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Abstract: This study experimentally examines and compares the dynamics and short-term
events of airborne cross infection in a full-scale room ventilated by stratum, mixing and
displacement air distributions. Two breathing thermal manikins were employed to simulate a
standing infected person and a standing exposed person. Four influential factors were
examined, including separation distance between manikins, air change per hour, positioning
of the two manikins and air distribution. Tracer gas technique was used to simulate the
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exhaled droplet nuclei from the infected person and fast tracer gas concentration meters
(FCM41) were used to monitor the concentrations. Real-time and average exposure indices
were proposed to evaluate the dynamics of airborne exposure. The time-averaged exposure
index depends on the duration of exposure time and can be considerably different during
short-term events and under steady-state conditions. The exposure risk during short-term
events may not always decrease with increasing separation distance. It changes over time and
may not always increase with time. These findings imply that the control measures
formulated on the basis of steady-state conditions are not necessarily appropriate for short-

term events.

Keywords: airborne transmission, indoor air quality, building ventilation, dynamics, short-

term events, concentration measurement

Practical implications

The transient characteristics of cross infection between room occupants during short-term
events revealed in this study improve our understanding of airborne transmission. The
obtained knowledge can contribute to improved control measures for airborne transmission
during short-term events. The new exposure indices developed in this study are useful for

future studies of dynamic airborne exposure.

1. Introduction

It has been shown that the transmission of virus-contained exhaled air in indoor
environments, namely airborne transmission, is one of major person-to-person dissemination
routes for a number of infectious diseases, such as tuberculosis, measles, smallpox, severe

acute respiratory syndrome (SARS), chickenpox, anthrax, mumps, avian influenza and
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influenza.'"” Enclosed indoor environments are among the most high-risk occasions for
airborne transmission, given that people spend most of their time indoors and that indoor
spaces are usually densely populated and less well ventilated. Knowledge of the mechanism
and characteristics of airborne transmission between room occupants is thus of great
importance for developing effective exposure control measures, particularly during outbreaks

of infectious diseases or in highly vulnerable places.

Airborne cross-infection between an infected person and an exposed person in indoor
environments takes place by direct and indirect transmission®. Direct transmission occurs
when the air exhaled by the infected person is inhaled by the exposed person after entering
and mixing with the breathing zone air of the exposed person. Indirect transmission occurs
when the air exhaled by the infected person disperses and mixes with the room air before it
reaches the breathing zone and is inhaled by the exposed person. The risk of cross infection
from direct transmission can be influenced by a number of different parameters, such as air
distribution, distance between the persons, positions and orientations of the persons,
breathing mode, activity level and occupant movement, while the risk of cross infection from
indirect transmission is influenced mainly by the volume of the occupied space and the
supply air flow rate.* Past studies have examined these parameters and some important
findings have been reported. The transport of exhaled droplet nuclei from an infected person
to an exposed person in the indoor environment is governed by a complex interaction of
various airflows, including breathing flow, human body boundary layer flow” and ventilation
flow. The distance between persons determines which will be the dominant air flow.® For
short distances (e.g., <0.5 m), the human microenvironment, including the interaction
between breathing flows, plays a key role in determining the risk of cross-infection; for

longer distances the ventilation flow is more important. In general, the risk of cross-infection
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sharply decreases with as the distance between occupants increases, until the distance reaches
approximately 0.8-1.5 m’"® and the risk has become close to what it would be under well-
mixed conditions. As the exhaled flows are highly directional, the position and orientation of
the occupants are important factors in determining the risk of cross-infection, especially over
short distances. Under most conditions, face-to-face orientation leads to the highest risk and
face-to-back the lowest risk.'™"*" A knowledge of the influence of these parameters is

fundamental for formulating effective control measures.

In the engineering discipline of indoor air, our understanding of the characteristics of
exhaled droplet nuclei and the evaluation of the risk of cross-infection have been gained
either in experimental studies in test rooms or in numerical studies using Computational Fluid
Dynamics (CFD) simulations. Accurate sampling of the concentration at important locations,
such as the air inhaled by the exposed thermal manikin and the ventilation exhaust, is an
essential element of the research methods used in these studies. Tracer gas has been widely
used to simulate the transfer of exhaled droplet nuclei>”'®'*'>!® and the rationale of this
approach has been discussed extensively.17 However, most tracer gas instruments, including
the widely used photoacoustic gas monitor INNOVA, have a sampling time of the order of
10-60 second, which is much longer than the period of inhalation or exhalation (which are of
the order of 1 second). Aerosol generators have been increasingly used to provide a more
accurate simulation of the transfer of exhaled droplet nuclei.'*'*** However, they are mostly
used alone (i.e. not in conjunction with a manikin) and have a sampling interval of no smaller
than 1 s."**"** CFD techniques are capable of performing high time-resolution sampling of
the concentration. However, past CFD studies of airborne transmission were limited to the
2324 1.

use of steady-state Reynolds Average Navier Stokes (RANS) turbulence models.

general, these low time-resolution research techniques have been applied under steady-state

This article is protected by copyright. All rights reserved.



conditions. The dynamic process of the transport of exhaled droplet nuclei is still awaiting
exploration.

Apart from steady-state conditions, the dynamic process of the transport of exhaled
droplet nuclei can also be worth investigation, for the following reasons. First, human
breathing activities are highly dynamic processes, consisting of exhalation, inhalation and a
break,” and the infectious droplet nuclei are released only during the exhalation phase. The
dynamics of airborne transmission between occupants depends on the interaction between
ventilation flow, convective boundary layer and thermal plume of the body, and breathing
flows. Second, under certain conditions, the risk of cross-infection is determined by the
exposed dose, including both concentration and duration of exposure. Accurate and fast
sampling of the concentration over time (since the start of the event) is especially important
for a reliable evaluation of the exposure risk during short-term events. Typical examples of
such short-term events include a short meeting and a consultation with a physician. However,
it has to be made clear that there could be two types of short-term events in real life. One has
a steady-state background concentration; namely the infected person has been in the space for
a sufficiently long time. Another has a building-up background concentration; namely the
infected person has just entered the space. The present study focuses only on the second type.
Third, in order to evaluate the risk of cross-infection and formulate cost effective intervention
measures for a certain type of pathogen, it is important to compare the timescale of
accumulating a dose and the survival time.**® This comparison can be made only on the basis
of dynamic measurements. In general, to improve the understanding of airborne transmission
and thus to formulate more accurate control measures, especially for short-term events, it is
necessary to investigate the dynamic transport process of exhaled droplet nuclei between

occupants.
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The objective of this study is to investigate the dynamics and short-term events of
airborne transmission between persons. Experiments were conducted in a test room and two
breathing thermal manikins were used to simulate a standing infected person and a standing
exposed person, respectively. Four important influential parameters were varied
systematically: the separation distance between the manikins (from 0.35 to 1.5 m); air change
rate per hour (2 h™' and 6 h'™"); orientation of the two manikins (face-to-face and face-to-back);
and air distribution system (stratum, mixing and displacement). Tracer gas technique was
used to simulate the exhaled droplet nuclei from the infected person and fast concentration
meters (FCM41, see section 2.3 for details) were used to monitor the concentrations.
Particular attention was paid to accurate measurement, reliable evaluation of dynamic
airborne transmission, and to increasing our understanding of the general characteristics and
special aspects of short-term events that are different from those under steady-state
conditions. The findings of this study are expected to contribute to improved control

measures for airborne transmission of infection indoors.

2. Methods
2.1 Experimental setup

2.1.1 Test room

The experiments were conducted in a full-scale test room with dimensions of 4.4 m x 4.7
m x 2.6 m (see Figure 1 (a)-(c)). The walls of the room were made of insulated chipboard,
except that one of the walls was made of thick single-layer glazing. The room was built in a
large laboratory hall, where the air temperature was controlled by a separate ventilation
system. In this study, the air temperature in the laboratory hall was controlled to be the same
as that inside the room, to improve the stability of the air temperature inside the room. Six

fluorescent light fixtures of 6 W each were mounted on the ceiling to provide lighting. Two
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breathing thermal manikins were used to simulate one infected person and one exposed
person. The sensible heat power of each manikin was 80 W, so the total heat load generated

in the test room was 9.5 W/m”>.
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Figure 1 Schematic view of the full-scale test room mounted with stratum air distribution
(SV) (a), mixing air distribution (MV) (b) and displacement air distribution (DV) (c); the
face-to-face positioning (a)-(c) and the face-to-back positioning (d); and the mixing box and
diffusers of the stratum air distribution (e); the separation distance ‘D’ between occupants
refers to the mouth-to-mouth distance.

2.1.2 Air distribution

Experiments were performed with stratum, mixing and displacement air distribution. A
schematic view of the test room and the three air distribution methods are provided in Figure
1 (a)-(c). The stratum air distribution (SV) was proposed by Lin et al.,”” and was found to be
a suitable energy-efficient way of maintaining the indoor thermal environment in small-to-
medium sized spaces.”’” For SV, four round diffusers with perforated face plates were used for
both the supply and the exhaust purposes, which were mounted on the side walls and at a

height of 1.9 m. For the mixing air distribution (MV), a square supply diffuser with a
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perforated face plate was installed at the centre of the ceiling with an exhaust diffuser in the
corner of the ceiling. To achieve displacement ventilation (DV), a semicircular perforated
diffuser was installed on the floor in the corner of the room and a square exhaust intake in the

corner of the ceiling. During the experiments, 100% outdoor air was supplied to the room.

2.1.3 Breathing thermal manikins

Two breathing thermal manikins with the accurate body shape and size of an average adult
woman of 1.7 m in height were used. The manikin simulating an infected standing person
(referred to below as the source manikin) consisted of 17 separately heated body segments
and the manikin simulating an exposed standing person (referred to below as the exposed
manikin) had 23 such segments. The temperature and heat power of the body segments were
controlled separately by a computer program. In this experiment, the surface temperature of
the standing manikins was controlled to be close to the skin temperature of a person in a state
of thermal comfort. The manikins were wore a short-haired wig, T-shirt, trousers, underwear,
ankle-length light socks and light shoes, which together provided 0.5 Clo of thermal
insulation. The thermal manikins were able to realistically establish the free convection flow

around and thermal plume above a human body.

Each manikin was connected to a set of artificial lungs28 to simulate human breathing. The
pulmonary ventilation rate was 6.0 L/min and the breathing frequency was 10.0 times/min.
Each breathing cycle consisted of 2.5 s inhalation, 2.5 s exhalation, and 1.0 s break. The
breathing mode of the source manikin was inhalation through the nose and exhalation
through the mouth and that of the exposed manikin was inhalation through the mouth and
exhalation through the nose. This combination of breathing modes had been found to be the

worst condition for cross infection in most circumstances.® Note that the breathing phase of
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the two manikins was not controlled. The exhaled air was heated to 34.7 [1, without being
humidified.”* The nostrils were circular openings, each with a cross-sectional area of 38.5
mm®. The mouth was an ellipsoidal opening with a cross-sectional area of 158 mm?>.> The
two jets from the nostrils were angled 45° downwards from the horizontal plane and 30° from

each other.*
2.2 Experimental conditions

A real-life photo of part of the experimental setup is shown in Figure 2. In the experiments
with stratum air distribution, the manikins were located on a vertical plane between the
diffusers, avoiding the direct jet flows. The source manikin was located 1.1 m away from the
wall with the diffusers, where the air speeds were less than 0.8 m/s. Apart from air
distribution, a further three parameters were varied: air change per hour (ACH), positioning
of the two manikins and separation distance between the two manikins. The detailed
experimental cases and conditions are summarized in Table 1. The design of these
experimental conditions was based on a compromise between experimental resources and the
capability to reveal the characteristics of airborne transmission during short-term events. The
ACH values of 2 h™ and 6 h' were selected to represent relatively low and high air change
rates that commonly occur in office environments. Face-to-face and face-to-back positioning
were selected, as they are known to be the riskiest and safest arrangements,
respectively.'®!*!® The exposed manikin was moved to change the separation distance. The
separation distances studied were 0.35, 0.5, 1.0 and 1.5 m. The distances 0.35 m and 0.5 m
were intended to represent close conditions with direct interaction of breathing flows, and
since at 1.5 m well-mixed conditions with negligible interaction of breathing flows was
expected, 1.0 m was selected to be in between.’ The room air temperature was controlled to
be 24 + 0.5 [1. The relative humidity of the indoor air was not controlled but was measured to

be approximately from 30% to 40% during the experiments.
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Figure 2 The real-life set-up of the face-to-face (Termed Positioning A) and face-to-back
positioning (Termed Positioning C), in which the left manikin simulated an infected person
and the right one an exposed person; the tubes visible in the figures were used for connecting
the artificial lungs and tracer gas monitors.
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Table 1 A list of experimental conditions.

Cases Conditions Air ACH (h™) Positioning Separation distance
distribution of two D (m)
manikins
1 1-4 SV 2 A 0.35,0.5, 1.0, 1.5
2 5-8 SV 2 C 0.35,0.5, 1.0, 1.5
3 9-12 SV 6 A 0.35,0.5, 1.0, 1.5
4 13-16 SV 6 C 0.35,0.5, 1.0, 1.5
5 17-20 MV 2 A 0.35,0.5, 1.0, 1.5
6 21-24 MV 2 C 0.35,0.5, 1.0, 1.5
7 25-28 MV 6 A 0.35,0.5, 1.0, 1.5
8 29-32 MV 6 C 0.35,0.5, 1.0, 1.5
9 33-36 DV 2 A 0.35,0.5, 1.0, 1.5
10 37-40 DV 2 C 0.35,0.5, 1.0, 1.5
11 41-44 DV 6 A 0.35,0.5, 1.0, 1.5
12 45-48 DV 6 C 0.35,0.5, 1.0, 1.5

2.3 Measured parameters and instrumentation

Tracer gas (N,O, nitrous oxide) was used to simulate the exhaled virus-laden droplet
nuclei from the source manikin. It was dosed directly into the exhaled flow of the source
manikin through the artificial lung. The dosing rate was 0.5 L/min, which approximates to the
fraction of CO; in the exhaled flows. The air supplied from the lungs was decreased with by
same amount (0.5 L/min) in order to maintain a constant total exhaled flow rate. In this way,
the initial momentum of the exhaled flow, and thus the delivery distance of the tracer gas, a
key factor influencing the exposure, was maintained. A sensitivity test shows that the dosing
rate of 0.4, 0.5 and 0.6 L/min gave very similar exposure index, when keeping the same
amount of pulmonary ventilation rate. Two instruments measuring N,O concentration, a Fast

Concentration Meter (FCM 41) and an INNOVA Multi-gas Sampler and Monitor (1312),
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were cross compared under both steady-state and dynamic conditions (see section 3.1). The
FCM was an instrument that was specially developed to be fast, based on a non-dispersive

infrared absorption (NDIR) method.>"**

It had a sampling rate of 4 Hz and a time constant of
0.8 s, so that it was able to follow the dynamic changes in each breathing cycle. The
resolution of the FCM was 1.0 ppm and the expanded uncertainty was +20.0 ppm (95%
confidence level). The INNOVA instrument (up to six channels) was based on the
photoacoustic principle. When 2 channels were used simultaneously, the sampling rate was
80 s per set of data. The expanded uncertainty of the INNOVA analyser was 3% of the
reading (95% confidence level).

Throughout the experiments, the two manikins were always breathing. Continuous tracer
gas measurements were performed at the mouths of the manikins (i.e. in the exhalation of the
source manikin and the inhalation of the exposed manikin) and at the exhaust outlet of the
ventilation system. The location of the measuring points at each mouth was centrally placed
between the lips and at a distance of 0.005 m from the surfaces. Tracer gas dosing started
after the indoor airflow distribution reached steady-state conditions and ended 40 min after
the steady-state condition of the concentration had been reached (see Section 2.4). Tracer gas
sampling was conducted immediately after the start of dosing. The FCM monitors were
calibrated every measuring day both before and after the measurements.

2.4 Data analyses

Results of single sets of measurements were adopted in this paper, except in Section 3.4,
where three repeated measurements under the same condition for a few cases were analyzed.
Although many repeated sets of measurements are important to observe the statistical
averages and variations of the risk of cross infection during a specific short-term event, the

findings obtained in Section 3.4 supports the use of single sets of measurements to reveal the
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different characteristics of airborne transmission during short-term events and under steady-
state conditions.

The INNOVA data was used directly in further analysis. The FCM data were corrected for
the time required for the N,O samples to travel in the sampling tube from the sampling
location to the FCM monitors,” and Fourier transformation was then used to provide a
frequency correction of the signals. These time series of concentrations were divided into two
parts, before and under steady-state conditions, in the data analysis.

For the data under steady-state conditions, time-averaged mean values were calculated. In
order to obtain a time-independent mean value under steady-state conditions, a sufficient
number of samples are required. For INNOVA with two channels activated, a period of 40
min provided 30 samples, which was determined to be sufficient on the basis of a sensitivity
test of the influence of the number of samples on the time-averaged mean values. The
sampling period of 40 min included 400 breathing cycles, during which 9600 samples were
collected by the FCM monitors. It has been shown that 40 min is a sufficiently long time for
FCM to obtain a time-independent mean value.”

In combination with these time-averaged values, the data before steady-state conditions
were analysed based on the new evaluation methods of dynamic airborne transmission
developed in this study (see Section 3.2.2 for details).

3. Results and analysis
3.1 Measurement of dynamic concentration evolution

In order to select a reliable method of measurement for the dynamic evolution of tracer gas
concentration, the slow (INNOVA) and fast (FCM) methods were compared under two
circumstances. The first comparison was to measure a relatively stable concentration under
steady-state conditions, i.e. constant ACH and tracer gas dosing rate. The measurements were

performed in the test room with the MV air distribution method (see section 2.1.1-2.1.2). The
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tracer gas was dosed at the geometrical centre of the test room. The sampling location was at
the ventilation exhaust of the test room and for each case the sampling lasted for 40 min. The
second comparison was to measure dynamic concentration development during a short
period. The experimental conditions were the same as in Case 1 and are listed in Table 1,
namely airborne transmission with SV system in operation with positioning A and ACH = 2
h (see Section 2.1 for details).

Figure 3 shows a comparison of time-averaged concentrations under steady-state
conditions, when the concentration was controlled to be in the range from 0 to 300 ppm.
There is a systematic difference in the measurements obtained by the two instruments. When
the concentration was above 50 ppm, the relative deviations were more stable, ranging from
12% to 20.6%, with an average of 16.5%. The deviations increased up to approximately 30-
40% when the concentration was between 25 and 50 ppm and were over 100% when the
concentration was less than 25 ppm. The increased deviations are believed to have occurred
for two reasons. The first is that mathematically a higher relative deviation is more likely to
occur between two lower numbers. The second is that, owing to its physical principle, the
FCM instrument has a slightly lower resolution at low concentration. Overall, most points fall
well onto the fitted line (y = 0.88x — 5.66) in Figure 3. Despite the deficiency of the FCM
instrument in the measurement of low concentrations, especially below 25 ppm, the
comparison presented in Figure 3 generally justifies the use of FCM for measurement at
relatively high concentration, given that the systematic deviations can be eliminated after

normalization.
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Figure 3 Cross-comparison of the slow (INNOVA) and the fast (FCM) methods at various
levels of concentration under steady-state conditions.

A comparison of the two instruments was further made during a short (5 min) period (see
Figure 4), when the separation distances between the two manikins were 0.35 m (a) and 1.0
m (b). As the sampling interval of the INNOVA (two channels used) was 80 s, only 4
samples were obtained during each 5 min period. For the FCM, however, 1200 samples were
obtained. At the two separation distances, the average exposure indices calculated from the
INNOVA results differ from those calculated from the FCM results by 85.4% and 53.1%,
respectively. It is therefore obvious that the 4 samples obtained by the INNOVA cannot
indicate both the evolution of the exposure index over time and the time-averaged exposure
index during this period of time. The limitation of the slow instrument to measure accurately
is more significant at D = 0.35 m than at D = 1.0 m, basically because the flow interaction in
the breathing zone is stronger at D = 0.35 m than it is at D = 1.0 m.* In general, the
comparison made here suggests that fast concentration measurements using the FCM is a
more reliable method for investigating dynamic airborne transmission during short-term

events.

This article is protected by copyright. All rights reserved.



N
o

(@) D=0.35m ECM

[
oo

O INNOVA

[
(e)]

e
o N b

Real-time exposure index

o N B O

Time (min)

(b)D=1.0m

Real-time exposure index
N
1

o h Jmet O TRN ., PRI L | LT S T R 1

Time (min)

Figure 4 Comparison of the evolution of the real-time exposure index (see Section 3.2.2 for
definition) given by the slow and the fast methods during a short (i.e., 5 min) period of
airborne transmission (SV, Positioning A, ACH =2 h™).

3.2 Development of a dynamic evaluation method
3.2.1 Limitations of existing evaluation methods

In order to evaluate dynamic airborne transmission, a suitable evaluation method is

required. In the context of steady-state conditions, there are two widely used methods for

34,35

evaluating the risk of cross-infection, namely intake fraction (IF) and exposure index

6.9,10,13,15,18,21,22,36-42
(&)
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The intake fraction is defined as the proportion of pollutant mass exhaled from the

34,35

infected person that is then inhaled by the exposed person, which can be written as:

t:
fom Cin(t)Mindt

t
fo % Cex () Mexdt

IF(t) = (1

where Cy;, is the inhaled concentration of the exposed person, C,, is the exhaled concentration
of the infected person, M;, and M,, are mass flow rates of inhaled flow of the exposed
person and exhaled flow of the infected person, respectively, C;,(t) and C,,(t) are the
inhaled concentration of the exposed person and the exhaled concentration of the infected
person at time t, respectively, t;, and t,, are the exposure time of the exposed person and the
respiratory time of the infected person, respectively.

During the present experiments, it was found that the C,, was extremely sensitive to the
sampling location and dosing flow rate. On one hand, the sampling location might be
changed slightly from case to case because of the change of experimental setup, although
efforts were made to ensure the same location during all cases. However, owing to the large
concentration gradient in front of the mouth, even a tiny change of the sampling location by,
for example 0.001 m, would result in a large difference in C,,. On the other hand, the dosing
flow rate of tracer gas could not be kept exactly the same in different cases. Even a small
difference in dosing flow rate would cause a large difference in C,,. The recorded C,, values
in the present study varied by £15% between the different cases.

Unlike the intake fraction, the exposure index takes the concentration at the ventilation
exhaust, instead of at the source person, as a normalization reference to indicate the risk of

cross-infection of the exposed person, which is expressed as:

[Cin(®)—Csuppiy (®)]

t) =
85( ) [Cexhaust(®)—Csuppiy (t)]

2

where Csyppry and Cexpayse are the pollutant concentration at the ventilation supply and
exhaust, respectively; the overhead bar indicates averaging during the time period of t. In this
study, the tracer gas (N;O) concentration in the ventilation supply ( Cgyppiy) can be

considered to be zero.
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During the present experiments, it was found that many spurious and extremely high
values of &,(t) were obtained at the beginning of tracer gas dosing (i.e., at small t), which
further increased the m values until the end of an event or cross-infection (i.e., at large t).
The reason is that the concentration at the ventilation exhaust, Cpypqust, Starts to increase at a
later time than at the inhalation of the exposed manikin, which therefore results in extremely
low concentrations at the exhaust at the beginning of dosing.

3.2.2 New dynamic evaluation method

In order to obtain a proper evaluation of dynamic airborne transmission, a new
evaluation method was developed in this study. The new method utilizes the stability of the
average concentration at the ventilation exhaust under steady-state conditions. It has the
following expressions for evaluating both real-time risk of cross-infection at a specific
moment and average risk of cross-infection during a specific time period (since the start of

the event), respectively.

£a() = 3)

Cexhaust—steady

&a (t) Z% (4)

Cexhaust-steady
where &,4(t) and £4(t) are the real-time exposure index and the time-averaged exposure
index, respectively; W is the average concentration at the ventilation exhaust
under steady-state conditions. A proportional method was then proposed to calculate the
standard deviations of the C;,, (t)during a specific time period t, which is written as:

Cin(t)
04 (t)zo'exhaust—steady ' Coxhaust_steady 5)

where 04(t) and Gexpqust—steady are the standard deviations of the Cy, (t) during a specific
time period t and the standard deviation of the Coxpqust—steaay Under steady-state conditions,

respectively.
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For each case, there is only one value for the term W. The advantages of
using this term include first, avoiding the influence of the delayed building-up of
concentration at the exhaust terminal and second, counteracting the intervention factors
involved in the concentration measurements of Cj,(t) through normalization. The
disadvantage would be that, for each case, measurements under steady-state conditions must
be conducted, even if the interest is only in the short-term events that end before the steady-
state condition has been achieved. In addition, the new exposure indices are built upon the
presumption that the tracer gas dosing is stable all the time during the whole process of a

specific condition (see Table 1 for conditions).

3.3 General dynamic characteristics of airborne transmission

The general dynamic characteristics of airborne transmission are shown in Figure 5. It
can be seen that the real-time exposure index is never a constant and fluctuates over time. For
the cases shown in Figure 5(a), the time-averaged value of the real-time exposure index (and
standard deviation) are 0.83 (and 1.66) and 0.78 (and 0.52) for D = 0.35 m and D = 1.0 m,
respectively. The observed fluctuations of €4 (t) are caused by the fluctuation of the tracer
gas concentration in the air inhaled by the exposed manikin, which essentially resulted from
the intermittent exhalation of tracer gas by the infected manikin as well as the instability and
turbulence of the airflow, especially in the breathing zone. The fluctuation intensity is
determined by factors that influence the level of the inhaled concentration, such as the

separation distance between the two manikins.
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Figure 5 Evolution of real-time and time-averaged exposure index over time (SV,
Positioning A, ACH =2 h™).

The fluctuating real-time exposure index results in a varying time-averaged exposure
index over time, as shown in Figure 5 (b). Here two observations can be made. First, the
time-averaged exposure index can vary substantially over time, especially when the
separation distance is short (i.e., 0.35 m). This is an important finding, as it implies that the
time-averaged exposure index is dependent on the duration of an event. Second, the change
of time-averaged exposure index over time at different separation distances follows different

patterns. The time-averaged exposure index at a short separation distance does not

This article is protected by copyright. All rights reserved.



necessarily always have a higher value than at a longer separation distance, which, again,

depends on the duration of an event.

3.4 Variation of time-averaged exposure index among repeated measurements

The results presented in this paper were mostly obtained based on single sets of
measurements. In order to evaluate the variation of time-averaged exposure index among
repeated measurements under same conditions, this section presents the results and analysis
of repeated measurements of a few cases (see Figure 6).

As shown in Figure 6 (a)-(b), the variations of time-averaged exposure index during short-
term events among three repeated measurements are considerable at D = 0.35 m, which
become much moderate at D = 1.0 m. Such variations are closely related to the fluctuation
intensity of real-time exposure index during a short-term event, as indicated by the standard
deviations shown in Figure 6 (a)-(b). The large variations demonstrate the inherently random
nature of time-averaged exposure index during short-term events (see detailed analysis in
Section 4). For both cases at D = 0.35 m and D = 1.0 m, the largest standard deviation in
time-averaged exposure index among the three repetitions occurs during the 2 min event, and
the standard deviation mostly decreases with the increase of the duration of an event (see
Figure 6 (c)). These findings support that the results obtained from single sets of
measurements can be very different from the averages of many repeated measurements.

With regard to the change of time-averaged exposure index with event duration, at D =
0.35 m (Figure 6 (a)), the three repetitions reveal that the time-averaged exposure index may
not always increase with the increase of event duration; at D = 1.0 m (Figure 6 (b)), the three
repetitions show that the time-averaged exposure index increases with the increase of event
duration. With regard to the change of time-averaged exposure index with separation distance

(Figure 6 (d)), the three repetitions reveal that the time-averaged exposure index may not
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always decrease with the increase of distance. Overall, these results support the use of single

sets of measurements to demonstrate the different characteristics of airborne transmission

during short-term events from those under steady-state conditions.
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Figure 6 Variation of time-averaged exposure index during short-term events among
repeated sets of measurements under the same condition (SV, Positioning A, ACH = 2 h'l);
the sign of the numbers above or below the bars in (d) indicate the relative magnitude of the
difference of time-averaged exposure index between those at D = 0.35 m and D = 1.0 m,

where positive means that the value at D = 0.35 m is larger than at D = 1.0 m.

3.5 Airborne transmission during short-term events
3.5.1 Influence of separation distance

Figure 7 shows the influence of the separation distance on the time-averaged exposure
index during various short-term events under SV. As the general trend of the influence of
separation distance (and also positioning, in Section 3.5.2) is the same among the three air
distribution methods, the results of MV and DV are not presented. The results under steady-
state conditions are also plotted to facilitate the comparison. From this figure, four findings
can be obtained. First, for most conditions (especially at ACH =6 h™), the separation distance
is still the dominant factor determining the risk of cross infection, which means that the time-
averaged exposure index mostly decreases with an increase in separation distance. Second,
the time-averaged exposure index may not always decrease with an increase in the separation

distance (this is supported by the repeated measurements presented in Section 3.4). At ACH =
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2 h' (Figure 7(a)), the time-averaged exposure index increases with the separation distance
during the first 2 min; it first decreases and then increases with distance between the 5th and
10th min; and it always decreases with distance during a 30 min event and in a steady-state
condition. Third, the time-averaged exposure index may not always increase over time (this is
supported by the repeated measurements presented in Section 3.4), especially under
conditions with a short separation distance and a large ACH (Figure 7(b), D = 0.35 m), where
the exposure index during a 20-min short-term event is higher by up to 70% than in the
steady-state condition. Fourth, increasing ACH results in higher exposure indices during
short-term events at a distance of 0.35 m, which must be attributed to the intensified
dispersion of the exhaled tracer gas as well as the increased fluctuation and uncertainty of the

exposed concentration.
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Figure 7 Comparison of time-averaged exposure indices at different separation distances
during various short-term events and under steady-state conditions (SV, Positioning A).

3.5.2 Influence of positioning

Figure 8 shows the influence of positioning on the time-averaged exposure index during
various short-term events and under steady-state conditions. At ACH = 2 h', face-to-face
positioning (A) is riskier than face-to-back positioning (C) both for short-term events and in
the steady-state condition. However, the relative difference in time-averaged exposure index
given by the two types of positioning depends largely on the duration of an event, which, for
example, is 72.9% for 2 min and 30.4% for the steady-state condition. Previous studjes'®'*1
have reported that, under steady-state conditions, face-to-face is the riskiest positioning and
face-to-back is the safest. This study adds that the face-to-face positioning should be avoided
even during short-term events. When ACH = 6 h', the two types of positioning gave very
similar exposure indices. The reason is that the strong intervention of the horizontal supply
flow on the breathing zone helped to disperse the exhaled tracer gas into the room air so that

direct exposure was largely reduced. The findings can also lead to the conclusion that ACH

has equal or even larger influence than positioning on the risk of cross-infection.
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Figure 8 Comparison of time-averaged exposure indices at different positioning during
various short-term events and under steady-state conditions (SV, D = 1.0 m).

3.5.3 Influence of air distribution methods

Figure 9 shows the influence of air distribution on time-averaged exposure index during
various short-term events and under steady-state conditions. The trend for either SV or MV to
result in the highest average exposure indices and DV to result in the lowest was mostly the
same for both short-term events and steady-state conditions. In addition, the relative
differences in time-averaged exposure index given by the three air distributions during
different short-term events and steady-state conditions are close to each other, with a relative
deviation of less than 15% for most conditions. This suggests that the influence of air

distribution is generally small, regardless of the duration of an event.
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Figure 9 Comparison of time-averaged exposure indices under the three air distributions
during various short-term events and under steady-state conditions (Positioning A, ACH = 2
nh.

4. Discussion

This study examined airborne transmission between room occupants during short-term
events, focusing on its measurement, evaluation and characteristics. The findings are intended
to contribute to improved understanding and control of airborne transmission indoors.

The comparison of the fast and slow measurements of tracer gas concentration during
short-term events indicates clearly the limitations of slow measurements in investigating the
dynamics of airborne transmission and the need for fast measurements. The sampling interval
for slow measurements is much longer than the fluctuating timescales of the concentration in
the breathing zone, so they cannot capture the detailed evolution of the exposure, and these

details are important for the evaluation of short-term events. The reasons for the large and
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rapid fluctuation of the exposure concentration include two main aspects. One is the short
timescale of tracer gas release, which took place only during the exhalation, i.e. during 2.5
seconds of each 6-seconds breathing cycle. The other is the strong flow interaction and thus
highly varying concentration exposure that occurs in the breathing zone.

An analysis of two widely-used risk-evaluation methods (intake fraction and exposure
index) reveals their limitations in evaluating dynamic airborne transmission and thus the need
to develop a new evaluation method. The methods have been shown in many past studies to
be suitable for evaluating airborne transmission under steady-state conditions. They are
theoretically also suitable for dynamic conditions. However, as found in the present
experimental study, the special aspects that make the two methods less applicable for
dynamic conditions include first, the difficulty of making accurate and reliable measurements
of the very variable temporal and spatial changes in the concentrations in the exhalation of
the source manikin and second the spurious and extremely high exposure indices obtained at
the beginning of each event.

The results of the present study show that larger fluctuations of real-time exposure index
occur at shorter separation distances. The jet exhaled from relatively small mouth opening of
the infected manikin expands, entrains and mixes with air from the surrounding before it is
inhaled by the exposed manikin. The interaction of the exhaled jets, the convective boundary
layers around manikins and the ventilation flow increases the flow turbulence at the breathing
zone of the exposed manikin. At a short distance (e.g., D = 0.35 m), large fluctuations in
concentration occur, because first the flow turbulence in the breathing zone of the exposed
manikin is relatively strong and second the exhaled air from the infected manikin has not
been much mixed with the surrounding air. At a long distance (e.g., D = 1.0 m), lower

fluctuations of concentration occur, because first the flow turbulence in the breathing zone of
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the exposed manikin is relatively weak and second exhaled air from the infected manikin has
been increasingly mixed with and diluted in the surrounding air.

The results of the present study show that the exposure index during short-term events
may not always decrease with an increase in separation distance. It has been shown in

previous studies®®*'*13

that under steady-state conditions the exposure risk always decreases
with an increase in the separation distance. This general relationship between the exposure
index and the separation distance has in fact been suggested as the basis for formulating
control measures for short-range airborne transmission >, However, during short-term events,
the present study found that the risk may even increase with an increase in separation
distance, which is the opposite of what has been reported under steady-state conditions. Note
that the short-term events investigated in the present study are under the condition with
building-up background concentration. In this case, the background concentration is
relatively low and non-uniform when compared to steady-state conditions. With a low and
non-uniform background concentration, large stochastic fluctuations of concentration in the
inhalation of the exposed person occur. The fluctuations are due to strong interaction of
flows™. The exposure depends on the magnitudes of the random fluctuations during the
period of a short-term event. As a result, the time-averaged exposure index may be larger for
a longer separation distance (see Figure 5 for an example). Previous studies’ imply that the
exposure index should always increase over time until it reaches a maximum, steady-state,
level. On the contrary, the present study shows that the exposure index is not always higher
during a longer period of exposure, basically because the exposed concentration is not
constant and fluctuates considerably over time. In general, the differences between short-term

events and the steady-state condition imply that control measures based on steady-state

conditions are not necessarily effective for short-term events.
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The results of the present study show that the relative difference in exposure index given
by face-to-face and face-to-back positioning is higher during short-term events than under
steady-state conditions at ACH = 2 h'. The main difference between the two types of
positioning lies in the direct exposure level, as the indoor background concentrations are
more or less the same. The difference between short-term events and steady-state conditions
should therefore be attributed to the fact that the background concentration during short-term
events is less than it is under steady-state conditions. For two closely positioned persons, the
proportion of exhaled droplet nuclei involved in direct exposure is quite small and most of
them dissipate into the room and contribute to an elevated background concentration. The
background concentration accumulates continuously from the start of dosing until it reaches a
maximum level under steady-state conditions. In general, face-to-face positioning should
always be avoided from the viewpoint of cross-infection. The difference between the two
types of positioning is, however, not nearly as marked at ACH =6 h' (see Section 3.5.2).

Despite the aforementioned differences between the exposures resulting from short-term
events and under steady-state conditions, the present study shows that the influence of air
distribution is generally the same regardless of the duration of an event. To illustrate the
reason, one experimental condition should be recalled, which is that the dosing of tracer gas
starts after the airflow distribution reaches steady state. After steady-state conditions have
been achieved, the influence of a specific air distribution system on the transport of droplet
nuclei should be the same, regardless of the duration of an event, although turbulence would
contribute to some dynamic uncertainties.

The findings of the present study may be used to formulate more specific control
measures for airborne transmission during short-term events. An important implication of this
study is that control measures aimed at reducing direct airborne transmission during short-

term events would be more effective than dilution ventilation. The reason is that dilution
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ventilation reduces the background concentration, but the background concentration during
short-term events is certainly less than it is under steady-state conditions. An example of
suitable control measures would be localized protection methods, such as personalized
exhaust ventilation®’ and breathing masks.

The following aspects should however be noted. First, this study is limited to tracer gas
analysis. Second, this study is limited to using still manikins, whereas human movement™* is
an important parameter influencing the risk of cross-infection. Third, the application of the
newly developed evaluation methods relies on a stable dosing flow rate. Fourth, many
repeated measurements under same conditions are required in order to analyse the statistics
and variations of time-averaged exposure index during short-term events and to obtain
quantitative results. Fifth, when evaluating the risk of cross-infection during short-term
events, it must be borne in mind that exposure level is determined both by exposed
concentration and exposed time period. Sixth, the results of the present study are limited to
uncontrolled breathing phase of the two manikins. Finally, the short-term events investigated

in this study are limited to the condition with building-up background concentration.

5. Conclusions
Single sets of measurements were conducted to reveal the general characteristics of
airborne transmission during short-term events. Due to the random fluctuations during a
short-term measurement period, the specific results obtained during single sets of
measurements can be different from the averages of many repeated measurements. This study
allows the following to be drawn.
o The newly developed indices, namely the real-time exposure index and the time-
averaged exposure index, show good performance in evaluating dynamic airborne

transmission.
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o

The time-averaged exposure index during short-term events may not always decrease
with an increase in separation distance, contrary to what has been reported under steady-
state conditions.

The exposure index during short-term events changes over time and does not always
increase with time. Taking SV as an example, exposure index during a short-term event
may be up to 70% higher than in the steady-state condition.

At ACH =2 h", the relative difference in time-averaged exposure index given by the two
types of positioning, face-to-face and face-to-back, decreases by up to 42.5% from short-
term events to steady-state conditions. This difference between the two types of
positioning at ACH = 6 h™ is not nearly as marked, demonstrating the importance of
ACH.

Compared to other influential parameters investigated in this study, the air distribution
system used has little influence on short term exposure, regardless of the duration of an
event.

In general, the exposure index is determined by the duration of the event, so the control
measures formulated on the basis of observations made in steady-state conditions are not

necessarily effective for short-term events.
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