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Abstract: Indoor environments with displacement ventilation or under-floor air distribution
commonly exhibit thermal stratification, which can impact the dispersion of droplets in exhaled
air by moving human sources. This paper presented an experimental study using a water tank
to simulate the coupling characteristics of exhaled airflow and human motion-induced
oncoming airflow, especially in a stratified environment. The effects of exhalation velocity and
movement speed were studied. Results show that the buoyant jet flow couples with the
oncoming flow, firstly spreading forwards and upwards, forming the impinging region, where
the penetration distance is found to vary linearly with the ratio of movement velocity and
exhalation velocity. Then the coupled flow spreads backwards, forming the wake region behind
the source, where the flow rises upwards, albeit at a slower rate than in motionless conditions.

In the wake region, there is an obvious stagnant layer, which is exacerbated by the thermal
1
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stratification of the ambient fluid and much lower than the lock-up height of motionless buoyant
jet flow. It is expected to provide scientific basis for formulating prevention and

control measures in public spaces.

Keywords: water tank experiment; expiratory airflow; moving source; thermal stratification;

impinging region; stagnant layer

1. Introduction

During the COVID-19 pandemic, it has been found that the local accumulation of exhaled
virus-laden droplets from the infected source in the crowded indoor space can easily cause
cross-infection of SARS-CoV-2 [1]. States of the occupants are various in different-type
buildings, such as rest in waiting halls, walking in exhibition gallery, and running in stadium,
etc. Human activities can change the concentration distribution of aerosols and also cause a
difference in the exhalation rate and virus emission rate [2-4]. These factors are important to
determine the infection risk of susceptible people who share the indoor environment [5].
Investigations on the dynamic characteristics of the exhaled airflow and pollutant from infected
patient in different motion states are of great significance for controlling disease transmission
and making precautions, however less studied.

In different-type buildings like hospital, bus station, airport and sport hall, the ventilation
strategy differs with special requirements for design, giving rise to various vertical temperature
distributions in indoor environments [6]. For example, a vertical temperature difference of
approx. 3 °C was observed in a classroom ventilated with displacement natural ventilation
within 0.1 - 1.1 m at the location of students [7]. Zhao et al. [8] found in three arrival halls of
an airport environment, the vertical temperature difference from 0 - 3 m was of about 6.5, 5.7
and 1.5 °C, while only a small temperature difference of 0.2 °C in departure hall. A greater

vertical temperature difference than the acceptable level in the occupied zone not only causes
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the thermal discomfort, but may not be conducive to the diffusion and dilution of pollutants.
The existing studies indicated that the vertical temperature difference of indoor air is mainly
attributed to the heating, ventilation, and air-conditioning (HVAC) systems [9-12], air
infiltration [10,11], occupant distribution [13], etc. In our recent work, the indoor air
temperature data in different-type indoor environments in real world was retrieved from the
published literature based on the measurements and compared [14]. Results show that the
vertical temperature gradients in office building, hospital, classroom, etc. are within the range
of -0.34 to 3.26 °C/m. In large space such as coach station, airport terminal, and sport hall, the
average temperature gradient ranges within 0.13-2.38 °C/m in occupied zone (0-3m). Numerous
studies have reported that for a motionless infected patient, the thermal stratification can make
the exhaled airflow and airborne aerosols locked at a certain height [15-17], which increases
the transmission distance of the virus-laden aerosols and exposure risk of susceptible people
[5]. When people move in indoor space, wind flows over a human body, defined as the
oncoming airflow [18], and interacts with the exhaled buoyant jet flow, as depicted in Fig.1.
The coupled flow spreads driven by the reverse momentum and buoyance under the impact of
thermal stratification of ambient air. However, how the thermal stratification affects the
interaction of the coupled airflow and the exhaled aerosols remains unknown.

There have been extensive experimental measurements [19-23] and numerical simulations
[21,24-27] on the impact of human motion on indoor airflow filed and pollutant distributions,
but mostly with motionless pollutant source. In full-scale test rooms with manikins, Wu et al.
[22] studied the impact of human moving on the dispersion of pollutant exhaled from a seated
source, and found that human movement with a long time enhanced the mixing of the pollutant,
but potentially increasing the human’s exposure to exhaled aerosols. Similar conclusion was
also given by early work of Wang and Chow [27], in which they found that increasing the speed

of human walking can reduce the number concentration of suspended droplets. Liu et al. [23]
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studied the effect of a circulating nurse walking on airflow and bacteria-carrying particles
produced in the operating process, and found that as the circulating nurse passed, local
concentration of the bioaerosols shed from surgical staff increased due to the airflow
disturbance and resulted in an increased risk of surgical site infections. The above studies
focused largely on the disturbance on the indoor airflow of the of human movement. They have
well addressed the importance of human motion on airflow patterns and further caused aerosol
suspension or secondary suspension, resulting a potential increase of exposure risk. In
ventilated rooms, it has been identified that the existing of thermal stratifications of ambient air
is an essential factor for the dispersion of aerosols, especially for the disease transmission via
the exhaled virus [28-31]. In recently, Feng et al. [27] focused on the relationship between the
thermal stratification in displacement ventilated room and human movement, and found that
human movement can destroy of the stability of indoor air, and weaken the thermal stratification,
while no further insights into how the exhaled buoyant jet flow and aerosols were affected in
such stratified environment. Overall, much less is known about the dynamic characteristics of
the exhaled airflow and aerosols from a moving infected source in indoor environments with a
thermal stratification. The interaction mechanism of the exhaled buoyant jet flow and motion-
induced airflow is the key basis for disease controlling in real-world settings.

Two experimental methods are widely used to understand the aerodynamic characteristics
of indoor airflow and pollutant transmission, i.e., full-scale experiments [21-23,32,33] and
reduced-scale experiments [19,20,30,34]. Full-scale experiments in ventilated chambers are
often limited to several airflow patterns, in which the vertical temperature gradient is
uncontrollable as needed. Water-tank modeling has gradually been proved to be an appropriate
tool to simulate the airflow patterns in indoor environments due to its flexibility and
convenience on boundary condition controls. For example, Luo et al. [19] studied the dynamic

changes of the movement-induced wake flow in a thermally-uniform water tank using a 3D
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printed scaled-down manikin. Mingotti et al. [34] explored the air mixing arisen from the
human movement along a corridor using a cylinder in a thermally-uniform water wank. In the
early work of Ghajar and Bang [35], they proposed a Modified Oster method to produce a stable
density stratification in salt water, which was widely used in the experimental studies on urban
heat island [36,37]. In our previous work [30], this method was developed by top heating and
bottom cooling at the same time to establish stable temperature gradient of the ambient water
in the tank. Two-way temperature control can reduce the time required to form a thermal
stratification, and help maintain the stability. In addition, thermistors or thermochromic liquid
crystals for temperature can be quite fast-response devices in water, which makes it possible
for the measurement or visualization of the concentration and temperature distribution of the
buoyant jet flow exhaled by human. However, experimental studies have been rarely carried
out to observe the interactions between the exhaled buoyant jet flow and movement-induced
airflow in thermally stratified environments.

In this study, reduced-scale experiments in water tank are used with two purposes: scaling
the interaction of expiratory airflow and motion-induced airflow under feasible and controllable
water-tank settings to explore the impact of thermal stratification on the dispersion of the
coupled flow, and obtaining high-quality experimental data to validate the theoretical models
or numerical simulations in our future work. The crucial issues related to disease transmission
are expected be answered: what is the difference in the dynamic characteristics of the exhaled
airflow between a motionless patient and a moving patient, and whether there is also a “lock-
up” phenomenon when the exhaled buoyant jet flow couples with human motion-induced
oncoming airflow in a thermally stratified environment. A scaled-down a cylinder being towed
forwards is used to represent a moving person in the water tank with well controllable thermal
environment. The exhaled airflow from the moving person is simulated by a buoyant jet flow.

Interactions of the exhaled buoyant jet flow with different initial parameters and the motion-
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induced airflow characterized by with different movement speeds are observed in the water
tank. It is expected to clarify the synergistic effect of human respiratory activities and human
motion on the exhaled flow dispersion, and furthermore contribute to predicting the
contaminant transport process in public spaces.
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Fig. 1 Simplification of the coupled flow of exhaled buoyant jet flow and motion-induced

oncoming airflow
2. Methodology

2.1 Similarity analysis

For a viscous, incompressible and stratified fluid, the governing equations of motion and
thermodynamic energy are analogous in air and water systems. In this experiment, the water
tank is used to simulate an indoor environment with or without temperature gradient. The
human body is regard as a cylinder [20,38], mounted on a sliding block and towed by a motor,
forming the oncoming flow. The human thermal plume is not considered here, like many
experimental or numerical studies on the wake flow induced by human motion [20,39],
according to findings of Wu et al. [40] and Oh et al. [41] that when a freestream velocity appears
atapprox. 0.2 m/s, the oncoming flow penetrates the thermal boundary layer leading to collapse
of the rising plume and dominates the micro- airflow/environment near the human body. The

respiratory air exhaled from the mouth or nostril is considered as a circular non-isothermal
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buoyant jet flow [42,43]. The human mouth is scaled into a circular orifice, with the jet flow
being discharged from a circular nozzle in the human body model. To simplify the complex
breathing modes, the pulsating breathing mode of respiratory activities is simplified as constant
velocity, which may overstate the airflow and particle dispersion, but meeting the actual needs
of the evaluation of cross-infection risk for emergency response. Similarity requirements should
be satisfied to mimic the flow dynamics of an expiratory jet flow exhaled from a moving human

using a reduced-scale model in the tank.

2.1.1 Similarity requirements of the source movement

Dynamic similarities between the motion-induced airflow around the human body can be
achieved by Reynolds number, Re. This method was frequently used in the experimental studies
on the impact of human motion on indoor airflow field and pollutant distributions in water tank
[19,20,34]. An adult with a waistline of approx. 85cm is scaled as a cylinder with a diameter of
4cm in the water tank experiment. The same Re is essential in the two systems:

D D
Re:%:M 1)

g Vw
where u is the moving speed, D, is the hydraulic diameter of human body, and v is the
kinematic viscosity of the fluid. The subscript g stands for air (distinguished from the subscript

a for indoor ambient air), and w for water. Therein the moving speed of the reduced-scaled

model in the water tank can be attainable.

2.1.2 Similarity requirements of the exhaled buoyant jet flow

Non-dimensional forms of the governing equations of motion and thermodynamic energy
in a stratified fluid are similar to those in Lu et al. [44]. For a jet flow, the dynamic similarity
between laboratory experiments and real situations can be achieved by Re. A typical value of
Re for an expiratory flow ranges from 2,500 to 12,500, with mouth diameter of 2cm and
exhalation velocities of 2-10m/s. The Re attainable in the reduced-scale water tank model is

about 2,000 to 8,000, with the opening size of 4 mm and initial velocities of 0.5-2 m/s, a little
7
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small for a rigorous simulation. That means, the values of Re in the two systems are larger than
the critical value that is required for fully turbulent flow, in which cases the jet flow becomes
independent of Re [45]. Due to the temperature difference between the exhaled air and the
ambient air, the jet flow rises upwards jointly driven by buoyancy force and inertia force.
Therefore, the densimetric Froude number Fr becomes the governing criterion for describing

the prototype flow, which must be duplicated in the water tank modeling:

U, U,
Fr=——=t_— v )
‘/gc,gDm’g ‘/gc,me,g

where D, is the diameter of the mouth opening, u.is the axial velocity of jet flow

(mss), g.=(p,()-p.)¢/p,,, is the buoyant acceleration (m/s?), p, the axial density of jet flow
(kg/md), p_(z) the ambient air density (kg/m?) in the vertical direction z and P, & COnstant

reference density (kg/m3®) with the Boussinesq approximation. Eq. (2) shows that when
considering water as the ambient fluid for modeling in the experiment, it is necessary to define
Fr in terms of density rather than temperature. Therefore, the initial velocity of the buoyant jet
flow in a thermally uniform water tank is solved by Eq. (2), which is achieved by controlling
the water pressure difference in the experiment.

When there is temperature gradient in the ambient fluid, the temperature variation in
vertical direction causes a change in the fluid density, which makes the flow oscillate in the
environment, i.e., buoyancy is the recovery force of the oscillation. The angular frequency at

which a vertically displaced parcel will oscillate in the stratified environment can be described

q . . :
by buoyancy frequency N= /I—pif. At this point, the local Fr at the mouth opening can be
ref

approximated as:

Fr=—c = tow (3)

2.2 Experimental setups and case description
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2.2.1 Experimental setups

Experiments are performed in a transparent glass rectangular tank (Length x Width x
Height = 2.4 m x 0.8 m x 0.8 m) filled with water at rest. The tank walls are made of 1.5-cm-
thick glass to be transparent to the green laser sheet. The experimental apparatus includes stable
jet flow system, thermal stratification system, underwater towed system and monitoring system,

as illustrated in Fig. 2(a).

=0
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motor
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Fig. 2 Schematic diagram of experimental system in (a) and photos of the setups in (b):
(1) Peristaltic pump; (2) Liquid vessel; (3) Separator vessel; (4) Overflow collector; (5) Hose;
(6) Nozzle; (7) Scaled-down human body; (8) Camera; (9) Slide rail; 10) Ambient fluid; (1)
Cooling coil; 12 Heating coil; 13) TCL; 4) Spacing sliding block; (5 Thermocouple;

Variable speed motor; (17) Data collector; 18) Low-temperature thermostat

In all experiments, the heated liquid is first injected into separator vessel (3) until its level
reaches the overflow surface. Then the upper valve is opened, and the heated liquid is then
injected into liquid vessel (2) to ensure a sustaining overflow status of (3) before opening the
lower valve. A peristaltic pump (Kamoer Lab UIP WIFI-S183, China) (1) is used here to
continuously provide a stable supply. After these procedures, the lower valve is opened, then
the liquid is injected into the ambient fluid through a circular nozzle (6) embedded in the
cylinder (7), and a submerged horizontal round thermal jet is formed. The initial velocity of the
buoyancy jet flow is controlled by the pressure difference between the liquid level in (3) and

9
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the nozzle level. In indoor environments, the ratio of the mouth/nostril diameter (2cm) and room
size (3-5m) is on the order of about 1:250-1:150. In this study, the corresponding ratio of the
orifice size of the nozzle (4mm) and water-tank size (0.8 -2.4m) is on the order of about 1:600-
1:200, so it can be considered that water tank is large enough for the injected flow to fully
develop.

To simulate the forward movement of the source, the simplified body with the jet nozzle,
together with the supply hose, is mounted on a sliding block on a slideway, which is towed by
a motor (16) that is fixed outside the water tank. The sliding block is towed at a constant speed
by the motor in the same direction of the discharging buoyant jet flow. The amplitude (i.e., the
horizontal span of the movement) is 2m in all cases, for which a safety spacing sliding block
is fixed in the moving direction to stop the motion. In this work, for comparison purpose, a
motionless buoyant jet flow is firstly observed in the water tank in each case; after the flow
develops stably, the motor is started and a moving jet flow is formed, so the dispersion
characteristics for motionless and moving buoyant jet flow can be clearly observed and
compared.

The background water injected into the tank is regarded to be initially thermally uniform.
To create a thermal stratification in the water, a U-type heating coil (10 kW) (12) on the upper
surface of the water and a cooling coil (1) connected to a low-temperature thermostat (DC-
1050, China) (18) via hoses and a small pump to form a circulation loop are arranged to realize
a two-way temperature control to establish a stable temperature gradient in the tank. Fill water
into the water tank until the U-type heating coil is just immersed by water surface. A
temperature controller is fixed on the water tank to control the water temperature of the upper
surface, i.e., after turning on (12), a targeted heating temperature is set and the real-time water
temperature is displayed on the temperature controller. Heating starts when the set temperature

is higher than the measured temperature; otherwise, heating stops. Similarly, a cooling
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temperature is set on (18) and the cooling circulation starts to run when the water is lower than
the setting value. The temperature profile measurement of the water is conducted by 20
thermocouples (5), all calibrated and connected to a digital temperature logger (Agilent™
34970A), and a computer is used for data monitor and collect.

To track the trajectory of the moving buoyant jet flow, blue food dye is used and diluted
with a density close to that of the ambient fluid (10) to avoid the diffusion of mass transfer. The
temperature stratification can be visualized by the thermochromic liquid crystal (TLC) sheet
(Edmund Optics Inc., Barrington, NJ, USA) (3), the color of which changes from blue to red
as the temperature varies from the highest (25°C) to the lowest (20°C). A Canon camera (8) is
used to obtain the dispersion image and video of the moving buoyant jet flow, and fixed in front
of the water to ensure the consistency of all images photographed in different cases. Vertical
and horizontal coordinate scales are calibrated before the experiments on the left side and at the
bottom of the water tank to obtain the dispersion characteristics. The video records are analyzed

to provide the travelling distance and rising height of the coupled flow.

2.2.2 Case descriptions

Experiments are carried out to investigate the evolution of the coupled airflow of exhaled
airflow and oncoming airflow in both thermally-uniform and stratified indoor environments. In
the previous studies on the airflow disturbance induced by human motion, the moving speed
was generally set as >0.2m/s [19,23]. In our experiments, we focus on both the exhalation
airflow and the motion-induced airflow, so different ratios of the exhaled buoyant jet flow and
moving speed are included so that the results can be generalized to the dispersion of exhaled
pollutant from moving people with different respiratory activities. A low moving speed of
0.1m/s was set for the comparison with the mild exhalation like normal breathing with a low
velocity ratio; and higher moving speed was used for the comparison with the violent exhalation
like loudly speaking or coughing with a large velocity ratio. Therefore, we consider the impacts

1
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of moving speed of the source person (Scenario 1: Umoving=0.1, 0.2 and 0.4m/s) and exhalation
velocities (Scenario 2: Uexhaiation=2, 5 and 10m/s) on the dispersion of the coupled flow in indoor
environment. The modeling parameters in reduced-scale experiments are listed in Table 1, in
which the ug,... and uje; represents the moving speed of the scaled-down human body and
initial velocity of the buoyant jet flow, respectively. For comparison, both Scenarios 1 and 2
are conducted in the water tank with and without temperature gradient, so there is a total of
6x2=12 cases in two types of the water-tank environments. The dispersion behaviors of the
coupled buoyant jet flow and the motion-induced oncoming flow such as the trajectory,
development of the widths, and rising height can be obtained from processing of the captured
tracer images for each experimental case. Before the experiments, the moving speed of the
source is calibrated by changing the motor rotation speed in blank experiments where there is
no buoyant jet flow emitted into the ambient water and only the source is towed forward in the
water tank. In the experiments, each case is repeated three times to ensure that the visualized

phenomena are consistent, and the standard deviation in the maximum rising heights is less than

10%.
Table 1 Experimental parameters in the model experiments

Scenario Uy (M/S) ujer (M/s) Ratio of uje; and uggyrcee Re Fr
0.05 2.20 44 1800 2130
1 0.10 2.20 22 3600 2130
0.15 2.20 15 7200 2130
0.05 0.45 9 1800 420
2 0.05 1.10 22 1800 1060
0.05 2.20 44 1800 2130

3. Results

3.1 Comparison of the buoyant jet flow discharged from motionless and moving source
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The dispersal of buoyant jet flow discharged from the scaled-down source was visualized
by the blue food dye. After repeating three times of each case, i.e., 3 conditions/case, we chose
one condition of each case to show the experimental results. Here, the dispersion characteristics
of the exhaled buoyant jet flow from a motionless source in both uniform and stratified
environments are also included in our experiments for the comparison with the results from a
moving source. As an illustrative example, the visualization images of the buoyant jet flow in
thermally uniform water tank (dT/dz=0) when the source is motionless and moving with a speed
of 0.05m/s are shown in Fig. 3(a) and (b), respectively. It can be found from Fig. 3(a) that the
thermal flow disperses along the emitting direction and rise to the water surface quickly when
the source is stationary, which has been frequently reported in many existing studies [16,17,35].
However, different phenomenon is observed of in Fig. 3(b) after the source moves forwards
with a constant speed for 25s. The buoyant jet flow interacts with the airflow flow induced by
the forward movement, forming the impinging region, as illustrated in Fig. 1. Under the effect
of the oncoming flow, the forward momentum of the dyed fluid is dissipated, penetrating into
the oncoming flow up to some axial direction, termed penetration point [46], where the
horizontal momentum flux of the buoyant jet flow decays to zero. We defined the horizontal
travelling distance from the nozzle to the and penetration point as the penetration distance. Then
the coupled flow is turned backwards. The backwards thermal flow is affected by the buoyancy
force and rises to the water surface, with instantaneous vortical structures during the dispersion,
forming the wake region. As shown in Fig. 3(b), the horizontal travelling distance of the
backward thermal flow is approx. 20D behind the source when it rises to the water surface, that
is, the degree of upward bending of the thermal flow, is larger than that in Fig. 3(a) therein the
forward spreading distance being only 6D, which means the exhaled flow disperses for longer

time in the wake region than that emitted by a motionless source.
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Fig. 4 shows the dispersion characteristics of the coupled flow in a thermally stratified
environment. For a buoyant jet flow from a motionless source, the temperature stratification of
the ambient fluid will make it trapped at a certain height (i.e., lock-up phenomenon) along the
human exhalation direction. In the experimental condition, as the photographic observation
shown in Fig. 4(a), the buoyant jet flow goes from vertical to horizontal and becomes
submerged due to the decreasing density with height; in addition, there are some oscillations
before the buoyancy force and inertia forces reach equilibrium during the forward travelling
process. This phenomenon has been clarified by experimental and theoretical studies [35,44],
and the lock-up height was found to be a function of temperature gradient and initial parameters
of the buoyancy jet flow when the source is motionless. When the source is moving forwards
for 25s, as observed in Fig. 4(b), on reaching the penetration point and onwards, the backward
flow also show a retention behind the source in the wake region, but significantly different from
the lock-up phenomenon in Fig. 4(a). For comparison purpose, the lock-up layer of the
motionless buoyant jet flow is denoted as Zone 1 in Fig. 4(b), and the dispersion area of the
coupled flow in the wake region is denoted as Zone 2. It can be clearly seen that Zone 1 is in
the height of > 6.5D, while Zone 2 is much lower than Zone 1 within a height of 3.5-5.5D, that
is, when the oncoming flow interacts with the buoyant jet flow, there is a lower trapped layer
of the coupled flow behind the moving source that is closer to the breathing zone of the
susceptible people. When the source is moving forwards with a constant speed, an inverse
sheared velocity induced by the oncoming flow leads to instabilities and cumulative
entrainment in the wake region [47,48]. As a result, the coupled flow mixes quickly with the
ambient fluid and the temperature decays more quickly to the water temperature, causing the
buoyancy disappear at a low height and the flow stops rising and travels along this layer. In
addition, faster attenuation of the momentum and temperature makes it easier for the inertia

force and buoyancy force to reach equilibrium in the trapped layer, thus no obvious oscillations
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in the wake region [30,49]. It implies that the human-motion-induced flow can facilitate the
temperature and velocity decay of the exhalation airflow. However, when there is a thermal
stratification in indoor environment, the pollutant is more easily trapped at the breathing zone
behind the infected person. The susceptible people in the downstream from the source are more
easily exposed to the airborne aerosols exhaled by the source compared to those who have a

face-to-face exposure with the source.
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Fig. 3 Visualizations of the thermal flow in thermally uniform water tank (#source=0.05m/s,
ujet:2.20m/s, dTwater/thO):

(a) from a motionless source; (b) from a moving source
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Fig. 4 Visualizations of the thermal flow in thermally stratified water tank
(usource=o.05m/s, ujet=2.20m/s, dTwater/dh=0.3OC/m):

(a) from a motionless source; (b) from a moving source

3.2 Instantaneous evolution characteristics of coupled buoyant jet flow and oncoming flow

In Fig.5, we present a series of images at different times during the dispersion process of
the coupled flow. The images were captured at times 5,15 and 25s after the beginning of each
experiment. It can be found in Fig. 5(a) that at 5s there have been instantaneous large-scale

vortical structures in the wake region, which originates from the instable shearing when the
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oncoming flow is acting on the forward buoyant jet flow. After the source moves forwards for
10s, an approximately asymmetric development of these vortical structures can be found on the
lower and upper sides of the flow. Due to the thermal stratification of ambient fluid, the
decaying buoyancy force of the rising flow interacts with the increasing temperature, causing a
clear stagnant layer in the wake region behind the source at 25s. These vortical flow structures
is dissipated, evolved into small-scale turbulence and removed in the ambient fluid, which
however takes some time to complete. In our results, after the source move forwards for 25s,
the dye fluid behind the source can travels for about 20D, which implies that the source can
carry the contaminants up to a long distance during the forward movement. Therefore, in the
cases where people are moving indoors, keeping a distance of 1-2m may not be enough for the
people behind the infected source. There is still a high possibility of being exposed directly to
the virus-laden aerosols exhaled by the moving source person, such as queuing up in public

station or slow walking in exhibition hall.
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Fig. 5 Visualizations of the buoyant jet flow under Scenario 2:

(@) in thermally uniform environment; (b) in thermally stratified environment

3.3 Impact of motion speeds on evolution characteristics of the coupled flow

1
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People move in a variety of ways in different-type indoor environments, such as walking
slowly in exhibition gallery, walking fast and jogging in public stations and running in indoor
stadium. To explore the impact of the moving speed of an infected person in different motion
states on the dispersion of the exhaled airflow and containment dispersion, the scaled-down
human body was towed with three different velocities, with Re increasing from 1800 to 7200,
as the visualizations shown in Fig.6. It can be found from Fig. 6(a) that when the source is
moving in a well-mixed environment with a small speed of 0.05m/s, the coupled flow can reach
the water surface in the wake region. As the speed increases to 0.1m/s, the upward trend
becomes unobvious and the concentration of the dyed fluid decays obviously; at the same time,
the outlines begin to get thinner of 3D-6D. As the moving speed increases to 0.15m/s, there is
no clear upward trajectory can be observed in the dispersion process, while a downward
dispersion tend of the coupled flow appears behind the source, as reported in many existing
studies [19,20,50]. It is mainly attributed to the entrainment of the coupled flow behind the
moving source. The vortices of the wake flow could enhance the mixture of the discharged
contaminant in the vertical direction and carry them into the track behind the body when the
moving speed increases. It implies that there may exist an equilibrium between the buoyancy
flux of the coupled flow and momentum flux of the motion-induced wake flow, i.e., a critical
value of Re. for the dispersion of the coupled flow in wake region, and when the Re < Re, the
coupled flow is dominated by the buoyance and rises during the horizontal dispersion in the
wake region; after reaching the Rec, the coupled flow begins to spread downwards and behind
the source due to the instabilities and cumulative entrainment of the motion-induced flow in the
wake region. In a thermally stratified water tank, see Fig. 6(b), as the speed increases from
0.05m/s to 0.1m/s, the height of Zone 2 becomes lower and the width of the coupled flow
becomes smaller. The travelling height gets closer to people’s breathing height as the moving

speed increases. When Re is large enough to totally dominate the dispersion of the coupled flow,
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the buoyant force disappears rapidly, and a similar downward dispersion of the dyed fluid can
be seen behind the source. However, more experimental or numerical data are needed in our

following work to find the value of Rec in the environment with or without temperature gradient.
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Fig. 6 Visualizations of the buoyant jet flow under Scenario 1 (u#je=2.2m/s):

(@) in thermally uniform water; (b) in thermally stratified water

3.4 Impact of the buoyant jet velocity on evolution characteristics of the coupled flow

The intensity of the exhaled buoyant jet flow is determined by the respiratory activities of
the infected source. Here, three initial velocities of the buoyant jet flow emitted by the moving
source were compared in our experiments, with Fr increasing from 425 to 2126, as the results
shown in Fig.7. A reverse relationship is found between the dispersion characteristic and Fr of
the buoyant jet flow, compared to the results with increasing Re of the oncoming flow. With a
small discharging velocity of 0.45m/s (Fr=425), the momentum flux and buoyancy flux for
forward spreading are small, and the oncoming flow bent the coupled flow backwards with a
small penetration distance. As Fr increases (with a velocity of 1.1m/s), the trajectory of the
buoyant jet flow exhibits a significant rising within 3D-8D in the backward region in Fig. 7(a),

while in stratified environment the thermal flow is still found to disperse at a low height layer.
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As the coupled flow is turned backwards, the vertical rising continues due to the temperature
difference. When the jet velocity increases to 2.2m/s (Fr increases to 2126), the dispersion
trajectory becomes more obvious due to a high initial buoyancy flux and momentum flux of the
coupled flow. The backward flow can rise to the water surface in uniform environment, while

no obvious rising in stratified environment.
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Fig. 7 Visualizations of the buoyant jet flow under Scenario 2 (#source=0.05m/s):

(b) in thermally uniform water; (b) in thermally stratified water

4. Discussion

4.1 Synergistic impact of exhalation velocity and moving speed

Details of the experiments and the above results present that two regions are involved in
the dispersion of the coupled flow, i.e., impinging region of the forward buoyant jet flow and
the motion-induced oncoming flow, and the wake region of the coupled flow. Numerous studies
were focused on the wake flow induced by human movement [19,24,38] or oncoming airflow
[18,51], ignoring the buoyant jet flow exhaled from source and the interaction with the
oncoming flow when people are moving. In the impinging region, the buoyant jet flow moves

forwards and upwards due to the initial horizontal momentum and buoyancy. After reaching
1



430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

the penetration point under the impact of the oncoming flow, the coupled flow is turned
backwards into the wake region, and advected by the decaying buoyancy and the horizontal
momentum of the oncoming flow. At a small movement speed (with a low Re), the initial
momentum of the buoyant jet flow keeps it going forward for a long distance during which the
jet rises through a vertical distance on reaching the penetration point. As the Re increases, the
reverse shear of the oncoming flow dissipates the forward momentum rapidly, and the jet is
bent backwards readily with little vertical rising, travelling along a lower height. This
phenomenon is similar with the pollutant discharge characteristic in water environment with a
counterflow, which was widely studied and provided a good basis for fluid coupling [46,52].
As the moving speed continues increasing, a downward dispersion occurs due to the strong
entrainment of the wake flow behind human body, consistent with the findings of the work
aimed only at the wake flow induced by fast motions indoors [19,20,50]. Zhao and Feng [53]
compared the exhaled aerosol distribution field when source is walking in the leeward direction
and windward direction of the ventilation airflow, and found that the background wind causes
the aerosol to gather within a certain range behind the human body more easily. It has been
identified that the entrainment rate for the increase of the flow mass is largely dependent on the
centerline velocity [54], therefore, a large Re number increases the mixing rate with the ambient
fluid, making the temperature difference disappears at a lower height (point A in Fig. 8(a))
where the backward flow stops rising and spreads along the -x direction, forming the stagnant
layer. Similarly, as the Fr number becomes larger, the momentum flux, buoyancy flux and mass
flux of the buoyant jet flow increase. After being discharged into the ambient fluid, the
buoyancy force gradually disappears due to the increasing temperature of the ambient fluid with
height in stratified environment, and finally causes the coupled flow travel along a lower

horizontal layer close to the human’s breathing height, as illustrated in Fig.8(b).
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Fig. 8 Density variation of the coupled flow in the dispersion with:

(a) increasing moving speed of the source; (b) increasing buoyant jet velocity

4.2 Quantitative relations in impinging region and wake region for assessment

The information on the interaction between the exhaled airflow and oncoming airflow is
helpful in predicting airborne contaminant transport. Quantitative relations were further
discussed for accessing the dispersion characteristics under the impact of exhalation velocity
and moving speed. Considering the limited experimental cases in the present work, the
penetration distance (I) of the coupled flow in impinging region and the rising height in the
wake region, i.e., the maximum rising height of Zone 2 (h) is fitted as relations varying with
the ratio of the jet velocity uj: and the movement speed Usource USING the results of the
experimental cases in Table 1, as shown in Fig. 9. It can be found from Fig. 9(a) that the forward
penetration distance in the initial impinging region varies linearly with the velocity ratio, with
the value of R?=0.9057. A large velocity ration when the oncoming flow is relatively weak
makes the coupled flow spread further. This finding is consistent with the early work by Lam
and Chan [55], in which they focused on a jet flow penetrating a counterflow to describe the
discharge of pollutants into the atmosphere or receiving waterbodies. In this work, to the best
of the authors’ knowledge, this is the first implementation of such fluid modeling to explore the
dynamic characteristics of expiratory airflow and motion-induced airflow in indoor
environments when thermal stratification exists. The finding in Fig. 9(a) suggests that the

method is valid and the well-fitting linear relation can provide more details for the prediction
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of the airflow or pollutant dispersion exhaled from a moving person in both thermally-uniform
and stratified indoor environments. In Fig. 9(b), it can be observed that in the subsequent wake
region, the rising height of the coupled flow in a thermally uniform environment is significantly
higher than that in a stratified environment, which means that the flow spreads closer to the
human respiratory zone when there is a thermal stratification in occupied zones. However, there
is no significant fitting relation between the rising height and velocity ratio in Fig. (9). The
identification of quantitative relation between the rising height, especially the stagnant layer

height with the velocity ratio needs more experimental or simulated data in our following work.
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Fig. 9 Relations of (a) penetration distance in the impinging region and (b) rising height in the

wake region with different velocity ratios

4.3 Implications for infectious disease controlling in public spaces

The above findings imply that when the source person does vigorous exercise such as fast
walking and running, the influence of the coupled buoyant jet flow and oncoming airflow on
exhaled aerosols can last for >20s, and even for 30-60s as reported by Hang et al. [25]. In
addition, the exhaled pollutant concentrated at a height close to the source’s height in the
downstream direction of motion, and travel a long horizontal distance, which is exacerbated by
the positive thermal stratification of the ambient air. For both adults and children who follow
the source, there is a significant risk of direct exposure to the aerosols exhaled by the source.

For controlling disease spreading, safe social distance of 1-2m is implemented in many
2
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countries [56,57], which is defined based on the droplet dynamics exhaled by a motionless
infected source [58,59], ignoring the various motion states of people in public spaces. Our
results, together with the earlier reports on the wake flow induced by human motion disturbance
shows that keeping a distance of 1-2m with the source may not be enough to avoid inhalation
risk; in addition, the following time of the susceptible people should also be controlled.
Furthermore, it has been reported that the expiratory rate and bioaerosol release rate of an
infected patient in motion are tens to hundreds of times of that in resting state [2,3,60-62], and
even show an exponential increase tend in high-intensity exercise state. In the recent work of
Buonanno et al. [4], they found that high emission rates of >100 quanta/h can be reached by an
asymptomatic subject who is walking slow and vocalizing, whereas the asymptomatic subject
in resting conditions mostly has a low quanta emission rate of <1 quantum/h. It further stressed
that the large emission of virus with high exhalation intensity from infected source in motion

states should be paid more attentions, rather than the motionless source.

5. Conclusions

Understanding the dispersion of the airflow exhaled from a moving infected patient plays
an importantrole in the transmission and controlling of respiratory diseases, especially in public
occasions with big population. In this work, the dynamics of the coupled flow of buoyant jet
flow exhaled from a source and the oncoming flow induced by the source motion in thermally
stratified environment was explored with reduced-scale experiments in a water tank. The
dispersion trajectories of the buoyant jet flow were compared when the source is stationary and
moving forwards, and the impact of initial velocity of buoyant jet flow and movement speed of
the source were investigated.

We found that different from a buoyant jet flow from a motionless source, there exist two
regions in the dispersion of the coupled flow when the source moves forwards, i.e., impinging

region and wake region. In the impinging region, the coupled flow rises upwards with a short
2
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penetration distance, which is found to vary linearly with the velocity ratio of the jet velocity
and movement speed. Then, the coupled flow spreads backwards and forms the wake region,
where the flow disperses for a long time and over a long distance after the source. In the wake
region, the coupled flow travels upwards, but more slowly than the rising speed when the source
is motionless. It is noteworthy that when there exists a vertical temperature gradient of the
ambient fluid, the coupled flow is easily trapped at a lower layer behind the source, which is
found to be much lower than the “lock-up” height for a motionless buoyant jet flow and closer
to the breathing zone of the people in the lee. A smaller moving speed and a larger jet velocity

make the stagnant layer more obvious.

6. Limitations and prospects

There are some limitations for current study. The human body is simplified as a vertical
cylinder, and there are no detailed walking gestures like bending of knees and elbows, which
may cause the motion-induced wake flow behind human body different from the actual
conditions. The pulsating breathing modes in realistic cases is simplified to be steady in the
preliminary experiment, which may produce slightly modified results. Furthermore, only the
flow interaction was studied in this experimental work, therefore the results are only valid for
the situation when the exhaled droplets or droplet nuclei are smaller than 5-10pum that can
follow the persons’ exhalation flows. The transport behaviors of large droplets are different
from those of small droplets and gaseous contaminants due to the relatively large gravity and
drag force, which needs to be further studied in the future. In addition, in the experiments, it
takes 3-4h to make a stable temperature stratification in the water tank for each experiment, so
the number of the experimental cases was not large enough to make more quantitative analysis.
We considered the present work as a preliminary study for our following studies, and the

findings are mainly applicable to the early stage of design of an indoor environment.
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In the following work, theoretical and numerical methods will be used to explore more
detailed illustrations of the coupling mechanism of the exhaled buoyant jet flow and motion-

induced oncoming airflow, and its further impact on the transmission of respiratory diseases.
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