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Abstract 

Many dental procedures are aerosol-generating and pose a risk for the spread of airborne diseases, 

including COVID-19. Several aerosol mitigation strategies are available to reduce aerosol dispersion 

in dental clinics, such as increasing room ventilation and using extra-oral suction devices and 

high-efficiency particulate air (HEPA) filtration units. However, many questions remain unanswered, 

including what the optimal device flow rate is and how long after a patient exits the room it is 

safe to start treatment of the next patient. This study used computational fluid dynamics (CFD) 

to quantify the effectiveness of room ventilation, an HEPA filtration unit, and two extra-oral 

suction devices to reduce aerosols in a dental clinic. Aerosol concentration was quantified as the 

particulate matter under 10 μm (PM10) using the particle size distribution generated during dental 

drilling. The simulations considered a 15 min procedure followed by a 30 min resting period. The 

efficiency of aerosol mitigation strategies was quantified by the scrubbing time, defined as the 

amount of time required to remove 95% of the aerosol released during the dental procedure. 

When no aerosol mitigation strategy was applied, PM10 reached 30 μg/m3 after 15 min of dental 

drilling, and then declined gradually to 0.2 μg/m3 at the end of the resting period. The scrubbing 

time decreased from 20 to 5 min when the room ventilation increased from 6.3 to 18 air changes 

per hour (ACH), and decreased from 10 to 1 min when the flow rate of the HEPA filtration unit 

increased from 8 to 20 ACH. The CFD simulations also predicted that the extra-oral suction devices 

would capture 100% of the particles emanating from the patient’s mouth for device flow rates 

above 400 L/min. In summary, this study demonstrates that aerosol mitigation strategies can 

effectively reduce aerosol concentrations in dental clinics, which is expected to reduce the risk of 

spreading COVID-19 and other airborne diseases.  
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1 Introduction 

Many dental procedures are aerosol-generating and pose a 
risk for the spread of airborne diseases, including COVID-19, 
influenza, measles, tuberculosis, legionnaires disease, and 
SARS (Harrel and Molinari, 2004). Dental aerosols are 
generated by mechanical instrumentation used in a range 
of dental procedures, including drilling (e.g., high-speed 
handpiece, low-speed handpiece), polishing (e.g., air polisher, 
rotatory polisher), and cleaning (e.g., ultrasonic scaling, 
three-way syringe). Dental aerosols are composed of a 
mixture of water, saliva, blood, tooth debris, and dental 

products. Research studies have illustrated the risk of 
disease transmission by demonstrating a higher aerosol 
concentration and a higher microbial concentration in air 
during dental procedures (Timmerman et al., 2004; Sotiriou 
et al., 2008; Pasquarella et al., 2012), and that bacterial 
contamination can be detected as far as 11 m away from 
the dental chair where the dental procedure was performed 
(Grenier, 1995).  

The terms “aerosol” and “splatter” are used in the dental 
literature to distinguish particles of different sizes (Leggat 
and Kedjarune, 2001; Harrel and Molinari, 2004). The term 
“splatter” is used for droplets larger than about 10 μm that  
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Nomenclature 

d  particle diameter (μm) 
df  fraction of particles in polydisperse distribution 

   that have diameter d 
1k  rescaling factor 

dm  mass of one spherical particle of diameter d (μg) 
( )dM t  total mass of particles of diameter d that remain 

   airborne at time t (μg) 
( )dN t  number of particles of diameter d that remain 

   airborne at time t 
CFD( ) ( )dN t  number of particles of diameter d that remain 

   airborne at time t in CFD simulation 
EXP( ) ( )dN t  number of particles of diameter d that remain  

   airborne at time t in dental procedure 
0

CFD( )dN  number of particles of diameter d released per  
   second in CFD simulation 

0
EXP( )dN  number of particles of diameter d released per  

   second in dental procedure 
T CFD( )N  total number of particles released per second  

   in CFD simulation 

T EXP( )N  total number of particles released per second 
   in dental procedure 

rpN  number of release points 

added
dN  number of particles of diameter d released per 

   second 
removed
dN  number of particles of diameter d that deposit 

   or exit the fluid domain per second 
10PM  total concentration of particles in air with 

   diameter under 10 μm (μg/m3) 
10 CFD(PM )  particle concentration predicted by CFD 

   before rescaling (μg/m3) 
10 EXP(PM )  particle concentration observed experimentally 

   (μg/m3) 
t  time (min) 
V  volume of air in dental clinic (m3)  
V  volume-averaged air velocity (m/s) 
ρ  particle density (kg/m3) 

  
 

deposit near the patient’s mouth due to gravitational settling. 
The term “aerosol” is used for particles smaller than about 
10 μm that can stay airborne for an extended period of 
time. Both splatter and aerosols represent a risk to transmit 
infections, but aerosols are invisible to the naked eye and 
have the greatest potential of disease transmission to people 
more than six feet away from the infected patient (Harrel 
and Molinari, 2004; Klompas et al., 2020; Kumar and 
Subramanian, 2020). 

Many studies have demonstrated that aerosol 
concentration increases in dental clinics during patient 
procedures (Grenier, 1995; Sotiriou et al., 2008; Pasquarella 
et al., 2012; Polednik, 2021; Dudding et al., 2022). Since the 
coronavirus that causes COVID-19 is found in saliva (To  
et al., 2020), dental healthcare workers are at an increased 
risk of contracting COVID-19. However, it remains unclear 
if the high aerosol levels in dental clinics are associated with 
a higher incidence of COVID-19 among dental healthcare 
workers. One study analyzed data from the United States 
Department of Labor and reported that dental healthcare 
workers have the highest occupational risk of contracting 
COVID-19 among different professions (Zhang, 2021).  
In contrast, a survey of dental healthcare workers in France 
reported that the prevalence of laboratory-confirmed 
COVID-19 among dentists was similar to the general 
population (Jungo et al., 2021). Furthermore, a study from 
Israel reported that the incidence of COVID-19 among 

dental healthcare workers was lower than in the general 
population (Natapov et al., 2021). Thus, the available evidence 
suggests that in most cases standard infection control 
measures are effective at reducing the risk of transmission 
of airborne pathogens in dental clinics (Petti, 2016; Meethil 
et al., 2021).  

While transmission of airborne pathogens in dental 
clinics is rare, some reported cases illustrate the risk. One 
documented case of disease transmission occurred in a 
medical office where the measles virus was spread through 
the ventilation system to multiple people (Harrel and 
Molinari, 2004). The source patient was a 12-year-old boy 
who was coughing. Of the seven people who acquired 
measles at this clinic, one entered the office one hour after 
the source patient had left. Another example that illustrates 
the risk of disease transmission by airborne pathogens comes 
from the SARS outbreak in China. An outbreak in a Hong 
Kong apartment complex was likely facilitated by the 
ventilation system spreading the SARS coronavirus between 
different apartment units (Harrel and Molinari, 2004). 

Several strategies are used to minimize the risk of 
infection in dental clinics. Dental healthcare workers use 
personal protective equipment (PPE), such as gloves, gowns, 
and N-95 masks, to protect themselves. However, aerosols 
that remain suspended in air for an extended period of time 
represent a risk of contamination to consecutive patients 
treated at the same clinic and to clerical staff at the  
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reception desk who often do not wear protective masks. 
The gold-standard strategy to reduce aerosols in dental 
clinics is the use of a high-volume evacuator (HVE), which 
has been shown to reduce the contamination arising from 
the operative site by more than 90% (Harrel and Molinari, 
2004). However, HVE utilization requires a human assistant 
(“four-handed dentistry”). This is a limitation because many 
treatments are performed by dental hygienists without an 
assistant. Another strategy to minimize aerosol dispersion 
is the rubber dam, which virtually eliminates contamination 
with saliva, reducing the source of contamination to the 
tooth being treated. However, it is not feasible to use the 
rubber dam in many dental procedures, such as routine 
prophylaxis, periodontal surgery, and subgingival restoration 
(Harrel and Molinari, 2004). Strategies such as the HVE, 
rubber dam, and saliva ejector are aimed at preventing 
aerosols from escaping from the patient’s mouth. Another 
category of aerosol mitigation strategies are engineering 
controls, which are aimed at capturing the aerosols after they 
have been released from the patient’s mouth. Engineering 
controls include increasing the ventilation rate of the dental 
clinic, using portable high-efficiency particulate air (HEPA) 
filtration units, and using extra-oral suction devices (also 
known as local exhaust ventilation). However, these 
engineering controls have not been universally adopted yet, 
in part because their effectiveness is poorly characterized. 

One major question that dentists faced during the 
COVID-19 pandemic was when it was safe for a new patient 
to enter a room after the treatment of the previous patient. 
Research studies suggest that pathogens can remain 
airborne for at least 20 min after the dental treatment is 
completed (Chuang et al., 2014). Another major question is 
the determination of the optimal flow rate of HEPA filtration 
units and extra-oral suction devices. Higher flow rates are 
more effective at scrubbing aerosols, but higher flow rates also 
generate louder noises that can be a nuisance for patients 
and dental healthcare workers. Currently, it is difficult to 
predict the optimal flow rate that is effective at removing 
aerosols while minimizing noise. In this study, we apply 
computational fluid dynamics (CFD) to compare the aerosol 
removal efficiency of four engineering controls, namely 
(1) increasing room ventilation, (2) a portable HEPA filtration 
unit, (3) a circular extra-oral suction device, and (4) an 
elliptical extra-oral suction device. The CFD simulations 
are designed to represent 15 min of dental drilling followed 
by 30 min of a resting period. We estimate the minimal 
flow rate required to remove all particles emanating from the 
patient’s mouth using extra-oral suction devices. We also 
estimate the amount of time required for aerosol concentration 
to return to background levels as a function of the room 
ventilation and the HEPA filtration unit flow rate. 

2 Methods 

2.1 Geometry and flow rates 

The dimensions of the dental clinic (height = 2.86 m, width = 
3.31 m, depth = 3.58 m, volume = 33.9 m3) in this study 
are based on a single-chair dental clinic at the School of 
Dentistry at Marquette University. A 3D reconstruction of 
a human head was positioned on the dental chair (Fig. 1). We 
investigated the aerosol removal efficiency of three devices, 
namely two extra-oral suction devices and a portable HEPA 
filtration unit. The geometries of the two extra-oral suction 
devices were inspired by the Treedental dental suction unit 
(model TR-YP606D4, TREE USA Inc., Valley Cottage, 
NY, USA) and the Xuction HVE Dental Aerosol Reducer 
(Xuction Dental, Midlothian, VA, USA), respectively. The 
extra-oral suction device #1 had a circular inlet (diameter = 
10 cm) positioned lateral to the patient’s mouth (Fig. 1(B)). 
The extra-oral suction device #2 had an elliptical inlet 
(major axis diameter = 42.5 mm, minor axis diameter = 
12.5 mm, area = 417 mm2) positioned inferior to the 
patient’s mouth (Fig. 1(C)). The portable HEPA filtration 
unit was located at the corner of the room (Figs. 1(A) 
and 1(D)). It pulls air from its side and returns the filtered 
air through its top. Its dimensions and flow rates are based 
on the JADE air purification system (model SCA5000C, 
Surgically Clean Air, Toronto, Ontario, Canada). The 
geometry of the inlet vent on the ceiling was developed 
by Komperda et al. (2021) and kindly shared with us for 
this study. 

The dental clinic has a ventilation of 3540 L/min 
(corresponding to 6.3 ACH (air changes per hour)) through 
inlet and outlet vents on the ceiling (Fig. 1). This ventilation 
rate was used in all simulations with the extra-oral suction 
devices and the HEPA filtration unit. To investigate the 
effect of increasing room ventilation, simulations were  

 
Fig. 1 (A) Geometry of the dental clinic showing the locations of 
the extra-oral suction devices and HEPA filtration unit; (B) extra- 
oral suction device #1; (C) extra-oral suction device #2; (D) HEPA 
filtration unit. 
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performed for ventilation rates of 6.3, 9, 12, 15, and 18 
ACH. Simulations were also performed to investigate the 
four speeds of the portable HEPA filtration unit, namely 
4333 L/min (low speed), 6513 L/min (medium speed), 
8835 L/min (high speed), and 11,497 L/min (turbo speed). 
The flow rates of the extra-oral suction devices #1 and #2 
are unknown. Preliminary simulations were performed to 
identify the flow rate threshold above which these devices 
effectively scrubbed all particles emanating from the patient’s 
mouth. The final simulations were performed with flow 
rates of 0, 50, 150, 200, 250, 400, 600, and 800 L/min for the 
two extra-oral suction devices. The computational mesh 
included all three devices, but each device was studied 
separately while keeping the flow rates of the other two 
devices equal to zero (Table 1). 

2.2 Computational fluid dynamics—airflow simulations 

The CFD simulations were performed in ANSYS Fluent 
2020 R2. The geometry of the dental clinic was created   
in ANSYS ICEM–CFD. To transfer the geometry from 
ICEM–CFD to Fluent, a tetrahedral mesh was created, 
exported in “.msh” format, and imported into Fluent. A 
polyhedral mesh was created in Fluent Meshing with five 
prism layers. The mesh was graded near the patient’s 
mouth, the inlet vent, and the extra-oral suction devices to 
accurately capture the airflow patterns (Fig. 2). The mesh 
size was selected via a mesh density study (see Section 3 
Results). Steady-state airflow simulations were performed 

with the k–omega turbulence model using an air density  
of 1.2 kg/m3 and air viscosity of 1.8×10–5 kg/(m·s). A 
pressure-inlet boundary condition was used to impose 
atmospheric pressure at the inlet vent on the ceiling. A 
mass flow outlet boundary condition with a mass flow rate 
of 0.0708 kg/s (corresponding to the room ventilation of 
6.3 ACH) was applied at the outlet vent on the ceiling. 
Mass flow inlet and mass flow outlet boundary conditions 
were applied at the inlet and outlet of the HEPA filtration 
unit, while a mass flow outlet boundary condition was 
applied at the outlet of the extra-oral suction devices in 
simulations representing these devices turned on. The coupled 
scheme was used for the pressure–velocity coupling and 
second-order discretization was used for all partial differential 
equations. 

2.3 Computational fluid dynamics—particle transport 
simulations 

Dental instrumentation generates a particle cloud with 
complex dynamics. Particles are released in varying directions 
as the dentist moves the instrumentation along the 
patient’s teeth. Furthermore, continuous release of a large 
number of particles generates a particle cloud that transfers 
momentum to the surrounding air. Simulating all this 
complexity would require simulating different positions  
of the dental instrumentation, knowledge of the precise 
particle size distribution, and performing two-way particle 
transport simulations. In this work we adopt a simplified 

Table 1 Description of the flow rates investigated (each device studied separately) 

Case Description of case Flow rates studied 

1 Standard of care (no device operating, only room ventilation) 6.3, 9, 12, 15, and 18 ACH 

2 Only extra-oral suction device #1 with 6.3 ACH room ventilation 0, 50, 150, 200, 250, 400, 600, and 800 L/min 

3 Only extra-oral suction device #2 with 6.3 ACH room ventilation 0, 50, 150, 200, 250, 400, 600, and 800 L/min 

4 Only HEPA filtration unit with 6.3 ACH room ventilation 4333, 6513, 8835, and 11,497 L/min 

 
Fig. 2 (A) Polyhedral mesh of the dental clinic with five prism layers; (B) mesh refined near the ventilation inlet on the ceiling; (C) mesh 
refined around the patient’s mouth and extra-oral suction devices. 
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approach, which nonetheless allows us to investigate the 
efficacy of aerosol mitigation strategies. Particles were 
released with an initial velocity of 7 m/s perpendicular to 
a circular surface at the center of the patient’s mouth. The 
velocity of 7 m/s is a median of the particle velocity range 
of 2–12 m/s reported for dental instrumentation (dental 
drilling, ultrasonic scaler, and 3-in-1 air water syringe) 
(Eames et al., 2021; Haffner et al., 2021; Li et al., 2021; 
Sergis et al., 2021; Ohya et al., 2022). An inlet-velocity 
boundary condition with air velocity of 7 m/s was imposed 
at this circular release surface to approximate the momentum 
transfer from particles to the surrounding air. The diameter 
of the circular release surface (6.8 mm) was selected so that 
the volume flow rate emanating from the patient’s mouth 
was 15 L/min, which is similar to the exhalation rate of an 
adult at rest.  

Spherical particles of diameters from 0.3 to 10 μm were 
investigated using 16 log-spaced particle size bins (Table 2). 
This particle size range represents small droplets that can 
remain suspended in air for an extended period of time 
as opposed to larger particles (diameter > 10 μm) that tend 
to deposit near the patient’s mouth due to gravitational 
settling. This range of particle sizes with 16 size bins was 
selected because it is commonly used in instrumentation to 
monitor aerosol concentrations (Allison et al., 2021, 2022; 
Sergis et al., 2021; Vernon et al., 2021; Ye et al., 2021; 
Fennelly et al., 2022). The particles had a density (ρ) of 
1000 kg/m3 so that the geometric diameter was equivalent 
to the aerodynamic diameter. The discrete phase model in  

Table 2 Particle frequency distribution used in this study to 
represent the aerosol generated by dental drilling based on the 
experimental data in Fig. 3 (Vernon et al., 2021) 

d (μm) fd 

0.3368 0.3178 

0.4193 0.2170 

0.5220 0.1482 

0.6499 0.1012 

0.8092 0.0691 

1.0074 0.0472 

1.2543 0.0322 

1.5616 0.0220 

1.9443 0.0150 

2.4207 0.0103 

3.0138 0.0070 

3.7523 0.0048 

4.6717 0.0033 

5.8164 0.0022 

7.2416 0.0015 

9.0160 0.0010 

ANSYS Fluent accounted for the acceleration of gravity 
and buoyancy effects. The particles were assumed to be 
inert (i.e., particle evaporation was not considered). Thus, 
our CFD simulations represent dental drilling, but do not 
represent procedures that generate water droplets where it 
is important to consider droplet evaporation (Komperda  
et al., 2021). A trap boundary condition was applied on all 
walls and an escape boundary condition was applied at all 
outlets, including the device outlets. 

Dental instrumentation generates polydisperse aerosols. 
Here, we adopt the particle size distribution reported by 
Vernon et al. (2021), observed during drilling with an air 
turbine without the use of aerosol mitigation devices   
(Fig. 3). 

 
Fig. 3 Particle count distribution generated by dental drilling 
with an air turbine in the absence of aerosol mitigation strategies: 
(A) linear scale; (B) log–log scale (Vernon et al., 2021). 

The particle count distribution reported by Vernon et al. 
(2021) is well-represented by the power law fit ( ) bf x ax= , 
where the constants a = 0.096 and b = –1.74 were estimated 
with a linear regression of the linearization log( ( ))f x =  
log( ) log( )a b x+  (Pearson r = –0.991) (Fig. 3). This particle 
count distribution was used to obtain the frequency 
distribution df  of the 16 particle sizes simulated (Table 2) 
with the definition: 

 
16

1
1d

d
f

=

=å  (1) 

where df  is the fraction of the aerosol cloud that is 
composed of particles with diameter d. 

2.4 Estimation of PM10 

The aerosol concentration in the dental clinic was quantified 
as the particulate matter under 10 μm in aerodynamic 
diameter (PM10) in μg/m3, namely 

 
16 16

10
1 1

( ) 1PM ( ) ( )d
d

d d

M tt M t
V V= =

= =å å  (2) 

where V = 33.9 m3 is the volume of air in the dental clinic 
and ( )dM t  is the total mass of particles of diameter d that 
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remain airborne at time t. The sum in Eq. (2) is performed 
over the 16 particle diameters simulated. The total mass of 
particles of diameter d that remains airborne at time t is 

 ( ) ( )d d dM t m N t=  (3) 

where ( )dN t  is the number of particles of diameter d that 

remain airborne at time t, and 
3

34 ππ
3 2 6d

dm ρ ρ d
æ ö÷ç= =÷ç ÷çè ø

 is 

the mass of one spherical particle of diameter d, where ρ  is 
the particle density. 

Rather than simulating the exact number of particles 
released during a dental procedure, we simulated a total 
of T CFD( )N  particles. The particles were released from a 
grid of uniformly spaced release points inside the circular 
release surface. One particle of each diameter was released 
from each release point so that the total number of particles 
simulated was 

 ( )T rpCFD 16N N=  (4) 

where 16 is the number of particle diameters simulated and 
rpN  is the number of release points. The number of release 

points was selected by performing a parameter sensitivity 
analysis (see Section 3 Results). 

We simulated a scenario of 15 min of dental drilling 
followed by 30 min of a resting period. The steady-state CFD 
simulations quantified the trajectories of a single packet 
of T CFD( )N  particles and provided the time it  when each 
particle deposited on a surface or exited the fluid domain 
via the outlet vent, the HEPA filtration unit, or the 
extra-oral suction devices. A MATLAB code was developed 
to read the time it  from text files (.dpm files) generated 
by ANSYS Fluent and compute the time evolution of 

10PM ( )t . The MATLAB code assumed that a new packet of 
T CFD( )N  particles was released from the patient’s mouth 

every second during the dental drilling procedure. The 
number of particles of diameter d airborne at time Δt t+  
was computed from Eq. (5): 

 ( ) added removedΔ ( ) d d
d dN t t N t N N+ = + -  (5) 

where Δt  = 1 s is the time step, added
dN  is the number of 

particles of diameter d released per second, and removed
dN  is 

the number of particles of diameter d that deposited or 
exited the fluid domain during the time interval from t to 

Δ .t t+  The number of particles of diameter d released per 
second was added rp

dN N=  for the duration of the drilling 
procedure (t = 0–15 min) and added 0dN =  during the resting 
period (t = 15–45 min). The number of particles of diameter 
d removed in each time interval ( removed

dN ) was computed 
from the CFD results considering that a new packet of 

T CFD( )N  particles was released every second during the  

15 min of dental drilling and using the duration of each 
particle trajectory. 

Since we did not simulate the exact number of particles 
released during a dental procedure, it was necessary to 
convert the number of particles simulated to the number 
observed in the dental procedure via a scaling factor. 
First, we notice that the concentration of particles in air is 
proportional to the mass of particles released per second, 
namely 

 10 EXP T EXP
1

10 CFD T CFD

(PM ) ( )
(PM ) ( )

M k
M

= =  (6) 

where 10 CFD(PM )  and 10 EXP(PM )  are respectively the particle 
concentrations in air predicted by the CFD simulation 
and observed during a dental procedure (i.e., experimental 
conditions), T CFD( )M  and T EXP( )M  are respectively the 
total masses of particles released per second in the CFD 
simulation and during a dental procedure, and 1k  is a 
constant. Using the particle frequency distribution generated 
by dental drilling (Table 2), the total mass of particles released 
per second in a dental procedure is 

 

( ) ( ) ( )

( )

16 16
0

T TEXP EXPEXP
1 1

16

T EXP
1

d d d d
d d

d d
d

M m N m f N

N m f

= =

=

= =

=

å å

å  (7) 

where 0
EXP T EXP( ) ( )d dN f N=  is the number of particles of 

diameter d released per second in the experiments and 
T EXP( )N  is the total number of particles released per second 

in the experiments. Meanwhile, the total mass of particles 
released per second in the CFD simulation is 

 

( ) ( )
( )

( )

16 16
T CFD0

T CFD CFD
1 1

16
T CFD

1

16

16

d d d
d d

d
d

N
M m N m

N
m

= =

=

= =

=

å å

å  (8) 

where( ) ( )0
T CFDCFD

1
16dN N=  is the number of particles of  

diameter d released per second in the CFD simulations. 
Substituting Eqs. (7) and (8) into Eq. (6), we find 

 
( )
( )

( )
( )

10 TEXP EXP
2 1

10 TCFD CFD

PM
PM

N
k k

N
= =  (9) 

where 

 
16

1
2

16

1

1
16

d dd

dd

m f
k

m

=

=

=
å
å

 (10) 

is a constant determined by the particle size distribution. 
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Next, we notice that the number of particles that remain 
airborne at time t is proportional to the number of particles 
released, so that 

 
( ) ( )
( ) ( )

( )
( )

0
EXP EXP

0
CFD CFD

dd

d d

NN t
N t N

=  (11) 

where CFD( ) ( )dN t  and EXP( ) ( )dN t  are the numbers of 
particles of diameter d that remain airborne at time t in the 
CFD simulations and experiments, respectively. Using the 
particle frequency distribution generated by dental drilling 
(Table 2), we have 

 ( ) ( )0
T EXPEXPd dN f N=  (12) 

Meanwhile, the number of particles of diameter d 
released per second in the CFD simulations is equal to the 
number of release points: 

 ( ) ( )0
rp T CFDCFD

1
16dN N N= =  (13) 

where we used Eq. (4). Substituting Eqs. (12) and (13) into 
Eq. (11), we have 

 ( ) ( ) ( ) ( )1 2EXP CFD16 / ( )d d dN t k k f N t=  (14) 

where we used T EXP 1

T CFD 2

( )
( )
N k
N k

=  from Eq. (9). Finally, using  

Eqs. (2), (3), and (14), we find that the particle concentration 
in air in the dental clinic is given by 

 ( ) ( )
16

1
10 EXP CFD

2 1

16PM ( ) ( )d d d
d

kt f m N t
V k =

= å  (15) 

where the rescaling factor 1,k  which accounts for the fact 
that the CFD simulations were performed with less particles 
than the actual number of particles released during the dental 
drilling procedure, is given by Eq. (9): 

 
( )
( )

10 EXP
1

10 CFD

PM
PM

k =  (16) 

In this work, we assume that 15 min of a dental drilling 
procedure generates an air concentration of 10 EXP(PM ) =  
30 μg/m3 based on the experimental measurements by 
Sotiriou et al. (2008) in the absence of aerosol mitigation 
devices (Sotiriou et al., 2008). Readers should note that our 
CFD simulations assumed that the air entering the dental 
clinic through the inlet vent on the ceiling had zero particles, 
when in reality the air in ventilation systems always has 
a background particle concentration. Therefore, our CFD 
simulations represent the excess PM10 generated by dental 
drilling—i.e., the additional particle concentration above 
the background level. The efficiency of aerosol mitigation 
strategies was quantified by the scrubbing time, which was 
defined as the amount of time required to remove 95% of 
the aerosol released during the dental procedure. 

3 Results 

3.1 Verification of the CFD model 

Polyhedral meshes were created with maximum cell sizes 
of 30, 22, and 20 mm, which provided three mesh sizes, 
namely 3.3 million cells (coarse mesh), 6.2 million cells 
(medium mesh), and 8.7 million cells (fine mesh). The 
mesh resolution of the circular release surface (1 mm), 3D 
reconstruction of the patient’s head (10 mm), inlet vent  
(10 mm), extra-oral suction device #1 (4 mm), extra-oral 
suction device #2 (1 mm), and HEPA filtration unit (20 mm) 
were kept fixed to provide a higher mesh resolution at these 
locations.  

Airflow simulations were performed in the baseline case 
(i.e., zero flow through the devices). The air velocity magnitude 
was investigated along two lines, namely a vertical line from 
the patient’s mouth to the ceiling and a horizontal line 
crossing the patient’s mouth laterally. Reasonable agreement 
was observed for the air velocity magnitude predicted by 
the three meshes (Fig. 4). 

A colormap of air velocity magnitude in the baseline 
case showed that air velocity was almost 0 m/s in most of  

 
Fig. 4 Grid independence study showing good agreement for three mesh resolutions (coarse, medium, fine) for air velocity calculated 
along (A) a vertical line from the patient’s mouth to the ceiling and (B) a horizontal line crossing the patient’s mouth laterally. 
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the space in the dental office, except near the ceiling due to 
the inlet vent and near the patient’s mouth due to the plume 
of air and particles emanating from the patient’s mouth 
(Figs. 5(A) and 6(A)). Likewise, the plot of air velocity 
magnitude along the horizontal line showed that the air 
was quiescent in most of the dental clinic, except near the 
patient’s mouth (Fig. 4(B)). This flow pattern was captured 
by all three meshes (Fig. 4). However, some differences in 
air velocity magnitude were observed among the meshes, 
especially along the vertical line (Fig. 4(A)). This suggested 
that the airflow field was not entirely mesh-independent. 

Discrete phase model (DPM) simulations were also 
performed to quantify the impact of mesh resolution on the 
predicted PM10. These simulations were performed in the 
case with extra-oral suction device #1 using four different 
flow rates (0, 250, 500, and 1000 L/min). Reasonable   

 
Fig. 5 Colormap of velocity magnitude for a plane crossing through 
the patient’s mouth showing reduction in airflow exiting the 
patient’s mouth when the extra-oral devices are used. (A) Baseline 
condition; (B) extra-oral suction device #1 operating at 200 L/min; 
(C) extra-oral suction device #2 operating at 200 L/min; (D) HEPA 
filtration unit operating at 4333 L/min. 

 
Fig. 6 Colormap of velocity magnitude illustrating the airflow field 
near the patient’s mouth. (A) Baseline condition; (B) extra-oral 
suction device #1 operating at 200 L/min; (C) extra-oral suction 
device #2 operating at 200 L/min; (D) HEPA filtration unit 
operating at 4333 L/min. 

agreement was observed for the three mesh resolutions 
with the peak PM10 observed at the end of the dental drilling 
procedure (time = 15 min) decreasing from the baseline 
of 30 to 0 μg/m3 when the flow rate of extra-oral suction 
device #1 exceeded 500 L/min in all three meshes (Fig. 7). 
However, some variability was observed between the coarse, 
medium, and fine meshes when the flow rate of extra-oral 
suction device #1 was 250 L/min (Fig. 7). Based on these 
results, we concluded that the fine mesh provided an airflow 
field and particle tracking results that were nearly, but not 
entirely, mesh-independent. The fine mesh was the highest 
resolution that could be created in our local workstation 
due to a memory limitation (32 GB of RAM memory). 
Therefore, all subsequent CFD simulations were performed 
in the fine mesh. 

A parameter sensitivity analysis was also performed to 
investigate how changes in the number of release points 
used in the DPM simulations affected the predicted PM10. 
Simulations were performed with 500, 1000, 2000, 4000, 
or 8000 release points in the baseline case. Changes in the 
number of release points had a negligible impact on the 
temporal evolution of PM10 (Fig. 8). Thus, a value of Nrp = 
2000 release points was used in all subsequent simulations. 

 
Fig. 7 Grid independence study showing that PM10 reduced to 
zero when the flow rate of extra-oral suction device #1 exceeded 
500 L/min. This result was independent of the mesh density, but 
PM10 was sensitive to mesh density for a flow rate of 250 L/min. 

 
Fig. 8 Parameter-sensitivity study showing that PM10 was nearly 
independent of the number of particle release points (Nrp). 
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3.2 Airflow pattern 

It is important to understand the airflow pattern inside the 
dental clinic since this is a crucial factor determining the 
particle trajectories and evolution of PM10. Figures 5 and 6 
compare the colormap of air velocity magnitude in the 
baseline case and in the cases with the extra-oral suction 
devices and HEPA filtration unit operating. In all cases, 
airflow coming from the inlet vent on the ceiling flows along 
the ceiling until it reaches the walls, where low-velocity 
flow vortices are formed. The tendency of an airflow jet 
emerging from an orifice to flow along an adjacent surface 
is known as the “Coanda effect”, and is explained by the 
ambient pressure pushing the lower pressure incoming jet 
against the ceiling. Consequently, air velocity in the center 
of the room has a low magnitude except for the air jet 
emanating from the patient’s mouth (Figs. 5(A) and 6(A)). 
Simulations with the extra-oral suction devices #1 and #2 
operating at a flow rate of 200 L/min show a significant 
reduction in the jet emanating from the patient’s mouth 
because the air is sucked by the devices (Figs. 5(B) and 5(C)). 
In contrast, the simulation with the HEPA filtration unit 
operating at a flow rate of 4333 L/min shows an air jet 
emanating from the patient’s mouth similar to the baseline 
condition, but there is an increase in the air velocity near the 
ceiling as the HEPA filtration unit blows filtered air from 
its top surface toward the ceiling (Fig. 5(D)). Overall, the 
elliptical extra-oral suction device #2 had the best performance 

(Figs. 5(C) and 6(C)) in terms of reducing the air jet 
emanating from the patient’s mouth. 

3.3 Aerosol concentration in the dental clinic 

In the baseline case with a ventilation of 6.3 ACH, PM10 
increased steadily and reached 30 μg/m3 after 15 min of 
dental drilling, and then declined steadily reaching 0.2 μg/m3 
at the end of the 30 min resting period (Fig. 9(A)). Increasing 
the room ventilation from 6.3 to 18 ACH reduced the 
peak PM10 from 30 to 10.1 μg/m3 (Figs. 9(A) and 10(A)). 
This increase in room ventilation reduced the scrubbing 
time from 20.5 to 4.5 min (Fig. 11). 

In the case with the extra-oral suction device #1, 
increasing the device flow rate had almost no impact on 
PM10 for device flow rates below 200 L/min (Figs. 9(B) and 
10(B)). When the device flow rate exceeded 200 L/min, a 
sharp reduction in aerosol concentration was observed with 
PM10 decreasing to 0 μg/m3 for flow rates above 400 L/min. 
A similar behavior was observed in the case with extra-oral 
suction device #2, except that the sudden reduction in 
PM10 was observed at a smaller device flow rate and PM10 
decreased to 0 μg/m3 for device flow rates above 150 L/min 
(Figs. 9(C) and 10(C)). 

In the case with the HEPA filtration unit, operating the 
device at its lowest speed (4333 L/min) reduced the peak 
PM10 from the value of 30 μg/m3 observed in the baseline 
case to 18.1 μg/m3 (Figs. 9(D) and 10(D)). Increasing the 

 
Fig. 9 Evolution of PM10 during 15 min of dental drilling followed by a 30 min resting period. (A) Effect of increasing room ventilation, 
which is measured in ACH; (B) effect of increasing the flow rate of extra-oral suction device #1; (C) effect of increasing the flow rate of 
extra-oral suction device #2; (D) effect of increasing the flow rate of the HEPA filtration unit. 
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flow rate of the HEPA filtration unit to its maximum speed 
(11,497 L/min) further reduced the peak PM10 to 6.0 μg/m3. 
The scrubbing time was predicted to decrease from 9.8 min 
at the lowest speed to 1.1 min at the highest speed of the 
HEPA filtration unit (Fig. 11). The highest speed of the 
HEPA filtration unit was equivalent to 20.3 ACH. When 
combined with the room ventilation of 6.3 ACH, the rate  
of air replacement of the dental clinic was 26.6 ACH. 
Consequently, the scrubbing time of 1.1 min predicted for 
the highest speed of the HEPA filtration unit was lower than 
the scrubbing time of 4.5 min predicted for the highest 
room ventilation of 18 ACH in the absence of aerosol 
mitigation devices (Fig. 11). 

 
Fig. 11 Scrubbing time (i.e., amount of time required to remove 
95% of the aerosol released during the dental procedure) as a 
function of the room ventilation and the flow rate of the HEPA 
filtration unit expressed in ACH. 

To further interpret these results, we quantified the 
volume-averaged air velocity in a 25-mm-diameter spherical 
region in front of the patient’s mouth. This volume-averaged 
air velocity (V ) was approximately linearly related to the 
flow rate of the extra-oral suction devices (Figs. 12(B) and 
12(C)). Increasing the flow rate of the extra-oral suction 
device #1 increased the volume-averaged air velocity from 
0.33 to 1.7 m/s when the device flow rate increased from 0 to 
800 L/min (Fig. 12(B)). Similarly, increasing the flow rate 
of the extra-oral suction device #2 increased the volume- 
averaged air velocity from 0.33 to 4.1 m/s when the device 
flow rate increased from 0 to 800 L/min (Fig. 12(C)). The 
greater air velocity generated by the extra-oral suction 
device #2 is explained by the smaller cross-sectional area 
of its suction cup. 

In both cases, PM10 reduced to 0 μg/m3 when the 
volume-averaged air velocity in front of the patient’s 
mouth exceeded approximately V  = 0.9 m/s (Figs. 13(B) 
and 13(C)). Smaller changes in air velocity were observed 
in front of the patient’s mouth in simulations varying 
the room ventilation and the flow rate of the HEPA 
filtration unit. Specifically, increasing room ventilation 
from 6.3 to 18 ACH increased V  only from 0.33 to 0.42 m/s 
(Fig. 12(A)), and increasing the flow rate of the HEPA 
filtration unit from 0 to 11,497 L/min increased V  only 
from 0.33 to 0.36 m/s (Fig. 12(D)). This illustrates the 
different mechanisms of aerosol mitigation strategy, namely 
the extra-oral suction devices scrub the aerosol plume at its 
source, while room ventilation replaces the aerosol-laden 

 
Fig. 10 PM10 after 15 min of dental drilling as a function of (A) room ventilation, (B) flow rate of extra-oral suction device #1, (C) flow 
rate of extra-oral suction device #2, and (D) flow rate of the HEPA filtration unit. 
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air in the dental clinic with clean air, and the HEPA 
filtration unit filters the aerosol-laden air and returns the 
filtered air to the room. 

4 Discussion 

To our knowledge, this is the first study to apply CFD to 

quantify the relative efficacy of extra-oral suction devices, 
HEPA filtration units, and room ventilation to reduce 
dental aerosols. A major innovation of this study is the 
development of a numerical method to compute PM10. 
Previous studies have applied CFD to investigate particle 
dispersion in dental clinics (Komperda et al., 2021) and 
how to optimize ventilation in hospital rooms (Méndez et al., 

 
Fig. 12 Air velocity averaged over a 25-mm-diameter sphere in front of the patient’s mouth as a function of (A) room ventilation,
(B) flow rate of extra-oral suction device #1, (C) flow rate of extra-oral suction device #2, and (D) flow rate of the HEPA filtration unit. 

 
Fig. 13 PM10 after 15 min of dental drilling as a function of the air velocity in front of the patient’s mouth for the cases of increasing
(A) room ventilation and flow rate of (B) extra-oral suction device #1, (C) extra-oral suction device #2, and (D) the HEPA filtration unit.
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2008; Bhattacharyya et al., 2020), but these studies only 
reported the aerosol removal efficiency for specific particle 
sizes or the air replacement rate. PM10 is likely a better metric 
to assess the risk of disease transmission than a single particle 
size because PM10 is the total concentration of airborne 
particles with aerodynamic diameters below 10 μm. A recent 
review of the assumptions in numerical studies of airborne 
virus transmission stated that it is essential to incorporate 
the particle size distribution for realistic predictions of 
disease transmission risk (Pourfattah et al., 2021).  

Experimental studies have reported that extra-oral 
suction devices are effective strategies to reduce aerosol 
dispersion in dental clinics, with some studies reporting 
greater than 90% reduction in aerosol concentration (Allison 
et al., 2022; Fennelly et al., 2022) while other studies reported 
a more modest reduction of 38%–86% (Ou et al., 2021; 
Remington et al., 2022). These experimental studies cannot 
be directly compared to our CFD results because they did 
not report PM10, but rather used different metrics of aerosol 
concentration, such as particle counts. Nevertheless, these 
experimental observations contrast to our prediction of 
100% aerosol removal efficiency for device flow rates 
above 400 L/min (Fig. 10). Importantly, the distance from 
the suction cup to the mouth was 0–2 cm in our study, but 
ranged from 10 to 20 cm in these experimental studies.  
The crucial importance of the suction cup position was 
demonstrated by Ou et al. (2021), who reported that when 
the suction cup was moved 4 cm further away (from 14 to 
18 cm from the mouth), its capture efficiency dropped from 
74% to 38% at a device flow rate of 1670 L/min, and from 
96% to 56% at a device flow rate of 3653 L/min. Additional 
studies are needed to characterize how the suction cup 
position affects the aerosol removal efficiency of extra-oral 
suction devices. 

Several limitations of this study must be acknowledged. 
First, our numerical methods did not account for thermal 
and humidity effects, such as evaporating droplets and 
changes in air density, that may affect the evolution of 
PM10. Second, our CFD simulations were not entirely 
mesh-independent. Nevertheless, our mesh density test 
suggests that the main conclusions of this study are valid. 
Third, this study did not investigate systematically how the 
shape of the suction cup of extra-oral suction devices affects 
the aerosol removal efficiency. The shapes of the extra-oral 
suction devices #1 and #2 were different (circular vs. 
elliptical), but their positions were also different (lateral 
vs. inferior to the mouth). The fact that the device flow rate 
at which PM10 decreased to 0 μg/m3 had a similar magnitude 
in the two extra-oral suction devices (Fig. 10) suggests  
that the device flow rate is the most important parameter 
determining the efficacy of extra-oral suction devices. This 

hypothesis is supported by a previous CFD study which 
found that the shape of the suction cup has a relatively 
small impact on the aerosol removal efficiency (Liu et al., 
2022). Additional studies are needed to investigate the 
importance of the shape of the suction cup. 

Fourth, our study did not quantify spatial variations in 
PM10 that can lead to higher aerosol concentrations near 
the patient and dental healthcare workers. We estimated 
PM10 based on the duration of particle trajectories without 
knowledge of the actual path that each particle traveled. In 
other words, our computational method assumed an equal 
concentration throughout the room (i.e., a well-mixed gas), 
when in reality the aerosol concentration is expected to be 
higher near the patient. Holliday et al. (2021) performed a 
crown preparation on a mannequin with fluorescein dye 
introduced either into the mannequin’s mouth or the 
irrigation system. Filter papers placed up to 6 m from the 
mannequin demonstrated contamination at large distances 
from the mannequin, but with higher contamination in  
the mannequin’s vicinity. Grenier (1995) used agar plates 
to investigate bacterial contamination in a multi-chair clinic 
at a dental school. Bacterial contamination was detected  
11 m away from where dental activity occurred, but at a 
lower level than in the area where patients were treated. 
While these studies confirm the expectation that aerosol 
concentration is higher near the patient, our review of the 
literature suggests that most experimental studies sampled 
the air at a single site and did not investigate spatial variations 
in aerosol concentration. Future studies should investigate 
the degree of spatial variation in PM10, which can influence 
the transmission risk of airborne pathogens. 

Another limitation of this work is that only a single 
location of the HEPA filtration unit was investigated. A 
previous CFD study by Chen et al. (2010) demonstrated 
that the aerosol removal efficiency of an air cleaner was 
determined by the combination of its location and 
direction of airflow. In our study, the HEPA filtration 
unit was positioned at the corner of the room based on the 
dentists’ judgment that this location was the least intrusive 
for clinical care. The HEPA filtration unit we investigated 
pulls air from its sides and returns the filtered air through 
its top. Additional studies are needed to investigate how 
the design and location of HEPA filtration units impact 
their aerosol removal efficiency. 

Finally, the efficacy of increasing room ventilation to 
reduce aerosols is dependent on the design of the dental 
clinic, including the positions of the dental chair, inlet vent, 
and outlet vent. Memarzadeh and Xu (2012) reported that 
the path from the contamination source to the outlet vent was 
more important than the ventilation rate in determining 
contaminant removal (Memarzadeh and Xu, 2012).  
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5 Conclusions 

In summary, to our knowledge, this is the first CFD study 
to quantify the evolution of PM10 in a dental clinic after 
a dental procedure. We investigated the efficacy of three 
strategies to reduce aerosol dispersion in dental clinics, 
namely increasing room ventilation, using a portable HEPA 
filtration unit, or using extra-oral suction devices. In the 
baseline simulation, PM10 reached 30 μg/m3 after 15 min of 
dental drilling, and it took 20.5 min for PM10 to fall below 
1.5 μg/m3 (i.e., to remove 95% of the released aerosols) in 
a dental clinic with ventilation of 6.3 ACH. The scrubbing 
time reduced to under 5 min when the air exchange rate 
exceeded 15 ACH by either increasing the room ventilation 
or by increasing the flow rate of the HEPA filtration unit. 
The CFD simulations also demonstrated that extra-oral 
suction devices can be used to remove 100% of the particles 
released by using a suction cup in close proximity to the 
patient’s mouth. This 100% aerosol removal efficiency is 
achieved when the flow rate of the extra-oral suction device 
exceeds 400 L/min, which corresponds to an air velocity of 
about 1 m/s in front of the patient’s mouth. Additional 
research is needed to quantify how aerosol dispersion in 
dental clinics is affected by factors not investigated in this 
study, such as the location of the HEPA filtration unit and 
the distance from the extra-oral suction device’s suction 
cup to the patient’s mouth. 
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