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12 Abstract:

13 The infection risk assessment associated with the contaminant inhalation can provide a
14 scientific basis for formulating mitigation measures. Previous studies on the breathing
15  zone are primarily based on the assumption of the steady formation and homogeneous
16 property, while it might not be applicable for short-term events. Large-eddy simulation
17 (LES) is employed in the present study, as well as two computational thermal manikins
18 with detailed facial features and transient breathing conditions. Exposure risks in eight
19  commonly used monitor points are compared in short-term events and under steady-
20  state conditions. Three representative physical distances between room occupants are
21  investigated, namely 0.35 m, 1.0 m, and 1.5 m. Based on the statistical difference in the
22  contaminant distribution at a short physical distance, the breathing zone could be
23 identified from the time-averaged concentration field. The results highlight that the

24  previously defined breathing zone ignores unsteady airflow characteristics,
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significantly impacting the exposure risk estimation in short-term events. Owing to the
substantial temporal variation of the contaminant in the identified breathing zone, the
instant exposure risk analysis in short-term events should consider its turbulence
intensity and concentration fluctuation characteristic. Overall, instead of using the
identified breathing zone. Point_A, Point_B, and Point_C should be employed to
evaluate infection risk in short-term events. The localized method with direct
interference on the respiratory airflow should be recommended in short-term events.

Keywords: Airborne transmission; LES turbulence model; Short-term events;

Breathing zone; Exposure risk.

1. Introduction

The COVID-19 pandemic rising from the severe acute respiratory syndrome
coronavirus (SARS-CoV-2) has ravaged the world since 2020. According to the WHO
weekly report, as of April 3™, 489 million and 6.1 million get infection and death,
respectively [1]. The economic development and the provision of medical measures
have been severely affected [2]. Recently, much more attention has been attracted to
the human infection risk analysis associated with contaminant inhalation and the
breathing zone [3-5]. The virus-laden aerosols and droplets generated during human
respiratory activities (like breathing, speaking, and coughing) could be the potential
transmission routes [6, 7]. The small particles could remain suspended in the air for
prolonged periods and may be inhaled into the susceptible human respiratory tract [8].

Several precautionary measures have been proposed to prevent and control cross-
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transmission, like keeping social distance, wearing surgical masks, and frequent hand
washing. To provide evidence for the social distancing, plenty of numerical [9-12] and
experimental studies [13-15] have been conducted to investigate the transmission of
exhaled viruses. Liu et al. numerically evaluated the effect of social distances on the
cross-transmission risk and found the threshold distance of 1.0 - 1.5 m for short-range
and long-range airborne routes [16]. During the COVID-19 crisis, the social distance
of 1.5 m has been widely adopted [17]. However, some studies pointed out that
environmental factors like humidity and ventilation could affect the transmission
distance [18-20]. Given that airborne transmission is relatively more complicated in
mechanisms and mitigation measures, the understanding of the airborne transmission

routes of SARS-CoV-2 is far from sufficient.

Traditionally, the “breathing zone” is vaguely defined as the region near the human’s
mouth and nose (the radius is around 15 cm) [21]. However, applying the detailed
breathing zone in practice seems difficult in the human exposure risk assessment due
to the strong airflow interaction in a multi-person interior environment. Besides,
considering the uneven distribution of virus-laden particles in the breathing zone,
simply treating it as a whole zone may under-/over-estimate the contaminant inhaled
by the susceptible subjects. How to select appropriate monitor points in different
scenarios is still not well investigated, especially when the inhaled contaminant cannot
be measured. The employment of only one monitor point within the proposed breathing

zone is still common. For example, Al Assaad D et al. [22] evaluated the contaminant
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concentration in the breathing zone by sampling at 0.15 m below the mouth, as the
thermal plume could carry the contaminant to the breathing zone. Otmar Geiss [23]
measured the carbon dioxide (C0,) concentration in the breathing zone when wearing
face masks, and the sampling point was just above the nose tip on the bridge of the nose.
Donghyun Rim et al. [24] recorded the inhaled virus concentration by the sampling
point in front of the mouth at a distance of 0.05 m. Kierat et al. [5] experimentally
evaluated the performance of the sampler locations and the sampling methods but only
focused on the scenario of one person. Whereas the airflow collision in a multi-person
interior environment could further affect the contaminant distribution. In addition,
many previous studies did not point out the unequivocal location of the sampling point
[25-27]. Recently, Kuga et al. [4] quantitatively studied the breathing zone based on the
assumption of its steady formation. However, in practice, the formation of the breathing
zone should be treated as unsteady, especially for short-term events [28]. Overall, the
aforementioned simplifications about the steady formation and homogenous property

in the breathing zone could lead to the discrepancy in human exposure risk assessment.

With the development of computational resources, numerical simulations have been
extensively employed to investigate pollutant transmission and airflow patterns.
However, there still are some simplifications on the computational thermal manikins,
like the complex geometry, transient breathing cycle, and body movement. Although it
has been recognized that facial features can affect the flow field and the contaminant

distribution [29-31], plenty of numerical simulations have been conducted without
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considering the facial effect owing to the model complexity and extensive
computational resources [32, 33]. Anthony et al. [29] experimentally found that the
facial features could affect the flow field (20 mm) near the mannequin’s face, but
without considering the thermal plume. Also, Li et al. [30] numerically investigated the
breathing airflow velocity and proved that the facial features could result in the non-
uniform velocity profiles at the nostril openings. More recently, Yan et al. [31] evaluated
the effect of the manikin simplification on the thermal plume and pointed out that the
surface smoothed model (without facial features) could induce considerable global
error on the contaminant transport. Besides, the simplified breathing cycle only with
“steady inhalation” could not reproduce the real situation. It may overestimate the scope
of the breathing zone [34-36]. The aforementioned simplifications on the facial features
and the transient breathing cycle could considerably affect the contaminant distribution
and further impact the simulation accuracy. As a result, future computational fluid
dynamic (CFD) simulations should consider the complex geometry of the human body

and the transient breathing cycle, including both inhalation and exhalation.

Numerous short-term exposure events have been reported in public spaces, especially
during the ongoing COVID-19 pandemic. The cross-transmission induced by the Delta
variant of SARS-CoV-2 is reported to occur in tens of seconds [37, 38]. The clustered
outbreaks highlight the importance of evaluating the instant exposure risks of
susceptible subjects. However, many previous studies are limited in the contaminant

transmission under steady-state conditions. The two-equation Reynolds-averaged
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Navier-Stokes (RANSs) turbulence models are extensively employed in different
scenarios, like hospital rooms [39, 40], vehicles [41], and even different building floors
[42, 43]. The short-term events in the present study refer to the building-up background
concentration, which indicates the infected subject has just entered the space.
Considering the turbulent nature of the human thermal plume and the breathing airflow,
the fluctuation characteristics of the airflow could significantly affect the contaminant
distribution in the breathing zone. Besides, the characteristics of airborne transmission
in short-term events and under steady-state conditions are considerably distinctive [15].
Ai et al. [28] experimentally found that the instant exposure risk in short-term events
constantly varies over time. The instant exposure risk might not always increase with
time. Considering the low-resolution characteristics of the aforementioned
experimental study, it is necessary to explore the fluctuation of instant exposure risk in
short-term events by the CFD analysis. Hence, the formation of the breathing zone and
instant exposure risk assessment associated with the contaminant inhalation should be
properly evaluated, especially for short-term events. Given that the Direct Numerical
Simulation (DNS) requires significant computer resources, the Large Eddy Simulation
(LES) is more suitable for evaluating the instantaneous contaminant distribution in

turbulent airflow.

The objective of the present study is to analyze the breathing zone characteristics in
short-term events and under steady-state conditions. The LES turbulence model is

employed to predict the airborne transmission, and two computational thermal
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manikins with detailed facial features and transient breathing conditions are considered.
The breathing zone would be identified from the time-averaged concentration field by
comparing the monitor points and inhalation. In addition, the predicted exposure risk
in short-term events, steady-state conditions, and three representative distances would
then be investigated. The inhalation monitor points in the identified breathing zone
would be compared under different conditions. The obtained results of the present study
could help to select the proper monitor points and develop mitigation measures for

short-term events.

2. Methods

2.1 Model description

As presented in Fig. 1, the computational domain is constructed to represent the office
room with the dimension of 4.7 m length x 4.4 m width x 2.7 m height. Two
computational thermal manikins (CTMs) are placed in the central plane of the room
and kept with the face-to-face posture. The three representative physical distances of
0.35m, 1.0 m, and 1.5 m between two CTMs are examined. The CTM A and B represent
the infected and susceptible subjects, respectively. The breathing model of the two
CTMs is assumed to be mouth exhalation and nose inhalation for the infected subject
and mouth inhalation and nose exhalation for the susceptible one. The breathing model
is synchronized in the simulation, and the aforementioned breathing combination is
considered the most prone to cross-infection [35]. The pulmonary ventilation rate is

defined as 6.0 L/min, with respiratory rates ten times/min [44]. The geometry of the
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CTM presented in Fig. 2 indicates the average-size woman with detailed facial features.
Mixing ventilation is adopted in the office room, with the air supply and exhaust in the
middle and corner of the ceiling. Besides, the room is in 6 air changes per hour (ACH)
and maintained at 24 °C to meet the thermal comfort of the human body. The domain
is large enough that the surrounding room walls will not impact the flow field near the
human body. The previous experimental studies focusing on short-term events were
conducted in a full-scale test room with three ventilation types. Two breathing thermal
manikins were placed in the chamber with different standing positions and physical
distances. The tracer gas concentration was monitored by the instruments, including a
Fast Concentration Meter and an INNOVA Multi-gas Sampler and Monitor, to evaluate
the transient exposure indexes. The experimental study examined the dynamic
characteristics of short-term events, and a detailed description of the apparatus and

experimental procedures could be found in the previous article [28].




171 Fig. 1 The computational domain representing two computational thermal manikins

172 (CTMs) in the office room with mixing ventilation.
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173

174 Fig. 2 the CTM employed in this study with detailed facial features (units: cm) and
175 the monitor points in the breathing zone.

176

177 Owing to the difficulty of applying the detailed breathing zone to evaluate exposure
178  risk in practice, eight widely-used monitor points are placed near the mouth and nose
179  of CTMs (detailed location data in Table 1). The monitor points are selected based on
180  previous studies [4, 5, 22, 23, 45]. In addition to comparing contaminant concentrations,
181  the turbulence intensity and concentration fluctuation characteristics are also compared
182  in short-term events and under steady-state conditions.

183

184 Table 1 The location of the monitor points in the breathing zone of the susceptible

185 subject.
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Location Description

Point_A At the center of the lips
Point_Az At 0.15 m below the mouth [22]

Point_Ay | At 0.15 m ahead of the mouth (left limit of traditional breathing zone)

Point_B At the left corner of the mouth [4]

Point_ C At the center between the chin and lower lip [5]
Point_D At the center between the upper lip and nose [5]
Point_E At the nose tip [23, 45]

Point_F Close to the left eye (upper limit of traditional breathing zone)

2.2 Boundary condition

The ventilation supply diffuser is set as the velocity inlet (0.74 m/s), keeping the
temperature (23 °C). The ventilation exhaust is specified as a pressure outlet with zero-
gauge pressure. The exhaust air temperature was set as 26 °C. The room wall is
adiabatic. The total heat power of each CTM is set as 80 W, where the proportion of
convective heat load is defined as 30%. Thus, a convective heat load of 24 W is
employed for the CTM, and the radiation is not considered in the present study. The
cross-sectional area of each nostril and mouth is 38.5 mm? and 158 mm?, respectively
[46]. The angle of the jet's airflow from the nostrils is 45 degrees with the horizontal
plane and 30 degrees between the two jets [47]. The airflow direction from the mouth
is roughly horizontal. The breathing combination of the CTMs is assumed to be mouth

exhalation and nose inhalation for the infected subject and mouth inhalation and nose
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exhalation for the susceptible one. Besides, the periodical sinusoidal breathing is
composed of 2.5 s inhalation, 2.5 s exhalation, and 1.0 s break [48, 49]. Given the
dynamic breathing boundary conditions of the CTMs, the User-defined function (UDF)
is employed to set the transient velocity profiles, with a constant outlet temperature of
34 °c. The function of the mouth and nose exhalation velocities against time is the sine
function, expressed as V = 0.378 = sin (1.26t), 2.5s < t < 5.0 s, where V is the
volume flow rate, L/s.t istime, s. The turbulence intensity of the exhaled airflow is
defined as 5%. The mass fraction of the N,0 in the infected subject’s exhalation
airflow is assigned as 0.027, which is in line with that of CO, in the human exhalation

airflow [50].

Owing to the complex geometry of the human body and face, the unstructured grid with
tetrahedral-shaped elements is employed. A refinement of 0.8 mm is adopted for the
mouth and nostrils to capture the airflow collision and contaminant distribution. The
maximum cell size of the face is limited to 10 times that of the mouth and nostrils [50],
and the maximum cell size of the body is maintained at four times the maximum cell
size of the face. The results present around 80,000 triangles on the CTMs’ surface. To
provide better resolution of the airflow profiles in the boundary layer, five layers of the
prismatic cells are generated, and the dimensionless wall distance y+ is ensured to be

less than 1.

The “PISO’ algorithm is employed to solve the flow field, owing to its performance in
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transient scenarios. The second-order upwind scheme discretizes all equations. The
transient formulation is resolved by the second-order implicit method. The performance
of different sub-grid scale models has been evaluated by Bazdidi-Tehrani et al. [51]. A
slight difference (5%) between the wall-adapting local eddy-viscosity (WALE) model
and the standard Smagorinsky-Lilly model (SSLM) is found in predicting the time-
averaged concentration field and concentration fluctuation. In addition, the SSLM has
also been widely employed to study the flow pattern and contaminant transmission in
indoor and outdoor environments [52-54]. Therefore, airflow is simulated using the
LES turbulence model with the SSLM. Since the time step of 0.02 s for high—velocity
coughing and talking has shared similar results as 0.001 s [55], the time step of 0.04 s
for transient respiration is employed in the present study. The employed time step could
ensure that the model captured the smallest chronological changes in the flow field
without increasing computing costs. Since the present study focused on short-term
events under the building-up background concentration, the steady-state condition
refers to when the averaged airspeed and contaminant concentration in the ventilation
exhaust reaches relatively stable [28]. Considering the large-eddy turnover time has
been employed as the convergence criteria [35], both the large-eddy turnover time and
the stability of ventilation exhaust are combined to determine the solution convergence
in the present study. The solution convergence is treated to be satisfied when reaching
five eddy turnover times, and the residuals can reach 10~° among cases in different
physical distances. The large-eddy turnover time is the characteristic timescale defined

as the largest scale of the computational domain (w) divided by the friction velocity
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(vo) [35]. In this study, the w = 4.7 m, and estimated v, could be obtained by

dividing the ventilation airflow rate by a half section of the domain.

2.3 Statistical method

To better understand the contaminant distribution in the breathing zone for short-term
events and steady-state conditions, the phase-averaged exposure index e,(t) is
employed to reveal the concentration variations. The phase-averaged exposure index
gp(t) is calculated from the arithmetic mean of concentration in the monitor points
during the inhalation phase. The exposure risk index has been extensively employed to
indicate the relationship between ventilation and infection risk [56, 57]. Since the
aforementioned risk assessment model is limited to the steady-state condition, the
improved method proposed by Ai et al. [28] is adopted to evaluate the infection risk of
the susceptible subjects in short-term events (Eq. (1)).

0 =t @
where, C.,(t) refers to the arithmetic mean of concentration in the monitor points
during the inhalation phase. Ceynqust-steaay Means the arithmetic mean of
concentration in ventilation exhaust after a short-term exposure event has developed to

the steady-state. The improved method could consider the high volatility characteristics

of the inhaled contaminant.

Further analysis of the turbulence intensity (TI) and its concentration fluctuation

characteristic could provide substantial insight into the breathing zone. The time-
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averaged TI (Eq. (2)) and phase-averaged T1 (Eqg. (3)) are also employed to indicate the
fluctuation characteristics of velocities, as follows:

Tl = up /U, )

Tlyhase = Uin/Uin (3)

where the u,, refers to the standard deviation of the velocity in the monitor point n;

u, is the mean velocity. u;, and w;, refer to the standard deviation and arithmetic

mean of the velocity in the monitor points during the inhalation phase, respectively.

3 Results and discussion

3.1 Validation study

To verify the accuracy of the LES turbulence model, the velocity distribution around
the standing manikin is employed to make the comparison. The particle image
velocimetry (PIV) experiment conducted by Licina et al. [58] aimed to investigate the
human convective boundary layer in a quiescent environment. Compared with a hot-
wire anemometer, the PIV, without interfering with the flow field, has been widely used
to visualize the flow and measure the instantaneous velocity [59]. The maximum mean
velocity distribution at each height was measured close to the surface of the standing
manikin. The vertical velocity profile in the fifteen monitor points recorded in the case
of the standing manikin is employed to validate the numerical simulation. In Fig. 3 (a),
the continuous velocity profile of 61 s- 65 s in the LES turbulence model is averaged.
In addition, the RNG k — & model is also employed by keeping the same settings as

the LES turbulence model. The velocity magnitude counter at 65 s is extracted to
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provide the supplementary figure of the LES turbulence model (in Fig. 3 (b)). Several
local high-velocity regions are successfully captured in the CFD simulation, such as in
front of the face and chest. Besides, the lower velocity at the height of the chin is
accurately depicted, which is attributed to the head behaving like a physical obstacle.
Four statistical metrics are selected to quantify the accuracy of the LES turbulence
model [60], namely the correlation coefficient (R), the fraction bias (FB), the
normalized mean square error (NMSE), and the fraction of predictions within a factor
of two of observation (FAC2). In this study, the four statistical performance metrics
are all within the recommended criteria: R = 0.973 (> 0.8), |FB| = 0.0015 (<
0.3), NMSE =0.011 (< 4), FAC2 =1 (> 0.5). In comparison with the LES
turbulence model, the unsteady RANS approach just models the turbulence and
resolves only unsteady mean flow structures [61]. Since the present study focuses on
short-term events, the contaminant fluctuation depends not only on the turbulence
intensity near the facial region but could also be affected by the turbulent energy
distribution among the eddies of different sizes. Therefore, it is critical to employ the

LES turbulence model to resolve the eddies of the turbulence itself.
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Fig.3 Vertical velocity profile around CTM versus PIV experiment: a) velocity

distribution with height; b) velocity magnitude counter at the moment of 65 s.

3.2 Flow field and contaminant distribution

The velocity distribution and airflow interaction between room occupants are presented
in Fig. 4, along with the time in different rows (61.5 s, 63.0 s, 64.5 s, and 66.0 s) for
three representative physical distances (0.35 m, 1.0 m, and 1.5 m). The absence of phase
difference between the two breathing models means 61.5 s representing that both room
occupants are in the inhalation phase. The 63.0 s and 64.5 s refer to the different
moments of the exhalation process, and 66.0 s is the break between breaths. Similar to
the previous study [62], the exhalation airflow is relatively stable initially, with a
mushroom shape, as shown in the 63 s in the figure. As the exhalation airflow develops
(in Fig. 4, the 64.5 s), it gradually becomes chaotic, and a vortex appears on top of the
airflow. In comparison with the other two distances, strong airflow interaction is
observed at the physical distance of 0.35 m. Although the thermal plume can prevent
the penetration of contaminants, the high-momentum airflow exhaled from the infected
subject's mouth still directly reaches the facial region of the susceptible one. Minor
differences in the velocity distribution are found between the physical distances of 1.0

mand 1.5 m.
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Fig. 4 Velocity distribution in the central plane in the time interval from 60 s to 66 s
(10" breathing cycle). The columns refer to the three representative physical
distances, namely 0.35 m, 1.0 m, and 1.5 m. The time in different rows refers to the
different moments of the breathing phases (Note: the left CTM refers to the infected

subject).

Fig. 5 compares the dimensionless mean contaminant concentration (C*) in the central
plane with three representative physical distances. Since airborne contaminants could
be transmitted with the airflow, mushroom distribution of the concentration is also
observed in the initial stage of the exhalation. Under the dilution effect of the thermal
plume and ambient air, the exhaled contaminant gradually begins to diffuse over time.
Although the contaminant concentration can be further diluted by the nasal exhalation
of the susceptible subject, most of the contaminant still reaches the facial region of the

susceptible person at the physical distance of 0.35 m. The distinction between direct
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and indirect airborne transmission could be determined by the existence of direct
contaminant inhalation. Generally, when the infected and the susceptible subjects are
in close physical proximity, the exhalation airflow from the infected subject can
penetrate the thermal plume and directly enter the facial region of the susceptible one,
causing the direct contaminant inhalation [16]. Since the inhaled concentration of the
susceptible subject at the large physical distance would share with the background
concentration, the direct and indirect airborne transmission could be identified in the
range from 1.0 to 1.5 m, which is also reported in previous studies [16, 63]. Considering
the impact of the airflow collision on the inhaled contaminant, applying the detailed
breathing zone in practice is quite difficult to evaluate human exposure risk. Overall,
the present study employs eight monitor points near the mouth and nose of CTMs, and
the selection of the monitor points is based on previous studies. The contaminant
concentration sampled by the monitor points is compared with the inhalation both in

short-term events and under steady-state conditions.
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Fig. 5 Distribution of the contaminant concentration (C*) in different breathing

phases with three representative physical distances: 0.35 m, 1.0 m, and 1.5 m (Note:

the left CTM refers to the infected subject).

3.3 Exposure risk assessment

The real-time exposure index over time for three physical distances has been presented
in Fig. 6, indicating the transient concentration fluctuation. The data is obtained from
Point_A since there is no significant difference between Point_A and the inhalation
(detailed analysis in Fig. 7 and Fig. 8). The first five minutes of data (gray shadow
region) will be discarded from the present study. The averaged (standard deviation)

real-time exposure indexes at the physical distance of 0.35 m, 1.0 m, 1.5 m are 1.13
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(0.89), 0.96 (0.34), 0.93 (0.30), respectively. The large fluctuation of the real-time
exposure index could be attributed to the transient tidal breathing and the airflow
interaction in the breathing zone. The fluctuation of the real-time exposure index could
also affect the changes in the phase-averaged exposure index. The fluctuation intensity

is observed to decrease with the increase of physical distances.
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Fig.6 The evolution of real-time exposure index over time at Point_A (discarding the

gray shadow region)

Based on concentration data sampled by the eight monitor points and the inhalation,
Fig. 7 compares the differences in phase-averaged exposure indexes between various
short-term events and steady-state conditions (30 min). The differences in exposure
indexes are also observed at three representative physical distances. At the physical
distance of 0.35 m (see Fig.7 (a)), the exposure indexes obtained at Point_A and the

inhalation are lower than the exposure indexes monitored in the nose tip and upper face



379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

(at Point_D, Point_E, and Point_F). The difference is statistically significant (p < 0.05).
Although there is no statistical difference between the exposure indexes at Point_A,
Point_Az, Point_B, Point_C, and the inhalation, further analysis of the turbulence
intensity and its concentration fluctuation characteristic will be conducted in the next
section. Unlike the condition of 0.35 m, the phase-averaged exposure indexes at the
physical distances of 1.0 m and 1.5 m (see Fig. 7 (b) and (c)) are quite similar. Since
the airborne contaminant cannot penetrate the thermal plume of the susceptible subjects,
the concentration monitored in the eight points is basically related to the background
contaminant concentration. Overall, the breathing zone should be identified by
comparing the phase-averaged exposure indexes between the monitor points and the
inhalation at the physical distance of 0.35 m (the statistical difference, p < 0.05). The
volume of the breathing zone is in line with the tidal volume (detailed analysis in
Section 4). In addition, the phase-averaged exposure indexes obtained at three
representative physical distances are observed to maintain the increasing pattern over
time. Considering that the first five minutes of data have been discarded from the
present study, the aforementioned phenomenon is inconsistent with the previous
experimental study [28]. It might be accounted for by the randomness and discreteness
characteristics of short-term exposure at the beginning of the event. Therefore,
separating the airborne transmission routes and developing the targeted mitigation

measures based on their characteristics is critical.
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402  Fig. 7 The exposure indexes from the eight monitor points and the inhalation in various

403  short-term events and steady-state (30 min) conditions: a) 0.35 m; b) 1.0 m; c) 1.5 m.
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To compare the phase-averaged exposure indexes between the monitor points and the
inhalation, Fig. 8 presents the relative magnitude of their difference at the physical
distance of 0.35 m and 1.0 m. The positive value means the exposure index obtained in
the monitor point is larger than the inhalation. In Fig. 8 (a), at the physical distance of
0.35 m, Point_Ay, Point_D, Point_E, and Point_F significantly over-estimate the
exposure index in comparison with other monitor points. The aforementioned points,
located at the nose tip and upper face region, are not recommended for practical
measurement. Since the phase-averaged exposure indexes at the distances of 1.0 m and
1.5 m (see_Fig. 7 (b) and (c)) are pretty similar, the comparison at the physical distance
of 1.0 mis presented in Fig.8 (b). Compared with the distance of 0.35 m, the magnitude
of the difference becomes smaller with the increased distance. The exhalation airflow
cannot penetrate the micro-environment of the susceptible subject. The little fluctuation
might be contributed to the instability of the thermal plume [64]. Overall, if the study
only focuses on the time-average concentration field, the contaminant concentration
sampled by the four monitor points (Point_A, Point_Az, Point_B, and Point_C) could
represent the inhaled concentration of the susceptible subjects. Considering that various
infection cases have been reported in short-term events and close physical proximity, it
is necessary to analyze the concentration fluctuation characteristics and turbulence

intensity of the breathing zone.
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427 Fig. 8 The relative magnitude of the difference of the exposure indexes between the
428  monitor points and the inhalation, where positive means that the value obtained in the
429 monitor points is larger than the inhalation.

430

431 3.4 Turbulence intensity and concentration fluctuation characteristic
432 Owing to the turbulent nature of the human thermal plume and breathing airflow, the
433  airflow fluctuation could spatially and temporally affect the contaminant distribution

434 no matter whether in short-term events or under steady-state conditions. Notably, short-
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term events investigated in the study only refer to the building-up background
concentration [28]. Compared with previously focused on the steady-state and
completely mixing conditions, the formation of the breathing zone should be treated as
unsteady in short-term events. Therefore, further analysis of the Tl and its concentration
fluctuation could provide substantial insight into the breathing zone. The time-averaged
Tl and phase-averaged Tl are employed to indicate the velocity fluctuation
characteristics in the monitor points. When calculating the TI, the reference velocity
differs among the monitor points, generally in the range of 0.02-0.62 m/s. The largest
reference velocity in Point_A is about 0.62 m/s. So, the velocity data in different

monitor points are extracted to calculate their turbulence intensity separately.

In Fig. 9, the time-averaged TI and phase-averaged TI of eight monitor points are
compared in short-term events (duration of 10 min). Due to periodical breathing, the Tl
of monitor points in the facial region only changes slightly over different periods.
Therefore, the averaged TI is employed to present the comparison. It is observed that
the time-averaged T1 and phase-averaged T1 of eight monitor points are quite distinctive
in the facial region. The TI at the nose tip and upper face (like Point_D, Point_E, and
Point_F) are generally higher than those near the oral cavity. In Fig. 9 (a), the maximum
time-averaged T1 even reaches 220% at Point_D (center between the upper lip and nose)
in the physical distance of 0.35 m, which could be accounted for by the combined effect
of facial features and intense exhalation airflow collision. As for the distance of 1.0 m

and 1.5 m, the maximum time-averaged TI in the breathing zone is around 70%. The



457  maximum phase-averaged Tl is also found at the Point_D (see Fig. 9 (b)). Nevertheless,
458  the phase-averaged T1 is substantially lower than the time-averaged value because the
459  calculation only focuses on the inhalation phase. Given the dynamic breathing
460  conditions, the phase-averaged T is more suitable for comparison. The phase-averaged
461 Tl within the breathing zone is found to be roughly around 40%, which is similar to
462  Cermak et al. [65] - 40%, Xia et al. [66] - 35%. In order to quantify the statistical TI
463  difference between the monitor points, the non-parametric tests (Mann—-Whitney U tests)
464  are employed. The statistical difference (p < 0.05) between the eight monitor points is
465  observed. Considering the non-homogeneous characteristics of monitor points in the
466  breathing zone, the identified breathing zone by comparing the time-average
467  concentration field is unsuitable for short-term events. Instead of using the identified
468  breathing zone, further evaluating concentration fluctuation characteristics can provide
469  evidence for the appropriate monitor points.
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Fig. 9 Time-averaged Tl and phase-averaged T1 comparison of eight monitor points in

short-term events (10 min): a) time-averaged TI; b) phase-averaged TI.

In order to further compare the concentration fluctuation characteristics of the monitor
points in the breathing zone, the standard deviation of the phase-averaged exposure
indexes is employed. The data shown in Fig. 10 are presented on a logarithmic scale. A
large difference in exposure index fluctuation is found between the physical distances
of 0.35 m and 1.0/1.5 m. The strong airflow interaction and turbulent nature of the
human thermal plume could account for the phenomenon, resulting in a large
contaminant fluctuation over time. The contaminant fluctuation depends not only on
the turbulence intensity in the breathing zone, but it could also be affected by the
turbulent energy distribution among the eddies of different sizes. The Point_Az is
especially unsuitable for the instant exposure risk analysis since it cannot reflect the
contaminant fluctuation characteristics in the facial region. Overall, the analysis of

instant exposure risk in short-term events should consider its turbulence intensity and
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concentration fluctuation characteristic. Point_A, Point B, and Point_ C can be
employed as the appropriate monitor points to evaluate the instant infection risk in
short-term events. Due to the large temporal variation of the contaminant concentration
in the identified breathing zone, short-term airborne transmission events are quite
possible to occur within short physical distances. The development of targeted

mitigation measures is critical.

10 I Fluctuation - 0.35 m - 10 min

I Fluctuation - 1.0 m - 10 min
Fluctuation - 1.5 m - 10 min

Point A Point Ay Point Az Point B Point C Point D Point E Point F

Exposure index

Monitor points

Fig. 10 Concentration fluctuation of eight monitor points in 10-min short-term events

(represented by exposure index).

4 Discussion

Depending on the background concentration and physical distances, airborne
transmission can be divided into two categories and four combinations, namely, a)
building-up background concentration: short and long physical distance; b) steady-state

background concentration: short and long physical distance. Notably, plenty of previous
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studies focused on steady-state exposure, but few studied short-term exposure events
[67]. The present study is restricted to the scenarios with building-up one, where the
infected subject has just entered the space. When two subjects are in close proximity,
such as in the consultation of physicians, short meetings, offices, canteens, etc., the
formation of the breathing zone should be treated as unsteady in short-term events. The
widely employed monitor points in the facial region could not be representative to
indicate the inhaled concentration. With the increase in physical distance, the indoor
ventilation airflow could affect the cross-transmission risk. The distance of 1.0 m and
1.5 m, acting as the threshold distance for the direct and indirect airborne transmission
[16], can also be employed to determine the formation characteristics of the breathing
zone. Overall, if the domain airflow is the respiratory airflow (less than 1.0 m in the
present study), the formation of the breathing zone should be treated as unsteady. In
addition, the present study focuses on the scenarios of building-up background
concentration. Before reaching the steady-state, the infection events should be treated
as short-term events, and the unsteady nature of the breathing zone should be
considered. The steady-state condition in short-term events refers to when the averaged
airspeed and contaminant concentration in the ventilation exhaust reaches relatively

stable [28].

Overall, if the study only focuses on the time-average concentration field, the breathing
zone could be treated as steadily formed. That is because the timescale of breathing is

much smaller than that of room ventilation. The performance of the eight widely
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employed monitor points has been evaluated compared with the inhalation by the
phase-averaged exposure indexes (in Fig. 7 and Fig. 8). At the physical distance of 0.35
m, the Point_Ay, Point_D, Point_E, and Point_F significantly over-estimate the
exposure indexes. The aforementioned points are not recommended in the practical
measurement. Previous studies treated the Point_E, at the nose tip, as the optimal
location [23, 45]. However, the present study quantitatively observed a significant
difference compared with inhalation. Besides, Point_D, at the center between the upper
lip and nose, has been proved in ordinary performance due to facial features' effect on
contaminant distribution. The obtained results were in line with a recent experimental
study [5]. The contaminant concentration sampled by the other four monitor points
(Point_A, Point_Az, Point_B, and Point_C) in the identified breathing zone could

represent the inhaled concentration of the susceptible subjects.

In comparison, if the study focuses on short-term events, the formation of the breathing
zone is not steady. The instant exposure risk assessment should consider the turbulence
intensity and concentration fluctuation characteristics (in Fig. 9 and Fig. 10), especially
considering the randomness and discreteness characteristics of short-term events [68].
In addition, the Point_Az is especially not suitable for the instant exposure risk analysis
since it cannot reflect the contaminant fluctuation characteristics in the facial region.
Therefore, the identified breathing zone proposed by comparing the time-average
concentration field is not applicable for short-term events, along with the over-and

under-estimation. Instead of using the identified breathing zone, Point_A, Point_B, and
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Point_C can be employed as the appropriate monitor points to evaluate the infection
risk in short-term events. Fig. 11 presents the identified breathing zone in mixing
ventilation under different conditions: steady-formation and unsteady-formation in
short-term events. In Fig.11 (a), the volume of recommended sampling region is in line
with the tidal volume. If the study only focuses on the time-average concentration field,
the contaminant monitored at the sampling points in the box is approximately in line
with the contaminant inhaled by the infected person. The suggested breathing zone is
similar to a recent study using the reversed time-traced virtual flow field and the scale
for ventilation efficiency 5 (SVE 5) [4]. The slight discrepancy in the breathing zone
dimension could be accounted for by the difference in the breathing pattern and tidal
volume. For short-term events, the formation of the breathing zone could be treated as
unsteady. Instead of using the identified breathing zone, Point_A (located at the center
of the lips), Point_B (located at the left corner of the mouth), and Point_C (located at
the center between the chin and lower lip) perform well in capturing the fluctuation
characteristics of short-term events [69, 70]. Considering the difficulty of performing
the measurement at the three aforementioned points, the air sampling tube attached to

the headset and even glasses have been designed for accurate measurement [5, 45].
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Fig. 11 Identified breathing zone in mixing ventilation under different conditions: (a)

steady-formation; (b) unsteady-formation in short-term events.

Owing to the instantaneous and tidal properties of the respiratory airflow, it gradually
becomes fully turbulent and further mixes with the ambient ventilation airflow with
development. The interaction between the respiratory, ventilation airflow, and the
thermal plume rising from the heated human body significantly affect the turbulence
intensity and concentration fluctuation in the facial region of the susceptible subjects.
Although the known instant exposure risk may be caused by tidal breathing, to the best
of our knowledge, there is no study to distinguish the difference between the
concentration distribution in the facial region and inhalation in short-term events. The
observed randomness and discreteness characteristics of the short-term events highlight
the necessity of developing the targeted precautionary measures. When two subjects are
in close physical proximity, increasing the room ventilation rate may have a moderate
or limited impact on short-term events [67, 68]. Although the room ventilation can help

dilute and reduce the background concentration, the background value in the present
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study (building-up scenario) is relatively lower than that in the steady-state scenario.
Therefore, engineering control measures like the localized ventilation/exhaust system,
air purifiers, and physical barriers should be highly recommended [71, 72]. Maintaining
physical distancing and wearing surgical masks still act as the best protection against

the Delta and Omicron variants [73].

5 Limitation and future work

The general requirement of the LES is to determine the allowable cell size to resolve at
least 80% turbulent kinetic energy [74]. Owing to the difficulty of obtaining the
complete energy spectrum, the Length Scale Resolution (LSR) has been adopted as a
metric to present the mesh resolution [75]. LSR = A/ly; where the Ip; is the lower
limit of the inertial sub-range. The average LSR in the present study is 6.21, slightly
exceeding the upper limit value (5.0). Considering that the global quality of the
simulation cannot be estimated by the LSR metrics only, it should also be evaluated
from the match between the simulation and experiments [76]. The study is limited
without considering the humidity of the exhaled airflow, while the exhaled airflow
humidity might impact the breathing zone at different humidity levels. Special
scenarios like dental surgery environment [77, 78] and gym [79] should be further
studied. The present study has validated the thermal plume around the human body. A
future experimental study should be conducted to monitor the exhaled contaminant
dispersion in other room points and thus act as supplementary validation data.

Additionally, the breathing pattern and the phase difference between two breathings
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might also affect the scale of the breathing zone. Since human subjects can
unconsciously change their breathing mode, breathing in the same mode is quite
challenging. Thus, examining the identified breathing zone in different breathing
combinations is necessary. Since the room occupants could move around, the breathing
zone could be considerably impacted by the change of thermal plume. Therefore,

further investigation into the breathing zone should be conducted.

6 Conclusions

The present study gquantitatively assesses the eight commonly-used inhalation monitor

points in the facial region by recording the contaminant distribution and fluctuation

characteristics under steady-state conditions and short-term events. The results could
help to select the proper monitor points under different conditions and further develop
the targeted precautionary measures:

1) Based on the statistical difference in the contaminant distribution at the short
physical distance (0.35 m), the breathing zone could be identified from the time-
averaged concentration field.

2) The identified breathing zone proposed by comparing the time-average
concentration field is not applicable for short-term events. Point_E, at the nose tip,
is not the optimal location to represent the inhaled concentration. In comparison,
Point_A (located at the center of the lips), Point_B (located at the left corner of the
mouth), and Point_C (located at the center between the chin and lower lip) perform

much better in short-term events. Wearable devices for accurate measurement
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should be developed.

3) Due to the substantial temporal variation of the contaminant in the identified
breathing zone, the analysis of instant exposure risk in short-term events should
consider its turbulence intensity and concentration fluctuation characteristic. The
localized method with direct interference on the respiratory airflow should be

recommended in short-term events.
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