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Abstract

To minimize infection risk of airborne transmission during close contact, a
personalized air curtain (PAC) system was proposed to protect users from airborne
droplets. This work investigated the performance of PAC in reducing exposure to
airborne droplets through two thermal manikins in close proximity (0.82 m). A cough
generator was put into one of the manikins (an infected person) to release cough
droplets to simulate coughing activities. Concentration of airborne droplets in the
inhalation zone of the other manikin, as a healthy person (HP), was measured. The
effect of PAC with different flow rates (from 9 L/s to 27 L/s) and distances to the HP
(15 cm to 65 cm) on exposure to airborne droplets was investigated. The performance
of PAC was further compared with that of personalized ventilation (PV), integrated
PAC-PV, and partitions. Visualization experiments were performed to observe the
interaction between the cough jet and PAC, PV, PAC-PV, and partitions. The results
showed that exposure reduction caused by PAC was from 42% to 87% considering the
flow rate and distance between HP and PAC. When the PAC velocity increased to
‘critical velocity’, i.e., 5 m/s, the exposure reduction was nearly stable and the distance
between PAC and HP has almost no influence on the exposure reduction. Besides,

exposure reduction of integrated PAC-PV was between 94% and 98%, showing a quite
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good performance in reducing airborne droplets. The results indicated that PAC and
PAC-PV could be used as mitigation measures to protect users and reduce exposure to

airborne droplets.
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1 Introduction

The outbreaks of epidemic respiratory diseases worldwide such as COVID-19,
influenza, and severe acute respiratory syndrome (SARS), cause high human morbidity
and mortality, and threaten human safety and living standards. Studies show that human
expiratory activities such as breathing, talking, coughing and sneezing from infected
people, are the major source of respiratory disease transmission [1-3] since numerous
pathogen-laden droplets are released from these expiratory activities. Sufficient
evidence has demonstrated that the transmission of respiratory diseases has a strong
association with ventilation and air movements in indoor environments [4, 5].
Expiratory droplets (< 10 um in diameter) can be dispersed widely in indoor
environments and inhaled by exposed people [6]. Exposure to airborne pathogen-laden
droplets is likely to result in airborne infection. As people spend increasing time in
indoor environments, the issue of inhaled air quality has attracted more and more
attention.

Hence, to reduce the airborne transmission of respiratory infection in indoor
environments, different ventilation strategies have been proposed in the past. For
instance, to better alleviate airborne infection risk, increasing flow rates of total volume

ventilation was suggested [4, 7]. An increase of ventilation rate indoors usually lowers



pathogen concentration and reduces airborne infection risks [8-10]. However,
increasing the overall ventilation rate substantially results in heavy energy consumption.
Even more, some studies reported that a higher ventilation rate could possibly cause an
increased exposure to exhaled droplets. Bolashikov et al. [11] found that a ventilation
rate of 12 h! resulted in a higher exposure of doctors compared to ventilation rates of
3 and 6 h'!. Pantelic et al. [12] also presented similar findings. Therefore, the ventilation
rate should not be used as the only indicator of the performance of the ventilation
systems. Instead, the local airflow patterns around people should be emphasized.
Recent studies revealed that personalized ventilation (PV) was a good control
measure to reduce and prevent airborne infections [13-15]. Xu et al. [16, 17] found that
PV effectively reduced the exposure of users to airborne droplets, and the reduction of
bioaerosol inhalation was between 52% and 100% depending on the PV velocity and
the distance between the infected person and the healthy person. Li et al. [18] and Shen
et al. [19] indicated that PV flow could reduce the exposure to exhaled droplet nuclei,
while the effectiveness of PV flow was highly related to the background ventilation
system, and the types of PV terminals played an important role in the performance of
PV flow. Yang et al. [20] investigated a novel PV-PE (personalized exhaust) system as
a tool for airborne infection control, and concluded that the combined PV-PE system
could achieve the lowest intake fraction of the air exhaled by an infected person.
Pantelic et al. [21, 22] revealed that PV reduced the intake fraction of cough droplets
by 41% to 99% depending on the distance and orientations of the cough jet. However,
PV could also result in higher exposure in some cases. When PV is used only by
infected persons, healthy people have an increased risk of infection, compared with
using total volume ventilation alone [18, 23, 24]. All these studies highlighted that PV

could improve the microenvironmental air quality in most cases and the use of PV only

3



by infected people should be avoided. Nevertheless, the high velocity of the PV airflow
was used to offset the expiratory droplet velocity and protect the users, while the airflow
velocity around the face might cause draught sensation and eye dryness.

Apart from PV, a protected occupied zone ventilation (POV) system was
proposed to reduce the airborne cross-infection [25]. The protection efficiency of POV
to exhalation was from 8% to 50% depending on the exhaust location, supply air
velocity and usage of partitions [25]. Cao et al. [26] investigated the protection of POV
with two standing manikins during close contact from 0.35 m to 1.1 m. They found that
personal exposure was reduced by POV up to twenty times lower than that by
displacement ventilation and downward airflow ventilation. Aganovic et al. [27]
reported that the POV ventilation strategy to protect medical staff in the hospital
isolation wards was effective. These studies show that the downward plane airflow of
the POV can bend the exhaled airflow towards the lower part of the exposed people and
divide an indoor space into subzones: source zone and target zone. Since exhalation
does not penetrate the plane jet, protection can be guaranteed. There are, however, some
concerns about the application of POV. The flexibility of POV in space use is limited.
Once the system is installed, it is difficult to relocate air diffusers. Furthermore, draught
risk is a problem with POV [28].

To better improve the inhaled air quality and solve the aforementioned problems,
we propose a personalized air curtain (PAC) system to reduce the risk of exposure to
airborne transmission during close contact. The PAC system blows up vertically and
can be installed on a table or desk. The high velocity of the airflow may block or change
the direction of movement of incoming expiratory droplets. So far, we have not been
very clear about the protection of the PAC system in the case of close contact.

This study aims to investigate the effectiveness of the PAC system in reducing
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the airborne infection risk through experiments. Specifically, the performance of PAC
with different flow rates and different distances from healthy people in mitigating
exposure to airborne droplets is studied. In addition, we compare the effectiveness of
PAC with that of PV, integrated PAC-PV, and partitions that are now widely used due

to COVID-19.

2 Methodology
2.1 Experimental design

The experiments were performed in a chamber with a dimension of 2.4 m (width)
x 3.2 m (length) x 2.9 m (height) equipped with a mixing ventilation system, as shown
in Fig. 1. During the experiments, the temperature and relative humidity were
maintained at 23.5 + 0.5 °C and 65 + 3 %, respectively. The air change rate of the
mixing ventilation system was 5.0 h™!, which was measured by the method of tracer gas
(CO2) concentration decay.

Two thermal manikins used in a previous study [17] with a sitting height of 1.4
m and clothing insulation of 0.46 clo were used to mimic an infected person (IP) and a
healthy person (HP). To simulate a moderate office work, the heat release of the IP and
HP was set to 70 W [29]. The distance between the IP and HP in this work was 82 cm,
which meant that two people were in close contact. Such a case might occur when two
people have face-to-face conversations, such as doctor-patient interactions in hospitals,
discussion in offices and conversations in public transport (e.g. trains and buses).

Simulated saliva solution was prepared by dissolving 76 g glycerin and 12 g salt
(NaCl) in 1 L distilled water [30]. A cough generator with a nozzle was used to generate
cough droplets. The detailed information of the cough generator can be found in
previous studies [17, 30]. The nozzle was put into the mouth of the IP. The equivalent

diameter of the nozzle was around 15 mm, as shown in Fig. 1S. The releasing velocity
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of cough jet was about 12 m/s. Cough droplets were generated horizontally from the
nozzle in this work. In each measurement, the cough release lasted for 1 s three times
with an interval of 5 s.

The concentration of airborne cough droplets in the inhalation zone of the HP was
measured by an optical particle sizer (OPS) (Model 3330, TSI, Shoreview, MN, USA)
and a corresponding dilutor (Model 3332, TSI, Shoreview, MN, USA). The
concentrations of droplets with sizes from 0.3 pm to 10 pm were measured at an interval
of one second. The sampling rate was 1 L/min. For each measurement, the total
measurement time was 11 min. One minute was used to measure the background
concentration before the cough release. The average concentration of this one-minute
measurement was used as the background concentration for the following calculation.
The other ten minutes were used for the measurement after the release. The
concentration of airborne droplets could decay to the background concentration level
within the 10 minutes.

2.1.1 Personalized air curtain

A personalized air curtain (PAC) system was used to blow the air vertically
upward between the HP and the IP. The outlet size of the PAC terminal was 30 cm X 1
cm. During the experiments, the horizontal distance between the HP and the PAC
terminal was 15 cm, 40 cm, and 65 cm, as shown in Fig. 1 (b). The vertical distance
from PAC outlet to the inhalation zone was 30 cm. The flow rate of the PAC was set to
9, 15, 21 and 27 L/s, respectively. The corresponding velocity at PAC outlet was 3.0,
5.0, 7.0, and 9.0 m/s, respectively. The velocity was measured by a hotwire anemometer
(Model 9535, TSI, Shoreview, MN, USA). The velocity range of the hotwire
anemometer is 0 - 30.0 m/s with an accuracy error of +3% and a resolution of 0.01 m/s.

The noise increased within 3 dB when the PAC airflow was at a velocity of 3, 5, 7, and
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9 m/s.

The PAC system was installed inside the test chamber. The system was supplied
with recirculated room air, which was filtered by a HEPA filter (H13 filter, PMO0.3,
99.97%) in the air duct of the PAC. The recirculated and filtered room air was used to
supply PAC instead of clean air externally, which was helpful to keep the integrity of
the chamber and simplify the experimental setup.

It should be noted that the PAC in this study was different from the vertical desk
grills (VDG) and horizontal desk grills (HDG) of different types of personalized
ventilation terminals in the previous studies [19, 31-33], which faced the users directly.
VDG and HDG supplied a slanted upward jet of clean air to the user’s inhalation zone
and toward the user’s body, respectively. Differently, PAC in this study vertically sent
the airflow upward between the healthy person and infected person, as shown in Fig. 1
(©).

2.1.2 Personalized ventilation

A personalized ventilation (PV) system was used to compare the performance of
PAC and PV. The circular PV terminal had a diameter of 0.108 m with a honeycomb
flow straightener. The distance between the centre of the PV outlet and the HP’s
inhalation zone was 30 cm. The angle between the horizontal line and the normal line
of the PV terminal was 80°, as shown in Fig. 1 (a). The location of PV was fixed in this
study. In order to compare the performance of PAC with PV, the flow rate of PV was
also set to be 9, 15, 21 and 27 L/s. Similar to PAC, the PV system was also installed
inside the test chamber. The same type of HEPA filter applied in PAC was used.

2.1.3 Partition
Partitions with two different widths of 30 cm and 68 cm were investigated. The

width of 30 cm was the same as PAC. The width of 68 cm was the same as the table



used in this work. The height was 51 cm, 23 cm higher than the inhalation zone of the
HP in vertical distance. The partition was placed at 15, 40, and 65 cm from the HP, the

same distance as the PAC.
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Fig. 1 (a) Configuration of the experimental setup in the chamber. The size of inlet,
exhaust 1 and exhaust 2 of the background ventilation system is 0.45 m x 0.90 m, 0.45
m X 0.45 m, and 0.45 m x 0.90 m, respectively. (b) Locations of personalized air curtain

(PAC). (c) Main air flows in the chamber. 1. background ventilation flow; 2. free
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convection flow; 3. airflow from PV; 4. airflow from PAC; 5 cough jet from the IP.
2.2 Experimental scenarios

The experimental scenarios are shown in Table 1. This study first investigated the
performance of PAC with different flow rates (i.e. 9, 15, 21 and 27 L/s) and at different
distances from the HP (15, 40 and 65 cm) in reducing the concentrations of airborne
droplets. Then, the effectiveness of PV with flow rates of 9, 15, 21 and 27 L/s was
assessed. Furthermore, the performance of the integrated PAC-PV and partitions was

measured. Each experiment in this work was repeated three times.

Table 1 The details of experimental scenarios

Measurement PAC jet supply
Scenario
condition Velocity (m/s)
Background
Mixing ventilation N/A
ventilation
PAC/9-D15% 3.0
PAC/9-D40 3.0
PAC/9-D65 3.0
PAC/15-D15 5.0
PAC/15-D40 5.0
PAC
PAC/15-D65 5.0
PAC/21-D15 7.0
PAC/21-D40 7.0
PAC/21-D65 7.0
PAC/27-D15 9.0




PAC/27-D40 9.0
PAC/27-D65 9.0
PV/9® N/A
PV/15 N/A
PV
PV/21 N/A
PV/27 N/A
PAC/9+PV/12-D15¢ 3.0
PAC/9+PV/12-D40 3.0
Integrated PAC/9+PV/12-D65 3.0
PAC-PV PAC/9+PV/18-D15 3.0
PAC/9+PV/18-D40 3.0
PAC/9+PV/18-D65 3.0
P(30)-D15¢ N/A
P(30)-D40 N/A
P(30)-D65 N/A
Partition
P(68)-D15 N/A
P(68)-D40 N/A
P(68)-D65 N/A

aPAC/9-D15 means that the flow rate of the PAC is 9 L/s and the distance between the PAC

and the HP is 15 cm.

®PV/9 denotes that the flow rate of the PV is 9 L/s. The location of the PV is fixed.
°PAC/9+PV/12-D15 represents that the flow rate of the PAC is 9 L/s and the flow rate of the

PV is 12 L/s. The total flow rate is 21 L/s. D15 means that the distance between the PAC and

the HP is 15 cm.

4P(30)-D15 indicates that the width of the partition is 30 cm. The distance between the partition
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and the HP is 15 cm.

To evaluate the performance of PAC, PV, integrated PAC-PV and partitions, their
exposure reduction was calculated using the following equation (1) [20].

Corr—C,
£ = of f on (1)
Cors

where, C,/ris the average concentration of airborne droplets in the inhalation zone when
there is no protection system (i.e. PAC, PV, PAC-PV and partition). C,, is the average
concentration of airborne droplets in the inhalation zone when PAC or PV or PAC-PV
or partition is in operation. When Co, is smaller, the exposure reduction is higher. The
higher the exposure reduction is, the better the air quality is. In the calculation, the
average background concentration was subtracted from the real-time concentration

after cough release.

2.3 Visualization experiments

To visually observe the interaction between cough jet and PAC or PV or
integrated PAC-PV or partition, experiments were designed, as shown in Fig. 2. Two
LED lights were used as the light source. The power for LED lights was 40 W. A
camera was applied to record the interaction for visualization. The LED was ‘cool light’,
thus the temperature around the LED was almost not increased when the LED was
turned on. The surface temperature of the light barrier was increased within 0.2 °C
during the visualization experiment. Hence it is reasonable to assume that the LED light
had tiny influence on the interaction between the cough jet and PAC or PV or integrated

PAC-PV or partition.
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Figure 2 Setup for visualization experiments

3 Results

3.1 Velocity distribution

The centre velocity distribution starting from the outlet of PAC was measured
when the PAC had a flow rate of 9, 15, 21 and 27 L/s, respectively, corresponding to a
supply velocity of 3.0, 5.0, 7.0, and 9.0 m/s, respectively (Fig. 3 (a)). The vertical
velocity, at the cross point of horizontal cough jet and vertical PAC flow (red dot line
at 30 cm height in Fig. 3 (a)) was about 1.2, 1.9, 2.6 and 3.2 m/s, respectively. When
the height increased to 60 cm from the PAC outlet, the vertical velocity decayed to 0.9,
1.3, 1.7 and 2.1 m/s, respectively. Furthermore, when the PV had a flow rate of 9, 15,
21 and 27 L/s, the PV centreline velocity in the HP’s inhalation zone was approximately

0.9, 1.5, 2.0 and 2.5 m/s, respectively, as shown in Table 2.

Table 2 Centreline velocity in the inhalation zone of the HP of the PV with different

flow rates

Scenario PV/9 PV/15 PV/21 PV/27

Velocity in inhalation zone (m/s) 0.9 1.5 2.0 2.5
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For the PAC airflow, the decay of the centreline velocity of a plane jet in the

developed region was calculated using the following equation (2)

U, /Uy = K/\Jy/h (2)
The meaning of each parameter in Eq. (2) is listed in Table 3. A value of 2.4 of K was
used in this work to calculate the decay of centreline velocity based on the
recommendation from previous studies [34, 35]. # was one centimetre in this study. Fig.
3 (b) presents the dimensionless decay of the centreline velocity of the PAC along the
distance upstream from the centre line of PAC. The dimensionless velocity decay

profile indicated that PAC flow behaved like a plane jet.

Table 3 Meaning of each parameter in Eq. (2)

U, (m/s) | Centreline velocity at a distance of y (m) upstream from the PAC

terminal

Up (m/s) | Supply velocity

K Dimensionless constant of the jet
y Distance upstream from the PAC
h Width of PAC
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Figure 3 (a) Vertical profile of average velocity with the PAC on. The red dot line
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represents the height of the inhalation zone from the PAC outlet. (b) Dimensionless

decay of the centreline velocity of the PAC

3.2 Performance of PAC

This work focused on the airborne droplets with diameters of 0.3-10 pm in the
HP’s inhalation zone. The cough release lasted for one second each time. From the
visualization of the case where there was only background ventilation system (Fig. 2S),
we can see that the cough jet moved directly to the HP and the cough jet reached the
HP in 0.6 s after release. Wei et al. [36] indicated that droplet nuclei less than 10 pum
would follow the cough jet within a distance of 1 m from the release point. The cough
jet around the HP observed in Fig. 2S implied that the airborne droplets (0.3-10 um in
diameter) surrounded the HP.

Fig. 4 shows the motion of cough jet when PAC had a supply velocity of 3 m/s at
a distance of 15 cm from the HP. Compared to the case only with the background
ventilation system, PAC flow with a velocity of 3 m/s somewhat changed the motion
of cough droplets, but some droplets still penetrated the PAC flow and entered the
inhalation zone. When the velocity of PAC was increased to 5 m/s (Fig. 3S), 7 m/s (Fig.
4S) and 9 m/s (Fig. 5) at 15 cm from the HP, the cough jet was blocked by the PAC
flow and could not pass through the PAC flow. The PAC flow acted as a ‘barrier’ to
deflect the cough jet, which was different from the PAC flow at a velocity of 3 m/s (Fig.
4).

In comparison, PAC with a velocity of 3.0 m/s could not effectively prevent the
cough droplets from moving to the HP, while a PAC with a velocity of 5.0 m/s or higher

was able to block the cough jet.
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Figure 4 Visualization of interaction between the cough jet and the PAC-generated air
jet for the case of PAC with a supply velocity of 3 m/s or a flow rate of 9 L/s. The
distance between the PAC and the HP is 15 cm. t = 0 s means the start of cough release;

t=1 s means the end of cough release.
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Figure 5 Visualization of interaction between the cough jet and the PAC-generated air
jet for the case of PAC with a supply velocity of 9 m/s or a flow rate of 27 L/s. The

distance between the PAC and the HP is 15 cm.
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Figure 6 Visualization of interaction between the cough jet and the PAC-generated air
jet at t = 0.8 s. The distance between the PAC and the HP is 15, 40, and 65 cm. The

flow rate of the PAC is from 9 to 27 L/s. The PAC supply velocity is from 3 to 9 m/s.

Fig. 6 shows the impacts of the PAC with different supply velocities at different
distances from the HP on the interaction between the cough jet and the PAC-generated
air jet. From the case only with the background ventilation system (Fig. 2S), the cough
jet at t = 0.8 s already reached the HP. Thus, the visualization at t = 0.8 s was selected
to investigate the interaction between the cough jet and the PAC-generated flow around
the HP under various scenarios.

When the PAC generated an upward velocity of 3 m/s, the cough jet was slightly
blown upward by the PAC-generated air jet at 15 cm from the HP. However, when the

distance between the PAC and the HP was 40 and 65 cm, the PAC-generated air jet
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bent the cough jet upward and deviated from the inhalation zone of the HP. The
exposure reduction varied from 42% + 9% to 61% + 4% when the flow rate of the PAC
was 9 L/s, as shown in Fig. 7. The exposure reduction was the lowest (42%) at 40 cm
and highest (61%) at 15 cm, different from the visualization of the scenarios of PAC/9-
D15, PAC/9-D40 and PAC/9-D65 in Fig. 6. The possible reason was that, though the
cough jet was deviated from the inhalation zone by the PAC flow, cough droplets did
not move far away from the HP and were still around the HP due to low velocity (3 m/s)
of the PAC. Hence, the combined effect of the PAC flow, thermal plume, and the
background ventilation system resulted in different dispersion of cough droplets around
the HP.

When the PAC velocity increased to 5, 7, and 9 m/s, the cough jet was blocked
by the PAC air jet with the PAC at 15 cm away from the HP (Fig. 6). Furthermore,
when the distance between the PAC and the HP increased to 40 and 65 cm, the cough
jet was blown upward. The upward angle of the cough jet was larger than that with the
PAC velocity of 3 m/s. It was also found that when the distance between the PAC and
the IP was closer, the cough jet from the IP was blocked earlier by the PAC airflow.
Despite different visualization with PAC at different distances and velocities, the main
feature was that the cough jet was blocked and/or blown upward by the PAC flow and
did not reach the HP.

As shown in Fig. 7, the exposure reduction caused by PAC at velocities of 5, 7,
and 9 m/s and different distances of 15, 40 and 65 cm from the HP was similar, ranging
between 83% =+ 2% and 87% =+ 0.6%. When the PAC velocity increased to 5 m/s or
more, the increase in velocity and the distance between the HP and the PAC had little
effect on reducing exposure. The possible explanation was that the increased PAC

velocity could diminish the horizontal movement of cough droplets and blow the
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airborne droplets to the upper part of the indoor environment when the PAC was 40 and
65 cm away from the HP, and/or prevent the cough droplets from reaching the HP when
the distance between PAC and HP was 15 cm. Under such circumstances, the dispersion

of airborne droplets was mainly influenced by the background ventilation system.
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Figure 7 Exposure reduction of the HP influenced by PAC, PV, Integrated PAC-PV,
and partitions. The mean and standard deviation (error bar) of exposure reduction are
reported in each histogram. Note: In groups of PAC&PV, grey bars represent exposure
reduction by PV, while cyan, green and blue bars mean exposure reduction by PAC at
distances of 15, 40, and 65 cm from the HP, respectively. In groups of integrated PAC-
PV, cyan, green and blue bars indicate exposure reduction by PAC-PV when the PAC
was at distances of 15, 40, and 65 cm from the HP, respectively. In groups of partitions,
cyan, green and blue bars denote exposure reduction by partitions at distances of 15,

40, and 65 cm from the HP, respectively.
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3.2 Comparison in exposure reduction between PAC and PV

The performance of PAC and PV in reducing airborne droplets at the same flow
rates was compared. As shown in Fig. 7, when the flow rate of the PV was 9 and 15 L/s,
the exposure reduction caused by PV was 34% + 4% and 71% + 3%, respectively, lower
than that by PAC, respectively. When the flow rate was 21 and 27 L/s, exposure
reduction generated by PV was higher than that by PAC, respectively. In particular, the
exposure reduction of PV was up to 98% when the flow rate was 27 L/s.

With the increase of flow rate, the reduction in exposure caused by PV increased.
The velocity generated by PV in the inhalation zone increased from 0.9 m/s to 2.5 m/s
when the flow rate elevated from 9 L/s to 27 L/s (Table 2). The increased flow rate
brought more fresh air to the inhalation zone. Unlike the effect of PAC on the cough
jet, PV mainly protected the HP’s inhalation zone from the airborne droplets. As shown
in Fig. 8, at 0.6 s and 0.8 s, the cough jet was prevented by the PV flow around the
inhalation zone. Differently, at 1.0 s -1.4 s, the dispersion of the cough jet became wider,
and the cone area of the cough jet became larger over time. Though the
microenvironment of the HP’s inhalation zone was still protected by PV, the cough jet

was dispersed out of the inhalation zone.
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Figure 8 Visualization of interaction between cough jet and PV at a flow rate of 27 L/s

3.3 Performance of integrated PAC-PV

The performance of integrated PAC-PV on reducing exposure to airborne cough
droplets was investigated. As shown in Fig. 7, exposure reduction for PAC/9+PV/12
and PAC/9+PV/18 was between 94% + 0.5% and 98% + 0.6%, which was higher than
that of PAC (84% + 1% - 87% = 0.6%) alone at flow rates of 21 and 27 L/s. Fig. 9
shows the visualization of interaction between cough jet and integrated PAC/9-PV/18
with PAC at 15 cm from the HP. The cough jet was blown upward slightly and deviated
from the inhalation zone, consistent with that of PAC at a flow rate of 9 L/s. However,

the exposure reduction of the PAC-PV was much higher than that of PAC with the same
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flow rate of 9 L/s (p <0.01). This was because after the PAC airflow blew the cough jet
upward, the PV airflow further prevented the dispersed airborne droplets from entering
the inhalation zone (Fig. 9 and Fig. 5S).

When the flow rate of PAC-PV increased from 21 L/s to 27 L/s, there was almost
no increase in exposure reduction. Moreover, the exposure reduction of PAC-PV
showed little relationship with the distance between the PAC and the HP, which was

different from that of PAC with a flow rate of 9 L/s.

Figure 9 Visualization of interaction between the cough jet and integrated PAC/9-

PV/18 with PAC at 15 cm from the HP
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3.4 Performance of partitions

The exposure reduction of partitions with a width of 30 and 68 cm varied from
78% + 4% to 84% + 2% when the partition was 15 cm to 65 cm away from the HP (Fig.
7). The width of the partition did not affect the exposure reduction significantly. The
highest exposure reduction caused by the partition was about 84% + 2% when the
partitions with a width of 30 and 68 cm was 65 cm away from the HP (Fig. 7). As shown
in Fig. 7, the closer the partition to the IP, the better exposure reduction. The possible
reason was that more cough droplets impinged and deposited on the partitions. A full-
cone cough jet was released from the cough generator. When the IP was closer to the
partition, the cone area of the cough jet was smaller and cough droplets concentrated in
the small cone area with large momentum. Hence, more droplets would deposit on the
partitions when the partition was closer to the IP.

Fig. 10 shows the visualization of interaction between the cough jet and the
partition with a width of 30 cm. The cough jet hit the partition and then moved parallel
along the surface of the partition. The partition effectively blocked the cough droplets
that moved towards the HP, in line with the phenomenon reported by Wang et al. [37]
who found that after hitting the front surface, the cough jet became a parallel diffuse
flow, spreading upward and downward along the surface. Afterwards, the airborne
droplet nuclei were dispersed in the indoor environments, mainly dominated by the
background ventilation system and the thermal plume of the HP and IP.

By comparison, the exposure reduction caused by partitions was higher than that
of PAC at a flow rate of 9 L/s, but similar to or lower than that of PAC with flow rates
of 15, 21 and 27 L/s. In this work, we only investigated partitions with two different

widths. More work on varied heights and widths of partitions is needed.
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Figure 10 Visualization of interaction between a partition (with a width of 30 cm) and

the cough jet when the partition is at 40 cm from the HP.

4 Discussion

The main goal of this study was to investigate whether the PAC was able to
efficiently reduce the exposure of healthy people to airborne droplets released by an
infected person in close contact. Our findings demonstrated that the PAC had a good
performance in reducing exposure to airborne droplets.

The exposure reduction of PAC ranged from 42% to 87% depending on flow rate

and distance between the HP and PAC. When the velocity increased to a ‘critical
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velocity’ and above, such as 5 m/s in this work, exposure reduction was almost stable
(83% - 87%) and the distance between PAC and HP no longer had impact on the
performance of PAC on reducing exposure to airborne droplets. The ‘critical velocity’
of PAC in this work suggests that once the ‘critical velocity’ is determined, high
exposure reduction of PAC can be achieved and there is no need to further increase the
flow rate which enhances energy consumption. In addition, the results indicate that
people can adjust the position of PAC according to their preferences due to irrelevance
between exposure reduction and distance from PAC to the HP.

Different from PAC, PV with an increased flow rate resulted in an increased
exposure reduction. The performance of PV in this work was consistent with previous
results reported by Xu et al. [23], who found that PV with a high flow rate could
effectively protect the healthy person. In addition, other studies [20, 38] also indicated
that increased flow rate of PV led to higher exposure reduction because more fresh air
was sent to the inhalation zone.

Previous studies [21, 38, 39] mainly focused on the importance of PV on reducing
the airborne cross-infection. In some cases, the application of PV could increase the
exposure of the users due to entrainment of airflow [16, 23]. In addition, when PV was
used by the IP, expiratory droplets may be more likely to be spread in enclosed
environments, which resulted in a higher exposure for the healthy person [ 18]. Different
from the PV that usually sends fresh air to the inhalation zone, PAC blows the airflow
vertically upward between the HP and IP (Fig. 1 (c)). For the situation investigated in
this work, no matter who was the IP, which is the cough jet released from the people in
the left or right side in Fig. 1. The vertical PAC flow between these two people could
block the incoming cough jet or change the motion direction of the cough jet to avoid

the direct exposure of the other one.
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The high air velocity (2.0 and 2.5 m/s) around the HP’s face caused by PV in this
work possibly resulted in draught risk or eye irritation. Differently, PAC airflow was
blown upward vertically. The air velocity around the HP and IP was almost unchanged.
PAC would not likely affect the thermal comfort and result in draught risk or eye
irritation for the users. In order to better understand PAC and PV systematically, the
comparison of the performance of PAC and PV in draught risk and thermal comfort is
needed in the future work by considering main factors such as room temperature and
clothing.

Strikingly, exposure reduction caused by the integrated PAC-PV was more
significant. The reduction in exposure reached 94% - 98%, much better than that of
PAC alone. This was due to the fact that the PAC in the integrated PAC-PV system
changed the motion direction of cough jet and deviated it from the HP’s inhalation zone,
while the PV sent the fresh air to the inhalation zone, which further reduced the
exposure of the HP to airborne droplets. More studies are necessary to investigate the
performance of the integrated PAC-PV system in reducing exposure to airborne
droplets when PAC has different flow rates in the system.

By comparing partitions, PAC, and PAC-PV, exposure reduction caused by PAC-
PV was much higher than that of PAC and partitions in this work. The exposure
reduction caused by PAC in this work could be higher than that of partitions when the
flow rates generated by PAC were high enough since the PAC not only blocked the
cough jet, but also blew the cough jet upward. The highest exposure reduction (84%)
by partitions was almost the same as that of PAC at a flow rate of 15 L/s. Energy
consumption was calculated for further consideration in this work. Fig. 11 presents the
comparison of the annual energy costs (C) between PAC, PV, PAC-PV, and partitions,

which does not consider the maintenance fee and installation fee. C was calculated
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using equation (S1) as shown in supporting information. The annual fee for PAC, PV
and PAC-PV is within eight dollars. When maintaining the exposure reduction of 84%,
the annual fee consumed by the partitions is the lowest (zero) while the annual fee of
PAC (PAC/15) is four dollars. The annual fee for the PAC-PV which has outstanding

performance is only between five and seven dollars.
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Figure 11 The annual energy costs of PAC, PV, PAC-PV, and partitions

The above analysis suggests that in addition to PV tested in previous studies and
partitions widely used nowadays due to COVID-19, PAC and the integrated PAC-PV
can be alternative methods to reduce the short-range airborne transmission. These two
systems can be installed in densely populated offices, airplanes, buses, hospitals, and
trains as mitigation measures to prevent the spread of respiratory diseases. Though face
masks are worn today due to Covid-19, PAC and PAC-PV in this work can also be
potential strategies supplementing face mask to reduce the exposure to airborne droplets.
When the period of Covid-19 ends, people may not like to wear face masks in their
daily life due to dyspnoea [40], thermal discomfort, and increased skin temperature [41].
However, people still need to face the risk of contrasting some other respiratory
diseases, such as influenza. Thus, PAC and/or PAC-PV can be still used to protect the

healthy people in the future.
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Some limitations are identified in this work. Firstly, measurements were
performed in the steady-state conditions, while real conditions could be much more
complex due to people’s movement and/or people’s different head orientations.
Secondly, this work only investigated the performance of PAC terminal with a fixed
size. PAC with different width or length possibly has different performances in
removing airborne droplets. Thirdly, this work focused on the expiratory droplets from
cough activities which usually have large initial velocities. Expiratory droplets
generated from talking and breathing with low initial velocities are also important
sources for respiratory disease transmission. More studies are needed to investigate the
performance of PAC in reducing exposure to airborne droplets from talking and
breathing. Lastly, the current study focused on the performance of PAC on minimizing
the inhalation of airborne droplets. No experiments have been done on the effectiveness
of PAC on reducing the deposition of expiratory droplets on the HP and the dispersion
of expiratory droplets in the indoor environment influenced by PAC. Further work is
highly recommended.

5 Conclusions

This work investigated the performance of PAC in reducing exposure to cough
droplets in close contact with an infected person. Simultaneously, the effectiveness of
PAC was compared with that of PV, integrated PAC-PV, and partitions. The main
conclusions of this study are summarized:

e Depending on the flow rate of PAC and distance between PAC and HP, the
exposure reduction of PAC was from 42% to 87%. When the PAC velocity
increased to a ‘critical velocity’, e.g., 5 m/s, in this work, the exposure reduction
remained high (83% - 87%) and almost stable. In addition, when PAC was at

velocities of 5, 7, and 9 m/s, the distance between PAC and the HP almost had
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no influence on the exposure reduction.

Compared to PV, PAC had better exposure reduction when the flow rate was 9
and 15 L/s. However, when the flow rate was increased to 21 and 27 L/s, the
exposure reduction of PV was higher than that of PAC. Since the velocity in the
inhalation zone caused by PV was about 2.0 and 2.5 m/s when the flow rate was
21 and 27 L/s, respectively, the high velocity around the face possibly resulted
in draught risk and eye irritation.

The exposure reduction of integrated PAC-PV was between 94% and 98%,
indicating that the PAC-PV had outstanding performance in reducing airborne
droplets.

In comparison, the exposure reduction caused by PAC was slightly higher than
that of partitions.

PAC and the integrated PAC-PV can be alternative methods, apart from PV and
partitions, to reduce the exposure to airborne droplets caused by cough activities

during close contact.
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