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Abstract. Past studies on airborne spread of expiratory droplet nuclei between occupants were focused on 

long-term exposure under steady-state conditions. However, exposure during short-term events can be 

widely found in practice, e.g. medical examination or short meeting. Airborne transmission during short-

term events under stratum ventilation was examined experimentally in this study. Two breathing thermal 

manikins were employed to simulate a standing infected person and a standing exposed person. The 

manikins were placed face-to-face and face-to-back to reproduce the exposure conditions with the highest 

and the lowest risk, respectively. Tracer gas was dosed into the air exhaled by the “infected” manikin to 

simulate the droplet nuclei. A newly developed average exposure index was used to evaluate the exposure 

risk. The time-averaged exposure index increases over time, but the increasing rate depends strongly on the 

duration of exposure time, e.g., the exposure index increases much faster during the first 5 minutes than 

during the period after 5 minutes. The exposure index during short-term events does not always decrease 

with the increase of separation distance. These findings imply that the control measures formulated based on 

steady-state conditions are not necessarily effective to short-term events. 

1 Introduction  

Infectious diseases such as influenza impair the health of 

infected people and also cause medical expense burdens, 

increased absenteeism and decreased productivity, which 

result in economic losses [1][2]. In addition, health 

relates to the quality of life [3]. Preventing the spread of 

airborne infection is therefore an important issue 

worldwide. 

Past studies have shown that under well air mixing 

and steady-state room conditions the risk of airborne 

infection sharply decreases with the increase of distance 

between infected person and exposed person [4]. 

However, there is still a need to consider the risk of 

airborne infection in case of short-term events, e.g., 10 

min medical examination. In this case, it takes time to 

reach the steady state and the dynamic interaction of 

breathing flows involving human plume evolves. In 

addition, the survival rate of some viruses decreases over 

time. It is therefore important to investigate the dynamic 

exposure risk over time immediately after the droplet 

nuclei is being released. 

The purpose of the present study was to investigate 

airborne transmission between infected person and 

exposed person during short-term events. 

2 Method 

2.1 Experimental conditions 

Experiments were conducted in a climate chamber at the 

Technical University of Denmark. The volume of the 

chamber was 4.4 m x 4.7 m x 2.6 m. The room air 

temperature was controlled to be 24 ± 0.5 oC but the 

relative humidity was not controlled while it was 

measured to be approximately from 30% to 40% during 

experiments. Two breathing thermal manikins were 

adopted to simulate infected person and exposed person. 

The body surface temperature of the manikins and the 

generated heat were controlled by a computer program to 

be as those of an average person in state of comfort. 

Manikins were equipped with artificial lungs.  The 

simulated breathing cycle was 2.5 s for inhalation, 2.5 s 

for exhalation, and 1.0 s for break. The respiratory 

volume was 6.0 L/min, and the breathing frequency was 

10 times per minutes. In this experiment, the” infected” 

manikin inhaled from nose and exhaled from mouth that 

is similar to the normal talking condition; the exposed 

manikin inhaled from mouth and exhaled from nose. 

Figure 1 shows the two manikins in the climate 

chamber ventilated by stratum ventilation. The manikins 

were positioned face-to-face and face-to-back, in order 

to represent the greatest and the lowest risk of exposure 

respectively [5] [6]. The distances between the two 

manikins were set as 0.5 m, 1.0 m, and 1.5 m. Figure 2 
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shows picture photo of the experimental set up where the 

manikins placed as face-to-face and face-to-back 

arrangements. Table 1 shows a list of the experimental 

conditions. The stratum ventilation is known as an 

effective system to prevent high exposure because the 

supplied air enters the breathing zone directly [7]. The 

air is supplied to the room from wall located terminal 

devices. In this experiment the temperature of supply air 

flow was 16 oC. The height of the air supply and exhaust 

terminals were 1.9 m above the floor. Four supply and 

four exhaust terminals with diameters of 0.16 m 

positioned at distance 0.44 m between each other were 

used. The airflow was supplied from the back of exposed 

manikin when the positioning was face-to-face, and from 

the front of the infected manikin when the positioning 

was face-to-back.   

 

 

 

 

 

 

 

 

 

 

 

(a) Face-to-Face 

 

 

 

 

 

 

 

 

 

 

 

 

(b) Face-to-Back 

Fig. 1. Positioning of two manikins under the stratum 

ventilation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Views of experimental set up, the manikins are placed 

face-to-face and face-to-back 

Table 1.  The experimental conditions 

 

Supply 

flow rate 

(l/s) 

ACH (h-1) 
Positioning 

of manikin 

Separation 

Distance (m) 

1 30 2 Face-to-face 

0.5, 1.0, 1.5 

2 30 2 
Face-to-

back 

3 90 6 Face-to-face 

4 90 6 
Face-to-

back 

 

2.2 Measuring method 

2.2.1 Tracer Gas 

Tracer Gas N2O was used to simulate the droplet nuclei 

exhaled from the infected manikin. The tracer gas 

concentration was measured at the mouth of the infected 

manikin, the mouth of the exposed manikin, and the 

exhaust air terminal. The tracer gas was dosed after 

steady-state flow conditions were reached in the 

chamber. 

2.2.2 Fast Concentration Meter 

Most past studies used the INNOVA instrument to 

measure the concentration of tracer gas. However, the 

response time of INNOVA is 40 s per one channel (for 

the model 1312). Since the breathing cycle is 6 s in total, 

the INNOVA cannot track the tracer gas concentration 

changes during short-term events. Therefore, a Fast 

Concentration Meter (FCM) was adopted in this 

experiment. The resolution of the FCM was 1.0 ppm and 

the expanded uncertainty was ±20.0 ppm (95% 

confidence level). The sampling rate of the instrument 

was 4 Hz i.e. 4 sampling per second and made it possible 

to catch the dynamics of the transmission.  

2.3 New Exposure Index 

So far two indexes have been used to evaluate exposure: 

the Intake Fraction (IF) [8] and the Exposure Index (εs)  

[9-20].  

The Intake Fraction index was defined as the proportion 

of inhalation of exposed person to exhalation of infected 

person. 

 

(1) 

 

Cin is the inhaled concentration of exposed person, Cex is 

the exhaled concentration of the infected person, Min and 

Mex are mass flow rates of inhaled flow of the exposed 

person and that of exhaled flow of the infected person at 

time t, respectively, tin and tex are the inhalation time of 
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the exposed person and the exhalation time of the 

infected person, respectively.  

The Intake Fraction index cannot be used for 

evaluation of short events because first, the exhaled N2O 

concentration in the flow exhaled by the infected person 

is sensitive to where the measuring point. The Exposure 

Index (εs) was defined as the ratio of the inhaled tracer 

gas concentration by exposed person to the concentration 

at exhaust terminal. This index was more widely used 

than the Intake fraction index.  

 

(2) 

 

Csupply is the concentration at supply terminal, Cexhaust is 

the concentration at exhaust terminal, and the bar means 

the average concentration during the duration time of t. 

In this case, since supplied air is induced from outside 

the trace gas concentration in the supply air is 0. Cexhaust 

is 0 at the beginning of the experiment because it takes 

time for the N2O to reach the exhaust terminal after 

being released by the exhalation of the infected person. 

Therefore, extremely high exposure index can be 

obtained at the beginning of an event, which is therefore 

not reliable to be used for the evaluation of short-term 

events but only available after reached steady state.  

To evaluate the short-term events, new Exposure 

Index was developed in this study (Eqs. 3 and 4).  

 

 (3) 

 

 

(4) 

 

where εd(t) and εd(t) indicate the real-time exposure 

index and the average exposure index, respectively, 

Cexhaust-steady is the average concentration at the ventilation 

exhaust under steady-state conditions. It should be noted 

that the average concentration at exhaust terminal during 

steady-state conditions is always used regardless of the 

duration time of an event. However, it should be noted 

that the New Exposure Index can be used under the 

assumption that the dosing rate of tracer gas is stable 

during the whole process of experiments. 

3. Result 

3.1 Real-time and Average Exposure Index 

Figure 3 shows the result of the real-time exposure index 

under the condition of face-to-face, when the distances 

are 0.50 m, 1.0 m, and 1.5 m with the air change rate of 

2 h-1. The figure indicates that the fluctuations were large 

at the shortest distance. The standard deviations of the 

fluctuations were 0.80, 0.20, and 0.22 for the distance of 

0.5 m, 1.0 m, and 1.5 m, respectively. Figure 4 shows the 

accumulated moving average exposure index for the 

same conditions as in Figure 3.  Compared with the real-

time exposure index, the average exposure index has low 

fluctuations. The results in Figure 4 show that the 

exposure level increases rapidly during the first 3 

minutes and slowly after 5 minutes when the distance is 

0.5 m. Therefore, the average exposure index was 

adopted to analyse the data.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. The real-time exposure level under the condition of 

2ACH, positioning of face-to-face  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. The moving average exposure level under the condition 

of 2ACH, positioning of face-to-face 

3.2 The Influence of Positioning 

Figures 5 and 6 compare the change of average exposure 

index in time for face-to-face positioning of the manikins 

at distance of 0.5, 1.0 and 1.5 m. Results at air change 

rate of 2 h-1 and 6 h-1 are presented in the figures. The 

longer time of the exposure, the higher the exposure 

level was.  When the air change rate was 2 h-1, the 

distance of 1.0 m between the two manikins was enough 

to reduce considerably the exposure level. However, 

when the air change rate was 6 h-1, the average exposure 

indexes at 1.0 m and 1.5 m became higher than those at 

the 2 h-1.  
  

 

 

 

 

 

 

 

 

 

 

 

𝜀𝑠(𝑡)      =
[𝐶𝑖𝑛  𝑡 − 𝐶𝑠𝑢𝑝𝑝𝑙𝑦 (𝑡)]                           

[𝐶𝑒𝑥ℎ𝑎𝑢𝑠𝑡  𝑡 − 𝐶𝑠𝑢𝑝𝑝𝑙𝑦 (𝑡)]                                 
 

0

2

4

6

8

10

0:00 0:05 0:10 0:15 0:20 0:25 0:30

E
x
p

o
su

re
 I

n
d

ex
 [

-]

Time [h:min]

D=0.5 m D=1.0 m D=1.5 m

0

2

4

6

8

10

0:00 0:05 0:10 0:15 0:20 0:25 0:30

E
x
p

o
su

re
 I

n
d

ex
 [

-]

Time [h:min]

D=0.5 m D=1.0 m D=1.5 m

0

0.2

0.4

0.6

0.8

1

0:00 0:05 0:10 0:15 0:20 0:25 0:30

E
x
p

o
su

re
 I

n
d

ex
 [

-]

Time [h:min]

D=0.5 m D=1.0 m D=1.5 m

R² = 0.9997

R² = 0.8493

R² = 0.8283

0

1

0 5 10 15 20 25 30

E
x
p

o
su

re
 in

d
ex

 [
-]

Time [min]

Face-to-Face 2ACH 0.5_B 1.0_B 1.5_B

ed (t) =
Cin (t)

Cexhaust-steady

ed (t) =
Cin (t)

Cexhaust-steady

 

    
 

, 0 (201Web of Conferences https://doi.org/10.1051/e3sconf/20191110109)
201

E3S 111 10
CLIMA 9

98 98

3



 

 

 

Fig. 5.  Face-to-face with 2ACH 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Face-to-face with 6ACH 
Figures 7 and 8 show comparison of the average 

exposure index at different distances between the 

manikins positioned face-to-back at air change rate of 2 

h-1 and 6 h-1 during short-term events. The comparison of 

the results in the figures show that the average exposure 

index at the three distances are similar to each other. The 

gradient of the change of the average exposure index is 

smaller at 2ACH than at 6ACH. In addition, the 

exposure index during short-term events does not always 

decrease with the increase of separation distance.  
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Face-to-back with 2ACH 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Face-to-back with 6ACH 

4. Discussion 

New Exposure index enabled the evaluation of exposure 

level during short-term events by using the steady-state 

average concentration at exhaust terminal, while past 

indexes have limitations for evaluation of short-term 

events. Though the real-time exposure index has a high 

fluctuation, the average exposure index indicated the 

change over time clearly. Therefore, the new exposure 

index is useful to evaluate the exposure during short-

term event under the assumption that tracer gas is 

released constantly. 

The results revealed that in the case of face-to-face 

positioning, the distance between two persons should be 

longer than 1.0 m in order to have a relatively low 

exposure risk.  

The distance shorter than 0.5 m should be avoided 

because the exposure index is very high regardless of the 

amount of air change rate. 

5. Conclusion 

New exposure index induced as the ratio of the 

cumulated-inhaled-concentration to the cumulated-

average-exhaust-concentration was established. The 

index is useful to evaluate the exposure level under the 

short-term events. The index was applied to study 

exposure risk under stratum ventilation.  
It was found that high exposure cannot be avoided 

when the distance between two persons is less than 0.5 

m.  

The average exposure index increases over time, but 

the increasing rate depends on the duration of the 

exposure time.  

The average exposure index during short-term events 

does not always decrease with the increase of separation 

distance.  

The findings of this study are different from those 

obtained based on steady-state conditions, implying that 

the control measures formulated based on steady-state 

conditions are not necessarily effective to short-term 

events. 

The present study shows the influence of positioning 

of two manikins and air change rate under the condition 

of stratum ventilation. The direction of air flow is 

different in other air distribution modes, e.g. mixing 

ventilation and displacement ventilation, and its impact 

on exposure needs to be studied. 
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