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A B S T R A C T

We present a prototype of the desktop-mounted push-pull personalized air curtain (PPAC) system. The system 
comprises a supplying unit and a capturing unit, which together create a lateral air barrier between an infector 
and an infectee. This air barrier is designed to block, entrain, and capture infectious aerosols generated during 
respiratory activities in close proximity.

The performance of the PPAC was examined in the office mock-up with a breathing thermal manikin and a 
heated cylinder, simulating two individuals sitting face-to-face at an 80 cm distance. The room was ventilated 
using either mixing or displacement ventilation, each supplying 20 L/s of clean outdoor air. A tracer gas was 
dosed into the exhaled air of the manikin to emulate infectious aerosol, and its concentration was measured at 
multiple locations to estimate the system’s performance. The PPAC was tested at varying distances from the 
breathing manikin and with different airflow rates, while the manikin exhaled at different flow rates to simulate 
various aerosol releases.

When the PPAC was used, tracer gas concentration reduced considerably. The estimated capture efficiency 
reached nearly 60 %, comparable to the performance of some personal protective equipment. Capture efficiency 
improved with higher PPAC airflow rate and when the system was placed closer to the infector.

Further developments of the PPAC are necessary to understand its performance using actual aerosols. Still, our 
results show the considerable potential of using this type of solution for reducing infection risks in buildings with 
mostly sedentary occupants, such as schools and open-plan offices.

1. Introduction

The COVID-19 pandemic brought unprecedented disruptions to daily 
life worldwide and emphasized the critical need to reduce infection risks 
in indoor environments. Pathogens such as the Severe Acute Respiratory 
Syndrome Coronavirus-2 (SARS-CoV-2) causing COVID-19 are primarily 
transmitted via virus-laden droplets and aerosols released during human 
expiratory activities like breathing, speaking, sneezing, and coughing 
[1]. While larger droplets (>10 μm) deposit fairly quickly onto surfaces, 
smaller aerosols can remain airborne for minutes to hours [2–4], espe
cially in poorly ventilated spaces, significantly increasing transmission 
risk. Therefore, controlling airborne aerosols indoors has been in focus 
as one of the effective infection prevention strategies.

Ventilation effectively reduces airborne transmission by diluting and 
removing infectious contaminants from indoor spaces [5,6]. Guidelines 

from the World Health Organization (WHO) [7], as well as documents 
from the Federation of European Heating, Ventilation, and Air Condi
tioning Associations (REHVA) [8] and ASHRAE [9], emphasize the 
importance of adequate ventilation rates to reduce exposure to airborne 
pathogens. Mixing ventilation (MV), commonly used in many indoor 
spaces, reduces aerosols’ levels across the entire room but is less effec
tive in reducing their concentration in the close proximity of the infected 
person [6]; it is usually called a short-range and is defined to be at a 
distance of below 1.5–2 m from the infected person. Liu et al. [10] 
reviewed previous studies, conducted both measurements and simula
tions and observed a significant increase in contaminant concentration 
within 1–1.5 m of an infected individual.

Other ventilation solutions have also been studied for their ability to 
maintain low levels of airborne pathogens. For example, displacement 
ventilation (DV) provides clean air in the lower part of a room. It 
removes aerosols using the thermal plume principle [11–14], which is 
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considered more effective than using the MV. However, when exhaled 
aerosols are locked up near breathing height due to high emission speed 
and interference from thermal plumes, the DV systems can become less 
or even completely ineffective than MV [15–17]. Alternative ventilation 
strategies, such as impinging jet ventilation [18] and stratum ventilation 
[19,20], have also shown potential for higher efficiency compared to 
MV systems. Still, room-scale ventilation alone often falls short in con
trolling the exposure in the short-range, where close proximity results in 
high concentrations of infectious aerosols before they are diluted [21].

Localized strategies, such as personal ventilation (PV) and local 
exhaust, have been explored to enhance protection in close-contact sit
uations, i.e., when the risk of exposure to aerosols in the short-range is 
high. PV provides clean air directly to the breathing zone, reducing 
short-range exposure to exhaled contaminants [6,22–24]. However, the 
effectiveness of PV is influenced by variables such as background 
ventilation, relative orientation of its users, and airflow interaction, 
which can sometimes increase infection risk [25–29]. Xu et al. [26] 
found that when an infected individual uses PV, the PV airflow can 
interact with the infector’s exhaled airflow, increasing the exposure for 
others. Similarly, Liu et al. [28] reported that PV reduces infection risk 
in back-to-back orientations (65 % reduction with a 9 L/s PV supply) but 
performs worse than without PV in side-by-side setups. Local exhaust, 
which captures contaminants near the source, is particularly effective 
when the emission source is identifiable, such as in the medical 
consulting rooms [30,31] and dental clinics [32]. However, their per
formance also depends on parameters like exhaust outlet placement, 
airflow rate, and background ventilation [30,31,33]. A study combining 
PV and personal exhaust (PE) [34] found that using only PE to target an 
infector’s exhaled contaminants is more effective (achieving an expo
sure reduction rate of over 70 % under MV, 80 % under DV) than using 
only PV to supply clean air to a susceptible individual (over 50 % under 
MV, less than 30 % under DV); when both PV and PE were used, the 
exposure reduction reached nearly 80 % with MV and more than 80 % 

with DV. Despite these benefits, challenges such as installation costs and 
difficulties integrating these systems into existing setups create limiting 
factors for the broader application of PV and PE.

In addition to ventilation-based strategies, several methods can be 
adopted without significant system installation, offering practical and 
cost-effective solutions for reducing transmission risks. Personal pro
tective equipment (PPE), such as masks, was widely adopted during the 
pandemic [35]. High-efficiency masks, including N95 (95 % filtration 
for particles ≥0.3 μm, National Institute for Occupational Safety and 
Health (NIOSH) 42 CFR 84) and FFP2 (94 % filtration for particles ≥0.3 
μm, EN149:2001+A1:2009), effectively block respiratory droplets and 
aerosols exhaled by infected individual or inhaled by a healthy indi
vidual, thereby reducing both emission and inhalation of infectious 
particles [36–39]. However, prolonged mask use can cause discomfort, 
particularly in settings requiring continuous wear [40,41]. Physical 
partitions could offer another solution by creating a physical barrier 
between individuals, limiting direct droplet transmission [42–44]. Ren 
et al. [42] found that partitions at least 60 cm in height are required to 
block contaminants effectively, and with appropriate ventilation, these 
barriers can reduce infection risk by up to 72 %. Personal air curtains 
(PAC) provide an innovative approach by creating an airflow barrier 
around an individual that protects the breathing zone from contami
nants without obstructing visibility or communication. Xu et al. [45,46] 
investigated a PAC with upward airflow and demonstrated exposure 
reduction rates of up to 87 %, depending on factors such as PAC air 
velocity, distance from individuals, and emission velocity. Chen and Hao 
[47] examined a PAC with side airflow and reported exposure re
ductions of 55–80 %. Despite their potential, both physical barriers and 
air curtains generally only block aerosols without removing them, 
allowing infectious pathogens to disperse within the room, especially 
when the conditions and setup cause them to be less effective, which 
would typically be the case in practical applications in buildings 
compared with the laboratory experiments controlling in detail for 

Abbreviations

CU Capturing unit of the PPAC
DU Device uncertainty
DV Displacement ventilation
MV Mixing ventilation
SEM Standard error of the mean
SU Supplying unit of the PPAC
TU Total experimental uncertainty
PAC Personalized air curtain
PE Personal exhaust
PPAC Push-pull type personalized air curtain
PPE Personal protective equipment
PV Personal ventilation

Symbols
CCU Mean N2O concentration at the exhaust of the PPAC 

capturing unit
Cex Mean N2O concentration at the exhaust of the room 

ventilation
Ci Mean N2O concentration at measurement point i
Cref Mean N2O concentration at measurement point i in the 

reference case
DP Horizontal distance between the manikin and the center of 

the PPAC
ε Concentration reduction rate
η Capture efficiency of the PPAC
n Number of data
σ Standard deviation

TF1100 Air temperature at F1100
Te Exhaust air temperature of the background ventilation
Ts Supply air temperature of the background ventilation
TSU Supply air temperature of the supplying unit
TUCU Total uncertainty of the mean concentration at exhaust of 

the PPAC capturing unit
TUex Total uncertainty of the mean concentration at exhaust of 

the room ventilation
TUref Total uncertainty of the mean concentration at the 

corresponding measurement point in the reference case
TUi Total uncertainty of the measurement point in the case 

under consideration
Uε uncertainty of the calculated capture efficiency
Uη Uncertainty of the calculated concentration reduction rate
Qexh Exhalation rate
QP Airflow rate of the PPAC
Qv Airflow rate of the room ventilation
S1100 Short range measuring point at 1100 mm height from the 

floor
S1700 Short range measuring point at 1700 mm height from the 

floor
F600 Farther distance measuring point at 600 mm height from 

the floor
F1100 Farther distance measuring point at 1100 mm height from 

the floor
F1700 Farther distance measuring point at 1700 mm height from 

the floor
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potentially influencing factors.
Using local exhaust in combination with a personalized air curtain 

can be a solution for reducing the dispersion of airborne contaminants. 
Melikov et al. [48] proposed a novel bed ventilation system, called the 
Hospital Bed Integrated Ventilation Cleansing Unit (HBIVCU). In this 
system, an additional air supply outlet was used to help direct the in
fectious contaminants from the patient toward a local exhaust. The 
performance of the HBIVCU was evaluated through both experiments 
[48] and CFD simulations [49], and the results showed that it could 
reduce the spread of gaseous contaminants from a lying patient. How
ever, this system was specifically designed and tested for use in hospital 
beds, not for setting where occupants are seated. Takamure et al. [50] 
introduced a desktop air curtain system (DACS) featuring both discharge 
and suction ports with downward airflow, showing its blocking potential 
through visualization; however, no quantitative analysis was conducted.

To address the limitations of existing PAC systems and to create an 
effective solution for reducing the infectious aerosols at the source, i.e., 
in the close proximity of the seated infected person in shared indoor 
environments, we present in this paper a prototype of a novel person
alized air curtain with push-pull side airflow (PPAC). The solution is 
designed to combine a localized directional air supply and exhaust 
functions to achieve enhanced contaminant control (Fig. 1). The paper 
presents measurements of the effectiveness of the PPAC in mitigating the 
risk of infection in the short-range when the room is ventilated by the 
mixing and displacement ventilation which are the most prevalently 
used in the buildings. The tests included the performance of the PPAC in 
capturing infectious aerosols under different operational conditions. The 
tracer gas was used to emulate aerosols exhaled by an individual, and we 
used breathing thermal manikin. The tests were done in the mock-up of 
the office space.

2. Methodology

2.1. Experimental setup

The experiment was conducted in a full-scale experimental chamber 
with dimensions of 1670 mm (width) × 4720 mm (length) × 2580 mm 
(height). Fig. 2 illustrates the experimental arrangement, simulating two 
individuals seated and facing each other. A thermal manikin repre
senting a female body, 1.7 m in height, was put on a chair in a seating 
position, dressed in a t-shirt, trousers, underwear, socks, and shoes, 
corresponding to a clothing insulation value (clo) of 0.5. The manikin 
consisted of 18 body segments, each with individually controlled surface 
temperatures to maintain conditions corresponding to thermal comfort. 
The average heat output from the manikin across all cases was 56.3 W/ 
m2 (range: 53.4–58.7 W/m2). The manikin was used to simulate the 
index case (the infector). In front of it, a metal heated cylinder (diam
eter: 250 mm, height: 800 mm) was placed at a distance of 80 cm to 
simulate a susceptible individual (the infectee). The heat was set up to 

generate approximately 70 W to replicate human thermal output.
In the mixing ventilation setup, clean air was supplied via a ceiling- 

mounted swirl diffuser (220 mm × 220 mm) with 12 openings. For 
displacement ventilation, a semicircular diffuser (duct diameter: 125 
mm, width: 250 mm, height: 710 mm) served as the supply inlet; to 
adapt the diffuser to the low airflow rate, half of its inlet was covered. In 
both setups, a perforated ceiling-mounted circular diffuser was used as 
an exhaust. Although the locations of supply and exhaust can affect the 
contaminant distribution in the room [51–54], their positions were kept 
constant across all experimental conditions to focus on evaluating the 
basic performance of the PPAC. The supply was placed near the infector 
and the exhaust the infectee to create a more challenging condition for 
contaminant removal.

Dinitrogen oxide (N₂O) was used as a tracer gas to simulate airborne 
infectious aerosols. Tracer gas has been used in many previous studies to 
assess airborne transmission risk [55–57]. Although tracer gas cannot 
replicate physical phenomena such as evaporation and sedimentation, it 
has been proven to be able to reliably simulate the small expiratory 
droplet nuclei (<5 μm) [58,59], which are less influenced by these 
factors. These small particles represent a significant portion of exhaled 
droplet nuclei [60,61], remain airborne for extended periods [2–4], and 
are known to carry higher viral loads than larger droplets [62]. There
fore, tracer gas was adopted in this study to evaluate the effectiveness of 
the system in reducing airborne transmission risk. N2O was added to the 
air exhaled by the manikin at a rate of 0.1 SLPM (standard liters per 
minute). Continuous breathing from the mouth was simulated via arti
ficial lungs connected to the manikin.

A prototype of a desktop-sized personalized air curtain (PPAC) was 
placed on the table (735 mm in height) between the manikin and the 
heated cylinder (Fig. 3). The PPAC consisted of two components: an air 
supply unit (supplying unit), which created an airflow barrier to shield 
the exhaled aerosols, and a capturing unit, which removed aerosols 
blocked by and entrained into the barrier created by the air curtain. Each 
unit was 150 mm in width, 150 mm in length, and 600 mm in height. 
The dimensions of the inlet and outlet on both units were 30 mm (width) 
× 580 mm (height), and the units faced each other across a distance of 
700 mm. The PPAC’s inlet size was selected based on the study by Chen 
and Hao [47], which investigated the effectiveness of a personalized air 
curtain (PAC) in mitigating airborne transmission risk between two 
close individuals. Their study evaluated PAC performance using three 
different supply air velocities and inlet widths, all with 600 mm height. 
The results indicated that a velocity of 1 m/s with a 30 mm width 
condition significantly reduced infection risk compared to the other two 
conditions with higher velocities and reduced widths. Therefore, a 30 
mm inlet width was adopted for the PPAC prototype.

In practical applications, air exhausted by the capturing unit of PPAC 
would be filtered and recirculated through the inlet of the supplying 
unit. In the present experiment, clean air was supplied to the supplying 
unit’s inlet while the air exhausted from the capturing unit’s outlet was 

Fig. 1. The Concept of PPAC.
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extracted from the chamber. Polypropylene filters were installed at the 
inlet and outlet to produce a stable air screen with laminar airflow be
tween the two units.

2.2. Measurements

The temperature and N₂O concentration measuring points are 
depicted in Fig. 2(a) and (b). To evaluate personal exposure for a seated 
individual at close proximity, N₂O concentration was measured at a 
height of 1100 mm, positioned 1 cm from the heated cylinder, simu
lating the susceptible individual (noted as S1100). An additional mea
surement point was placed at the same horizontal location but at a 
height of 1700 mm to represent the breathing height of a standing in
dividual (noted as S1700). To investigate room air concentrations, N₂O 
was also measured 1800 mm away from the manikin at heights of 1100 
mm (noted as F1100) and 1700 mm (noted as F1700). In the case of 
displacement ventilation (DV), an additional height was included, 600 
mm (noted as F600), to observe vertical contaminant stratification.

The concentrations of N2O in the air extracted from the chamber and 
through the exhaust unit of PPAC were measured; the concentration of 
N2O in the air supplied to the chamber and the supplying unit of PPAC 
was measured at the beginning of each experimental condition tested.

N₂O concentrations at all measurement points were measured using a 

Fig. 2. Experimental setup and location of measuring points.

Fig. 3. Photo of the experimental setup.
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photoacoustic multi-gas analyzer (GASERA ONE) with an accuracy of 
±2 % of the reading. After reaching steady-state conditions, 20 mea
surements were taken and logged for each measuring location. It took 
approximately 190 min to complete this measurement in the room and 
the room’s exhaust air.

Room air temperature and relative humidity were measured at F600, 
F1100, and F1700. Additionally, the temperature at the thermal mani
kin’s ankle height, i.e., 100 mm (noted as T100), was recorded to 
examine vertical temperature gradients. Supply and exhaust tempera
tures for the background ventilation, as well as the supply temperature 
for the PPAC supplying unit, were also logged. Measurements were 
taken every minute using a bandgap temperature sensor (Sensirion 
SHT31) with an accuracy of ±0.2 ◦C.

2.3. Experimental conditions

The experimental conditions are presented in Table 1 and Fig. 4.
The measurements were made with mixing (MV) and displacement 

(DV) ventilation in operation, one at a time. The ventilation rate was set 
to 20 L/s, so assuming that the manikin and heated cylinder represent 
two individuals, it was 10 L/s per person. For comparison, ASHRAE 
standard 62.1 [63] specifies minimum outdoor airflow rates of 
approximately 15 cfm/person (7.1 L/s), and ASHRAE standard 241 [64] 
recommends 20 L/s per person for controlling infectious aerosols in 
many locations. In contrast, the World Health Organization (WHO) 
recommends 10 L/s per person [7]. The airflow rates of the PPAC’s 
supplying and capturing units were tested at 10 L/s and 20 L/s, referred 
to as PPAC10 and PPAC20. These values were chosen based on the WHO 
guideline (10 L/s per person; and 20 L/s for two persons), as well as 
airflow levels tested in previous studies. Chen and Hao [47] evaluated 
PAC performance with supply air velocities of 1,2, and 3m/s, and found 
that 1 m/s performed best when the contaminant emission velocity was 

1 m/s. In our setup, the calculated inlet velocities of the supplying unit 
were 0.56 m/s for PPAC10 and 1.11 m/s for PPAC20. Air velocity was 
measured at 15 points across the inlet surface the supplying unit to 
confirm the stability and distribution of the supply airflow. The results 
showed that the airflow was relatively uniform and had low turbulence 
intensity (See Appendix A).

To examine the influence of the PPAC’s proximity to the contaminant 
source on blocking and capturing performance, two horizontal distances 
between the PPAC and thermal manikin (the infector) were tested: 400 
mm, which placed the PPAC at the table’s centerline and 200 mm, 
representing a closer distance between the thermal manikin’s mouth and 
the center of the PPAC.

The thermal manikin continuously exhaled air at 14.4 L/min 
(default), corresponding to 6 L/min of air being exhaled over 2.5 s 
during a 6‑sec breathing cycle if transient breathing was simulated [65]. 
Additional exhalation rates of 7.2 L/min and 20 L/min were tested to 
investigate the PPAC’s performance at different tracer gas concentra
tions to simulate different aerosol emissions and the exhaled airspeed. 
Given the thermal manikin’s mouth cross-sectional area of 158 mm2, the 
exhaled air velocity was approximately 0.76 m/s at 7.2 L/min, 1.52 m/s 
at 14.4 L/min, and 2.11 m/s at 20 L/min.

The temperature of air supplied to the room was controlled to 
maintain a target room temperature of 23.5 ◦C, ensuring stable thermal 
conditions during all tests (see Appendix B). The average surface tem
perature of the individual segments of the manikin was 33.3 ◦C, ranging 
from 31.2 to 34.6 ◦C. The supply air temperature of the PPAC’s sup
plying unit was also adjusted to match the room air temperature as 
closely as possible. This adjustment aligns with a real PPAC system, 
where the airflow would be recirculated and thus maintain the same 
temperature as the surrounding air.

2.4. Analysis of the data

For each measurement point in each condition tested, twenty tracer 
gas concentration measurements were made, and the mean and standard 
deviation concentrations were calculated based on these measurements. 
The statistical variability and measurement device’s accuracy were 
considered to quantify the experimental uncertainty.

The standard error of the mean (SEM) was calculated to estimate the 
precision of the mean concentration using the following equation: 

SEM =
σ̅
̅̅
n

√ (1) 

where σ is the standard deviation of 20 measured data and n is the 
number of measurements (n = 20).

In addition to the statistical uncertainty, the measurement device 
used in this study had an accuracy of ±2 %, introducing systematic 
uncertainty. This device uncertainty (DU) was calculated as 2 % of the 
mean concentration. The total experimental uncertainty (TU) was 
determined by combining the statistical uncertainty (SEM) and the de
vice uncertainty (DU): 

TU =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(SEM)
2
+ (DU)

2
√

(2) 

To evaluate the performance of the PPAC, the capture efficiency (η), 
which is defined as the ratio of contaminants captured by the PPAC to 
the total contaminants removed from the room, was calculated using the 
following equation: 

η =
CCU⋅QP

Cex⋅Qv + CCU⋅QP
(3) 

In this equation, CCU represents the mean tracer gas concentration 
measured at the capturing unit of the PPAC, while Cex represents the 
mean tracer gas concentration at the exhaust of the room ventilation. QP 
denotes the airflow rate of the PPAC, and Qv refers to the airflow rate of 
the room ventilation.

Table 1 
Experimental conditions (MV = Mixing ventilation; DV = Displacement venti
lation; PPAC10 / PPAC20 = PPAC with an airflow rate of 10 L/s or 20 L/s, 
respectively; Qexh = Exhalation rate; low-Qexh / high-Qexh = Reduced or 
increased exhalation flow rate from the infector; “closer” in the case name in
dicates a condition in which the PPAC is positioned nearer to the infector than in 
the default configuration).

Condition 
(acronym), 
refer to Fig. 4
for 
illustration

Room ventilation PPAC Exhalation 
rate by the 
manikin Qexh 

[L/min]

Type Airflow 
(supply 
and 
exhaust) 
Qv [L/s]

Airflow 
(blocking 
and 
capturing 
units) QP 

[L/s]

Distance 
between 
manikin 
and PPAC 
DP [mm]

MV 
(Reference 
case)

MV 20 – – 14.4

MV-low- 
Qexh

MV 20 – – 7.2

MV-PPAC10 MV 20 10 400 14.4
MV-PPAC10- 

low-Qexh
MV 20 10 400 7.2

MV-PPAC10- 
closer

MV 20 10 200 14.4

MV-PPAC20 MV 20 20 400 14.4
MV-PPAC20- 

high-Qexh
MV 20 20 400 20

MV-PPAC20- 
closer

MV 20 20 200 14.4

DV 
(Reference 
case)

DV 20 – – 14.4

DV-PPAC10 DV 20 10 400 14.4
DV-PPAC20 DV 20 20 400 14.4
DV-PPAC20- 

closer
DV 20 20 200 14.4
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The uncertainty of the calculated capture efficiency (Uη) was calcu
lated using the following: 

Uη =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

∂η
∂CCU

⋅TUCU

)2

+

(
∂η

∂Cex
⋅TUex

)2
√

(4) 

Where TUCU is the total uncertainty of the mean concentration at the 
capturing unit, and TUex is the total uncertainty of the mean concen
tration at the exhaust of the room ventilation. For this calculation, the 
uncertainty of the airflow rates was assumed to be negligible.

In addition to the capture efficiency, the concentration reduction 
performance of the PPAC was evaluated at both short distance and far 
field from the infector. The contaminant concentration reduction rate (ε) 
[39,45] was calculated at each measurement point relative to the 
reference case using the following equation: 

Reduction rate ε =
Cref − Ci

Cref
(5) 

Here, Cref represents the mean tracer gas concentration at measure
ment point i in the reference case without the PPAC, while Ci represents 
the mean tracer gas concentration at measurement point i in the case 
under consideration.

For the analysis, the conditions with mixing ventilation (MV) and the 
conditions with PPAC were compared to those without PPAC. For the 
analysis, the conditions with displacement ventilation (DV) and the 
conditions with PPAC were compared to those without PPAC.

To calculate the uncertainty of the calculated reduction rate ε (Uε), 
following equation was used: 

Fig. 4. Experimental conditions; Qexh - exhalation rate, QP - PPAC airflow rate, DP -horizontal distance between the manikin and centerline of the PPAC.
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Uε =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

∂ε
∂Ci

⋅TUi

)2

+

(
∂ε

∂Cref
⋅TUref

)2
√

(6) 

Where TUref is the total uncertainty of the mean concentration at the 
corresponding measurement point in the reference case, and TUi is the 
total uncertainty of the measurement point in the case under 
consideration.

3. Results

3.1. Tracer gas measurements

The calculated mean N2O concentrations and their corresponding 
errors as described in 2.4 at each measuring point for each condition that 
was tested, are presented in Fig. 5. The results indicate that tracer gas 
concentrations in cases when the PPAC was in use were lower than when 
it was not present, simply demonstrating the PPAC’s ability to block and 
capture the air exhaled by thermal manikin.

In the condition with mixing ventilation (MV) without the PPAC 

(Case MV), the concentration at S1700 was slightly higher than at other 
measuring points. However, concentrations at four measurement points 
and the exhaust were nearly uniform in the case with a lower emission 
speed (Case MV-low-Qexh). This indicates that higher emission speed is 
more likely to result in elevated short-range concentrations. When the 
PPAC was used under the same emission speed, the concentrations at 
S1100, S1700, F1100, and F1700 were nearly the same, implying that 
the PPAC effectively removed the contaminants before they dispersed 
near the cylinder, thereby preventing localized high concentrations.

In the condition when displacement ventilation (DV) was used 
without the PPAC (Case DV), the tracer gas concentration at S1100 was 
lower than when mixing ventilation (MV) was used without PPAC (Case 
MV), likely because of the thermal plume generated around the heated 
cylinder. The concentration at F600 was also low, reflecting the vertical 
concentration stratification typical of DV. However, the concentration at 
F1100 was as high as at the exhaust. In DV, a contaminant interface 
layer typically forms at the stratification height, where the upward 
convective airflow balances the supply airflow [11]. The relatively low 
background ventilation rate in this experiment likely caused the 

Fig. 5. Mean concentration of the tracer gas (N2O) in conditions with mixing ventilation (MV), a, and displacement ventilation (DV), b; the bars indicate errors. MV 
= Mixing ventilation; DV = Displacement ventilation; PPAC10 / PPAC20 = PPAC with an airflow rate of 10 L/s or 20 L/s, respectively; low-Qexh / high-Qexh =
Reduced or increased exhalation flow rate from the infector; “closer” in the case name indicates that the PPAC is placed nearer to the infector than in the 
default setup.
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interface layer to form below 1100 mm. The concentration at F1700 in 
Case DV was higher than in Case MV and even exceeded the exhaust 
concentration, indicating that contaminants appeared to be locked up in 
the upper part of the room. Although DV reduced short-range concen
trations, it posed a risk of creating locally higher concentration zones 
than Case MV. When the PPAC was used under DV, concentrations 
decreased at all measurement points, suggesting that the PPAC per
formed effectively in DV conditions as well. The PPAC did not signifi
cantly influence the concentrations at F600 because this point was 
below its height. Similar to DV without the PPAC, lower concentrations 
near the heated cylinder and in the lower part of the room were also 
observed when the PPAC was used. This suggests that the air barrier of 
the PPAC did not significantly disrupt the stratified environment created 
by DV.

3.2. Capture efficiency of PPAC (η)

The calculated capture efficiencies, obtained using Eq. (3) are shown 
in Fig. 6 for each tested condition. Capture efficiency is commonly used 
to evaluate the performance of local exhaust systems [30,31,66]. In this 
study, it is defined as the ratio of contaminants captured by the PPAC 
system to the total amount of contaminants removed from the room. We 
adopted this metric to quantify the effectiveness of the PPAC in 
removing exhaled contaminants without relying on reference case data, 
and to enable comparison with previously proposed local exhaust 
systems.

When the PPAC was set to an airflow rate of 10 L/s and positioned 40 
cm from the emission source (thermal manikin), it captured nearly 40 % 
of contaminants under both MV and DV conditions (Case MV-PPAC10 
and Case DV-PPAC10). At this airflow rate, the capture efficiency 
remained unchanged when the PPAC was placed closer to the manikin 
(Case MV-PPAC10-close). Doubling the PPAC airflow rate to 20 L/s 
increased the capture efficiency to nearly 50 % under both MV and DV 
conditions, though the improvement was not substantial (Case MV- 
PPAC20 and Case DV-PPAC). However, positioning the PPAC closer to 
the manikin further improved its performance, achieving capture effi
ciency up to nearly 60 %. These results suggest that close proximity to 
the emission source enhances system performance, especially at high 
PPAC airflow rates. The capture efficiency under MV and DV conditions 
did not differ significantly, indicating that the PPAC can perform 
effectively regardless of the room ventilation type.

The capture efficiency of the PPAC also varied with contaminant 
emission speed. The capture efficiency decreased at a lower emission 
speed (exhalation rate of 7.2 L/min; Case MV-PPAC10-low-Qexh). After 
being exhaled from the manikin, some contaminants would rise with the 
thermal plume around the manikin and spread into the room, whereas 
others may move forward in the exhalation direction while dispersing. 
Contaminants reaching the vicinity of the air barrier would be entrained 
and extracted by the capturing unit. However, at low exhalation speed, a 
more significant portion of the contaminants may have been more easily 
entrained in the plume of the manikin and dispersed into the room 
rather than being captured by the air barrier. Conversely, at a higher 
emission speed (20 L/min of exhalation rate; Case MV-PPAC20-high- 
Qexh), the capture efficiency increased compared to Case MV- 
PPAC20, possibly because the higher momentum allowed more con
taminants to reach and be entrained by the air barrier. These findings 
suggest that the capture efficiency depends on the interplay between the 
exhalation rate (emission speed) and the PPAC airflow rate (air barrier 
speed). Furthermore, since emission speed was adjusted by varying the 
exhalation rate in this study, the contaminant concentration in the 
exhaled also changed. This variation in concentration could have further 
influenced the PPAC’s contaminant removal efficiency.

3.3. Contaminant reduction effectiveness of PPAC (ε)

3.3.1. The effectiveness at the short distance (S1100, S1700)
The calculated concentration reduction rates, ε, obtained using Eq. 

(5) at S1100 and S1700 are shown in Fig. 7. In Case MV-PPAC10, the 
PPAC with 10 L/s airflow rate achieved a reduction rate of approxi
mately 40 % at both S1100 and S1700 compared to Case MV without the 
PPAC, closely matching with the capture efficiency. When the PPAC was 
positioned closer to the contaminant source (Case MV-PPAC10-closer), 
the reduction rate at S1100 increased slightly to 45 %. Since the cap
ture efficiency did not improve in this case, it is likely that while the air 
barrier blocked more exhaled contaminants at this closer position, it did 
not effectively capture them due to the low airflow rate of the PPAC. 
Case MV-PPAC20 showed higher effectiveness than Case MV-PPAC10, 
and placing the PPAC closer to the emission source (Case MV-PPAC20- 
closer) further enhanced the performance, achieving reduction rates of 
nearly 60 % at both S1100 and S1700, which also aligned with the 
capture efficiency. The high reduction rate at a short distance from the 
emission source suggests that the PPAC effectively removed exhaled 

Fig. 6. Calculated capture efficiency of PPAC; the bars indicate errors. MV = Mixing ventilation; DV = Displacement ventilation; PPAC10 / PPAC20 = PPAC with an 
airflow rate of 10 L/s or 20 L/s, respectively; low-Qexh / high-Qexh = Reduced or increased exhalation flow rate from the infector; “closer” in the case name indicates 
that the PPAC is placed nearer to the infector than in the default setup.
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contaminants before they could disperse. Contaminant emission speed 
also influenced the reduction rate, following a similar trend to capture 
efficiency. When the emission speed was low, the reduction rate 
decreased.

For DV cases, reduction rates were calculated using both Case MV 
and DV without the PPAC as references. When the PPAC was used under 
DV, the concentration at S1100 was reduced by nearly 70 % compared to 
Case MV without the PPAC and by 45–50 % compared to Case DV 
without the PPAC. The removal efficiency at S1100 was relatively un
affected by the PPAC airflow rate or placement, possibly because this 
point was located in the convective boundary layer of the cylinder. At 
S1700, however, higher PPAC airflow rates and closer placement to the 
contaminant source improved the reduction rate. The highest perfor
mance was observed in Case DV-PPAC20-closer, achieving reduction 
rates of nearly 65 % at S1700 compared to Case MV and DV without the 
PPAC.

3.3.2. The effectiveness at farther distances (F1100, F1700)
The calculated reduction rates at F1100 and F1700 are depicted in 

Fig. 8. The reduction rates at F1100 and F1700 followed trends similar 
to those at S1100 and S1700, as well as the capture efficiency of the 
PPAC. The reduction rates increased with higher air flow rates and 
closer placement to the contaminant source under both MV and DV. The 
highest performance was also observed in Cases MV-PPAC20-closer and 
DV-PPAC20- closer. In MV-PPAC20- closer, the reduction rates were 
slightly below 60 % at F1100 and F1700 compared to Case MV without 
the PPAC. Similarly, in DV-PPAC20-d20, reduction rates reached nearly 
60 % at both measurement points compared to Case DV without the 
PPAC. In MV cases, the reduction rates were relatively consistent be
tween near and far locations due to the well-mixed air distribution. 
Conversely, DV cases showed more variability in reduction rates be
tween measurement points, reflecting the influence of vertical stratifi
cation and horizontal concentration gradients inherent to displacement 
ventilation. Nonetheless, the PPAC showed the potential to reduce 
contaminant concentrations in the immediate vicinity of the source and 
at greater distances.

4. Discussion

Present measurements demonstrated that the proposed push-pull 
type personalized air curtain (PPAC) effectively captured exhaled con
taminants and reduced contaminant concentration at both short and 
farther distances from the emission source. The PPAC showed compa
rable performance under mixing ventilation (MV) and displacement 
ventilation (DV) conditions, indicating that it can block and remove 
exhaled airborne contaminants without disrupting the existing air dis
tribution. Its highest capture efficiency reached nearly 60 % when 
operating with an airflow of 20 L/s and positioned close to the emission 
source. These results confirm the PPAC’s potential to reduce airborne 
transmission without requiring significant system installation.

In the experiment, clean air was provided through the supplying unit 
of the PPAC. The theoretical reduction rate for adding 20 L/s to the room 
ventilated with 20 L/s is 50 % at the exhaust. The PPAC’s capture effi
ciency at 60 % is higher than this value, suggesting its more significant 
potential than simply increasing the ventilation rate. Moreover, since 
the capture efficiency may remain consistent under different ventilation 
rates, further investigations are needed to evaluate its performance 
across various background ventilation rates. Because the PPAC uses 
supplied air solely to create an air curtain immediately extracted by the 
capturing unit, the required air quality for the supplying unit should also 
be investigated to avoid unnecessarily using clean air.

As this is the first prototype, the 20 L/s airflow rate is a tentative 
value that achieved the best performance within the conditions in this 
experiment. This value could potentially be reduced through system 
optimization because the required flow rate will vary depending on the 
size and placement of the air barrier.

Previous studies on PV, PAC, partitions, and masks in a two- 
individual face-to-face setting are compared in Fig. 9. Unlike this 
study, which used tracer gas, those studies employed particle contami
nants. Xu et al. [45] modeled high emission velocities (coughing at 12 
m/s), while Ejaz et al. [39] simulated both breathing and coughing, with 
exhalation rates matching this study’s breathing condition. While par
titions and PACs reduce short-range infection risks by blocking con
taminants emitted with high velocity, they do not remove them, 
allowing contaminants to disperse throughout the room. In contrast, 
personal air purifiers capture contaminants but have limited effective 

Fig. 7. Concentration reduction rate at S1100 and S1700; the bars indicate 
errors. MV = Mixing ventilation; DV = Displacement ventilation; PPAC10 / 
PPAC20 = PPAC with an airflow rate of 10 L/s or 20 L/s, respectively; low- 
Qexh / high-Qexh = Reduced or increased exhalation flow rate from the 
infector; “closer” in the case name indicates that the PPAC is placed nearer to 
the infector than in the default setup.

Fig. 8. Concentration reduction rate at F1100 and F1700; the bars indicate 
errors. MV = Mixing ventilation; DV = Displacement ventilation; PPAC10 / 
PPAC20 = PPAC with an airflow rate of 10 L/s or 20 L/s, respectively; low- 
Qexh / high-Qexh = Reduced or increased exhalation flow rate from the 
infector; “closer” in the case name indicates that the PPAC is placed nearer to 
the infector than in the default setup.
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ranges. The push-pull type personalized air curtain system (PPAC) 
suggested in this study demonstrated removal efficiencies comparable to 
high-efficiency masks (FFP2) without the need for complex installations 
or physical barriers. However, the contaminant reduction effectiveness 
of the PPAC was lower than that of the PAC proposed in Xu et al.’s study 
(>80 %) [47] at short-distance. To optimize the PPAC system further, 
several limitations must be addressed.

When the PPAC is retrofitted for all occupants, it provides protection 
without the need to identify the infected individual. Since the PPAC 
captures exhaled contaminants near the emission source before they 
disperse, its relative risk reduction can be simply estimated based on its 
capture efficiency without requiring Wells-Riley equation calculations. 
Additionally, the PPAC can be used to remove general air pollutants 
when integrated with air filtration or air cleaning systems.

5. Limitations and future work

While the results demonstrated the potential of the PPAC, several 
limitations must be explored to further optimize its performance. In this 
study, the PPAC prototype used fixed inlet and outlet dimensions and a 
set distance between the blocking and capturing units. However, studies 

on physical barriers [44] suggest that barrier size significantly impacts 
blocking efficiency. Furthermore, the PPAC’s inlet and outlet di
mensions might not need to be identical. Future research should explore 
variations in these parameters to determine optimal configurations for 
different applications.

This study tested only two PPAC airflow rates (10 L/s and 20 L/s) and 
two horizontal distances between the manikin and PPAC. The results 
showed improved performance with higher PPAC airflow and close 
proximity to the source. However, the effectiveness of the system is 
likely influenced by the combined effects of supply airflow rate (veloc
ity), the distance between the PPAC and the infector, and the release 
velocity of aerosol contaminants. Xu et al. [45] reported that system 
performance was more sensitive to distance when the PAC airflow rate 
was low, and that placing the system closer to either the infector or the 
infectee improved effectiveness. Previous studies using PAC [45–47] 
have also demonstrated that higher PAC airflow rate improves perfor
mance under stronger emissions (e.g., coughing) while lower airflow is 
effective for slower emissions. Since this study used a steady, low 
exhalation velocity (1.52 m/s), the PPAC should also be evaluated under 
stronger emissions such as coughing and sneezing. In such cases, a 
higher PPAC airflow rate may be required to prevent contaminants from 

Fig. 9. Comparison of contaminant concentration reduction rates achieved by the PPAC and similar studies [41,47]. MV = Mixing ventilation; DV = Displacement 
ventilation; PV = Personalized ventilation; PAC = Personalized air curtain; PPAC10 / PPAC20 = PPAC with an airflow rate of 10 L/s or 20 L/s, respectively; “closer” 
in the case name indicates that the PPAC is placed nearer to the infector than in the default setup.
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penetrating the air barrier. Alternatively, since exhalation velocity de
creases with distance, placing the PPAC slightly farther from the source 
may improve interception without substantially increasing airflow. 
Future studies should investigate these variables in combination to 
identify optimal operating conditions.

The current PPAC prototype did not significantly disturb the vertical 
contaminant stratification typically observed in displacement-ventilated 
rooms. However, higher airflow rates of the PPAC may affect room air 
distribution more strongly. Future designs should aim to maintain a 
stable air barrier while minimizing disruption to the intended ventila
tion pattern.

Higher airflow rates may also raise practical concerns such as noise 
and vibration, which were not addressed in this study. It is important to 
optimize system configuration to avoid using unnecessarily high airflow 
rates, which could increase the noise generated by the fan. Future work 
should include noise measurements under various airflow conditions 
and explore design improvements that balance capture efficiency with 
acceptable sound levels.

While the PPAC is designed to block and capture infectious droplets 
and aerosols released during respiratory activities, this study used tracer 
gas to simulate airborne particles. Although tracer gas is commonly used 
to represent small aerosol particles (<5 μm), it does not account for the 
behavior of larger particles which are considerably affected by gravity 
and evaporation. However, because the PPAC is designed to operate in 
close proximity to the source, where larger particles are still suspended, 
it is expected to capture a portion of these particles before they deposit. 
Nonetheless, future studies should validate these results using actual 
particle generation in a recirculating PPAC setup to confirm its practical 
effectiveness across a broader range of particle sizes.

Room configuration is another important factor. The orientation of 
individuals relative to the PPAC may also influence its effectiveness. 
Previous studies [29,60] have shown that the orientation of individuals 
affects the performance of PV systems, particularly in side-by-side ar
rangements where PV systems are less effective. Similarly, the PPAC’s 
performance may vary with different occupant orientations. The posi
tions of ventilation inlet and outlet can also affect airflow patterns and 
the dispersion of exhaled contaminants [54]. In the current setup, the 
exhaust was located behind the susceptible person, and the inlet was 
near the infector, which likely created a less favorable condition for 
contaminant removal. In addition, in open-plan offices with partitioned 
workstations, physical dividers may help contain exhaled air around the 
infector and potentially enhance the PPAC’s performance. These factors, 
including occupant orientation, ventilation layout, and the presence of 
partitions, should be further examined to better understand how they 
interact with the PPAC and influence its effectiveness.

6. Conclusion

This study presented the prototype of a push-pull type personalized 
air curtain (PPAC) and evaluated its effectiveness in removing exhaled 
airborne contaminants at both short and far distances. Experiments were 
conducted in a full-scale chamber under varying conditions, including 
two types of background ventilation (mixing ventilation (MV) and 
displacement ventilation (DV)), different PPAC airflow rates 

(velocities), and distances from the contaminant source. The air barrier 
generated by the PPAC effectively blocked and captured contaminants, 
substantially reducing personal exposure compared to cases without the 
PPAC. Based on the experimental results, the following conclusions can 
be drawn: 

• The performance of the PPAC improved with a higher flow rate 
through the air curtain and closer proximity to the breathing 
manikin. At the PPAC airflow rate of 20 L/s and a distance of 20 cm 
from the breathing manikin, the capture efficiency was close to 60 % 
with mixing and displacement ventilation systems in the room mock- 
up compared to the conditions without the air curtain.

• The presented air curtain system effectively reduced contaminant 
concentrations close to the breathing manikin and farther away in 
the room, either with the mixing or displacement ventilation oper
ating in the room mock-up, implying its considerable potential in 
reducing infectious aerosol exposure.

• With displacement ventilation, the contaminant concentrations in 
the lower part of the room were low, consistent with typical 
displacement ventilation characteristics. The PPAC enhanced 
contaminant removal in the room with displacement ventilation 
setup, achieving up to approximately 70 % compared to MV without 
the PPAC. However, room air concentrations under DV did not 
consistently show higher reduction rates than under MV, and the 
reasons need to be investigated.

• Future research should focus on optimizing system parameters, such 
as the size and airflow velocity of the air curtain, and experiments 
repeated with aerosols before the system can be considered for 
practical applications.
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Appendix A

Air velocity in the supply of PPAC supplying unit
The supply air velocity of the PPAC supplying unit was measured at 15 points, positioned 5 mm from the unit’s surface. Measurements were 

conducted using a wireless omnidirectional thermal anemometer with a sampling rate of 8 Hz and an accuracy of ±0.02 m/s.
Fig. A presents the measured supply air velocity at the PPAC’s supplying unit with the corresponding standard deviation (SD). Each value rep

resents a 3-min average. The small SD values at all points indicate stable airflow. While there were some variations in air velocity, the differences were 
relatively minor. Table A summarizes the average air velocity and turbulence intensity across all measurement points. Given that the inlet surface area 
of the supplying unit was 0.0174 m2, the measured velocity values closely aligned with the intended airflow rates of 10 L/s and 20 L/s. Turbulence 
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intensity was below 2 % for both airflow conditions, indicating a steady and controlled air distribution.

Fig. A. Measured air velocity with ±SD at the inlet of the supplying unit.

Table A 
Average supply air velocity and turbulence intensity of the supplying unit.

PPAC 10 L/s PPAC 20 L/s

Average air velocity 
(standard deviation) 
[m/s]

0.59 
(0.08)

1.13 
(0.22)

Average turbulence intensity 
(standard deviation) 
[ %]

1.88 
(0.34)

1.89 
(0.80)

Appendix B

Temperature
The measured temperatures are summarized in Table B. Each value represents the mean temperature recorded at each measurement point during a 

15-minute logging period at the steady-state conditions. In the case of mixing ventilation (MV), room air temperatures were relatively uniform, 
suggesting well-mixed conditions. In contrast, when displacement ventilation (DV) was used, lower temperatures were measured near the floor (T100) 
compared to the upper part of the room, reflecting vertical stratification, as expected. The average temperature at F1100, which was averaged across 
all cases, was 23.7 ◦C (Min: 23.5 ◦C, Max: 24.2 ◦C). Although there were slight temperature variations between examined conditions, the differences 
were very small, and the target temperature was generally reached. The supply air temperature of the supplying unit was adjusted to match the room 
air temperature closely; the average temperature difference between the supplying unit and F1100 was 0.4 ◦C (Min: 0.2 ◦C, Max: 0.7 ◦C).

Table B 
Measured temperatures.

Case Ventilation PPAC 
Supplying unit TSU [ 
◦C]

T100 [ ◦C] F600 [ ◦C] F1100 
TF1100 [ ◦C]

F1700 [ ◦C] Ts-Te [ 
◦C]

TBU-TF1100 [ 
◦C]

Supply Ts [ ◦C] Exhaust Te [ ◦C]

MV 19.2 24.2 23.6 23.5 23.7 23.6 23.7 − 4.4 0.5
MV-low-Qexh 17.7 23.8 23.2 23.1 23.6 23.4 23.5 − 5.5 0.3
MV-PPAC10 19.0 24.1 23.1 23.7 23.9 23.8 23.9 − 4.1 0.3
MV-PPAC10-low- 

Qexh
18.0 23.9 23.2 23.4 23.7 23.6 23.7 − 5.2 0.4

MV-PPAC10-closer 18.0 24.1 23.4 23.4 23.8 23.7 23.8 − 5.4 0.4
MV-PPAC20 19.1 24.2 23.3 23.7 24.0 23.9 24.1 − 4.2 0.3
MV-PPAC20-high- 

Qexh
18.5 23.7 23.0 23.2 23.6 23.4 23.5 − 4.5 0.3

MV-PPAC20-closer 18.8 23.9 23.1 23.4 23.8 23.7 23.9 − 4.4 0.2
DV 18.6 24.6 22.8 21.6 23.5 23.8 24.2 − 4.2 0.7
DV-PPAC10 18.7 24.3 23.2 21.7 23.5 23.7 24.0 − 4.4 0.7
DV-PPAC20 18.7 24.5 23.5 22.0 23.8 24.0 24.2 − 4.8 0.6
DV-PPAC20-closer 18.9 24.5 23.3 21.9 23.8 23.9 24.2 − 4.4 0.6
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