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A B S T R A C T

This study proposes using a local exhaust ventilation system (LEV) to prevent airborne infections, especially for 
short-range conversations. We compared the performance of a hood in three different underfloor air distribution 
systems (UFAD): floor-supply displacement ventilation (FSDV), horizontal flow-type floor diffuser (HFD), and 
swirling flow-type floor diffuser (SFD). Two situations were considered: Case A, a consulting room, and Case B, a 
restaurant or meeting room. The difference in infection risk assessment between using CO2 and artificial saliva 
particles as tracers of exhaled breath was also discussed. Results indicate that the distribution of exhaled air and 
infection risk for doctors decreased in the order FSDV < HFD < SFD. Although the effect of introducing hoods 
was confirmed to a certain degree for the three ventilation methods in Case A, the effect of the hoods on the 
quanta concentration of the facing person was small in Case B. Comparing airborne infection risks between gas 
and particles, particle-based airborne infection was smaller in the FSDV due to the more significant impact of 
particle adhesion and falling. As a limitation, the ventilation rate in the experiment was 1000 m3/h (50 ACH). 
Therefore, the air supply method had a more significant impact on the results than the hood method. A practical 
implication of this experiment is that even under high ventilation volumes (50 ACH), the FSDV can reduce the 
horizontal distribution of the patient’s exhaled air and prevent airborne infection. These results should be 
adapted to smaller spaces such as examination rooms and meeting rooms.

1. Introduction

Since 2019, the SARS-CoV-2 (COVID-19) pandemic has drastically 
affected the global population. According to the World Health Organi-
zation (WHO) COVID-19 dashboard, over 774 million cases have been 
confirmed globally as of March 17, 2024 [1]. More than 292,000 new 
cases and 6200 new deaths were reported to the WHO during a 28-day 
period (February 5 to March 3, 2024) [2]. These situations have 
attracted increased attention to ventilation as an infection control 
measure [3,4]. Regarding its transmission modes, the possibility of 
airborne transmission was discussed widely in the early stages of the 
pandemic [5–8]. With the contributions of many studies that showed 
evidence of airborne transmission in past outbreak events [9–11], 
airborne transmission has been widely recognized as one of the main 
modes of transmission for COVID-19 [12–14]. Ventilation is an effective 

method for diluting the concentration of infectious contaminants in a 
room [15]. The Federation of European Heating Ventilation and Air 
Conditioning Associations (RHEVA) has published guidance for 
COVID-19, discussing the relationship between ventilation rate and 
infection risk under the assumption of perfect mixing [16]. However, 
REHVA also mentioned that room-scale ventilation might not be suffi-
cient to entirely prevent infections in close contact scenarios (within 
1–2m) [16]. In many scenarios, such as in hospital consulting (exami-
nation) rooms, restaurants, or crowded trains, short-distance conversa-
tions are unavoidable. Therefore, this study proposes the use of local 
exhaust ventilation systems (LEV), which are mainly used in factories 
and kitchens, for managing short-distance conversations (Fig. 1.). LEVs, 
commonly known as hoods, have been developed for factories and 
kitchens to capture contaminants harmful to human health and to 
maintain safe breathing zones for workers [17–19]. Many studies have 
investigated the relationship between hood flow rate, pollution source 
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distance, and plume volume to determine hood capture efficiency [20,
21]. Therefore, LEV is expected to effectively capture droplets and 
droplet nuclei emitted from the mouth with a certain velocity. Ventila-
tion focused on the breathing zone can be considered a type of personal 
ventilation (PV) [22]. This study can be regarded as an examination of 

the personal exhaust. While several studies have evaluated and 
demonstrated PV’s effectiveness as an airborne infection control mea-
sure, they have not focused sufficiently on the spread of contaminants 
[23–25]. However, to reduce the risk of infection in an entire room, it is 
ideal to capture and exhaust contaminants without spreading them. In 

Nomenclature

Acronyms
LEV local exhaust ventilation system
UFAD underfloor air distribution systems
FSDV floor-supply displacement ventilation
HFD horizontal flow-type floor diffuser
SFD swirling flow-type floor diffuser
OTV occupant targeted ventilation Conditioning
WHO World Health Organization
REHVA Federation of European Heating Ventilation and Air 

Conditioning Associations
HEPA High Efficiency Particulate Air Filter
EDIS Expiratory Droplet Investigation System

Symbols
Cni particle number concentration for each interval [m− 3]
Di arithmetic interval width [m]
ni measured number of particles within the interval borders 

Di, upper and Di, lower [p]
Vm measured volume [m3]
Di,upper the diameter of the upper interval border [m]
Di,lower the diameter of the lower interval border [m]
Qh hood exhaust flow rate [m3/h]
Ch tracer gas (CO2) concentration of hood exhaust air [− ]
CSA tracer gas (CO2) constatation of supply air [− ]
Qe ceiling exhaust flow rate [m3/h]
Ce tracer gas (CO2) concentration of ceiling exhaust air [− ]
P increased rate of the number of newly infected persons in a 

closed space [− ]
n value of the quanta [quanta]
Cqd quanta concentration in front of the doctor’s (non-infected 

person’s) mouth [quanta/m3]
q quanta emission rate [quanta/h]
Q room ventilation rate [m3/h]
Cdg tracer gas concentration in front of the doctor’s mouth [− ]
Mg tracer gas (CO2) emission rate [m3/h]
Cnd CO2 normalized concentration in front of the doctor’s 

mouth [− ]
Qpt the volume flow rate of particle counter [m3/h] (=2.81 L/ 

min)
Vdp the total volume of particles in front of the doctor’s mouth 

measured by particle counter divided by measurement 
time (15 min) [m3/h]

Vep the total generated volume of particles divided by emission 
time (20 min) [m3/h]

Mab mass of artificial saliva before emission [g]
Maa the mass of artificial saliva after emission [g]
Rc compositional ratios of artificial saliva after evaporation to 

before evaporation [− ]
ρaa density of artificial saliva after evaporation [g/m3] (=1.09 

g/m3)
ρab the density of artificial saliva before evaporation [g/m3]
Rd diameter ratio of particles after evaporation to before 

evaporation [− ]
t5% time until the doctor’s (non-infected person) infection risk 

reaches 5 % [h]

Fig. 1. Concepts of the research.
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addition, exhausting most of the infectious contaminants through LEV 
ensures that the returned air is safe through other exhaust routes in 
HVAC systems. Therefore, the authors believe that LEV installation aims 
to capture contaminants as completely as possible without spreading 
them. On the other hand, Melikov et al. defined Occupant Targeted 
Ventilation (OTV) as ventilation that prioritizes health and comfort for 
individual and group occupants and non-uniform air distribution [26]. 
From this perspective, PV is a type of OTV, and the system in this study 
can also be considered a type of OTV.

Komori et al. showed that the capture performance of hoods is 
significantly affected by the passing airflow [27], and a calm airflow 
field is required to understand a hood’s fundamental performance. 
However, in practice, indoor airflow is often large and turbulent. This 
study compares three types of underfloor air distribution methods 
(UFAD) to clarify the relationship between the surrounding airflow and 
hood capture performance. The first type is floor-supply displacement 
ventilation (FSDV) (Fig. 2. (a-1) and (b-1)), in which air is supplied from 
an underfloor chamber through an air-permeable carpet. FSDV was 
mainly developed by Olesen et al. and Akimoto et al., in 1993 as a type 
of displacement ventilation (DV) [28,29]. In FSDV, air is supplied from a 
larger area, making the mean air velocity of the entire room quite small. 
Lau and Chen showed that FSDV is superior to swirl diffusers as an 
airborne infection control measure [30]. In this study, FSDV is expected 
to represent the hood’s most basic performance. The second type is a 
horizontal flow-type floor diffuser (HFD) (Fig. 2. (a-2) and (b-2)), ex-
pected to form displacement ventilation by blowing horizontally. 
Displacement ventilation (DV) forms a vertical temperature gradient by 
supplying relatively calm airflow from the floor or wall below. In an 
appropriate DV airflow field, heat source contaminants can be exhausted 
without stagnating in the breathing zone [31,32]. HFD is expected to 
form a relatively quiet airflow field, although not as quiet as an FSDV. 
The third type is a swirling flow-type floor diffuser (SFD) (Fig. 2. (a-3) 
and (b-3)), which distributes air throughout the room via swirling flow. 
SFD is often used in practical facility designs because of its ability to 
distribute fresh air widely [33]. However, it is considered unsuitable as 

an infection control measure because it promotes room-air mixing [30]. 
SFD experiments will be conducted for comparison, although it is ex-
pected to have a negative effect on the hood’s capture performance.

Considering this situation, the consulting (examination) room in a 
hospital was assumed for the following three reasons (Fig. 2. (a-1–3)). 
First, the hood capture performance is largely affected by the distance 
from the pollution source [20,34]. Thus, the hood is expected to be 
effective in consulting rooms where pollution sources are identified. 
Second, there is a high risk of conversation between infected and un-
infected persons (e.g., doctors) in a consulting room. Third, ventilation 
for infection control in consulting rooms and hospitals, where doctors 
may talk to various infected patients, will remain in demand, even after 
the COVID-19 pandemic has settled. It is also possible to have a 
short-distance conversation with an infected person, except in a 
consultation room, and there have been many cases of airborne in-
fections in restaurants [11]. Therefore, to investigate the possibility of 
applying the hood to restaurants or conference rooms where the location 
of infectors cannot be identified, we will conduct an experiment in 
which the hood is placed between humans and a desk (Fig. 2. (b-1–3)).

In a previous study by the authors, CFD analysis demonstrated the 
significant impact of introducing hoods on close-range conversations 
under 6ACH conditions [34]. However, the previous study was limited 
to a CFD trial, and actual experiments are required to verify the results 
[34]. This paper presents laboratory experiments to examine the effec-
tiveness of hood introduction and the effect of ambient airflow on hood 
capture performance. Regarding the reproducibility of human-derived 
droplets and droplet nuclei, previous studies often employed tracer 
gases (N2O, CO2) to simulate the spread of droplet nuclei [35–37]. Ac-
cording to the World Health Organization (WHO), droplets evaporate 
after release from the mouth and become droplet nuclei (<5 μm) that 
drift in the air [38]. Because droplet nuclei are passive contaminants 
that move with the air, airflow control is considered an effective mea-
sure against airborne infections. Therefore, simulating droplet nuclei 
with tracer gas is often used to study airborne infections. However, the 
behavior of droplets is different from that of actual human-derived 

Fig. 2. Conceptual drawing of experimental parameters. (a) Case A: consulting room. (a-1) FSDV_hood head. (a-2) HFD_hood head. (a-3) SFD_hood head. (b) Case B: 
restaurant or meeting room. (b-1) FSDV_ hood middle. (b-2) HFD_hood middle. (b-3) SFD_hood middle.
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particles because of the effects of adhesion and falling. Considering this 
effect, this experiment aims to investigate how variations in gas and 
particle behavior influence infection risk assessment by simultaneously 
emitting artificial saliva particles using a nebulizer and releasing tracer 
gas.

The objectives and outline of this study are as follows.

・ Evaluate the effectiveness of hoods as an infection control mea-
sure for short-distance conversations through a full-scale 
experiment.

・ Examine the impact of differences in tracer gas (CO2+He) and 
particle behavior on infection risk assessment.

・ Compare three different underfloor air distribution systems to 
evaluate the impact of surrounding airflow on hood capture 
performance.

・ Position the hood above the patient’s head in consulting room 
conditions, where the location of the pollution source and in-
fectors are easy to identify.

・ Position the hood between individuals with a desk in settings 
where identifying the pollution source and infectors, such as 
restaurants or meeting rooms, is challenging.

Note that in this paper, the ventilation rate is fixed at 1000 m3/h (50 
ACH), limited by the laboratory equipment. The authors acknowledge 
that this value is considerably larger than the 6–12 ACH (REHVA, WHO) 
required in the design process [15,16]. Therefore, this study aims to 
understand the performance of hoods under high ventilation rates, 
where the surrounding airflow is highly turbulent. Further study is 
required to examine the actual situation of hood introductions. In 
addition, this study considers droplets and droplet nuclei generated 
during conversations, which are expected to have a hood introduction 
effect, but does not consider coughs with greater momentum. Regarding 
the velocity of droplet generation in this study, the data on the velocity 
of breathing without masking, which was measured in the previous 
study, was given to reproduce conversation [34].

2. Experimental method and materials

2.1. Experimental cases and facilities

A cross-sectional view of the experimental room is shown in Fig. 3
(a), and an isometric view is shown in Fig. 3 (b). The experimental room 
measured x = 2,400, y = 3,800, and z = 2200 mm and included an 
underfloor chamber, where outside air, cleaned using a HEPA filter, was 
supplied. The air supply rate was fixed at 1000 m3/h (50 ACH) due to the 
power of the outside air conditioner. This high ventilation rate causes 
frictional noise as the air passes through the ducts, although not enough 
to disturb the stress-free conversations in the room. The total flow rate of 
exhaust air was 990 m3/h through the local exhaust ventilation system 
(hood) and general ceiling exhaust, and the room was designed as a 
clean room to maintain positive pressure. In addition, two human 
bodies, simulating an infected person and a non-infected person (each 
generating 75 W of heat), were placed in the room at intervals of a 
mouth-to-mouth distance of 1200 mm. A flanged hood was used because 
it had the best capture performance under a crosswind airflow in a 
previous study (Fig. 3 (c)) [27]. The experimental cases are summarized 
in Table 1. The experimental cases were divided into Case A, consulting 
room, and Case B, restaurant or meeting room, as described in the 
introduction, with the conceptual diagram shown in Fig. 2. In Case A, 
the hood was placed above the patient’s head in a hospital consulting 
room, and in Case B, the hood was placed in the middle of a mannequin 
in a restaurant or conference room because it was unknown which of the 
two was infected. A desk was also placed between the humans. The 
relationship between the distance between the hood and the emission 
source is shown in Fig. 3 (c). As shown in Figs. 3 (c-1), hood introduction 
was expected to be more effective in Case A, where the distance between 
the emission source and the hood was smaller. In each case, the 
underfloor air supply system was tested in three patterns: floor-supply 
displacement ventilation (FSDV), horizontal flow-type floor diffuser 
(HFD), and swirling flow-type floor diffuser (SFD). According to the 
manufacturer’s catalog, the airflow spread angle for HFDs is about 
10–15◦ from the floor, and for SFDs about ±10–15◦ from the vertical. 
The details of each floor distribution system are shown in Fig. 4. In the 
FSDV, air was supplied from the entire floor through a permeable carpet, 
while air was supplied through several diffusers in the HFD and SFD. The 

Fig. 3. Full-scale experiment settings. (a) Cross-sections of experimental facilities. (b) Isometric drawing of cleanroom chamber. (c) Relation between emission point 
and hood location. (c-1) Case A: hood above the patient’s head. (c-2) Case B: hood middle of the mannequins.
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air supply volume per diffuser was suitable for the standard flow range 
indicated by the manufacturer. As mentioned in Section 1, the purpose 
of the FSDV was to examine the fundamental performance of the hood, 
and the HFD and SFD were used to examine the effectiveness of the hood 
when there was turbulence in the surrounding airflow. Additionally, to 
examine the effect of the hood, its exhaust flow rate was varied as 0, 50, 
100, 150, 200, 300, 400, and 500 m3/h for each floor distribution sys-
tem. All 48 experimental cases listed in Table 1 were carried out.

2.2. Condition of exhalation generation

The exhaled breath of an infected person was reproduced by simul-
taneously generating CO2 tracer gas and artificial saliva particles using a 
nebulizer. A conceptual diagram of exhalation generation is shown in 
Fig. 5. CO2 and Helium gases were mixed at a ratio of 5:3 (CO2: He =
3.26:1.95 L/min) to equalize the density with that of air and were 
generated at the height of the infected person’s mouth (height: 1100 

Table 1 
Summarization of experimental cases.

Groupe Considered situations Case name Air supply method Hood horizontal potistions Hood exhaust flow rate [m3/h]

Case A Consulting room FSDV_hood head Floor-supply displacement ventilation Above the patient’s head 0,50,100,150,200,300,400,500
HFD_hood head Horizontal flow-type floor diffuser 0,50,100,150,200,300,400,500
SFD_hood head Swirling flow-type floor diffuser 0,50,100,150,200,300,400,500

Case B Restaurant or meeting room FSDV_hood middle Floor-supply displacement ventilation Middle of the mannequins 0,50,100,150,200,300,400,500
HFD_hood middle Horizontal flow-type floor diffuser 0,50,100,150,200,300,400,500
SFD_hood middle Swirling flow-type floor diffuser 0,50,100,150,200,300,400,500

Fig. 4. Floor details of each underfloor air distribution system: (a) FSDV, (b) HFD, and (c) SFD.

Fig. 5. Tracer gas and particle generation methods. (a) A simultaneous gas and particle generation system. (b) The mechanism of particle generation of the ul-
trasonic nebulizer.
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mm) coupled with atomized artificial saliva. The viscosity of the artifi-
cial saliva was adjusted by adding 12 g of sodium chloride and 76 g of 
glycerin to 1 L of water, as described by Ogata et al. [39]. The atomi-
zation method of the ultrasonic nebulizer (SHIN-EI INDUSTRIES, Inc. 
Comfort 3000 KU-500) is shown in Fig. 5 (b). Particles were produced 
using a vibrator pushed by the mixed gas and released through the 
nozzle. The ultrasonic nebulizer was developed for medical use and not 
for experimental use. Therefore, particle size distribution and number 
concentration were measured as described in Section 2.3. The exhalated 
volume, exhalated air velocity, and blow-off angle values during a 
conversation were obtained from our previous study [34] and were set 
to 5.21 L/min, 0.30 m/s, and 11.9◦ vertically downward, respectively. In 
a previous study, six Asian subjects (3 males, and 3 females, aged 21 to 
24, averaging 22.5) read a manuscript in Japanese for 1 min. Velocity 
and its vector of exhaled air were measured by the ultrasonic 
anemometer (Sonic corporation: ultrasonic anemometer model DA-700 
with TR-92T 30 mm probe), and volume was measured by PET bag and a 
dry gas meter (SINAGAWA).

2.3. Measurement points and experimental procedures

After the emission, the spatial distributions of the steady-state CO2 
concentration and particle number concentration in front of the doctor’s 
mouth were measured. Fig. 6 shows the details of the measurement 
points. The CO2 concentration was measured using six CO2 recorder 
(RTR-576, T&D Corporation) units installed on each of the five poles of 
the Pa–Pe (Fig. 6 (a), (b), and (c)). The CO2 concentration in front of the 
doctor’s mouth was also measured using a CO2 recorder, and the particle 
number concentration was measured using a particle counter (handheld 
particle counter: model 3888, KANOMAX), as shown in Fig. 6 (c) and 
(d). These measurements were used to calculate Cqd, the quanta con-
centration in front of the doctor’s mouth [quanta/m3] using Eqs. (5) and 

(8), as described in Section 2.4.2. Due to the number of instruments, the 
spatial distribution and concentration in front of the doctor’s mouth 
were measured for CO2, while only the concentration in front of the 
doctor’s mouth was measured for particles.

Fig. 7 shows the experimental procedure. The decrease in artificial 
saliva was measured before and after the experiment using an electronic 
mass balance (GX-8K, A&D Company, Ltd.) to calculate the quanta 
concentration in front of the doctor’s mouth with the particles using Eqs. 
(5) and (8), as described below (Mab, Maa). The experiment was con-
ducted at 1000 m3/h (50 ACH). Hence, it took 5 min to reach a steady 
state. Measurements were taken for 15 min under steady-state condi-
tions, and the average CO2 and particle number concentrations were 
used to calculate the hood capture efficiency, CO2 normalized concen-
tration, and quanta concentration in front of the doctor’s mouth, as 
described in Section 2.4. In all 48 cases, the same time schedule was used 
for the measurements.

2.4. Assessment criteria

2.4.1. Hood capture performance
The hood capture efficiency, η, which indicates the percentage of the 

tracer gas captured by the hood, was calculated using Eq. (1). 

η= Qh(Ch − CSA)

Qh(Ch − CSA) + Qe(Ce− CSA)
(1) 

where Qh is the hood flow rate [m3/h], Ch is the tracer gas (CO2) con-
centration of hood exhaust air [− ], Qe is the ceiling exhaust flow rate 
[m3/h], Ce is the tracer gas (CO2) concentration of ceiling exhaust air 
[− ], CSA is the tracer gas (CO2) constatation of supply air [− ]. Qh was 
measured using an ultrasonic anemometer (ATZTA TRZ150-DC/5P, 
Aichi Tokei Denki Co., Ltd.), as shown in Fig. 3 (a). The CO2 gas 

Fig. 6. Measurement points of CO2 gas concentration (RTR-576, T&D Corporation) and particle (handheld particle counter: model 3888, KANOMAX). (a) Mea-
surement plan view of Case A; hood_head. (b) Measurement plan view of Case B; hood_middle. (c) Vertical pole measurement points and doctor’s mouth. (d) Pictures 
of measurements in front of the doctor’s mouth.
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concentration was measured using a CO2 recorder (RTR-576, T&D 
Corporation) in the exhaust duct.

2.4.2. Infection risk assessment
This study evaluated infection control performance using the Wells 

and Riley model [41,42]. The model defines one ‘quanta’ as the unit of 
infectivity that produces 63.2 % of new infections in a closed space, and 
the basic equation is expressed in Eq. (2). 

P= 1 − e− n (2) 

where P is the increased rate of the number of newly infected persons in 
a closed space, and n is the value of the quanta.

Based on the model, Cqd, the quanta concentration in front of the 
doctor’s (non-infected person’s) mouth [quanta/m3] was calculated 
using Eqs. (3) and (5). Eq. (3) was used to calculate Cqd from the CO2 gas. 

Cqd =
q
Q
•

Cdg

Mg
/
Q

(3) 

where q is the quanta emission rate (42 quanta/h), Q is the room 
ventilation rate [m3/h], Cdg is the tracer gas concentration in front of the 
doctor’s mouth [− ], and Mg is the tracer gas (CO2) emission rate (3.25 L/ 
min). The average steady-state value over 15 min for each condition was 
used as the Cdg value. A quanta emission rate of 42 quanta/h calculated 
by REHVA [16] was used as the quanta production rate for infected 
persons during the conversation. Quanta emission rate values vary by 
disease and variant, with 42 quanta/h being the 90th percentile value 
for early variants of SARS-CoV-2 [16,43]. REHVA also shows that the 
quanta emission rate of omicron variants is approximately 2.5 times 
higher than that of the initial variants [44]; however, it was not 
necessary to use specific variants in this study because the purpose was 
to compare infection risk assessments using particles and gases. Addi-
tionally, because quanta emission rates contain a large degree of un-
certainty, the infection risk presented in this study was only a reference 
value and can be considered statistically as the 90th percentile value for 
the initial variants of SARS-CoV-2. The CO2 normalized concentration in 
front of the doctor’s mouth, Cnd was calculated using Eq. (4). Because 
Cnd was normalized by the room concentration with perfect mixing, a 
Cnd of 1 indicated that the concentration at that point was equal to the 
concentration when the room air was perfectly mixed. 

Cnd =
Cdg

Mg
/
Q

(4) 

The following two assumptions were made when calculating the risk 
of infection from the particles.

・ Although the virus density per particle changed after evapora-
tion, the total number of viruses does not change.

・ The density of the virus during any evaporation process is con-
stant regardless of particle size.

Eq. (5) was used to calculate Cqd, the quanta concentration in front of 

the doctor’s (non-infected person’s) mouth from the particles. 

Cqd =
q

Qpt
•

Vdp

Vep
(5) 

where Cqd represents the quanta concentration in front of the doctor’s 
(non-infected person’s) mouth [quanta/m3], Qpt is the volume flow rate 
of particle counter (2.81 L/min) [m3/h], Vdp is the total volume of 
particles in front of the doctor’s mouth measured by the particle counter 
(handheld particle counter: model 3888, KANOMAX) divided by mea-
surement time (15 min) [m3/h], and Vep is the total generated volume of 
particles divided by emission time (20 min) [m3/h]. As shown in Fig. 6, 
the emission and measurement times were different at 5 min because of 
the waiting time for a steady state. Vep is defined by Eqs. (6) and (7). 

Vep =
(Mab − Maa) • Rc

ρaa
(6) 

ρaa = ρab • Rc
/
R3

d (7) 

where Mab is the mass of artificial saliva before emission [g], Maa is the 
mass of artificial saliva after emission [g], Rc is compositional ratios of 
artificial saliva after evaporation to before evaporation [− ], ρaa is the 
density of artificial saliva after evaporation [g/m3], ρab is the density of 
artificial saliva before evaporation (1.09 g/m3), and Rd is the diameter 
ratio of particles after evaporation to before evaporation [− ]. Mab and 
Maa were measured before and after the experiment using an electronic 
mass balance (GX-8K, A&D Company, Ltd), as shown in Fig. 7. Eq. (6)
can be rewritten as Eq. (8), using Eq. (7). 

Vep =
(Mab − Maa) • R3

d
ρab

(8) 

Cqd, the quanta concentration in front of the doctor’s mouth 
[quanta/m3] from the particles, was calculated using Eqs. (5) and (8). 
However, it must be assumed how much the particle size decreased due 
to evaporation (Rd). Rd was estimated by comparing the Cqd results 
calculated from the gas and particles in Section 3.2.

Using the value of Cqd, t5%, the time until the doctor’s (non-infected 
person) infection risk reached 5 % was calculated from Eq. (9). Because 
the REHVA used a value of 5 % when describing a sufficiently low risk of 
infection in an office [16], this report also used 5 % as a reference for 
sufficiently low infection risk. As already discussed, this infection risk is 
an estimate for the initial variants of SARS-CoV-2, because 42 quanta/h 
was used as the quanta emission rate during conversations. The results 
of t5% are discussed in Chapter 4.1. 

tP% = −
ln(1 − P)

n・P
(9) 

Fig. 7. Experiment procedures.
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3. Results

3.1. Results calculated from CO2 gas concentration

Fig. 8 shows the vertical distribution of CO2 tracer gas concentration 
normalized by the flow-weighted concentrations of the two exhaust 
ducts for all 48 cases. Figs. 8 (a-1)–(a-3) compares the average values of 
Pa–Pd in Case A, where the hood was placed above the head of the 
infected person, for each hood exhaust flow rate. Pe was evaluated 
separately from Pa–Pd in Figs. 8 (c-1)–(d-3) because Pe was positioned 
in the middle of the mannequins. In the FSDV, a hood flow rate of 0 m3/ 

h (black line) indicates that the normalized concentration was already 
low, and exhalation could be efficiently exhausted without a hood 
(Figs. 8 (a-1)). These results were due to the high ventilation rate of 
1000 m3/h (50 ACH). In the HFD, a displacement ventilation airflow 
field was observed, with the normalized concentration decreasing as the 
hood exhaust flow rate increased (Figs. 8 (a-2)). In the SFD, where the 
air was well mixed, the normalized concentration was close to 1, and it 
was observed that the normalized concentration decreased as the hood 
exhaust flow rate increased (Figs. 8 (a-3)). Fig. 8 (b-1)–(b-3) shows the 
average values of Pa–Pd of CO2 normalized concentration for Case B, 
where the hood was placed in the middle of the mannequins. Comparing 

Fig. 8. Vertical distribution of normalized CO2 concentration. Normalized by flow-weighted exhaust concentration. (a-1)–(b-3): Average results of Pa–Pd, showing 
the distribution of exhaled air in the room. (c-1)–(d-3): Results of Pe, showing the distribution of exhaled air between mannequins.
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Figs. 8 (a-1)–(a-3), the normalized concentrations did not decrease 
significantly when the hood exhaust flow rate was increased.

Figs. 8 (c-1)–(d-3) shows the CO2 normalized concentrations of Pe 
placed between the mannequins. The results for Pe under HFD (Figs. 8
(c-2) and (d-2)) and SFD (Figs. 8 (c-3) and (d-3)) conditions differed 
significantly from those for Pa–Pd (Figs. 8 (a-2), (b-2) and (a-3), (b-3)). 
In the HFD (Figs. 8 (c-2) and (d-2)), the CO2 diffusion between the 
mannequins was reduced as the hood exhaust flow rate was increased. 
On the other hand, under SFD (Figs. 8 (c-2) and (d-2)) conditions, the 
concentration was higher around a height of 500 mm.

Fig. 9 (a) shows the hood capture efficiencies of the tracer gas in 
Cases A and B, calculated from the CO2 tracer gas using Eq. (1). In the 
FSDV, the difference in η between Cases A and B is large. However, Cqd, 
the quanta concentration in front of the doctor’s mouth shown in Fig. 9
(b) was low enough even in Case B, where η was low. In HFD, η in Case A 
was close to that of FSDV (Fig. 9 (a)). In Case A of the HFD, Cqd decreased 
as the hood exhaust flow rate increased; however, in Case B of the HFD, 
Cqd did not decrease to the same extent (Fig. 9 (b)). In SFD, η did not 
differ significantly between Cases A and B, suggesting that few exhala-
tions were directly exhausted by the hood, and once spread throughout 
the room, they were exhausted by the hood and the ceiling exhaust 
(Fig. 9(a)). For Cqd of the SFD, the trend was similar to that of the HFD, 
with Case A confirming the effect of hood implementation and Case B 
showing that the effect of ambient airflow was more significant (Fig. 9
(b)).

3.2. Results calculated from artificial saliva particles

As mentioned in Section 2.4.2, Eqs. (5) and (8) were used to calculate 
the quanta concentration (Cqd) from the particles in front of the doctor’s 
mouth. The amount of generated artificial saliva particles was estimated 
by measuring the decrease in artificial saliva before and after generation 
using an electronic mass balance (GX-8K, A&D Company, Ltd.), as 
shown in Fig. 7. When calculating the density, Rd, the diameter ratio of 
the particles after evaporation to that before evaporation should be 
properly assumed. Previous studies by Yang et al. [45] have shown that 
the final particle size is 0.391–0.502 times smaller at a relative humidity 
of 10 %–90 %, as calculated by the experimental data of Tang et al. [46] 

and Bagger et al. [47]. These previous experiments were based on res-
piratory droplet size distributions; although the composition was 
different from that of the artificial saliva used in this experiment. Hence, 
Cqd was calculated by changing the values of Rd: 1.0, 0.40, 0.45, and 
0.50, as shown in Fig. 10.

Fig. 10 (a) shows the comparison results of gas and particles by 
changing the assumed values of Rd for SFD. As the assumed Rd becomes 
smaller, Vep in Eq. (5) decreases, resulting in a higher Cqd. When Rd was 
1, the results calculated from the particles were significantly smaller 
than those calculated from CO2; however, when Rd was 0.5, the two 
were in good agreement (Fig. 10(a)). When Rd was 0.45 and 0.4, the 
results calculated for the particles were larger than those calculated for 
CO2. Considering the effects of adhesion and falling, the particle amount 
that reaches the doctor’s mouth relative to the amount generated is 
expected to be smaller than that of gases. Therefore, in this study, Rd was 
assumed to be 0.5. In the HFD (Fig. 10 (b)), the calculated results of Cqd 
matched well for hood flow rates above 200 m3/h when Rd was 0.5. 
However, for 50–150 m3/h, Cqd calculated from the particles was lower 
than Cqd calculated from the gas. In the FSDV (Fig. 10 (c)), when Rd is 
0.5, Cqd calculated from the gas is already small; thus, the comparisons 
on a linear scale seem to match (Figs. 10 (c-1)). However, when 
compared on a log scale vertical axis, the difference was 1.0 × 10− 2 – 
1.0 × 10− 9 (Figs. 10 (c-2)).

Fig. 11 shows the results of Cqd calculated from the quanta concen-
tration in front of the doctor’s mouth calculated using artificial saliva 
particles (Rd = 0.5). Although the order of Cqd was matched or smaller 
than that calculated from CO2, the trend was consistent; the risk of 
infection was lower in the order of FSDV < HFD < SFD. This was 
consistent with the order in which the indoor airflow became more 
turbulent. In Case A, the hood reduced the concentration in front of the 
doctor’s mouth when the hood flow rate increased, as shown in Figs. 11
(a-2). However, when the hood was between the mannequins (Case B), 
the effect of the hood introduction was small because the hood exhaust 
flow rate and Cqd were not linearly related, as shown in Figs. 11 (a-2).

Fig. 9. Calculation results of (a) η: the hood CO2 capture efficiency, (b) Cqd: quanta concentration in front of doctor’s mouth calculated by tracer gas.
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4. Discussion

4.1. Summarize the essential findings

Section 3 presents the indoor distribution of the CO2 gas normalized 
concentration in Fig. 8, η the tracer gas capture efficiency, and Cqd the 
quanta concentrations in front of the non-infected person’s mouth 
calculated from CO2 gas in Fig. 9. The Cqd calculated from the particles is 

also presented in Figs. 10 and 11. Findings from the CO2 gas results 
presented in Figs. 8 and 9 are summarized below.

・ The FSDV could exhaust the exhaled air of infected persons 
without spreading it, regardless of the hood flow rate.

・ In the HFD, although there was more exhalation diffusion than in 
the FSDV due to horizontal airflow, increasing the hood flow rate 

Fig. 10. Comparison of Cqd (quanta concentration in front of doctor’s mouth) calculated by tracer gas concentration and particle number concentration of artificial 
saliva changing Rd; the diameter ratio of particles after evaporation to before evaporation [− ] from 1.0 to 0.4. (a) SFV_hood head. (b) HFD_hood head. (c-1) 
FSDV_hood head, linear vertical axis. (c-2) FSDV_hood head, log scaling vertical axis.

Fig. 11. Calculation results of (a) Cqd: quanta concentration in front of doctor’s mouth (Rd = 0.5). (a-1) Cqd in a linear vertical axis. (a-2) Cqd in a log scaling 
vertical axis.
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allowed the CO2 normalized concentration to close to zero for the 
entire room.

・ In the SFD, the exhaled air diffuses widely in the room due to the 
swirling airflow, and increasing the hood flow rate does not 
significantly affect the concentration in front of the doctor’s 
mouth.

・ In the HFD and the SFD, the CO2 concentration distributions 
between the middle of humans and in the room differed signifi-
cantly. In SFD, it was also suggested that there was a downward 
airflow middle of humans.

In Figs. 10 and 11, the results of Cqd the quanta concentrations in 
front of the non-infector’s mouth calculated from the particles are 
shown. Compared to the gas results in Fig. 10, the final diameter of the 
artificial saliva particles was assumed to be half that before evaporation 
(Rd = 0.5). Findings from the artificial saliva particles are summarized 
below.

・ The quieter the indoor airflow, the greater the effect of deposi-
tion, resulting in the Cqd of particles becoming smaller than that 
of CO2 gases.

・ Because CO2 assessed the infection risk higher than particles, it is 
on the safe side as an airborne infection risk assessment method.

Common features of the gas and particle results also indicated the 
following.

・ As the performance of hoods was greatly influenced by the 
ambient airflow, ventilation systems that can form a calm upward 
airflow, such as SFDV, are ideal for use with hoods.

・ When the hood was above the infector’s head, the hood airflow 
contributed to reducing the Cqd, whereas when it was middle of 
humans, it had little effect on the Cqd.

The relationship between LEV, exhaled diffusion and quanta con-
centration of non-infected persons is discussed above. In the following, 
the infection risk for the initial variants of SARS-CoV-2 is estimated 

using Eq. (9), and the safety of the present system against airborne in-
fections is discussed.

Fig. 12 shows the results of t5%, the time until the doctor’s infection 
probability reaches 5 %, calculated from the CO2 tracer gas using Eq. (9). 
This infection risk is an estimate for the initial variants of SARS-CoV-2 
because 42 quanta/h was used as the quanta emission rate during the 
conversation, as discussed in Section 2.4.2. In the FSDV, the value of t5% 
consistently exceeded 24 h, which is sufficiently safe against airborne 
infection. In the HFD, when the hood flow rate was over 200 m3/h, the 
t5% value exceeded 8 h and can be considered relatively safe, which is 
assumed to be the maximum value of working hours. In contrast, in the 
SFD, the value of t5% does not always exceed 8 h and cannot be regarded 
as sufficiently safe.

Fig. 13 shows t5%, the time until the doctor’s infection probability 
reached 5 %, calculated using artificial saliva particles (Rd = 0.5). The 
t5% shown in Fig. 13 was similar to that calculated for the gas in Fig. 12, 
and the risk of airborne infection was sufficiently low even without a 
hood in the FSDV. In HFD, introducing hoods could extend t5% for 8 h or 
more, whereas in SHD, even with hoods, t5% was less than 8 h, and there 
was a non-negligible risk of infection.

4.2. Compare the findings to the previous study

This experiment was carried out at 50 ACH due to the limitations of 
the experimental setup. In the experiment by J. Yang et al. on personal 
exhaust systems [23], the performance of personalized exhaust did not 
differ much between MV and DV under typical airflow rates, suggesting 
that ambient airflow may have had an excessive influence on the results 
of this paper. The authors’ CFD analysis [34] also showed that the 
introduction of LEV at 6–12 ACH in FSDV significantly reduced the risk 
of infection in doctors compared to without LEV. This suggests that LEV 
may work effectively in experiments at 4–12 ACH, even in MV and DV. A 
practical implication of this experiment is that even under high venti-
lation volumes (50 ACH), the FSDV can create a calm upward airflow, 
which reduces the horizontal distribution of the patient’s exhaled air 
and prevents airborne infection. These results can be applied to 
super-clean rooms in hospitals, factories for semiconductors, etc., and 

Fig. 12. Calculation results of t5%: time until doctor’s infection probability reaches 5 % calculated by tracer gas. (a-1) The maximum value of the vertical axis is 24 h. 
(a-2) The maximum value of the vertical axis is 200 h.
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biological research facilities, etc., where large ventilation volumes are 
required. Also, in the HFD, when ventilation volumes are high (50 ACH), 
the risk of airborne transmission of infection through conversation can 
be sufficiently low by introducing a hood. However, in the SFD, the 
introduction of hoods does not sufficiently reduce the risk of airborne 
transmission of infection under 50ACH. This would apply not only to the 
SFD but also to other factors causing significant turbulence in the vi-
cinity of the patient, e.g. a fan. In addition, the present results should be 
adapted to smaller spaces such as examination rooms and meeting 
rooms, since in large spaces the distance between floor diffusers might 
be larger and the mutual influence of the airflows might be smaller.

In this study, only the exhalation of patients was considered in 
steady-state conditions, whereas in the study by J. Yang et al. [23] 
non-steady state experiments were carried out considering the inhala-
tion of non-infected persons. In our research, the average initial velocity 
of exhalation during the speech, i.e. 0.30 m/s, obtained in previous 
studies [34], was used to simulate the time-averaged conversation. The 
inhalation might increase the infection risk assessment, however, ac-
cording to CFD and an experimental review of micro-climate around the 
human body by S. Murakami [48], 90 % of the air near the mouth is 
inhaled, while less than 10 % is inhaled near the chest. The influence of 
ambient airflow on the infection risk assessment is greater than that of 
the inhalation because of the higher ventilation volume, i.e. 50 ACH. In 
addition, as there is an inhalation, exhalation, and pause process in the 
non-steady state, the risk of infection is not necessarily greater than in 
our conditions, which are an average of these conditions. However, as 
few experiments are comparing them, future comparisons of infection 
risk assessment should be made under low ventilation rates, considering 
nasal or oral inhalation. For the infection risk assessment, the t5% was 
calculated with time as a variable, because the exposure duration is 
varied for different situations. The t5% was more than 8 h for HFD and 
FSDV and less than 8 h for SFD. These results might be influenced by the 
initial velocity of the exhaled air of an infected person or the inhaled air 
of a non-infected person, but this does not affect the conclusions as the 
study focuses on relative comparisons of methods.

4.3. Limitations

This study had several limitations.

・ As mentioned in Section 1, the ventilation rate was 1000 m3/h 
(50 ACH). Therefore, the air supply method had a greater impact 
on the results than the hood. Future experiments using general 
ventilation levels are required. In this case, even if the hood was 
placed slightly farther away from the source, there could be a 
certain hood-introduction effect.

・ Rd; the diameter ratio of particles after evaporation to before 
evaporation [− ] was assumed by comparing the results with 
those calculated from CO2 in Fig. 12, although Rd should be 
determined based on indoor humidity and other factors. How-
ever, no data are available on the Rd of the artificial saliva used in 
this study, and it is difficult to measure the particle size after 
evaporation when the particles are released into the air.

・ The behavior of particles and gases can only be estimated from 
the concentration before the doctor’s mouth and requires further 
investigation through visualization experiments using Particle 
Image Velocimetry or unsteady analysis using Computational 
Fluid Dynamics.

・ As the experiment was conducted for 15 min after a steady state, 
long-term cumulative effects such as particle accumulation in 
different parts of the room could not be taken into account. In 
practice, there are factors such as filter clogging and mechanical 
wear that can reduce the exhaust flow rate of LEVs. As the results 
show that food flow rates have a significant impact on infection 
control performance, attention should be paid to the long-term 
effects.

・ Although the Particle size distribution of artificial saliva is not 
significantly different compared to Morawsaka’s results [40] (see 
Appendix A), it differs in composition from real saliva. In 
particular, the use of glycerol to reproduce viscosity may have 
overestimated the adhesive strength of walls and ceilings.

Fig. 13. Calculation results of t5%: time until doctor’s infection probability reaches 5 %, calculated by artificial saliva particle (Rd = 0.5). (a-1) t5% in a linear vertical 
axis. (a-2) t5% in a log scaling vertical axis.
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4.4. Present a way forward

In the experiments with general ventilation rates (4–12 ACH), LEV 
may work effectively even when the background ventilation is MV, and 
future experiments are required with the volume and type of ambient 
airflow as a parameter.

A simple Wells-Riley model was used as a measure of infection risk 
assessment, but the effects of viral inactivation and deposition can also 
be considered. REHVA [16] estimates that the impact of deposition is 0.3 
1/h [49,50] and the impact of viral inactivation is 0.32 1/h [51], which 
is sufficiently small compared to the ventilation rate of this study, i.e. 50 
1/h. Not taking them into account leads to a larger assessment of 
transmission risk, therefore the results of this study assess the safety 
side. However, in the future, more accurate assessments are expected to 
be made using the extended Wells-Riley model, which considers depo-
sition and viral inactivation as in A. Aganovic et al. [52] and W. Liu et al. 
[53] under generally smaller ventilation volumes. In addition, 
non-steady state experiments that simulate the exhalation and inhala-
tion of humans can reproduce more realistic conditions.

5. Conclusion

This study evaluated the performance of local exhaust ventilation 
systems (hoods) used in factories and kitchens as airborne infection 
control measures. The parameters were the hood exhaust flow rate and 
three types of underfloor air distribution systems. Air supply methods 
such as floor-supply displacement ventilation (FSDV), horizontal flow 
floor diffusers (HFD), and swirling flow floor diffusers (SFD) were 
compared. In Case A, the hood was placed above the patient’s (infected 
person’s) head in the consultation (examination) room, and in Case B, 
the hood and desk were placed in the middle of the mannequins in the 
restaurant or meeting room. The differences in infection risk assessment 
between the use of CO2 and artificial saliva particles as tracers of 
exhaled breath were discussed. The findings of this study are summa-
rized as follows.

・ The distribution of vertical normalized concentrations and the 
results of quanta concentrations in front of the doctor’s mouth 
indicate that the distribution of exhaled air into the room and the 
infection risk for the doctor decreased in the order FSDV < HFD 
< SFD. This is consistent with the order in which indoor airflow 
becomes more turbulent. Since the air supply area of FSDV is 
larger than with diffusers, the average indoor airflow can be 
reduced. Therefore, FSDVs are preferable to HFDs and SFDs for 
airborne infection control.

・ In Case A, which involved consulting rooms, the effect of intro-
ducing hoods was confirmed to a certain degree across all three 
ventilation methods. However, in Case B, encompassing restau-
rants or meeting rooms, the effect of hoods on the infection risk of 
individuals facing them was small. In particular, in Case A_FSDV, 
the effect of installing a hood was significant, and the use of the 
FSDV and LEV in the consulting room was reasonable.

・ Comparing the airborne infection risk assessment between gas 
and particles, gas appears to offer greater safety in terms of 
airborne infection prevention because it evaluates higher quanta 
concentration in front of the doctor’s mouth [quanta/m3]. In the 
SFDV, the risk assessment of airborne infection by particles was 
smaller than that of gas because of the greater impact of particle 
adhesion and falling.

A practical implication of this experiment is that even under high 
ventilation volumes (50 ACH), the FSDV can create a calm upward 
airflow, which reduces the horizontal distribution of the patient’s 
exhaled air and prevents airborne infection. These results can be applied 
to super-clean rooms in hospitals, factories for semiconductors, etc., and 
biological research facilities, etc., where large ventilation volumes are 
required. In addition, the results of this study should be adapted to 
smaller spaces such as examination rooms and meeting rooms, since in 
large spaces the distance between floor diffusers might be larger and the 
mutual influence of the airflows might be smaller.
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Appendix A. Nebulizer performance measurement

The ultrasonic nebulizer (SHIN-EI INDUSTRIES, Inc. Comfort 3000, KU-500) was developed for medical rather than experimental purposes. 
Therefore, we measured the particle size distribution to confirm the reproducibility of human-derived droplets while speaking. Fig. A1 shows the 
measurement system, PALAS: Welas Digital 2000, which uses the principle of light scattering. The instrument can measure up to a high concentration 
(<106 1/cm3) without a diluter. This allowed us to obtain the results with minimal evaporation effect. The nebulizer was supplied with air at a rate of 
5.21 L/min, consistent with the experimental conditions. The measurement was performed three times for 60 s, and the particle size distribution and 
number concentration were recorded. Particle size distribution was calculated using Eqs. (A.1) and (A.2) for comparison with a previous study by 
Morawska et al. [40]. The measurement range was 0.2–10 μm, divided into 32 intervals. 

dCni
/

d log10Di = ni
/
Vm

/
Δlog10Di (A.1) 
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Δlog10Di = log10Di,upper − log10Di,lower (A.2) 

where Cni is the particle number concentration for each interval [m− 3]; Di is the arithmetic interval width [m], ni is the measured number of particles 
within the interval borders Di, upper and Di, lower [p], Vm is the measured volume [m3], Di, upper is the diameter of the upper interval border [m], and Di, 

upper is the diameter of the lower interval border [m].
Eq. (A.3) calculated the number concentration, and the total value was calculated by summing each interval width. 

Sum dCni =
∑

ni

/
Vm (A.3) 

Fig. A.1. Measurement system for particle size distribution and number concentration of ultrasonic nebulizer.

The measurement results are presented in Fig. A2. Background noise ranged from 10 to 100 cm− 3 below 1 μm, which was negligibly small 
compared to the nebulizer measurement of a5 × 105. Fig. A2 (a) shows the average of three measurements of the particle size distribution. There is one 
peak at 0.2–0.3 μm and another at 1–1.1 μm. Morawska et al. measured particles of human origin during voiced counting using the Expiratory Droplet 
Investigation System (EDIS) and found a single peak at 0.8 μm [40]; however, they measured particles after water had evaporated a short time after 
emission from a mouth, and considering this effect, the 1–1.1 μm peak of the ultrasonic nebulizer could be close to that of droplets from voiced 
counting. For the smaller peak (0.2–0.3 μm), because the particle counter (KANOMAX: model 3888) used to measure the particles in front of the 
doctor’s mouth in the main experiment had a measurement range of 0.3 μm or larger, it is highly possible that those particles from this peak were not 
measured in the main experiment, considering the effect of evaporation. However, since the volume of particles of 0.2–0.3 μm is 1/53 compared to 
particles of 1–1.1 μm, the impact of the missing measurement of particles of 0.2–0.3 μm on the infection risk assessment is considered to be small. In 
Fig. A2(b), the number concentration was 4–5 × 105, indicating that sufficient quantities of tracer particles were generated.

Fig. A.2. Measurement results of (a) particle size distribution averaged three times (60 s each time) and (b) particle number concentration of the ultrasonic nebulizer 
(extracted one time randomly).
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