consecutive meshes became lower than 5%. 

For comparison of the removal effectiveness of 
particles among the different configurations studied an 
air quality index was introduced. The index represents 
the percentage of particles removed (PR) calculated as 
shown by the following equation: 

 
 

 
 

 
 
 

4. Results and discussion  
 

Numerical CFD simulations of a typical room of 
dimensions (3.4 m × 3.4 m × 2.6 m) were conducted. 
Particles of 1µm in diameter were generated at floor 
level for the variable layouts considered. The supply air 
flow rate was fixed to 100 L/s for the different MV 
configurations. A parametric study was performed to 
assess the effect of two important factors affecting the 
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airflow distribution: the relative inlet/outlet location and 
suction velocity. Table 1 shows the PR for the different 
configurations studied.  

 
Table 1. : PR for the different configurations studied 

 
MV 
configuration 

Suction 
velocity 
(m/s) 

PR (%) 

TT 0.4 50.87 
TFoc 0.4 54.28 
TFsc 0.4 65.37 
TFm 0.4 72.16 
TFoc 0.8 63.94 
TFm 0.8 75.23 
TFm1 0.8 66.23 
DV   - 35.12 

 
 
Figure 4 represents the effect of exhaust location on 

the variation of normalized concentration (ratio of particle 
concentration to generation concentration) with height. 
For the typical office space considered, the TFsc and TFm 
configurations significantly enhanced the effectiveness of 
the MV system in particle removal compared to TT 
configuration. For instance the PR was increased from 
50.87% in case of TT configuration to 65.37% and 
72.16% in case of TFsc and TFm respectively (Table 1 and 
Fig. 4).  

 

 
 

Fig. 4. Comparison of the normalized concentration 
(ratio of particle concentration to generation 

concentration) variation with height for different exhaust  
locations 

 
 

Figure 5 illustrates the velocity contours at at a plane 
close to the floor level for the TFm configuration. The 
positive performance of the TFm configuration is due to 
the effective suction resulting in a uniform airflow 
distribution over the floor area as shown in Fig. 5.  

Figure 6 illustrates the normalized concentration 
contours at a plane close to the floor level for the TFm 
configuration. Figure 6 shows the cleaning effect created 
by suction from exhausts conveniently placed. For 

instance for the TFm layout, the outlets located at middle 
of the walls (EL=0.5) provide a suction effect covering 
the majority of the floor area leading to high removal 
effectiveness.  

 
 

Fig. 5. Velocity contours at a plane close to the floor 
level for the TFm configuration 

 
 

 
 

Fig. 6. Normalized concentration contours at a plane 
close to the floor level for the TFm configuration 

 
 

To assess the effect of suction velocity, two 
velocities of 0.4 and 0.8 m/s were compared for the 
worst (TFoc) and best layouts (TFm) as presented in 
Table 1 and Fig. 7. Figure 7 represents a comparison of 
the normalized concentration variation with height for 
different suction velocities. 

The increase in suction velocity enhanced the 
performance of the layouts studied especially for the 
TFoc configuration (Fig. 7). For instance, in the TFoc 
case, the PR increased from 54.28% for a suction 
velocity of 0.4 m/s to 63.94% for a suction velocity of 
0.8 m/s.  

Larger the suction velocity, lower is the normalized 
concentration within the space for the same 
configuration. This is explained by the fact that 
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increased velocity strengthened the suction effect 
resulting in better particle removal through the escape of 
larger number of generated particles at floor level.  

Nevertheless, to avoid thermal discomfort of 
occupants, the possibility of suction velocity increase is 
limited. The TFm configuration presented good 
performance for acceptable suction velocity and is 
recommended to be used in mixing ventilated indoor 
spaces. 

 
 

 
 

Fig. 7. Comparison of the normalized concentration 
variation with height for different suction velocities 

 
 

For the same configuration the number of exhausts 
largely affected the performance. For instance, TFm1 
(vs=0.8 m/s) decreased the performance in terms of particle 
removal compared to TFm (vs=0.4 m/s) despite the higher 
suction velocity used (Table 1). This is explained by the 
symmetrical suction effect created by the TFm 
configuration where two exhausts were placed opposing 
each other resulting in a suction effect covering the 
majority of the floor area avoiding the formation of zones 
with high particle concentrations (Figs. 5 and 6). 

Selecting the appropriate exhausts’ location and 
number, TFm configuration allows reaching good 
performance in terms of IAQ while maintaining thermal 
comfort since it presents high removal effectiveness with 
acceptable suction velocity. On the other hand, for the 
vacuuming application where no occupants are present, 
increasing the suction velocity can be of great help in 
increasing particle removal. 

The performance of DV in particle removal is largely 
dependent on particle generation location. In case of 
generation at floor level bad performance is provided by 
DV with the lowest PR compared to the different MV 
configurations studied (Table 1). This can be explained by 
the upward transport of particles generated at floor level 
by the supply DV jet and distribution within the indoor 
space without effective removal from exhaust at ceiling 
level due to the large distance separating floor generation 
from ceiling exhaust location.  

Therefore, during a vacuuming session the DV system 
should be turned off to avoid spreading particles re-
suspended within the space and if possible the air flow 
should be reversed to act as an MV configuration helping 
in particle removal from indoors reducing health risks. 

5. Conclusion 
 

A CFD model was developed to compare the 
effectiveness of different mixed air distribution 
configurations in the removal of re-suspended particles 
from indoor occupied space. The CFD model was used 
to perform a parametric study to investigate the effect 
of two factors affecting the airflow pattern: the relative 
inlet/outlet location and suction velocity. 

The TFm layout, where two outlets are located at 
middle of the walls (EL=0.5), presented the best 
performance due to the creation of a suction effect 
covering the majority of the floor area leading to high 
removal effectiveness. For instance the percentage of 
removed particles was increased from 50.87% in case 
of TT configuration to 65.37% and 72.16% in case of 
TFsc and TFm respectively for a suction velocity of 0.4 
m/s.  

Increased suction velocity strengthened the suction 
effect resulting in better particle removal through the 
escape of larger number of generated particles at floor 
level. For example, in the TFoc case, the percentage of 
removed particles increased from 54.28% for a suction 
velocity of 0.4 m/s to 63.94% for a suction velocity of 
0.8 m/s. 

However, to avoid thermal discomfort of occupants, 
the increase of suction velocity should be limited. As a 
conclusion, the TFm configuration presented good 
performance for acceptable suction velocity and is 
recommended to be used in mixing ventilated indoor 
spaces. 

The performance of DV in particle removal for 
generation at floor level was the worst compared to the 
different MV configurations studied. From here, it is 
recommended during a vacuuming session to turn off the 
DV system to avoid spreading particles re-suspended 
within the space or to reverse the air flow pattern from 
DV to MV mode. 
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