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Abstract 

 
In indoor environments, floor surfaces are sinks of 

particles that might re-suspend in air. If not removed by 

the ventilation configuration, particles carrying bacteria 

and viruses constitute a threat for occupant’s health. 

Selecting a proper ventilation system with convenient 

design parameters plays an important role in particle 

removal from the occupied space. In this work, a typical 

office space was considered with the option of varying the 

ventilation configuration by considering a mixing 

ventilation (MV) system, displacement ventilation (DV) 

system, and reversed displacement ventilation (RDV) 

system. The effectiveness of these systems in removing re-

suspended particles from the indoor space during 

vacuuming sessions was studied. For this reason, a 

transient 3D computational fluid dynamics (CFD) model 

was developed and was validated experimentally in a 

climatic chamber equipped with both MV and DV 

systems. Good agreement was obtained between measured 

and predicted values of particles’ concentration with low 

relative error in the order of 10 %. The parametric study 

conducted showed that the reversed DV configuration 

insured the best particle removal performance by resulting 

in an effective suction effect at the floor level. The worst 

performance was provided by the conventional DV system 

due to the upward DV airflow transporting the re-

suspended particles from the floor levels to the upper 

breathing levels spreading contaminants. From here the 

RDV configuration was suggested for operation of 

ventilation system during vacuuming session to enhance 

particle removal. 
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1. Introduction 

 
Floor surfaces constitute reservoirs of particles that 

can re-suspend in indoor air [1]. Re-suspended particles 

can carry viruses and bacteria representing a significant 

risk of occupants’ infection [2]. Deposited particles can 

originate from variable outdoor and indoor sources and 

vary in diameter from nanometers to millimeters [3]. 

Particle re-suspension can result from variable processes 

as flow disturbances, mechanical activities as babies 

crawling and human motion [4-6]. Dusting and 

vacuuming have been also identified to cause re-

suspension in indoor environments [7-8]. 

Floor vacuuming is frequently used as a mechanism 

to remove indoor particles. However, it was not found to 

be a very effective cleaning process [9]. For instance, 

vacuuming has been identified to be a significant source 

of airborne particulate matter, with an average dust 

removal efficiency of 50% – 60% [9] for a typical 

household vacuum cleaner. Several researchers observed 

elevated concentrations of dust particles in air during and 

shortly after vacuuming activities in indoor spaces [8, 

10]. In fact, the floor constitutes a large reservoir for dust 

and contagious particles requiring frequent cleaning by 

vacuuming. Unfortunately, only a portion will be taken 

by the vacuuming machine while the other portion will 

be suspended into the space air volume. Depending on 

the air distribution system and the size of the particles, 

these particles might stay a long time in the space air 

before settling again into the floor or being escaped by 

the air distribution system [11, 12]. Therefore, assisting 

vacuuming by proper airflow distribution is important to 

enhance the removal efficiency. In fact, if not removed, 

suspended particles that may carry viruses and bacteria 

represent high risk of contaminating occupants. This 

threat to human health can be decreased by controlling 

the airflow pattern during vacuuming. Since the 

ventilation system plays a major role in particle 

distribution and removal from the occupied space [13, 
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14], the heating ventilation and air conditioning (HVAC) 

during the vacuuming session should be carefully selected.  

Two conventional air conditioning systems are the 

mixed ventilation (MV) system where the supply and 

return air outlets are located at the ceiling level [15] and 

displacement ventilation (DV) where the air distribution is 

turned upside down by supplying fresh air near the floor 

level [16, 17]. Removal of floor generated particles by 

these conventional HVAC methods is limited by 

gravitational settling opposing upward particle motion to 

reach the exhaust vents [18, 19]. For instance, Brohus and 

Nielson [19] observed that DV was ineffective in 

protecting occupant when particles were generated at low 

level and presented higher exposure than conventional 

MV. Furthermore, Habchi et al. [20] observed that in a DV 

system, particles might be caught below the stratification 

zone because of the two opposing effects of the upward 

momentum flow and the downward gravitational settling.  

The aim of this study is to compare MV and DV air 

distribution systems in terms of their effectiveness in 

removing re-suspended particles from the indoor space. 

Since vacuuming constitutes one of the main sources of 

particle re-suspension indoors, recommendations will be 

provided for the operation of ventilation systems during 

vacuuming session for improved particle removal. 

Simulation of airflow pattern and particles’ distribution 

involves complex physics requiring appropriate modeling 

[21]. For this reason ANSYS Fluent was used to develop a 

computational fluid dynamics (CFD) model and validation 

was performed by conducting experiments. The validated 

CFD model was then adopted to perform a parametric 

study on spaces ventilated by MV and DV systems to 

assess their effectiveness in particle removal during a 

vacuuming session. 

 

2. Problem description 

 

Figure 1 illustrates the conditioned space and the variable 

MV and DV configurations investigated.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Different ventilation modes studied.  

 

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.  

Inlet and outlet vents are commonly placed at the 

ceiling level for MV while for DV air is supplied at low 

level and exhausted at ceiling level. An unconventional 

relative inlet/outlet location is reversed DV configuration 

where supply is from ceiling and return is at floor level. 

The focus of this study is to compare effectiveness in 

particle removal during vacuuming session for these 

configurations.  

The different configurations shown in Fig. 1 are 

described below: 

a) Ventilation mode 1: Conventional MV configuration 

with top supply and top return vents   

b) Ventilation mode 2: DV configuration with one floor 

supply and top return vent  

c) Ventilation mode 3: Reversed DV (RDV1) 

configuration with one floor register and top supply vent 

d) Ventilation mode 4: RDV2 configuration with two 

floor registers and top supply vent 

 

 

3. CFD Modeling 

 

To simulate re-suspended particles behavior for 

different ventilation configurations, numerical CFD 

simulations of an indoor space were conducted with 

particle generation at floor level.  

The commercial software ANSYS Fluent was 

adopted to compute the flow, thermal, and concentration 

fields within the indoor environment. The Eulerian 

approach was used to simulate the room air since it can 

be considered as a continuous fluid [22]. The interaction 

between particle and fluid phases was considered as one 

way coupling neglecting the effect of particles on the 

airflow field since the discrete phase volume is negligible 

compared to the room volume [23]. ANSYS Fluent offers 

different schemes for discretization of the Navier-Stokes 

equations. The ―PRESTO!‖ staggered scheme was 

selected for the pressure while the SIMPLE algorithm 

was adopted for coupling of the velocity and pressure 

fields [24].  

Turbulence and buoyancy largely affect the airflow 

pattern [25, 26] and should be accurately modeled. The 

realizable k-ε model was selected to model turbulence 

effect with enhanced wall treatment [23]. To trap 

buoyancy effects the incompressible ideal gas law was 

adopted [23]. The second-order upwind scheme was used 

for discretization of the dissipation rate, the turbulence 

kinetic energy, and the momentum equations. 

The Lagrangian tracking method was used to 

simulate particle behavior in indoor spaces and calculate 

concentration field using the second law of Newton by 

tracking several particles trajectories within the enclosed 

room [24, 27]. The influencing forces on behavior of 

particles were considered. These forces are correlated to 

particle characteristics (as density, shape, and size). The 
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drag force is the dominant force on particle distribution 

[27]. Nevertheless, at the proximity of walls within the 

turbulent boundary layer, Brownian and Saffman’s lift 

forces play an important role in particle behavior and 

deposition and should be considered [28].  

The discrete random walk model (DRW) was selected 

to model the effect of local turbulence intensities on 

particles’ paths by using a stochastic approach [29]. The 

particle source in-cell (PSI-C) scheme was adopted to 

correlate particle trajectories and particle concentration 

within each computational cell. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Fig. 2. CFD mesh treatment. 

 

 

Appropriate boundary conditions are required for 

precise computation of particle comportment. For instance, 

the ―escape‖ boundary condition was designated at outlets 

while the ―trap‖ condition was used to consider particle 

deposition in case a particle trajectory reached a wall [30].  

The CFD model mesh was generated using tetrahedral 

unstructured grid as represented in Fig. 2. Appropriate 

mesh treatment is required near surfaces to avoid over-

prediction of particle deposition. In fact, in the direction 

normal to the wall, particles might be subjected to high 

fluctuating velocity within the viscous sub layer resulting 

in increased frequency of particle–wall collision. The mesh 

treatment consisted of proper combination of face sizing 

and surface inflation (Fig. 2). 

In order to compare the removal effectiveness of 

particles for the different configurations studied air quality 

indexes were introduced. First, normalized particle 

concentration in the occupied zone (AOC) is defined as the 

ratio of particle concentration in the occupied zone and 

particle generation concentration. The occupied zone was 

considered from the floor to a height of 1.2 m since in 

general for sleeping and seated occupants in addition to 

children the breathing level is below 1.2 m which 

constitutes a critical zone where high IAQ should be 

provided by reducing particle concentration. Second, the 

percentage of escaped particles (PEP) is defined as the 

ratio of number of exhausted particles to the number of 

generated particles which should be as high a possible to 

prevent accumulation of particles within the indoor 

environment. 

 

4. Results and discussion  

4.1. Experimental Validation 
 

Experiments were performed to compare particle 

distribution in conventional MV (ventilation mode 1) and 

DV (ventilation mode 2) rooms. A testing chamber has 

been built to accommodate different ventilation 

configurations. The experimental room dimensions are 

(4.95 m x 4.50 m x 2.52 m). The experimental room is 

characterized by a top wall MV inlet supplying an 

airflow rate of 189 L/s at a temperature of 18℃. Another 

air supply option is a floor register to simulate DV inlet 

delivering air at same operating conditions. Dampers 

controlled the opening and closing of inlets and outlets 

vents. The thermal load of the experimental room has 

several sources: roof load of 9.97 W/m
2
, ceiling 

conventional lighting load of 10 W/m
2
, and walls load of 

10.96 W/m
2
. 

Validation was performed for both mixed and 

displaced ventilation configurations. The relative error 

obtained was in the order of 10% showing good 

agreement between the CFD model and experimental 

results. Therefore, the CFD model developed computes 

accurately particle behavior and distribution for variable 

ventilation configurations.  

 

 

 
 
Fig. 3. Comparison of experimental and CFD results for 

validation of the CFD model  
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Figure 3a shows the variation of averaged normalized 

concentration with height for the conventional MV 

configuration with supply and return from the top of the 

room while Fig. 3b represents validation for the DV 

system. An approximately uniform concentration was 

obtain for the typical MV mode (Fig. 3a) which is due to 

the mixing effect created by this configuration. On the 

other hand, a stratification effect, in the concentration 

variation with height, is observed for the DV mode (Fig. 

3b). This stratification from higher to lower concentrations 

when moving from the floor towards the ceiling is caused 

by the upward DV flow. In the occupied zone, for heights 

below 1.1 m, the DV concentrations are significantly 

higher than the MV one representing high risks of 

contamination in case of particle generation from the floor 

level. 

The validated CFD model was then adopted to 

perform a parametric study on spaces ventilated by MV 

and DV systems to assess their effectiveness in particle 

removal during a vacuuming session. 

 

 

4.2. Parametric Study 
 

Numerical CFD simulations were performed for a 

typical room of dimensions (3.4 m × 3.4 m × 2.6 m) for 

comparison of MV and DV and RDV configurations in 

terms of their effectiveness in removing particles 

generated at floor level. Particles of diameter 2.5 µm were 

considered because fine particles are largely present in 

indoor spaces and their behavior is largely affected by 

airflow distribution while for large particles gravitational 

settling effect is dominant. A parametric study was 

conducted to investigate the effect of air flow rate by 

considering three typical flow rates of 50, 75 and 100 L/s. 

Table 1 summarizes variation of average normalized 

particle concentration in the occupied zone (AOC) and 

Table 2 shows the percentage of escaped particles (PEP) 

for the different configurations studied.  

 

 

Flow Rate 

(L/s) 
50 75 100 

MV 13.76 9.03 5.88 

DV 18.08 16.87 7.03 

RDV1 7.59 4.71 2.79 

RDV2 5.87 3.52 1.92 

 
Table 1. : Effect of flow rate on AOC (x10-4) for the different 

configurations studied 

 

 

Flow Rate 

(L/s) 
50 75 100 

MV 28.64 41.76 46.87 

DV 17.72 27.13 32.76 

RDV1 46.97 58.81 67.72 

RDV2 56.96 67.84 75.35 

 
Table 2 : Effect of flow rate on PEP (x10-4) for the different 

configurations studied 

 

Increased flow rate enhanced particle removal 

performance for all configurations studied which is 

shown by reduced AOC and increased PEP. 

MV and DV were compared on different levels. In case 

of generation of particles at floor level, DV resulted in 

lower PEP compared to conventional MV (Table 2) and 

higher AOC (Table 1). This is due to the upward 

transport of particles generated at floor level by the 

supply DV jet and their distribution within the space 

resulting in an ineffective removal from exhaust at 

ceiling level because of large distance between floor 

generation and exhaust location. Hence, during a 

vacuuming session in a DV room, it is suggested to 

reverse the flow pattern by supplying air from ceiling and 

exhausting from ground level creating a suction effect at 

floor level contributing to particle removal and thus 

reducing health risks. For this reason the RDV 

configurations were studied in comparison with MV.  

RDV provided much better performance compared 

to DV and MV in particle removal from the occupied 

space resulting in reduced AOC and increased PEP 

(Tables 1 and 2). Fig. 4 and Fig. 5 represent normalized 

concentration contours at the breathing and floor levels 

for MV and RDV2 respectively. A large enhancement is 

provided by RDV2 compared to MV resulting in much 

lower concentrations in the two critical planes illustrated 

in Figs. 4 and 5. This is due to the positive suction effect 

created by symmetric exhausts at floor level in RDV2 

configuration where two exhausts were placed opposing 

each other resulting in a suction effect covering the 

majority of the floor area opposing the formation of high 

particle concentrations zones. 

 

 

 
 
Fig. 4. Normalized concentration contours at the breathing level 

(height 1.1 m for seated occupant) for MV and RDV2 

configurations 
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Fig. 5. Normalized concentration contours at the floor level 

(height 0.2 m) for MV and RDV2 configurations 
 

5. Conclusion 

 

A CFD model was developed and validated 

experimentally to compare the effectiveness of MV and 

DV in the removal of re-suspended particles from floor 

level.  

Bad performance is provided by DV compared to 

conventional MV leading to higher normalized 

concentrations within the space. 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. Hence, during a vacuuming 

session in a DV room, it is suggested to reverse the flow 

pattern by supplying air from ceiling and exhausting from 

ground level creating a suction effect at contributing to 

particle removal and thus reducing health risks. 

Increased flow rate enhanced particle removal 

performance for all configurations. A large enhancement 

is provided by RDV2 compared to MV resulting in much 

lower concentrations in the two critical planes illustrated. 

This is due to the positive suction effect created by 

symmetric exhausts at floor level in RDV2 configuration 

where two exhausts were placed opposing each other 

resulting in a suction effect covering the majority of the 

floor area. 
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