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17  Abstract: The High-volume evacuation (HVE) is commonly employed as a primary

18 source control measure for removing splatter emitted from mouth during dental
19 treatments, but there is still a lack of comprehensive understanding of its efficiency.
20 Based on our previous experiments on the emission characteristics during dental
21  treatments, this study employed Computational Fluid Dynamics (CFD) simulations to
22  investigate the impact of emission parameters (droplet size, emission velocity, emission
23 angle), HVE usage methods (distance between HVE and the droplet release source),
24 and HVE suction flow rates on its removal efficiency. The effect of HVE on Fallow
25  Time (FT) was also examined. Cumulative removal efficiency that accurately reflected
26  the HVE effect was proposed as an evaluation index. It was found that emission velocity
27  was akey factor influencing cumulative removal efficiency. When the distance between
28 HVE and the source was 4 cm, the cumulative removal efficiencies for low-velocity
29 (0.8 m/s), medium-velocity (3.4 m/s), and high-velocity droplets (6.0 m/s) were
30 approximately 97.9%, 73.6%, and 58.0%, respectively. For high-velocity droplets at
31 6.0 m/s, decreasing the distance between HVE and the source from 4 cm to 2 cm and 1
32  cmincreased the cumulative removal efficiency from 58.0% to 76.7% and 100%. This
33  study was expected to enhance the understanding of HVE performance and provide
34 information on its usage method. It also indicated the strong need for new control
35  measures that could offer broad effective control range and high efficiency in removing
36  high-velocity droplets.
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1 Introduction

The World Health Organization (WHO) defines Aerosol Generating Procedures
(AGPs) as medical, dental, and patient care procedures that generate suspended droplets,
posing the risk of infectious disease transmission [1]. AGPs are associated with the use
of dental treatment equipment such as Ultrasonic Scaling Instruments (USI), Powder
Jet Handpieces (PJH), High-velocity Air Turbine Handpieces (HATH), and the use of a
triple syringe [2]. The use of these equipment produced a mixture of blood, saliva, and
various microorganisms [1]. Existing studies have found a substantial presence of
various pathogens (viruses, bacteria, and fungi) in saliva samples from individuals with
respiratory infectious diseases [3- 7]. During dental treatments for COVID-19 patients,
418 colony-forming units (CFUs) of the virus were detected per stere on the
surrounding surfaces [8]. Due to the high-momentum emissions during dental
treatments, splatter could contaminate both air and surfaces throughout the clinic
environment [9]. Airborne pollution in clinics originated from splatter with small-size
aerosols suspended in the air [10-11], while surface contamination resulted from
splatter with large-size droplets deposited on surfaces [12-13]. The suspension and
deposition of droplets created a working environment with a high potential for disease
transmission [14-15-16]. AGPs could represent significant modes for infection
transmission in dental clinics. Studies indicated that even without viruses present in
splatters, long-term exposure to inhalable particles could lead to respiratory diseases
such as pneumoconiosis [17].

Commonly applied control measures during dental treatments include pre-
treatment mouth rinsing with hydrogen peroxide, as well as the use of HVE, rubber
dams, and air purifiers. Among these, HVE is a widely used source control measure
that relies on negative pressure exhaust ventilation to remove splatters. The removal
efficiency of HVE in eliminating splatters has been extensively studied using
experimental methods based on human subject and dummy experiments. Experimental
setups for evaluating the efficiency of HVE may include standard saliva ejectors, HVE
(High Volume Evacuators), EOS (Extra-Oral Suction), or the combination of these
instruments. There are four methods for determining the removal efficiency of HVE in
removing splatters. The first is the fluorescein method that assesses removal efficiency
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based on the deposited area of splatter near the patient's mouth (mainly for large
droplets). The second is the particle counter method that determines removal efficiency
or quantity (primarily for PM10.0) based on values measured at only one or two points
in the air, which inadequately reflects the removal efficiency of HVE. The third is the
Petri dish method that assesses removal efficiency based on the quantity of bacterial
colonies primarily found in aerosols and small droplets. The fourth is the visualization
method that evaluates pollution levels by visualizing the quantity of droplets in a visual
plane.

There is a lack of consistent conclusions regarding the removal efficiency of high-
suction measures in removing splatters. Some studies have reported a very high removal
efficiency of high-suction measures, with the cumulative removal efficiency exceeding
80% [18- 26], implying that these measures are effective in dealing with the emission
problem. Some studies indicated that the removal efficiencies range between 20% and
80% [27- 31], and there are some studies suggesting that the removal efficiencies are
less than 20% [27, 31- 35]. The significantly different findings obtained in these past
studies could be attributed to five key factors: differences in the observed particle size
range (particle counters mainly focus on PM10.0, while the fluorescein method focuses
on larger droplets deposited on surfaces), variations in particle sampling
locations/quantities (splatter is not uniformly distributed), disparities in treatment
equipment parameters leading to differences in emission characteristics, differences in
HVE parameters (using position, distance, and suction flow rates), and variations in
doctors' operating methods and the assistants’ proficiency levels. In the end, it remains
unclear how these factors impact the removal efficiency of HVE.

Apart from experimental measurements, the efficiency of HVE in removing
droplets can be predicted using CFD simulations. However, the boundary conditions of
the emission source, including emitted particle size, emission angle, and emission
velocity, are important for a reliable and accurate CFD simulations. For the boundary
conditions, previous studies have reported different flow rates for the USI. Li et al. [36]
measured a flow rate of 50 ml/min and observed the droplet velocities ranging between
4-6 m/s, while Ou et al. [19] reported a flow rate of 36 ml/min with over 65% of droplets
emitting below 1.0 m/s. Both Ou et al. [19] and Haffner et al. [37] found that the particle
size range was mainly between 12-200 um. The study conducted by Yuan et al. [26]
revealed that the diameter of droplets produced from HATH usage was mainly below
250 um, with a majority being less than 60 um. However, these results did not fully
consider the impact of teeth position of treatment, saliva volume, and equipment flow
rate on emission parameters. Our previous work comprehensively addressed these
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influences and provided systematic measurements of particle size distribution, emission
angles, and emission velocities for both PJH and USI under various conditions [38],
which provided boundary conditions for the present CFD simulations.

Given the inconsistent performance of HVE reported in past studies and the varied
boundary conditions of source emission during dental treatments, the present study
intended to present a systematical evaluation of HVE performance using CFD
simulations based on our measurement of boundary conditions. This study focused on
the impact of emission parameters (droplet size, emission velocity, and emission angle),
different methods of using HVE (such as varying distances between HVE and the
source), and suction flow rate of HVE on its removal efficiency. Additionally, this study
examined the impact of using HVE on FT. This study would enhance our understanding
of the effectiveness of HVE in controlling splatter, provide information on its usage
methods, and recommend directions for developing new control measures.

2 Methods
2.1 Model Description

2.1.1 Dental clinic

The geometry model employed in the present CFD simulations was a
representative dental clinic from the periodontal department of Changsha
Stomatological Hospital, which measured at 4.5 m x 3.4 m x 3.6 m. The clinic had an
upward supply and return air ventilation system with single inlet and outlet. The inlet
was equipped with a square diffuser, and the outlet featured a louvered grille, both
measuring at 0.3 m x 0.3 m. The dental unit included the dental chair located in the
central area of the clinic and an office desk positioned near the wall, as shown in Figure
1.

2.1.2 Treatment Setting

The patient assumed a supine position during dental treatment, as shown in Figure
1. The patient had a body area of 1.74 m? and a height of 1.70 m. The used head model
was based on an Asian adult male with good oral health to reflect real treatment
scenarios, where the patient's mouth was nearly fully open. The standard four-handed
operation involved one doctor and one nurse. Both medical workers were seated at
approximately 1.3 m in height, with their eyes positioned about 0.4 m away from the
patient's mouth. The doctor was positioned at the 9 o'clock direction while the nurse
was positioned at the 3 o'clock direction, following a professional dental treatment
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layout [39]. To approximate HVE, a cylinder shape was used, and its vent was
represented by a circular surface with a diameter of 15 mm [40], placed directly in front
of the emission direction.
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Figure 1 Dental Clinic Floor Plan: (a) Top View (b) Side View (c) Location of HVE
(unit: m).

2.2 Numerical setups

To study the behavior of droplets in dental clinic, the CFD methods was employed
to study airflow distribution and droplet transmission.
2.2.1 Continuous phase solution

The Reynolds-Averaged Navier-Stokes (RANS) equations were solved to obtain
the indoor airflow distribution, eliminating the need for tracking minute fluid
movements. The RNG k-¢ model, commonly used for solving low Reynolds number
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flow problems and demonstrating good performance in complex geometry external
flow and droplet transmission, was chosen for turbulent modeling [41-42]. Enhanced
wall treatment was applied to describe turbulent characteristics near the walls. The
governing equations of mass, momentum, turbulent kinetic energy (Kk), turbulent
dissipation rate (), substance transfer, and temperature conservation were discretized
to obtain a steady-state solution. The finite volume method was used to discretize the
governing equations. Velocity field and pressure field coupling methods were achieved
through SIMPLE algorithm. The pressure equation's discretization scheme was based
on the PRESTO! algorithm, while a second-order upwind scheme was employed for
other equations. Additionally, convergence was achieved when continuity, momentum,
turbulence, energy, and species residuals were less than 10e-6. After reaching a steady-
state solution, the simulation transitioned into transient mode with a calculation step
size set between 1.5e-4 seconds and 1.0 seconds to balance accuracy and computational
resources.

CFD simulations conducted in this study utilized the commercial software ANSY'S
FLUENT 20.0. As control equations for simulation were well-documented in ANSYS
Fluent documentation [43], only the droplet evaporation control equation was presented
in this study.

2.2.2 Droplet dispersion modeling

The Discrete Phase Model (DPM), commonly used for predicting droplet
dispersion in the air [44], was employed to accomplish the prediction of droplet
transmission behavior in this study. DPM operated within the Eulerian-Lagrangian
framework and utilized a discrete phase model with a one-way coupling scheme to track
droplets, determined by their volume fractions [45]. In this study, the released droplets
had a very low volume fraction, making the impact of the discrete phase on the
continuous phase and interactions among droplets negligible. Accurate prediction of
droplet trajectories in the dental clinic relied on considering factors such as droplet
resistance, size, and shear. The drag force [46], thermophoretic force [47], and Saffman
force [48] were considered in this study. The effect of turbulence on droplet dispersion
was modeled using the commonly applied Discrete Random Walk (DRW) model [49].

2.2.3 Evaporation Modeling

Evaporation of droplets occurred when the temperature of the droplet exceeded
the vaporization temperature but remained below the boiling temperature. The
evaporation process continued until all volatile substances had evaporated. An
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evaporation model, which considered both convective and diffusive effects on droplet
surfaces, was employed for high rates of vaporization [50]. The governing equation for
droplet evaporation was as follows:
dm, ShD P — Ds
dt Pd pln(p—m,)

Where mp represents the mass of droplets (kg), t represents time, dp represents the

ey

diameter of the droplet (m), Sh represents Sherwood number, D represents binary
diffusion coefficient (m?/s), p represents fluid density (kg/m®), P represents total
pressure (Pa), and Ps and P,, represent partial pressures of water vapor at the surface of
the droplet and in air, respectively (Pa).

2.3 Boundary Conditions

The solutions of steady-state and transient were determined by the boundary
conditions at the boundaries. The primary boundary conditions in this study were shown
in Table 1. The temperature at the air inlet was set to 301.15 K to account for winter
conditions. To meet the fresh air requirements in the clinic, the air change rate was set
at 7 air changes per hour (ACH). The thermal flux for both patients and medical workers
was set to 45 W/m? [51] to accurately define the human thermal plume. Since humidity
influences droplet evaporation fraction and viral droplet viability in the clinic, it could
not be ignored. In CFD simulation, air was modeled as an ideal mixture of air and water
vapor.

The relative humidity at the inlet of clinic was set to 50%, while the relative
humidity of exhaled air from patients was set to 95% [51]. Droplets consist of volatile
and non-volatile substances. The mass fraction of volatile substances in droplets was
determined by the evaporated water and the remaining non-volatile droplet nuclei.
However, the size of droplet nuclei released during dental treatment was unknown.
Based on the findings of Basu et al. [52], it was found that the size of droplet nuclei
produced during coughing accounts for only 26% of the initial droplet diameter.
Considering that splatter produced during dental treatment contains not only saliva but
also blood, teeth fragments, and sanding dust, it can be assumed that the size of droplet
nuclei may exceed 26% of the initial droplet diameter. Therefore, we assumed that
approximately 64% of the initial droplet diameter represented the size of droplet nuclei,
and we set a mass fraction for evaporable droplets at 73.6%.

DPM required that the droplet boundary conditions were set on all surfaces. If
droplets were transported to the air inlet, outlet, patient's nose, or the vent of HVE in
the dental clinic, they would leave the computational domain and were therefore
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designated as "escape”. Due to their difficulty in overcoming surface adhesion, droplets
in contact with other surfaces were specified as "trap” [53].

Table 1 Details of main boundary condition

Surface/Droplet Boundary Conditions:
Indoor Walls
) Type: Wall; Heat Flux: 0.

/Dental Unit
Type: Velocity Inlet; Temperature: 301.15 K; Relative

Inlet Humidity: 50%; Turbulence Intensity: 5%; Viscosity Ratio:
10%.

Outlet Type: Pressure Outlet.

Patient and Medical
Type: Wall; Heat Flux: 45 W/m2.
workers

Type: Velocity Inlet; Temperature: 310.15 K; Relative
Humidity: 95%.

Temperature: 301.15 K; Density: 1000 kg/ms3; Mass Flow
Rate: 0.0013 kg/s.

Patient's Nose

Droplets
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Figure 2 Breathing flow patten.

During dental treatment, it was difficult to completely remove the liquid in the
patient's mouth, which might enter their trachea and harm their health if they breathed
through their mouth. Therefore, nasal breathing was recommended as the primary mode
of respiration with a set breathing rate of 6 I/min [54]. The patient was positioned supine
during treatment to correspond with real-life conditions. Nasal breathing occurred
through an area of 127 mm? and respiratory flow varied over time as shown in Figure
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2. The patient's breathing cycle (6 seconds) consisted of inhalation (2.5 seconds),
exhalation (2.5 seconds), and a pause (1.0 seconds). Fluent implemented respiratory
conditions using a user-defined function.

Since the initial momentum of droplets in this study was relatively high and the
impact of patient respiration on droplets was limited, the influence of the droplet release
position on the results could be considered negligible. The droplet release position was
set at the maxillary incisors, as shown in Figure 1.

The factors considered in this study included emission velocities, emission angles,
droplet size, the distance between HVE and the source, and the suction flow rates of
HVE. Based on our previous experiment [38], as shown in Table 2, the parameters of
droplets generated by using PJH and USI were influenced by saliva volume on teeth
surfaces, teeth position, and equipment flow rate. Taking these factors into account
collectively, a comprehensive value following the Rosin-Rammler distribution was
adopted to represent the droplets size distribution corresponding to PJH and USI. The
primary emission direction under all conditions approximated a cone-shaped release
from a point source. The cone release angles ranged between 37° and 71° as shown in
Figure 3. The emission velocity near the patient's mouth varied from 0.0 m/s to 6.0 m/s;
this also applied to USI. Droplet size distributions of HATH were known based on Yuan
et al.'s experiment [26], which were presented in Table 2.

This study combined the parameters of splatter generated by these three types of
devices for research purposes. The range of considered emission velocities (0.8 m/s, 3.4
m/s, and 6.0 m/s) and cone half-angles (15°, 25°, and 35°) were extensive in this study
since it encompassed the main velocity and angle ranges associated with these three
types of devices.

Furthermore, based on the recommendations of medical workers, the distances
between HVE and source were set at larger values of 4 cm for complex conditions, with
closest distances at 1 cm and closer distances at 2 cm. The suction flow rates for HVE
were established as a threshold value of 250 I/min [40], with lower volumes at 150
I/min and higher volumes at 350 I/min. Using these specified parameters, Table 3
presented a total of eighteen Cases.



Velocity [N - . n Velocity IS il =l
(m/s) 0.02 0.20 0.37 0.55 s (mfs) 0.02 0.09 0.15 0.22

Angle=37°

B

| Treatment = ’z

| \
position . Bl Treatment
position

20 . 0.10 0.20

0.10 0.
X (m) X (m)

1

2 Figure 3 Time averaged distribution of synthetized velocity of droplets generated by
3 using the PJH (based on 200 samples): (a) (80 ml/min of PJH flow rate; 9th tooth), (b)
4 (60 ml/min of PJH flow rate; 24th tooth). Note: the white dashed line (v=0 m/s)

5 represented the v=0 m/s (velocity along Y-axis), which distinguishes the rising and
6 falling areas of droplets.

7
8
9

Table 2 Droplets emission parameters from different dental treatment equipment

Emission Emission Particle Average  Spread
Equipment angle range velocity range size range droplet parameter
©) (m/s) (um) size (um)
PJH 37-71 0.0-6.0 10-200 54.95 1.35
usl 25-83 0.0-1.3 10-300 98.93 1.58
HATH / / 10-60 24.00 1.83
10
11 Table 3 Simulation conditions
Distance

between Suction . ..
Emission Emission

Cases Equipment HVE flow rates velocity  cone half Time
and the of (m/s) angle (°) step (s)
source HVE(I/min)

(cm)

1 PJH 4 250 3.4 35 le-3

2 HATH 4 250 3.4 35 le-3

3 UslI 4 250 3.4 35 le-3

4 PJH 4 250 0.8 35 5e-3

5 PJH 4 250 6 35 5e-4

6 PJH 4 250 3.4 15 le-3

7 PJH 4 250 3.4 25 le-3

8 PJH 2 250 3.4 35 5e-4

9 PJH 2 250 0.8 35 2.5e-3
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10 PJH 2 250 6 35 3e-3
11 PJH 1 250 3.4 35 2.5e-4
12 PJH 1 250 6 35 1.5e-4
13 PJH 4 350 3.4 35 le-3
14 PJH 4 150 3.4 35 le-3
15 PJH 4 350 6 35 5e-4
16 PJH 4 150 6 35 5e-4
17 usl 2 250 3.4 35 1.0
18 PJH 2 250 0.8 35 1.0
2.4 Model validation
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Figure 4 Grid independence test for the dimensionless velocity values.
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Figure 6 Validation of droplet evaporation.

The grid independence test was conducted using a fine grid (10.2 million), medium
grid (6.6 million), and coarse grid (4.4 million) as shown in Figure 4. By comparing the
velocity along the monitoring line near the upper part of the patient's mouth, it was
observed that the maximum relative deviation for both medium and fine grids was less
than 5%, while for the coarse grid, it exceeded 20%. Considering both computational
cost and result accuracy, we selected the medium grid for later calculations.

To validate the droplet dispersion model, this study utilized boundary conditions
from an experiment conducted by Chen et al. [55] to make predictions and compared
them with experimental data as shown in Figure 5. The predicted values aligned well
with measured values at most monitoring points. The droplet evaporation model was
validated by predicting the change in droplet size over time for freely falling droplets
with diameters of 10 pm and 100 um in a dry environment. These diameters were
similar to those used in this study. As shown in Figure 6, the predicted values closely
matched the results obtained by Li et al. [56]. Specifically, the droplet size of 10 um
rapidly decreased within 0.1 second, while the droplet size of 100 um significantly
reduced within 10 seconds.

3 Results and analysis
3.1 Airflow field
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Figure 7 The airflow streamline distribution: (a) x=2.4 m (Vertical to patient's back),

2

3 (b) z=1.0 m (Patient's upper body, parallel to the patient's back).

4

5 The airflow within the dental clinic was the key factor that influences the

6 distribution of droplets. The analysis focused on the velocity distribution in the plane

7 at x=2.4 m and z=1.0 m, where x=2.4 m represented a vertical plane passing through

8  the central axis of the human body, and z=1.0 m represented a horizontal plane parallel

9  tothe floor near the upper part of the patient's body, effectively reflecting the flow field
10 distribution around them.
11 The indoor airflow was influenced by ventilation flow and thermal plumes
12  generated by human bodies. From these two mentioned cross-sections, it could be
13  observed that airflow velocity near the patient's head ranged from 0-0.3 m/s. The
14  presence of vortexes in dental clinics could easily lead to droplet accumulation near
15  doctors' bodies and in corners, forming regions with high concentration. In Figure 7 (a),
16  two distinct large vortexes and several small vortex regions were evident: one large
17  vortex appeared on the left side of the patient's head, 2.3 m above floor level and 0.6 m
18 away from an adjacent wall; another large vortex appeared on their right side, 3.1 m
19 above floor level and 1.5 m away from an adjacent wall. The formation of these two
20  large vortexes was related to upward airflow in upper parts of patients' bodies. Several
21  small vortices appeared in clinic corners due to obstructions caused by dental units or
22  walls. In Figure 7 (b), apart from one vortex near a doctor's body, other vortices were
23  also located close to walls or in corners.
24 The flow field surrounding HVE under different conditions, which was shown in
25  Figure 8, served as the fundamental background for later analysis of removal efficiency
26  of HVE. This analysis would be combined with the subsequent results.
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Figure 8 The flow field surrounding HVE. (a): The values in the figure corresponded
to Case 1, Case 2, Case 3, Case 4, Case 5, Case 6, and Case 7. The distance between
HVE and source was 4 cm, and the suction flow rates of HVE were 250 I/min. (b): The
values in the figure corresponded to Case 8, Case 9, Case 10, Case 17, and Case 18.
The distance between HVE and source was 2 cm, and the suction flow rates of HVE
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were 250 I/min. (c): The values in the figure corresponded to Case 11 and Case 12. The
distance between HVE and source was 1 cm, and the suction flow rates of HVE were
250 I/min. (d): The values in the figure corresponded to Case 14 and Case 16. The
distance between HVE and source was 4 cm, and the suction flow rates of HVE were
150 I/min. (e): The values in the figure corresponded to Case 13 and Case 15. The
distance between HVE and source was 4 cm, and the suction flow rates of HVE were
350 I/min.

3.2 Initial emission parameters of droplets

The differences in splatters generated by using USI, PJH, and HATH included
variations in emission velocity, emission angles, and droplet sizes. Firstly, this study
aimed to clarify the impact of differences in droplet size on the removal efficiency of
HVE. Subsequently, the effects of emission velocity and angles on removal efficiency
were studied based on the diameters of droplets generated from using PJH. Examining
these parameters contributed to a comprehensive assessment of the removal efficiency
of HVE in removing splatter.

3.2.1 Droplet size
[4 cm; 250 /min; 3.4 m/s; 70°]

100% - (HATH)
1]
®IH) 100%
- 73.6% _
o (USI) O
2 60.9% Py
b= Bl b
5 50% | = S
ﬂ —
2 g &
= = =
g 3 =
=
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Figure 9 The distribution of removal efficiency of HVE during the use of USI, PJH,
and HATH. Notably, the "4 cm" represented the distance between HVE and the source;
"250 I/min" represented the suction flow rate of HVE; "3.4 m/s" represented emission
velocity; "70°" represented emission angles.

The impact of the droplet size distribution corresponding to USI, PJH, and HATH
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on the removal efficiency of HVE was shown in Figure 9. The cumulative removal
efficiency of HVE stabilized rapidly within a short duration. The average sizes of the
droplets corresponding to three equipment were 98.9 um, 55.0 um, and 24.0 um, with
droplet size ranges of 10-300 um, 10-200 um, and 10-60 um respectively. As shown in
Figure 9, the cumulative removal efficiency of HVE was highest for HATH (100%),
followed by PJH (73.6%) and USI (60.9%). This variation in removal efficiency was
correlated with droplet size as larger droplets possess greater momentum enhancing
their ability to escape from HVE.

3.2.2 Emission velocity of droplet
[4 ¢m; 250 I/min; 70°; PJH]

100% - (0.8m/s)
97.9%
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Figure 10 The distribution of removal efficiency of HVE with the emission velocities
of 0.8 m/s, 3.4 m/s, and 6.0 m/s. Notably, the "4cm" represented the distance between
HVE and the source; "250 I/min" represented the suction flow rate of HVE; "0.8 m/s,
3.4 m/s, 6.0 m/s" represented emission velocity; "70°" represented emission angles.

As shown in Figure 10, the higher the velocity of droplet, the lower the cumulative
removal efficiency of HVE. The cumulative removal efficiency for medium-velocity
(3.4 m/s) droplets was 73.6%, ranging from 97.9% (for 0.8 m/s droplets) to 58.0% (for
6.0 m/s droplets). This analysis indicated that using HVE alone could effectively
remove most low-velocity droplets, but its efficiency in removing medium-velocity and
high-velocity droplets was poor. Combining Figure 8 (a), it could be observed that the
range of velocity fields with a magnitude greater than 0.5 m/s was larger, while the
range of velocity fields exceeding 3.2 m/s was smaller. This implied that HVE had a
wider control range for low-velocity droplets and a narrower control range for high-
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velocity droplets.

3.2.3 Emission angles of droplets

[4 ¢cm; 250 I/min; 3.4 m/s; PJH]
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Figure 11 The distribution of removal efficiency of HVE with the emission angles of
30°,50°, and 70°. Notably, the "4cm" represented the distance between HVE and the
source; "250 I/min" represented the suction flow rate of HVE; "3.4 m/s, 6.0 m/s"
represented emission velocity.

As shown in Figure 11, when the emission angles were 70°, 50°, and 30°, the
cumulative removal efficiencies of HVE were 73.6%, 80.6%, and 93.8% respectively.
This indicated that the cumulative removal efficiency decreased as the emission angles
increased within the range of 30-70°. Combining Figure 8 (a), this was because as the
emission angle decreased, droplet diffusion became less sufficient, resulting in more
droplets being within the effective control range of HVE.

3.3 Distance between HVE and source

If the suction flow rates of HVE remain constant, the only adjustable parameter in
using HVE might be the distance between it and the source. Combining with Figure 10,
for high velocity (3.4 m/s, 6.0 m/s) droplets, when the distance between HVE and
source was 4 cm, the minimum removal efficiency was 58.0%. Therefore, it was
necessary to assess the removal efficiency of HVE at a closer distance to clarify its
impact on results. This would help make recommendations on optimal distances for
using HVE.
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Figure 12 The distribution of removal efficiency of HVE with the distance between

HVE and the source ranging from 1 to 2 cm. Notably, 250 I/min" represented the
suction flow rate of HVE; "0.8 m/s, 3.4 m/s, 6.0 m/s" represented droplet emission
velocity; "70°" represented droplet emission angles.

Combining Figure 10 and Figure 12 (a), the removal efficiency of droplets with
velocities of 0.8 m/s, 3.4 m/s, and 6.0 m/s increased from 97.9%, 73.6%, and 58.0% to
100%, 84.8%, and 76.7% respectively, as the distance between HVE and the source
decreased from 4 cm to 2 cm. This indicated that reducing the distance was beneficial
for improving the removal efficiency, as it allowed for complete removal of all droplets
at a velocity of 0.8 m/s but fell short in removing droplets at velocities of both 3.4 m/s
and 6.0 m/s.

According to Figure 12 (b), by decreasing the distance from 2 cm to 1 ¢cm, high
velocity (6 m/s) droplets could be completely removed. Combining Figure 8 (a), (b),
and (c), it could be inferred that as the distance between HVE and the source decreased,
the effective control angle of HVE on emitted droplets increased. When reaching HVE,
droplets released in a cone shape had not fully dispersed; thus, they could not be
completely removed. To our knowledge, specific guidelines for the distance at which
HVE should be used during dental treatment were not clearly defined, and medical
workers often rely on experience. Based on the present study, it was recommended to
maintain within 1 cm from the source when using HVE.

3.4 Suction flow rates of HVE
In real-life dental treatment, it is difficult to achieve 1 cm between HVE and the
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source. Therefore, this study investigated the impact of increasing suction flow rates on
the removal efficiency of HVE at a distance of 4 cm for high-velocity droplets in order
to provide suggestions for optimizing HVE.

[4 cm; 3.4 m/s; 70°; PJH] [4 cm; 6.0 m/s; 70°; PJH]
100% -

(350 V/min)

70.0% 73.6%

Removal efficiency
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Figure 13 The distribution of removal efficiency of HVE with the suction flow rate of
HVE ranging from 150-350 I/min. Notably, the "4cm" represented the distance between
HVE and the source; "3.4 m/s, 6.0 m/s" represented emission velocity of droplet; "70°"
represented droplet emission angles.

The cumulative removal efficiency of HVE increased when there was an increase
in suction flow rates, as depicted in Figure 13 (a). For instance, when the velocity of
droplet was 3.4 m/s, changing the suction flow rates from 250 I/min to 350 I/min
resulted in the cumulative removal efficiency of HVE increasing from 73.6% to 78.3%.
Similarly, the cumulative removal efficiency decreased from 73.6% to 70.0% when the
flow rate of HVE was reduced to 150 I/min. As shown in Figure 13 (b), at a velocity of
droplet of 6.0 m/s, raising the suction flow rates from 250 I/min to 350 I/min, or
reducing it to 150 I/min, led to corresponding changes in cumulative removal efficiency
from 58.0% to 59.2% and 54.6%, respectively.

The analysis above indicated that, although there was a positive correlation
between suction flow rates and cumulative removal efficiency, a substantial increase in
suction flow rates did not lead to a significant improvement in cumulative removal
efficiency. Enlarging the suction flow rates of HVE still proved ineffective in removing
high-velocity droplets.

Combining Figure 8 (d) and (e), it could be inferred that increasing or decreasing
the suction flow rate of HVE would result in an increase or decrease in the airflow

| (150 Vmin) (250 Vmin)
: 54.6% 58.0% 59.2%
50% |
' ' @) 0% | ,
14 1 13
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velocity around HVE. However, it was easy to deduce that there was no significant
change in the velocity range above 3.4 m/s and 6.0 m/s. This also indicated that the
capturing capability of HVE for high-velocity droplets (3.4m/s, 6.0m/s) remained
unchanged. Currently, larger suction flow rates of HVE implied greater noise, which
could contribute to patient discomfort. Therefore, under the condition of constant HVE
diameter, it was not recommended to increase the suction flow rates of HVE to enhance
cumulative removal efficiency.

3.3 Simulation time and Fallow time

To further optimize control measures during dental treatment, it was necessary to
assess the impact of high and low removal efficiencies of HVE on fallow time. The
accuracy of calculations was not crucial for this purpose. Even with abundant
computational resources, using a time step magnitude of 10e-3 could take several
months to calculate a duration of 30 minutes. In real-life dental treatment, splatter was
extremely complex due to changing factors such as emission direction, velocity, and
the habits of medical workers. These variations led to continuous fluctuations in the
efficiency of HVE. Therefore, using a time step size of 10e-3 might be meaningless in
real-life scenarios. Based on these reasons, the time step size was set at 1.0 second.

The above analysis indicated that the cumulative removal efficiency of HVE was
significantly higher for low-velocity droplets compared to high-velocity ones. During
real-life dental treatments, air-powder-polishing typically lasted for 5 minutes, while
ultrasonic scaling lasted for 30 minutes [57]. Therefore, during air-powder-polishing,
where relatively low-velocity droplets were generated in a short duration, it represented
a condition with lower contamination levels and superior removal efficiency of HVE.
On the other hand, ultrasonic scaling involved high-velocity and long-duration droplet
generation, resulting in higher contamination levels and less effective control by HVE.
Investigating these two conditions was more conducive to revealing the impact of using
HVE on FT as shown in Figure 14 and Figure 15. FT was defined as the time required
for reducing suspended droplet quantity in dental clinics to a safe level [58].
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Figure 14 The distribution of droplet number fractions during air-powder-polishing
for 5 minutes and FT: (a): HVE removal; (b): Suspension; (c): Deposition; (d):
Escape.

The impact of treatment duration on droplet fate was evaluated by analyzing data
from 0-300 seconds. From Figure 14 (a), it could be observed that the cumulative
removal efficiency of HVE stabilizes at around 69.0%.

In addition to being removed by HVE, droplets could undergo deposition, escaped
through ventilation vents, or remained suspended. The fate of droplets was influenced
by factors such as airflow patterns within the dental clinic, initial droplet momentum,
and forces acting on them. Factors that affected droplet deposition include their initial
momentum and the forces acting on them. The cumulative suspension fraction,
deposition fraction, and ventilation escape fraction are defined as the proportions of
total released droplets that were suspended, deposited, or ventilated escaped
respectively. It was currently widely accepted that inhaling virus-containing droplets or
contacting with virus-laden droplets deposited on surfaces could lead to disease
transmission. Study on the use of HVE and its impact on the fate of droplets was
valuable for evaluating its effectiveness in reducing cross-infection risks.

Figure 14 (b) and (c) indicated that within 300 seconds, droplets had sufficient
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time to settle. Even without using HVE, the cumulative suspension rate rapidly
decreased to 17.0% within 300 seconds, while the cumulative deposition fraction
increased rapidly to 76.8%. However, using HVE significantly reduced both the
cumulative suspension fraction and deposition fraction to only 2.5% and 29.0%,
respectively. Additionally, Figure 14 (d) showed that within a span of just 300 seconds,
the cumulative ventilation escape fraction reached around 6.2%. Nevertheless, with the
implementation of HVE, this value was reduced drastically to approximately only 0.4%.

The cumulative escape fraction within 120 seconds did not exceed 3.5%,
indicating that dental clinic ventilation could not timely and efficiently remove droplets
like HVE (source control measures). Furthermore, it was worth noting that the
cumulative escape fraction was also influenced by the duration of treatment, as
demonstrated in Figure 15 during long-duration simulations.

Analyzing data beyond 300 seconds to assess the impact of HVE on FT. At the
300 seconds, droplet generation stopped and HVE was not used. Suspended droplets
gradually decreased over time. Li et al. [59] defined the duration of FT as the time
needed for the concentration of suspended droplets to reduce to background levels after
dental treatment was completed. However, achieving a complete reduction of
suspended droplet quantity to zero, corresponding to background levels, was
challenging in CFD simulations. Liu et al. [60] used assumed droplet quantities in
simulations to calculate infection risk in dental clinics and determine FT durations.
Since the actual quantity of droplets generated during dental treatment was unknown,
there might be variations from real-life results. As shown in Table 4 and Figure 14,
simulated suspended droplet quantity gradually decreased over time but with an
increasing amount of time required for reducing the same quantity of droplets
constantly. Achieving a reduction to zero suspended droplets within a dental clinic took
several hours, making practical implementation of FT unrealistic. Therefore, we
defined the duration of FT as the time required for almost no further change in
suspended droplet quantity.

Table 4 The time required for the cumulative suspension fraction of droplets to decrease

from 10.0% to a certain value after treatment cessation.

Cumulative suspension fraction 10.0% 80% 6.0% 4.0% 2.0% 0.1%
Time (s) 0 33 97 190 393 1520

Combining Figure 14 and Table 4, we assumed that the quantity of suspended
droplets stopped varying with time once it decreased to 0.1% of the total droplets.
Calculated from the end of the dental treatment, the times required to reach this
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threshold with and without the use of HVE were 1020 seconds and 1520 seconds,
respectively. This time difference (420 seconds) was comparable to the time savings
achieved by using HVE, as indicated in Figure 14 (b). Normalizing based on conditions
without HVE, its use reduced FT to only 68.0% compared to background conditions
(No using HVE).
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Figure 15 The distribution of droplet number fractions during ultrasonic scaling for
30 minutes and FT: (a): HVE removal; (b): Suspension; (c): Deposition; (d): Escape.

The data from 0 to 1800 seconds was analyzed to assess the impact of treatment
duration on droplet fate. As shown in Figure 15 (a), the cumulative removal efficiency
of HVE remained stable at about 8.1%. However, when the treatment duration reached
1800 seconds, there was no significant reduction in the cumulative suspended droplet
fraction with continued utilization of HVE, only decreasing from 3.1% to 2.5%. This
phenomenon could be attributed to an extended treatment time that allowed sufficient
time for droplets to settle, resulting in a lower cumulative suspended fraction.

The distribution of suspended droplets in the dental clinic was depicted in Figure
16. Droplets generated near the patient's mouth initially moved along the indoor airflow
toward the upper part of the clinic and then dispersed into the surrounding environment.
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As shown in Figure 16 (a) and (b), irrespective of using HVE, at the initial moment (60
seconds), droplets were primarily concentrated around the patient's mouth area and
upper region. With an extended treatment time to 900 seconds (Figure 16 (c) and (d)),
droplets had dispersed throughout the entire clinic.

At the end of the treatment time, namely at 1800 seconds (Figure 16 (e) and (f)),
the number of suspended droplets in the clinic reached its maximum. However,
compared to 900 seconds, there was only a slight increase in the number of droplets
within the clinic, which could be attributed to nearly equal production and removal of
droplets. At 2520 seconds (Figure 16 (g) and (h)), which was 720 seconds after the end
of treatment, the quantity of suspended droplets significantly decreased but they were
approximately evenly distributed throughout the entire space. Additionally, only
droplets with diameters of 6.4 um and 16.1 um suspended in the clinic. At 3240 seconds
(Figure 16 (i) and (j)), corresponding to 1440 seconds after the end of treatment, a small
quantity of droplets with a diameter of 6.4 um still suspended in the clinic and these
droplets were challenging to remove through deposition and ventilation methods.

To encompass the respiratory zones of medical workers in various sitting, standing,
and working postures within the dental clinic, this study defined the height range from
1.0 m to 1.8 m above the floor as the respiratory zone for medical workers. For all Cases
considered in this study, 30 seconds after droplet release, approximately 20% of the
total suspended droplets remained within the respiratory zone. This phenomenon
occurred due to the smaller size of suspended droplets, which were significantly
influenced by indoor airflow. Since the distribution of indoor airflow remained
consistent under different conditions, there was a similar fraction of droplets in the
respiratory zone compared to total suspended droplets.

With the treatment duration increasing, the use of HVE reduced the cumulative
deposition fraction. At 1800 seconds, it decreased from 89.7% to 83.6%. According to
Figure 15 (d) at 1800 seconds, using HVE also reduced the cumulative escape fraction
from 7.2% to 5.8%. This indicated that using HVE slightly lowers this fraction and
further emphasized that droplets primarily undergo deposition, followed by suspension
and escape.

Clarifying the fraction of deposition and the main deposition locations could guide
the focus areas for surface disinfection. In Case 17 and Case 18, the ranking of
cumulative deposition fraction on various surfaces was as follows: surfaces near the
patient's mouth area (patient + medical workers + dental chair) > floor > relatively
distant surfaces (table + door + window + other walls). This indicated that surfaces
around the patient's mouth area were considered as main deposition areas, which was
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consistent with existing research [54].

Table 5 The time required for the cumulative suspension fraction of droplets to decrease

from 2.53% to a certain value after treatment cessation.

Cumulative suspension fraction 253% 1.23% 0.26% 0.08% 0.03%
Time (s) 0 120 600 1080 1440

Analyzing data beyond the 1800 seconds to assess the impact of HVE on FT, we
combined information from Table 5 and Figure 15. The cumulative suspension fraction
of droplets decreased to 0.03%, showing minimal variation over time. Calculated from
the end of treatment, it took 1440 seconds for conditions with HVE usage and 1560
seconds without HVE usage to reach this value. Normalizing these values, the use of
HVE reduced FT to 92.3% compared to the background condition. In summary, HVE
reduced FT within a range of 68.0%-92.3% compared to the background condition.

Remarkably, this range closely aligned with the experimental results of Li et al.
[59] (68.6%-88.9%), providing additional evidence for the reliability of our findings.
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Figure 16 Distribution of suspended droplets during ultrasonic scaling for 30 minutes
and FT: NO HVE: (a) Ultrasonic scaling for 60 seconds; (c) Ultrasonic scaling for 900
seconds; (e) Ultrasonic scaling for 1800 seconds; (g) Cessation of ultrasonic scaling
for 720 seconds; (i) Cessation of ultrasonic scaling 1440 seconds. HVE using: (b)
Ultrasonic scaling for 60 seconds; (d) Ultrasonic scaling for 900 seconds; (f)
Ultrasonic scaling for 1800 seconds; (h) Cessation of ultrasonic scaling for 720
seconds; (j) Cessation of ultrasonic scaling for 1440 seconds.

4 Discussion
The impact of droplet size, emission velocity, emission angle, distance between
HVE and the source, and the suction flow rates of HVE on its efficiency were firstly
studied in this study, and the influence of using HVE on FT was further investigated.
The findings contributed to a better understanding of HVE performance, provided
guidance for its usage, and highlight challenged in controlling splatter during dental
treatment. Consequently, it was recommended that new control measures be developed.
The results of this study indicated that smaller emission angles and velocities, as well
as shorter distances for using HVE, resulted in higher removal efficiency. This finding
seemed to be obvious and it could also explain the observed upper limits (70.0% or
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96%) and lower limits (20% or 38%) of removal efficiency in previous experimental
studies [20, 31].

When the removal efficiency of HVE reached 69.0%, 31.0% of droplets were not
removed by HVE and escaped into the clinic. However, the fallow time did not decrease
to 31.0% of background conditions (No using HVE) but remained at 68.0%. This means
that even though HVE maintains a high removal efficiency, the reduction in fallow time
is not ideal. Therefore, it is necessary to consider developing source control methods
that are effective even with larger diameters and longer distances of action, such as
applying miniaturized vortex ventilation devices during dental treatment. Although
larger diameter EOS has recently appeared on the market, their principle still relies on
negative pressure ventilation. Compared to EOS, vortex ventilation devices offer
advantages such as a greater range of action and efficient pollutant removal without
affecting the operations of medical workers.

Furthermore, it should be noted that there was no significant difference in fallow time
between the cases with 5 minutes and 30 minutes dental treatments under the
background conditions. The durations of fallow time for the two cases were measured
to be 1520 seconds and 1560 seconds, respectively. This fact might be attributed to the
adequate settling time for droplets generated during the longer dental treatment and the
almost exclusive reliance on ventilation rate for their removal mechanism. Based on
this observation, it might reasonably be predicted that the duration of dental treatment
did not affect the required fallow time when it exceeded 5 minutes.

As the fraction of evaporable droplets during dental treatments was unknown, this
study assumed a droplet core size (namely, droplet nuclei) equal to 64% of the initial
droplet diameter. To assess the impact of droplet core size on the results, one
comparative case was added where the only difference from Case 1 was assuming a
droplet core diameter equal to 26% of the initial droplet diameter [52], corresponding
to coughing conditions. In this comparative case, the cumulative removal efficiency of
HVE was 73.8%, which was close to that of Case 1 (73.6%). It was evident that the
influence of the evaporation ratio on cumulative removal efficiency of HVE could be
negligible.

Considering that droplets smaller than 10 um were more likely to remain
suspended in the air and increase the risk of infection, a comparative case was added
where the only difference from Case 1 was that the minimum droplet size was reduced
to 1 um. In this comparative case, the cumulative removal efficiency of HVE was 73.7%.
Compared to the removal efficiency of Case 1 (73.6%), the relative error was less than
1%. This indicated that even when considering extremely small droplets, their impact
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on the results of this study was extremely limited.

5 Conclusions

The study investigated how droplet size, emission velocity, emission angle,
distance between the HVE and the source, as well as suction flow rates of HVE affected
its removal efficiency. Furthermore, it investigated how using HVE influenced FT. The
following conclusions could be drawn.

The highest cumulative removal efficiency of HVE was observed for droplets
generated by HATH (100%), followed by PJH (73.6%) and USI (60.9%). The velocity
of the droplets emerged as a key factor affecting cumulative removal efficiency, with
higher velocities corresponding to lower removal efficiency. Under equivalent
conditions, the cumulative removal efficiencies for low-velocity (0.8 m/s), medium-
velocity (3.4 m/s), and high-velocity droplets (6.0 m/s) were approximately 97.9%,
73.6%, and 58% respectively.

The removal efficiency of HVE increased as the emission angle decreased for an
HVE with a diameter of 15 mm. Increasing the distance between HVE and the source
only increased the removal efficiency. For example, when decreasing the distance from
4 cm to 1 cm, there was an increase in cumulative removal efficiency from 58.0% to
100% for high velocity (6.0 m/s) droplets. The suction flow rates of HVE had a limited
impact on the cumulative removal efficiency. Increasing them from the standard value
(250 I/min) to 350 I/min or decreasing them to 150 I/min led to an increase in the
cumulative removal efficiency of droplets (6 m/s) from 58.0% to 59.2% or a decrease
to 54.6%, respectively.

After using HVE, both the cumulative suspension fraction and cumulative
deposition fraction experienced a significant reduction. However, the velocity of
droplets remained the key factor affecting both the cumulative deposition fraction and
suspension fraction when using HVE. Furthermore, compared to the background
condition (without using HVE), the use of HVE could reduce FT by 68.0%-92.3%.

This study contributed to a better understanding of the removal efficiency of HVE
in controlling splatter, providing practical recommendations for its use, and
demonstrating that optimizing the suction flow rates might not be cost-effective. On the
other hand, the study revealed limitations in the performance of HVE, specifically its
limited control range and suboptimal efficiency in removing high-velocity droplets.
This emphasized the necessity for developing new control measures that provided a
wide control range and high efficiency in removing high-velocity droplets.
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