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Abstract: Indoor environments with displacement ventilation or under-floor air distribution 15 

commonly exhibit thermal stratification, which can impact the dispersion of droplets in exhaled 16 

air by moving human sources. This paper presented an experimental study using a water tank 17 

to simulate the coupling characteristics of exhaled airflow and human motion-induced 18 

oncoming airflow, especially in a stratified environment. The effects of exhalation velocity and 19 

movement speed were studied. Results show that the buoyant jet flow couples with the 20 

oncoming flow, firstly spreading forwards and upwards, forming the impinging region, where 21 

the penetration distance is found to vary linearly with the ratio of movement velocity and 22 

exhalation velocity. Then the coupled flow spreads backwards, forming the wake region behind 23 

the source, where the flow rises upwards, albeit at a slower rate than in motionless conditions. 24 

In the wake region, there is an obvious stagnant layer, which is exacerbated by the thermal 25 



 

2 

stratification of the ambient fluid and much lower than the lock-up height of motionless buoyant 26 

jet flow. It is expected to provide scientific basis for formulating prevention and 27 

control measures in public spaces. 28 

Keywords: water tank experiment; expiratory airflow; moving source; thermal stratification; 29 

impinging region; stagnant layer 30 

1. Introduction 31 

During the COVID-19 pandemic, it has been found that the local accumulation of exhaled 32 

virus-laden droplets from the infected source in the crowded indoor space can easily cause 33 

cross-infection of SARS-CoV-2 [1]. States of the occupants are various in different-type 34 

buildings, such as rest in waiting halls, walking in exhibition gallery, and running in stadium, 35 

etc. Human activities can change the concentration distribution of aerosols and also cause a 36 

difference in the exhalation rate and virus emission rate [2-4]. These factors are important to 37 

determine the infection risk of susceptible people who share the indoor environment [5]. 38 

Investigations on the dynamic characteristics of the exhaled airflow and pollutant from infected 39 

patient in different motion states are of great significance for controlling disease transmission 40 

and making precautions, however less studied.  41 

In different-type buildings like hospital, bus station, airport and sport hall, the ventilation 42 

strategy differs with special requirements for design, giving rise to various vertical temperature 43 

distributions in indoor environments [6]. For example, a vertical temperature difference of 44 

approx. 3 ℃ was observed in a classroom ventilated with displacement natural ventilation 45 

within 0.1 - 1.1 m at the location of students [7]. Zhao et al. [8] found in three arrival halls of 46 

an airport environment, the vertical temperature difference from 0 - 3 m was of about 6.5, 5.7 47 

and 1.5 ℃, while only a small temperature difference of 0.2 ℃ in departure hall. A greater 48 

vertical temperature difference than the acceptable level in the occupied zone not only causes 49 
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the thermal discomfort, but may not be conducive to the diffusion and dilution of pollutants. 50 

The existing studies indicated that the vertical temperature difference of indoor air is mainly 51 

attributed to the heating, ventilation, and air-conditioning (HVAC) systems [9-12], air 52 

infiltration [10,11], occupant distribution [13], etc. In our recent work, the indoor air 53 

temperature data in different-type indoor environments in real world was retrieved from the 54 

published literature based on the measurements and compared [14]. Results show that the 55 

vertical temperature gradients in office building, hospital, classroom, etc. are within the range 56 

of -0.34 to 3.26 ℃/m. In large space such as coach station, airport terminal, and sport hall, the 57 

average temperature gradient ranges within 0.13-2.38 ℃/m in occupied zone (0-3m). Numerous 58 

studies have reported that for a motionless infected patient, the thermal stratification can make 59 

the exhaled airflow and airborne aerosols locked at a certain height [15-17], which increases 60 

the transmission distance of the virus-laden aerosols and exposure risk of susceptible people 61 

[5]. When people move in indoor space, wind flows over a human body, defined as the 62 

oncoming airflow [18], and interacts with the exhaled buoyant jet flow, as depicted in Fig.1. 63 

The coupled flow spreads driven by the reverse momentum and buoyance under the impact of 64 

thermal stratification of ambient air. However, how the thermal stratification affects the 65 

interaction of the coupled airflow and the exhaled aerosols remains unknown. 66 

There have been extensive experimental measurements [19-23] and numerical simulations 67 

[21,24-27] on the impact of human motion on indoor airflow filed and pollutant distributions, 68 

but mostly with motionless pollutant source. In full-scale test rooms with manikins, Wu et al. 69 

[22] studied the impact of human moving on the dispersion of pollutant exhaled from a seated 70 

source, and found that human movement with a long time enhanced the mixing of the pollutant, 71 

but potentially increasing the human’s exposure to exhaled aerosols. Similar conclusion was 72 

also given by early work of Wang and Chow [27], in which they found that increasing the speed 73 

of human walking can reduce the number concentration of suspended droplets. Liu et al. [23] 74 
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studied the effect of a circulating nurse walking on airflow and bacteria-carrying particles 75 

produced in the operating process, and found that as the circulating nurse passed, local 76 

concentration of the bioaerosols shed from surgical staff increased due to the airflow 77 

disturbance and resulted in an increased risk of surgical site infections. The above studies 78 

focused largely on the disturbance on the indoor airflow of the of human movement. They have 79 

well addressed the importance of human motion on airflow patterns and further caused aerosol 80 

suspension or secondary suspension, resulting a potential increase of exposure risk. In 81 

ventilated rooms, it has been identified that the existing of thermal stratifications of ambient air 82 

is an essential factor for the dispersion of aerosols, especially for the disease transmission via 83 

the exhaled virus [28-31]. In recently, Feng et al. [27] focused on the relationship between the 84 

thermal stratification in displacement ventilated room and human movement, and found that 85 

human movement can destroy of the stability of indoor air, and weaken the thermal stratification, 86 

while no further insights into how the exhaled buoyant jet flow and aerosols were affected in 87 

such stratified environment. Overall, much less is known about the dynamic characteristics of 88 

the exhaled airflow and aerosols from a moving infected source in indoor environments with a 89 

thermal stratification. The interaction mechanism of the exhaled buoyant jet flow and motion-90 

induced airflow is the key basis for disease controlling in real-world settings.  91 

Two experimental methods are widely used to understand the aerodynamic characteristics 92 

of indoor airflow and pollutant transmission, i.e., full-scale experiments [21-23,32,33] and 93 

reduced-scale experiments [19,20,30,34]. Full-scale experiments in ventilated chambers are 94 

often limited to several airflow patterns, in which the vertical temperature gradient is 95 

uncontrollable as needed. Water-tank modeling has gradually been proved to be an appropriate 96 

tool to simulate the airflow patterns in indoor environments due to its flexibility and 97 

convenience on boundary condition controls. For example, Luo et al. [19] studied the dynamic 98 

changes of the movement-induced wake flow in a thermally-uniform water tank using a 3D 99 
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printed scaled-down manikin. Mingotti et al. [34] explored the air mixing arisen from the 100 

human movement along a corridor using a cylinder in a thermally-uniform water wank. In the 101 

early work of Ghajar and Bang [35], they proposed a Modified Oster method to produce a stable 102 

density stratification in salt water, which was widely used in the experimental studies on urban 103 

heat island [36,37]. In our previous work [30], this method was developed by top heating and 104 

bottom cooling at the same time to establish stable temperature gradient of the ambient water 105 

in the tank. Two-way temperature control can reduce the time required to form a thermal 106 

stratification, and help maintain the stability. In addition, thermistors or thermochromic liquid 107 

crystals for temperature can be quite fast-response devices in water, which makes it possible 108 

for the measurement or visualization of the concentration and temperature distribution of the 109 

buoyant jet flow exhaled by human. However, experimental studies have been rarely carried 110 

out to observe the interactions between the exhaled buoyant jet flow and movement-induced 111 

airflow in thermally stratified environments.    112 

In this study, reduced-scale experiments in water tank are used with two purposes: scaling 113 

the interaction of expiratory airflow and motion-induced airflow under feasible and controllable 114 

water-tank settings to explore the impact of thermal stratification on the dispersion of the 115 

coupled flow, and obtaining high-quality experimental data to validate the theoretical models 116 

or numerical simulations in our future work. The crucial issues related to disease transmission 117 

are expected be answered: what is the difference in the dynamic characteristics of the exhaled 118 

airflow between a motionless patient and a moving patient, and whether there is also a “lock-119 

up” phenomenon when the exhaled buoyant jet flow couples with human motion-induced 120 

oncoming airflow in a thermally stratified environment. A scaled-down a cylinder being towed 121 

forwards is used to represent a moving person in the water tank with well controllable thermal 122 

environment. The exhaled airflow from the moving person is simulated by a buoyant jet flow. 123 

Interactions of the exhaled buoyant jet flow with different initial parameters and the motion-124 
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induced airflow characterized by with different movement speeds are observed in the water 125 

tank. It is expected to clarify the synergistic effect of human respiratory activities and human 126 

motion on the exhaled flow dispersion, and furthermore contribute to predicting the 127 

contaminant transport process in public spaces.   128 

 129 

Fig. 1 Simplification of the coupled flow of exhaled buoyant jet flow and motion-induced 130 

oncoming airflow 131 

2. Methodology 132 

2.1 Similarity analysis 133 

For a viscous, incompressible and stratified fluid, the governing equations of motion and 134 

thermodynamic energy are analogous in air and water systems. In this experiment, the water 135 

tank is used to simulate an indoor environment with or without temperature gradient. The 136 

human body is regard as a cylinder [20,38], mounted on a sliding block and towed by a motor, 137 

forming the oncoming flow. The human thermal plume is not considered here, like many 138 

experimental or numerical studies on the wake flow induced by human motion [20,39], 139 

according to findings of Wu et al. [40] and Oh et al. [41] that when a freestream velocity appears 140 

at approx. 0.2 m/s, the oncoming flow penetrates the thermal boundary layer leading to collapse 141 

of the rising plume and dominates the micro- airflow/environment near the human body. The 142 

respiratory air exhaled from the mouth or nostril is considered as a circular non-isothermal 143 
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buoyant jet flow [42,43]. The human mouth is scaled into a circular orifice, with the jet flow 144 

being discharged from a circular nozzle in the human body model. To simplify the complex 145 

breathing modes, the pulsating breathing mode of respiratory activities is simplified as constant 146 

velocity, which may overstate the airflow and particle dispersion, but meeting the actual needs 147 

of the evaluation of cross-infection risk for emergency response. Similarity requirements should 148 

be satisfied to mimic the flow dynamics of an expiratory jet flow exhaled from a moving human 149 

using a reduced-scale model in the tank.    150 

2.1.1 Similarity requirements of the source movement  151 

Dynamic similarities between the motion-induced airflow around the human body can be 152 

achieved by Reynolds number, Re. This method was frequently used in the experimental studies 153 

on the impact of human motion on indoor airflow field and pollutant distributions in water tank 154 

[19,20,34]. An adult with a waistline of approx. 85cm is scaled as a cylinder with a diameter of 155 

4cm in the water tank experiment. The same Re is essential in the two systems: 156 

Re=
ugDb,g

νg

=
uwDb,w

νw

                            (1) 157 

where u  is the moving speed, Db  is the hydraulic diameter of human body, and ν  is the 158 

kinematic viscosity of the fluid. The subscript g stands for air (distinguished from the subscript 159 

a for indoor ambient air), and w for water. Therein the moving speed of the reduced-scaled 160 

model in the water tank can be attainable.  161 

2.1.2 Similarity requirements of the exhaled buoyant jet flow 162 

Non-dimensional forms of the governing equations of motion and thermodynamic energy 163 

in a stratified fluid are similar to those in Lu et al. [44]. For a jet flow, the dynamic similarity 164 

between laboratory experiments and real situations can be achieved by Re. A typical value of 165 

Re for an expiratory flow ranges from 2,500 to 12,500, with mouth diameter of 2cm and 166 

exhalation velocities of 2-10m/s. The Re attainable in the reduced-scale water tank model is 167 

about 2,000 to 8,000, with the opening size of 4 mm and initial velocities of 0.5-2 m/s, a little 168 
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small for a rigorous simulation. That means, the values of Re in the two systems are larger than 169 

the critical value that is required for fully turbulent flow, in which cases the jet flow becomes 170 

independent of Re [45]. Due to the temperature difference between the exhaled air and the 171 

ambient air, the jet flow rises upwards jointly driven by buoyancy force and inertia force. 172 

Therefore, the densimetric Froude number Fr becomes the governing criterion for describing 173 

the prototype flow, which must be duplicated in the water tank modeling:  174 

Fr=
uc,g

√gc,g
' Dm,g 

=
uc,w

√gc,w
' Dm,g 

                          (2) 175 

where Dm is the diameter of the mouth opening, uc is the axial velocity of jet flow 176 

(m/s) , g
c
’= (ρ

a
(z)-ρ

c
)g ρ

ref
⁄  is the buoyant acceleration (m/s2), ρ

c
 the axial density of jet flow 177 

(kg/m3), ρ
a
(z) the ambient air density (kg/m3) in the vertical direction z and ρ

ref
 a constant 178 

reference density (kg/m3) with the Boussinesq approximation. Eq. (2) shows that when 179 

considering water as the ambient fluid for modeling in the experiment, it is necessary to define 180 

Fr in terms of density rather than temperature. Therefore, the initial velocity of the buoyant jet 181 

flow in a thermally uniform water tank is solved by Eq. (2), which is achieved by controlling 182 

the water pressure difference in the experiment.  183 

When there is temperature gradient in the ambient fluid, the temperature variation in 184 

vertical direction causes a change in the fluid density, which makes the flow oscillate in the 185 

environment, i.e., buoyancy is the recovery force of the oscillation. The angular frequency at 186 

which a vertically displaced parcel will oscillate in the stratified environment can be described 187 

by buoyancy frequency N=√-
g

ρ
ref

dρ
a

dz
. At this point, the local Fr at the mouth opening can be 188 

approximated as: 189 

Fr=
uc,g

Dg𝑁g
=

uc,w

D𝑤𝑁𝑤
                             (3)         190 

2.2 Experimental setups and case description 191 
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2.2.1 Experimental setups  192 

Experiments are performed in a transparent glass rectangular tank (Length × Width × 193 

Height = 2.4 m × 0.8 m × 0.8 m) filled with water at rest. The tank walls are made of 1.5-cm-194 

thick glass to be transparent to the green laser sheet. The experimental apparatus includes stable 195 

jet flow system, thermal stratification system, underwater towed system and monitoring system, 196 

as illustrated in Fig. 2(a).  197 

 198 

(a)                                         (b) 199 

Fig. 2 Schematic diagram of experimental system in (a) and photos of the setups in (b): 200 

① Peristaltic pump; ② Liquid vessel; ③ Separator vessel; ④ Overflow collector; ⑤ Hose; 201 

⑥ Nozzle; ⑦ Scaled-down human body; ⑧ Camera; ⑨ Slide rail; ⑩ Ambient fluid; ⑪ 202 

Cooling coil; ⑫ Heating coil; ⑬ TCL; ⑭ Spacing sliding block; ⑮ Thermocouple; ⑯ 203 

Variable speed motor; ⑰ Data collector; ⑱ Low-temperature thermostat 204 

In all experiments, the heated liquid is first injected into separator vessel ③ until its level 205 

reaches the overflow surface. Then the upper valve is opened, and the heated liquid is then 206 

injected into liquid vessel ② to ensure a sustaining overflow status of ③ before opening the 207 

lower valve. A peristaltic pump (Kamoer Lab UIP WIFI-S183, China) ① is used here to 208 

continuously provide a stable supply. After these procedures, the lower valve is opened, then 209 

the liquid is injected into the ambient fluid through a circular nozzle ⑥ embedded in the 210 

cylinder ⑦, and a submerged horizontal round thermal jet is formed. The initial velocity of the 211 

buoyancy jet flow is controlled by the pressure difference between the liquid level in ③ and 212 
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the nozzle level. In indoor environments, the ratio of the mouth/nostril diameter (2cm) and room 213 

size (3-5m) is on the order of about 1:250-1:150. In this study, the corresponding ratio of the 214 

orifice size of the nozzle (4mm) and water-tank size (0.8 -2.4m) is on the order of about 1:600-215 

1:200, so it can be considered that water tank is large enough for the injected flow to fully 216 

develop.  217 

To simulate the forward movement of the source, the simplified body with the jet nozzle, 218 

together with the supply hose, is mounted on a sliding block on a slideway, which is towed by 219 

a motor ⑯ that is fixed outside the water tank. The sliding block is towed at a constant speed 220 

by the motor in the same direction of the discharging buoyant jet flow. The amplitude (i.e., the 221 

horizontal span of the movement) is 2m in all cases, for which a safety spacing sliding block 222 

⑭ is fixed in the moving direction to stop the motion. In this work, for comparison purpose, a 223 

motionless buoyant jet flow is firstly observed in the water tank in each case; after the flow 224 

develops stably, the motor is started and a moving jet flow is formed, so the dispersion 225 

characteristics for motionless and moving buoyant jet flow can be clearly observed and 226 

compared.                     227 

The background water injected into the tank is regarded to be initially thermally uniform. 228 

To create a thermal stratification in the water, a U-type heating coil (10 kW) ⑫ on the upper 229 

surface of the water and a cooling coil ⑪ connected to a low-temperature thermostat (DC-230 

1050, China) ⑱ via hoses and a small pump to form a circulation loop are arranged to realize 231 

a two-way temperature control to establish a stable temperature gradient in the tank. Fill water 232 

into the water tank until the U-type heating coil is just immersed by water surface. A 233 

temperature controller is fixed on the water tank to control the water temperature of the upper 234 

surface, i.e., after turning on ⑫, a targeted heating temperature is set and the real-time water 235 

temperature is displayed on the temperature controller. Heating starts when the set temperature 236 

is higher than the measured temperature; otherwise, heating stops. Similarly, a cooling 237 
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temperature is set on ⑱ and the cooling circulation starts to run when the water is lower than 238 

the setting value. The temperature profile measurement of the water is conducted by 20 239 

thermocouples ⑮, all calibrated and connected to a digital temperature logger (Agilent™ 240 

34970A), and a computer is used for data monitor and collect.   241 

To track the trajectory of the moving buoyant jet flow, blue food dye is used and diluted 242 

with a density close to that of the ambient fluid ⑩ to avoid the diffusion of mass transfer. The 243 

temperature stratification can be visualized by the thermochromic liquid crystal (TLC) sheet 244 

(Edmund Optics Inc., Barrington, NJ, USA) ⑬, the color of which changes from blue to red 245 

as the temperature varies from the highest (25℃) to the lowest (20℃). A Canon camera ⑧ is 246 

used to obtain the dispersion image and video of the moving buoyant jet flow, and fixed in front 247 

of the water to ensure the consistency of all images photographed in different cases. Vertical 248 

and horizontal coordinate scales are calibrated before the experiments on the left side and at the 249 

bottom of the water tank to obtain the dispersion characteristics. The video records are analyzed 250 

to provide the travelling distance and rising height of the coupled flow.  251 

2.2.2 Case descriptions  252 

Experiments are carried out to investigate the evolution of the coupled airflow of exhaled 253 

airflow and oncoming airflow in both thermally-uniform and stratified indoor environments. In 254 

the previous studies on the airflow disturbance induced by human motion, the moving speed 255 

was generally set as >0.2m/s [19,23]. In our experiments, we focus on both the exhalation 256 

airflow and the motion-induced airflow, so different ratios of the exhaled buoyant jet flow and 257 

moving speed are included so that the results can be generalized to the dispersion of exhaled 258 

pollutant from moving people with different respiratory activities. A low moving speed of 259 

0.1m/s was set for the comparison with the mild exhalation like normal breathing with a low 260 

velocity ratio; and higher moving speed was used for the comparison with the violent exhalation 261 

like loudly speaking or coughing with a large velocity ratio. Therefore, we consider the impacts 262 
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of moving speed of the source person (Scenario 1: umoving=0.1, 0.2 and 0.4m/s) and exhalation 263 

velocities (Scenario 2: uexhalation=2, 5 and 10m/s) on the dispersion of the coupled flow in indoor 264 

environment. The modeling parameters in reduced-scale experiments are listed in Table 1, in 265 

which the usource and ujet represents the moving speed of the scaled-down human body and 266 

initial velocity of the buoyant jet flow, respectively. For comparison, both Scenarios 1 and 2 267 

are conducted in the water tank with and without temperature gradient, so there is a total of 268 

6×2=12 cases in two types of the water-tank environments. The dispersion behaviors of the 269 

coupled buoyant jet flow and the motion-induced oncoming flow such as the trajectory, 270 

development of the widths, and rising height can be obtained from processing of the captured 271 

tracer images for each experimental case. Before the experiments, the moving speed of the 272 

source is calibrated by changing the motor rotation speed in blank experiments where there is 273 

no buoyant jet flow emitted into the ambient water and only the source is towed forward in the 274 

water tank. In the experiments, each case is repeated three times to ensure that the visualized 275 

phenomena are consistent, and the standard deviation in the maximum rising heights is less than 276 

10%.  277 

Table 1 Experimental parameters in the model experiments 278 

Scenario usource (m/s) ujet (m/s) Ratio of ujet and usource Re Fr 

1 

0.05 2.20 44 1800 2130 

0.10 2.20 22 3600 2130 

0.15 2.20 15 7200 2130 

2 

0.05 0.45 9 1800 420 

0.05 1.10 22 1800 1060 

0.05 2.20 44 1800 2130 

3. Results 279 

3.1 Comparison of the buoyant jet flow discharged from motionless and moving source 280 
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The dispersal of buoyant jet flow discharged from the scaled-down source was visualized 281 

by the blue food dye. After repeating three times of each case, i.e., 3 conditions/case, we chose 282 

one condition of each case to show the experimental results. Here, the dispersion characteristics 283 

of the exhaled buoyant jet flow from a motionless source in both uniform and stratified 284 

environments are also included in our experiments for the comparison with the results from a 285 

moving source. As an illustrative example, the visualization images of the buoyant jet flow in 286 

thermally uniform water tank (dT/dz=0) when the source is motionless and moving with a speed 287 

of 0.05m/s are shown in Fig. 3(a) and (b), respectively. It can be found from Fig. 3(a) that the 288 

thermal flow disperses along the emitting direction and rise to the water surface quickly when 289 

the source is stationary, which has been frequently reported in many existing studies [16,17,35]. 290 

However, different phenomenon is observed of in Fig. 3(b) after the source moves forwards 291 

with a constant speed for 25s. The buoyant jet flow interacts with the airflow flow induced by 292 

the forward movement, forming the impinging region, as illustrated in Fig. 1. Under the effect 293 

of the oncoming flow, the forward momentum of the dyed fluid is dissipated, penetrating into 294 

the oncoming flow up to some axial direction, termed penetration point [46], where the 295 

horizontal momentum flux of the buoyant jet flow decays to zero. We defined the horizontal 296 

travelling distance from the nozzle to the and penetration point as the penetration distance. Then 297 

the coupled flow is turned backwards. The backwards thermal flow is affected by the buoyancy 298 

force and rises to the water surface, with instantaneous vortical structures during the dispersion, 299 

forming the wake region. As shown in Fig. 3(b), the horizontal travelling distance of the 300 

backward thermal flow is approx. 20D behind the source when it rises to the water surface, that 301 

is, the degree of upward bending of the thermal flow, is larger than that in Fig. 3(a) therein the 302 

forward spreading distance being only 6D, which means the exhaled flow disperses for longer 303 

time in the wake region than that emitted by a motionless source.  304 
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Fig. 4 shows the dispersion characteristics of the coupled flow in a thermally stratified 305 

environment. For a buoyant jet flow from a motionless source, the temperature stratification of 306 

the ambient fluid will make it trapped at a certain height (i.e., lock-up phenomenon) along the 307 

human exhalation direction. In the experimental condition, as the photographic observation 308 

shown in Fig. 4(a), the buoyant jet flow goes from vertical to horizontal and becomes 309 

submerged due to the decreasing density with height; in addition, there are some oscillations 310 

before the buoyancy force and inertia forces reach equilibrium during the forward travelling 311 

process. This phenomenon has been clarified by experimental and theoretical studies [35,44], 312 

and the lock-up height was found to be a function of temperature gradient and initial parameters 313 

of the buoyancy jet flow when the source is motionless. When the source is moving forwards 314 

for 25s, as observed in Fig. 4(b), on reaching the penetration point and onwards, the backward 315 

flow also show a retention behind the source in the wake region, but significantly different from 316 

the lock-up phenomenon in Fig. 4(a). For comparison purpose, the lock-up layer of the 317 

motionless buoyant jet flow is denoted as Zone 1 in Fig. 4(b), and the dispersion area of the 318 

coupled flow in the wake region is denoted as Zone 2. It can be clearly seen that Zone 1 is in 319 

the height of > 6.5D, while Zone 2 is much lower than Zone 1 within a height of 3.5-5.5D, that 320 

is, when the oncoming flow interacts with the buoyant jet flow, there is a lower trapped layer 321 

of the coupled flow behind the moving source that is closer to the breathing zone of the 322 

susceptible people. When the source is moving forwards with a constant speed, an inverse 323 

sheared velocity induced by the oncoming flow leads to instabilities and cumulative 324 

entrainment in the wake region [47,48]. As a result, the coupled flow mixes quickly with the 325 

ambient fluid and the temperature decays more quickly to the water temperature, causing the 326 

buoyancy disappear at a low height and the flow stops rising and travels along this layer. In 327 

addition, faster attenuation of the momentum and temperature makes it easier for the inertia 328 

force and buoyancy force to reach equilibrium in the trapped layer, thus no obvious oscillations 329 
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in the wake region [30,49]. It implies that the human-motion-induced flow can facilitate the 330 

temperature and velocity decay of the exhalation airflow. However, when there is a thermal 331 

stratification in indoor environment, the pollutant is more easily trapped at the breathing zone 332 

behind the infected person. The susceptible people in the downstream from the source are more 333 

easily exposed to the airborne aerosols exhaled by the source compared to those who have a 334 

face-to-face exposure with the source.         335 

  336 

(a)                                        (b) 337 

   Fig. 3 Visualizations of the thermal flow in thermally uniform water tank (usource=0.05m/s, 338 

ujet=2.20m/s, dTwater/dh=0): 339 

(a) from a motionless source; (b) from a moving source  340 

  341 

(a)                                        (b) 342 

   Fig. 4 Visualizations of the thermal flow in thermally stratified water tank 343 

(usource=0.05m/s, ujet=2.20m/s, dTwater/dh=0.3℃/m): 344 

(a) from a motionless source; (b) from a moving source 345 

3.2 Instantaneous evolution characteristics of coupled buoyant jet flow and oncoming flow  346 

In Fig.5, we present a series of images at different times during the dispersion process of 347 

the coupled flow. The images were captured at times 5,15 and 25s after the beginning of each 348 

experiment. It can be found in Fig. 5(a) that at 5s there have been instantaneous large-scale 349 

vortical structures in the wake region, which originates from the instable shearing when the 350 
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oncoming flow is acting on the forward buoyant jet flow. After the source moves forwards for 351 

10s, an approximately asymmetric development of these vortical structures can be found on the 352 

lower and upper sides of the flow. Due to the thermal stratification of ambient fluid, the 353 

decaying buoyancy force of the rising flow interacts with the increasing temperature, causing a 354 

clear stagnant layer in the wake region behind the source at 25s. These vortical flow structures 355 

is dissipated, evolved into small-scale turbulence and removed in the ambient fluid, which 356 

however takes some time to complete. In our results, after the source move forwards for 25s, 357 

the dye fluid behind the source can travels for about 20D, which implies that the source can 358 

carry the contaminants up to a long distance during the forward movement. Therefore, in the 359 

cases where people are moving indoors, keeping a distance of 1-2m may not be enough for the 360 

people behind the infected source. There is still a high possibility of being exposed directly to 361 

the virus-laden aerosols exhaled by the moving source person, such as queuing up in public 362 

station or slow walking in exhibition hall.     363 

   364 

(a)                                   (b) 365 

Fig. 5 Visualizations of the buoyant jet flow under Scenario 2: 366 

(a) in thermally uniform environment; (b) in thermally stratified environment 367 

3.3 Impact of motion speeds on evolution characteristics of the coupled flow 368 
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People move in a variety of ways in different-type indoor environments, such as walking 369 

slowly in exhibition gallery, walking fast and jogging in public stations and running in indoor 370 

stadium. To explore the impact of the moving speed of an infected person in different motion 371 

states on the dispersion of the exhaled airflow and containment dispersion, the scaled-down 372 

human body was towed with three different velocities, with Re increasing from 1800 to 7200, 373 

as the visualizations shown in Fig.6. It can be found from Fig. 6(a) that when the source is 374 

moving in a well-mixed environment with a small speed of 0.05m/s, the coupled flow can reach 375 

the water surface in the wake region. As the speed increases to 0.1m/s, the upward trend 376 

becomes unobvious and the concentration of the dyed fluid decays obviously; at the same time, 377 

the outlines begin to get thinner of 3D-6D. As the moving speed increases to 0.15m/s, there is 378 

no clear upward trajectory can be observed in the dispersion process, while a downward 379 

dispersion tend of the coupled flow appears behind the source, as reported in many existing 380 

studies [19,20,50]. It is mainly attributed to the entrainment of the coupled flow behind the 381 

moving source. The vortices of the wake flow could enhance the mixture of the discharged 382 

contaminant in the vertical direction and carry them into the track behind the body when the 383 

moving speed increases. It implies that there may exist an equilibrium between the buoyancy 384 

flux of the coupled flow and momentum flux of the motion-induced wake flow, i.e., a critical 385 

value of Rec for the dispersion of the coupled flow in wake region, and when the Re < Rec, the 386 

coupled flow is dominated by the buoyance and rises during the horizontal dispersion in the 387 

wake region; after reaching the Rec, the coupled flow begins to spread downwards and behind 388 

the source due to the instabilities and cumulative entrainment of the motion-induced flow in the 389 

wake region. In a thermally stratified water tank, see Fig. 6(b), as the speed increases from 390 

0.05m/s to 0.1m/s, the height of Zone 2 becomes lower and the width of the coupled flow 391 

becomes smaller. The travelling height gets closer to people’s breathing height as the moving 392 

speed increases. When Re is large enough to totally dominate the dispersion of the coupled flow, 393 
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the buoyant force disappears rapidly, and a similar downward dispersion of the dyed fluid can 394 

be seen behind the source. However, more experimental or numerical data are needed in our 395 

following work to find the value of Rec in the environment with or without temperature gradient.              396 

    397 

(a)                                  (b) 398 

Fig. 6 Visualizations of the buoyant jet flow under Scenario 1 (ujet=2.2m/s): 399 

(a) in thermally uniform water; (b) in thermally stratified water 400 

3.4 Impact of the buoyant jet velocity on evolution characteristics of the coupled flow 401 

The intensity of the exhaled buoyant jet flow is determined by the respiratory activities of 402 

the infected source. Here, three initial velocities of the buoyant jet flow emitted by the moving 403 

source were compared in our experiments, with Fr increasing from 425 to 2126, as the results 404 

shown in Fig.7. A reverse relationship is found between the dispersion characteristic and Fr of 405 

the buoyant jet flow, compared to the results with increasing Re of the oncoming flow. With a 406 

small discharging velocity of 0.45m/s (Fr=425), the momentum flux and buoyancy flux for 407 

forward spreading are small, and the oncoming flow bent the coupled flow backwards with a 408 

small penetration distance. As Fr increases (with a velocity of 1.1m/s), the trajectory of the 409 

buoyant jet flow exhibits a significant rising within 3D-8D in the backward region in Fig. 7(a), 410 

while in stratified environment the thermal flow is still found to disperse at a low height layer. 411 
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As the coupled flow is turned backwards, the vertical rising continues due to the temperature 412 

difference. When the jet velocity increases to 2.2m/s (Fr increases to 2126), the dispersion 413 

trajectory becomes more obvious due to a high initial buoyancy flux and momentum flux of the 414 

coupled flow. The backward flow can rise to the water surface in uniform environment, while 415 

no obvious rising in stratified environment.        416 

    417 

(a)                                   (b) 418 

Fig. 7 Visualizations of the buoyant jet flow under Scenario 2 (usource=0.05m/s): 419 

(b) in thermally uniform water; (b) in thermally stratified water 420 

4. Discussion 421 

4.1 Synergistic impact of exhalation velocity and moving speed  422 

Details of the experiments and the above results present that two regions are involved in 423 

the dispersion of the coupled flow, i.e., impinging region of the forward buoyant jet flow and 424 

the motion-induced oncoming flow, and the wake region of the coupled flow. Numerous studies 425 

were focused on the wake flow induced by human movement [19,24,38] or oncoming airflow 426 

[18,51], ignoring the buoyant jet flow exhaled from source and the interaction with the 427 

oncoming flow when people are moving. In the impinging region, the buoyant jet flow moves 428 

forwards and upwards due to the initial horizontal momentum and buoyancy. After reaching 429 
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the penetration point under the impact of the oncoming flow, the coupled flow is turned 430 

backwards into the wake region, and advected by the decaying buoyancy and the horizontal 431 

momentum of the oncoming flow. At a small movement speed (with a low Re), the initial 432 

momentum of the buoyant jet flow keeps it going forward for a long distance during which the 433 

jet rises through a vertical distance on reaching the penetration point. As the Re increases, the 434 

reverse shear of the oncoming flow dissipates the forward momentum rapidly, and the jet is 435 

bent backwards readily with little vertical rising, travelling along a lower height. This 436 

phenomenon is similar with the pollutant discharge characteristic in water environment with a 437 

counterflow, which was widely studied and provided a good basis for fluid coupling [46,52]. 438 

As the moving speed continues increasing, a downward dispersion occurs due to the strong 439 

entrainment of the wake flow behind human body, consistent with the findings of the work 440 

aimed only at the wake flow induced by fast motions indoors [19,20,50]. Zhao and Feng [53] 441 

compared the exhaled aerosol distribution field when source is walking in the leeward direction 442 

and windward direction of the ventilation airflow, and found that the background wind causes 443 

the aerosol to gather within a certain range behind the human body more easily. It has been 444 

identified that the entrainment rate for the increase of the flow mass is largely dependent on the 445 

centerline velocity [54], therefore, a large Re number increases the mixing rate with the ambient 446 

fluid, making the temperature difference disappears at a lower height (point A in Fig. 8(a)) 447 

where the backward flow stops rising and spreads along the -x direction, forming the stagnant 448 

layer. Similarly, as the Fr number becomes larger, the momentum flux, buoyancy flux and mass 449 

flux of the buoyant jet flow increase. After being discharged into the ambient fluid, the 450 

buoyancy force gradually disappears due to the increasing temperature of the ambient fluid with 451 

height in stratified environment, and finally causes the coupled flow travel along a lower 452 

horizontal layer close to the human’s breathing height, as illustrated in Fig.8(b). 453 
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 454 

(a)                                    (b)      455 

Fig. 8 Density variation of the coupled flow in the dispersion with: 456 

(a) increasing moving speed of the source; (b) increasing buoyant jet velocity   457 

4.2 Quantitative relations in impinging region and wake region for assessment 458 

The information on the interaction between the exhaled airflow and oncoming airflow is 459 

helpful in predicting airborne contaminant transport. Quantitative relations were further 460 

discussed for accessing the dispersion characteristics under the impact of exhalation velocity 461 

and moving speed. Considering the limited experimental cases in the present work, the 462 

penetration distance (l) of the coupled flow in impinging region and the rising height in the 463 

wake region, i.e., the maximum rising height of Zone 2 (h) is fitted as relations varying with 464 

the ratio of the jet velocity ujet and the movement speed usource using the results of the 465 

experimental cases in Table 1, as shown in Fig. 9. It can be found from Fig. 9(a) that the forward 466 

penetration distance in the initial impinging region varies linearly with the velocity ratio, with 467 

the value of R2=0.9057. A large velocity ration when the oncoming flow is relatively weak 468 

makes the coupled flow spread further. This finding is consistent with the early work by Lam 469 

and Chan [55], in which they focused on a jet flow penetrating a counterflow to describe the 470 

discharge of pollutants into the atmosphere or receiving waterbodies. In this work, to the best 471 

of the authors’ knowledge, this is the first implementation of such fluid modeling to explore the 472 

dynamic characteristics of expiratory airflow and motion-induced airflow in indoor 473 

environments when thermal stratification exists. The finding in Fig. 9(a) suggests that the 474 

method is valid and the well-fitting linear relation can provide more details for the prediction 475 
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of the airflow or pollutant dispersion exhaled from a moving person in both thermally-uniform 476 

and stratified indoor environments. In Fig. 9(b), it can be observed that in the subsequent wake 477 

region, the rising height of the coupled flow in a thermally uniform environment is significantly 478 

higher than that in a stratified environment, which means that the flow spreads closer to the 479 

human respiratory zone when there is a thermal stratification in occupied zones. However, there 480 

is no significant fitting relation between the rising height and velocity ratio in Fig. (9). The 481 

identification of quantitative relation between the rising height, especially the stagnant layer 482 

height with the velocity ratio needs more experimental or simulated data in our following work.            483 

    484 

(a)                                   (b) 485 

Fig. 9 Relations of (a) penetration distance in the impinging region and (b) rising height in the 486 

wake region with different velocity ratios 487 

4.3 Implications for infectious disease controlling in public spaces 488 

The above findings imply that when the source person does vigorous exercise such as fast 489 

walking and running, the influence of the coupled buoyant jet flow and oncoming airflow on 490 

exhaled aerosols can last for >20s, and even for 30-60s as reported by Hang et al. [25]. In 491 

addition, the exhaled pollutant concentrated at a height close to the source’s height in the 492 

downstream direction of motion, and travel a long horizontal distance, which is exacerbated by 493 

the positive thermal stratification of the ambient air. For both adults and children who follow 494 

the source, there is a significant risk of direct exposure to the aerosols exhaled by the source. 495 

For controlling disease spreading, safe social distance of 1-2m is implemented in many 496 
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countries [56,57], which is defined based on the droplet dynamics exhaled by a motionless 497 

infected source [58,59], ignoring the various motion states of people in public spaces. Our 498 

results, together with the earlier reports on the wake flow induced by human motion disturbance 499 

shows that keeping a distance of 1-2m with the source may not be enough to avoid inhalation 500 

risk; in addition, the following time of the susceptible people should also be controlled. 501 

Furthermore, it has been reported that the expiratory rate and bioaerosol release rate of an 502 

infected patient in motion are tens to hundreds of times of that in resting state [2,3,60-62], and 503 

even show an exponential increase tend in high-intensity exercise state. In the recent work of 504 

Buonanno et al. [4], they found that high emission rates of >100 quanta/h can be reached by an 505 

asymptomatic subject who is walking slow and vocalizing, whereas the asymptomatic subject 506 

in resting conditions mostly has a low quanta emission rate of <1 quantum/h. It further stressed 507 

that the large emission of virus with high exhalation intensity from infected source in motion 508 

states should be paid more attentions, rather than the motionless source. 509 

5. Conclusions  510 

Understanding the dispersion of the airflow exhaled from a moving infected patient plays 511 

an important role in the transmission and controlling of respiratory diseases, especially in public 512 

occasions with big population. In this work, the dynamics of the coupled flow of buoyant jet 513 

flow exhaled from a source and the oncoming flow induced by the source motion in thermally 514 

stratified environment was explored with reduced-scale experiments in a water tank. The 515 

dispersion trajectories of the buoyant jet flow were compared when the source is stationary and 516 

moving forwards, and the impact of initial velocity of buoyant jet flow and movement speed of 517 

the source were investigated.  518 

We found that different from a buoyant jet flow from a motionless source, there exist two 519 

regions in the dispersion of the coupled flow when the source moves forwards, i.e., impinging 520 

region and wake region. In the impinging region, the coupled flow rises upwards with a short 521 



 

24 

penetration distance, which is found to vary linearly with the velocity ratio of the jet velocity 522 

and movement speed. Then, the coupled flow spreads backwards and forms the wake region, 523 

where the flow disperses for a long time and over a long distance after the source. In the wake 524 

region, the coupled flow travels upwards, but more slowly than the rising speed when the source 525 

is motionless. It is noteworthy that when there exists a vertical temperature gradient of the 526 

ambient fluid, the coupled flow is easily trapped at a lower layer behind the source, which is 527 

found to be much lower than the “lock-up” height for a motionless buoyant jet flow and closer 528 

to the breathing zone of the people in the lee. A smaller moving speed and a larger jet velocity 529 

make the stagnant layer more obvious.   530 

6. Limitations and prospects 531 

There are some limitations for current study. The human body is simplified as a vertical 532 

cylinder, and there are no detailed walking gestures like bending of knees and elbows, which 533 

may cause the motion-induced wake flow behind human body different from the actual 534 

conditions. The pulsating breathing modes in realistic cases is simplified to be steady in the 535 

preliminary experiment, which may produce slightly modified results. Furthermore, only the 536 

flow interaction was studied in this experimental work, therefore the results are only valid for 537 

the situation when the exhaled droplets or droplet nuclei are smaller than 5-10μm that can 538 

follow the persons’ exhalation flows. The transport behaviors of large droplets are different 539 

from those of small droplets and gaseous contaminants due to the relatively large gravity and 540 

drag force, which needs to be further studied in the future. In addition, in the experiments, it 541 

takes 3-4h to make a stable temperature stratification in the water tank for each experiment, so 542 

the number of the experimental cases was not large enough to make more quantitative analysis. 543 

We considered the present work as a preliminary study for our following studies, and the 544 

findings are mainly applicable to the early stage of design of an indoor environment.  545 
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In the following work, theoretical and numerical methods will be used to explore more 546 

detailed illustrations of the coupling mechanism of the exhaled buoyant jet flow and motion-547 

induced oncoming airflow, and its further impact on the transmission of respiratory diseases.   548 
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