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ABSTRACT

Exhalation of small aerosol particle droplets and their airborne transport, dispersion, and (local) accumulation in closed rooms have been
identified as the main pathways for direct and indirect respiratory virus transmission from person to person, for example, for severe acute
respiratory syndrome coronavirus-2 or measles. Therefore, understanding airborne transport mechanisms of aerosol particles inside closed
populated rooms is an important key factor for assessing and optimizing various mitigation strategies. Unsteady flow features, which are
typically evolving in such mixed convection flow scenarios, govern the respective particle transport properties. Experimental and numerical
methods that enable capturing the related broad range of scales in such internal flows over many cubic meters in order to provide reliable
data for the adaptation of proper mitigation measures (distances, masks, shields, air purifiers, ventilation systems, etc.) are required. In the
present work, we show results of a large-scale, three-dimensional Lagrangian particle tracking (LPT) experiment, which has been performed
in a 12-m3 generic test room capturing up to 3 � 106 long-lived and nearly neutrally buoyant helium-filled soap bubbles (HFSBs) with a
mean diameter of dHFSB �370lm as (almost) passive tracers. HFSBs are used as fluid mechanical replacements for small aerosol particles dP
< 5lm, which allow to resolve the Lagrangian transport properties and related unsteady flow field inside the whole room around a cyclically
breathing thermal manikin with and without mouth-nose-masks and shields applied. Six high-resolution complementary metal-oxide semi-
conductor streaming cameras, a large array of powerful pulsed light emitting diodes, and the variable-time step Shake-The-Box LPT algo-
rithm have been applied in this experimental study of internal flows in order to gain insight into the complex transient and turbulent aerosol
particle transport and dispersion processes around a seated and breathing human model.

VC 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0086383

INTRODUCTION

An enhanced understanding of the transient, turbulent, and
partly laminar dynamics of Lagrangian transport processes of aerosol
particles around cyclically breathing persons with and without protec-
tive masks or shields in closed and populated rooms at full temporal
and spatial resolution is highly desired. Estimating the risk for infect-
ing other persons indoor during a specific time span and implement-
ing proper mitigation strategies against the spreading of respiratory
viruses, like severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2), is still an important task (Morawska and Cao, 2020,

Abuhegazy et al., 2020; Chen et al., 2021; Morawska et al., 2020;
Morawska et al., 2013). Technical and behavioral mitigation methods
play an important role for damping the infection dynamics of any
future and the ongoing pandemic scenario, which unfortunately is still
threatening due to the spreading of several SARS-CoV-2 variants of
concern, for example, delta (Kupferschmidt and Wadman, 2021) or
immune escape variants like omicron (WHO, 2021) BA.1 and BA.2.
Today, without adapted and efficient vaccines against new fast spread-
ing variants and the unequal distribution of vaccines among the world
population the role of masks, ventilation and keeping distance
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becomes even more important. Speaking, singing, and coughing gen-
erate a large number of variously sized aerosol particles (Johnson et al.,
2011; Fennelly, 2020), and an animal study with an airborne influenza
virus using ferrets indicates effective transmission of viruses in aerosols
larger than 1.5lm (Zhou et al., 2018). The virus load or the number of
virions in droplets and aerosols is determined by the location of their
generation in the infected human airways and by the size of the carrier
droplet or aerosol particle. SARS-CoV-2 is only about 0.08 to 0.12lm
in diameter but is carried through the air in particles of respiratory
fluid, which differ in size between 0.2 and 100lm, while the larger
droplets are solely generated in the upper respiratory tract. The larger
aerosol droplets follow ballistic pathways toward the floor within the
order of seconds, but for droplets smaller than �30lm, it can be
shown that under typical indoor conditions, the liquid phase evapo-
rates during the time span between exhalation and settling down to
the floor (Basu et al., 2020; Dbouk and Drikakis, 2020a; Dbouk and
Drikakis, 2020b). The remaining aerosol particle diameter can easily
shrink down to less than 5lm (Chaudhuri et al., 2020), like those
aerosol particles stemming directly from the lower respiratory tracts,
thus becoming an almost passive tracer at low Stokes numbers within
the typical mixed and forced convective flow regimes in closed rooms.
Recent studies demonstrate that highly infectious COVID-19 patients
exhale up to a million of SARS-CoV-2 RNA copies per hour into the
air (Ma et al., 2020), while the critical number of inhaled viruses with
contact to human respiratory tract cells (Zuo et al., 2020) is around a
few hundred to one thousand for a 50% risk of getting infected
(Lelieveld et al., 2020), which also depends on the specific virus vari-
ant. Infectious SARS-CoV-2 virions can be found as well in aerosol
particles with a diameter down to 0.25–0.5lm (Liu et al., 2020).
Aerosol particles<5lm can follow the internal airflow for several
minutes and even up to hours depending on the present buoyancy or
pressure forcing in the flow, while the settling time for aerosol particles
dP < 2lm in air from a height of 2m is already in the order of hours
for quiescent air conditions. Consequently, over longer time spans a
local and global accumulation of virus laden aerosol particles can
occur in confined rooms, while the SARS-CoV-2 virus carried by air-
borne particles has been proven to be stable with a half-lifetime of
more than one hour (van Doremalen et al., 2020). Therefore, it is pos-
sible that sharing the same room with an infectious person even under
ventilated or limited virus load conditions can lead to inhaling a criti-
cal number of virions over several minutes or even hours
accumulatively.

More recently, a study clarified the reasons for seemingly contra-
dictory results from various, partly clinical studies on the effectiveness
of masks against transmission of airborne viruses (Cheng et al., 2021).
They concluded that masks are a very effective measure for preventing
respiratory virus infections in closed rooms, especially when the con-
centration of virus laden aerosols in the room is limited (e.g., due to
regular ventilation events) and/or the common stay time of persons
inside such rooms is relatively short. Infections despite wearing surgi-
cal masks in clinical studies happened almost always in closed rooms
with heavy virus loads and/or via accumulation of inhaled virions over
longer time spans (often during several hours of common working
and communication). On the other hand, well-fitting Filtering Face
Pieces of category 2 or 3 (FFP2/3) masks are showing a significant pro-
tection gain in comparison with surgical masks or even simpler
mouth-nose-masks in all scenarios (Bagheri et al., 2021), and

consequently, solely FFP2/3 masks should be used inside rooms to
protect humans against SARS-CoV-2 infections (e.g., with the more
contagious omicron variants) where applicable. Other studies based on
epidemiological field data showed as well a clear effectiveness of masks
against infections with SARS-CoV-2 in daily use scenarios (Mitze
et al., 2021). While masks are without doubts the most effective against
airborne virus transmission, as they retain droplets and aerosol par-
ticles directly at the place of exhalation and inhalation—despite some
leakage effects—(mobile) air cleaning technologies come next in a row
of mitigative measures and should be seriously considered as an addi-
tional infection risk reduction device (Curtius et al., 2021; K€ahler et al.,
2020; Burgmann and Janoske, 2021) together with regular ventilation
with outside air. Professional air purifiers do not rely on human
behavior and can help reducing infection risks in occupied places, in
addition to wearing protective masks or where it is not possible or
problematic to wear masks over longer periods of time, that is, in nurs-
eries, classrooms, offices, restaurants, and other places. Operation and
placement rules for such professional air purifiers can be further opti-
mized with the knowledge about the induced internal flow situation.

From recent worldwide research activities, we already gained
some general understanding of airborne transmission of SARS-CoV-2
viruses between humans in closed rooms with and without wearing
masks or other mitigation measures mainly based on numerical simu-
lations, local optical-, or sensor-based measurements. Nevertheless, it
is still of high interest to understand in detail the (unsteady)
Lagrangian transport processes and pathways of the small aerosol par-
ticles exhaled by a human spreader including their spatial dispersion
and long-term residence characteristics. RANS-based numerical simu-
lations can help out with this complicated task (e.g., Abuhegazy et al.,
2020; Dbouk and Drikakis, 2021), but need to employ turbulence
models, simplifications for particle dispersion and therefore require
reliable three-dimensional (3D) validation data. While in general
mixed thermal convection leads to an almost even distribution of small
aerosol particles within a room after several minutes, the transient
dynamics of the local concentration over many breathing cycles is still
depending on the location of the spreading source, the specific constel-
lation of the room geometry, furniture positions, shields, persons and
their dynamics, and employing active or passive ventilation.
Therefore, volumetric flow measurements with a sufficient spatial and
temporal resolution and relevant durations are needed to enhance the
understanding of the related transient and turbulent aerosol particle
transport mechanisms. The measurement technique has to be capable
of capturing all relevant scales starting from the jet-like individual
cycles of exhalation over medium-scale turbulent transport and diffu-
sion processes in turbulent plumes and wakes up to the largest (and
often slowest) scale circulations filling up the full room. Existing
probe-based measurement methods are using sensors for the detection
of gaseous tracers emitted at a defined source position and need to rely
on statistics at many individual measurement positions (Rudnick and
Milton, 2003), while the exact pathways from the source to the mea-
surement points are kept unknown.

The Lagrangian aerosol particle transport inside a populated
room is mainly governed by temperature gradients leading to
buoyancy-driven flows (body heat plume, heating systems, electric
devices, open windows, stratification, etc.), by pressure gradients
(open doors and/or windows on opposite sides, active ventilation sys-
tems, etc.), and by transient and mainly turbulent flows caused by
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individual cyclic breathing, speaking, singing, and coughing events
and/or active movements of persons. As a result, a complex multi-
scale and mostly turbulent flow situation develops. In order to opti-
mize mitigation concepts for airborne transmission of viruses, all the
aforementioned flow properties need to be understood in more detail.
In the present study, as a first step, the flow in a generic and idealized
room with a seated and cyclically breathing thermal manikin as a
human model with and without face protection has been investigated.

SETUP AND PROCEDURE

A large-scale time-resolved 3D Lagrangian particle tracking
(LPT) experimental setup has been established, enabling the instanta-
neous tracking of up to �3 � 106 submillimeter helium-filled-soap-
bubbles (HFSBs) as passive tracers around a human model in a 12-m3

generic test room. In addition to being flow tracers, the bubbles can be
regarded as representatives of small aerosol particles due to their
equally low Stokes number (Scarano et al., 2015). Six high-resolution
complementary metal-oxide semiconductor (CMOS) streaming cam-
eras, a large array of powerful pulsed light emitting diode (LEDs), four
HFSB generator nozzles, the in-house variable time step Shake-The-
Box (VT-STB) algorithm for LPT (Schanz et al., 2016; Jahn et al.,
2021; Schanz et al., 2021), and the FlowFit data assimilation scheme
(Gesemann et al., 2016) have been combined in this large-scale volu-
metric experimental study (see Figs. 1–3) (Schr€oder et al., 2021). Based
on the reconstructed dense HFSB trajectories, which are covering the
complete room volume [see Fig. 5(a)], the related Lagrangian transport

and dispersion processes have been captured over time series of �52 s
for each test case. Furthermore, many insights into the complex tran-
sient and turbulent flow features around the breathing thermal mani-
kin are provided by the time-resolved 3D velocity fields delivered by
the subsequent application of the data assimilation scheme and the
corresponding analytically derived velocity gradient tensor (VGT)
fields.

The manikin’s body surface has been heated almost homoge-
nously to 36–37� C by 80W electric power through equidistantly
placed heating wires winded around the manikin’s body (Lange et al.,
2018). The manikin has got tailored clothes and “hair” made of black
fabric in order to create a more realistic setting and simultaneously
reduce the light reflections from the collimated pulsed LED array illu-
minating the scene in the full room through the transparent sidewall
[see Figs. 1 and 3(a)]. The black clothing led to a specific surface tem-
perature distribution [see infrared camera images in Fig. 3(b)]. The
body heating started always more than 40min before each measure-
ment case to reach an equilibrium temperature distribution on the
body surface and inside the room (�21 �C). Due to the large extent of
the outer surface of 32m2 and the use of wall materials with weak ther-
mal insulation, the maximal fluid temperature to be expected within
our room amounts increase to less than 0.7K. Herewith, we used clas-
sical engineering textbook methods under the assumption of homoge-
neous temperature and flow conditions. However, practical values
usually amount to only a fraction of these simplistic values due to par-
asitic heat fluxes and the more complex distributions of fluid

FIG. 1. (a) Experimental setup with 12-m3 glass room and seated manikin, LED array, and imaging system with six high-resolution CMOS cameras and (b) calibration target,
made of printed aluminum honeycomb material, aligned with laser levels.

FIG. 2. (a) Helium-filled soap bubble (HFSB) control unit from LaVision, (b) nozzle geometry with shadow graphic images of HFSB generation, and (c) cyclically breathing ther-
mal manikin with surrounding illuminated HFSB.
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temperatures, heat sources, and flow velocities under real conditions.
Hence, only a slight temperature increase inside the room occurs dur-
ing long term, and stationary operation of our heated mannikin and
the temperature drift during the following�52 s of each measurement
case is negligible. In our study, various breathing and coughing scenar-
ios driven by a programmable artificial lung—basically a software-
controlled motorized piston connected with a hose to the mouth of
the 3D printed dummy head-mask (for details, see Kohl, 2020)—have
been investigated. Note that neither the air inside the artificial lung
nor the head-mask with the mouth orifice is heated, but the head itself
is. Breathing with and without face protection devices creates different
fluid dynamical effects and interactions with the thermal plume of the
heated body. For a normal and a heavy breathing case, corresponding
to 0.6 l at 0.25Hz and 1.1 l at 0.33Hz of cyclic sinusoidal in- and
exhaling flows via the mechanical lung, measurements were conducted
with and without a surgical mask, a face-shield, or a 100 � 80 cm2

plane acrylic glass plate placed approximately 60 cm in front of the
manikin’s face (see Fig. 4). The geometry of the mouth opening is a slit
with round ends about 21mm long and 5mm high. For the heavy
breathing case, the peak Reynolds number with respect to the mouth
height is Reh;pk ¼ 3570, and for the normal breathing case
Reh;pk ¼ 730, the respective average values for the exhaling part of
each cycle are Reh ¼ 2280 and Reh ¼ 465.

All potentially light reflecting surfaces and backgrounds have
been covered by black curtain or self-adhesive foil [see Fig. 1(a)]. The
camera system consisted of 4 � 50 MPx cameras (LaVision Imager
MX 50M) with 7920� 6004 px2 resolution at 4.6lm pixel size and 2
� 25 MPx cameras (AVT Bonito PRO X-2620) with 5120� 5120 px2

resolution at 4.5lm pixel size. Both camera types are global shutter
CMOS cameras, equipped with Scheimpflug mounts from LaVision
and Nikon lenses with a focal length of f¼ 50mm at aperture number
of f#¼ 16, each connected by four CoaXPress cables to frame grabbers

FIG. 3. (a) System of LED arrays used for pulsed illumination, (b) thermographic image of the heated human model, and (c) breathing apparatus (mechanical lung).

FIG. 4. Masks and shields applied to the cyclically breathing human model: (a) surgical mask, (b) transparent face shield, and (c) acrylic glass plate 0.6 m in front of manikin’s
face.

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 34, 035133 (2022); doi: 10.1063/5.0086383 34, 035133-4

VC Author(s) 2022

https://scitation.org/journal/phf


of acquisition PCs. One PC was connected to the four Imager MX
50M cameras and used a DaVis10 acquisition software, which as well
controlled a PTU (Programmable Timing Unit) from LaVision for
synchronization of LED pulses and camera image acquisitions. Two
other PCs with fast Solid-State-Drives (SSD) hard drives were con-
nected to the two AVT cameras, and image acquisition was controlled
by a self-adapted software based on the provided AVT software devel-
opment kit. The camera system allowed full views through the whole
volume by each of the 50 Mpx cameras and two overlapping part-
volume views by the two 25 Mpx cameras, the latter placed in the cen-
ter of the aligned camera setup [see Fig. 1(a)]. Only small shadow
regions behind the manikin and its legs could not be captured volu-
metrically. The cameras have been 3D calibrated by using the images
of a large planar dot marker target (2.5 � 1.25m2) [see Fig. 1(b)] ori-
ented parallel to the front and back walls by laser levels at two planes
separated in depth by 1.0m for gaining 3D–2D (two-dimensional)
point correspondences for all camera views. In a second step, a volume
self-calibration (VSC) procedure (Wieneke, 2008) based on particle
images of a sparse distribution of HFSBs inside the room and a subse-
quent Optical Transfer Function (OTF) determination of each camera
and sub-volume (Schanz et al., 2013) have been performed.

The use of wide-angle lenses, as well as a slight waviness of the
thin plexiglass front wall, induced small de-calibrations in the range of
up to�0.3 px that were not correctable by the used second-order cam-
era model. Therefore, a two-dimensional B-spline corrector field was
calibrated for each camera using the averaged differences between the
re-projected and the detected real peaks (see Schanz et al., 2019).
Using these corrector fields, the camera errors could be reduced well
below 0.1 px for all lines-of-sight.

Before each measurement sequence, several millions of long-lived
and nearly neutrally buoyant HFSB (Bosbach et al., 2009; Bosbach
et al., 2021) with �370lm mean diameter, and approximately
1.5mm/s settling velocity have been homogenously introduced into
the room using four flush-mounted generator nozzles in the back wall
of the room, connected to a LaVision HFSB control unit [see Fig.
2(a)]. The geometry of the HFSB nozzle and shadow-graphic images
of the bubble generation can be found in Fig. 2(b). In order to increase
the half-lifetime of the bubbles to �3.75min, we developed a specific
in-house bubble fluid solution. This half-lifetime corresponds to a
time-constant s of the fitted exponential function or a mean lifetime of
approximately 5.5min (see Bosbach et al. 2021). After stopping the
HFSB seeding devices, a waiting time of 2min was always allowed to
let the initially disturbed flow switchover to the internal flow situation
under investigation, which is basically forced by the breathing cycles
and the plume of the heated manikin, before starting the image acqui-
sition using the DaVis10 and the AVT software packages.

The replacement of small aerosol particles exhaled from the
human respiratory tract with diameters dP< 5lm by HFSB in the pre-
sent investigation can be justified by the fact that the Stokes numbers
are both sufficiently small (<0.001) considering the low flow velocities
in closed rooms and that the present turbulent mixed convection flow
consists mainly of vortices which are large compared to the diameter of
the HFSB. Furthermore, the turbulent flow features are the dominant
driver for the particle dispersion process, while thermal diffusion,
which would act a bit faster on the small aerosol particles, is anyhow a
comparatively much slower process and can be neglected for the short
time spans and large flow scales considered here.

The pulsed large-scale illumination of the whole room was real-
ized by a planar arrangement of various collimated LED arrays [9�
Hardsoft ILM-501 (see Stasicki et al., 2017), 6� LED-Flashlight 300 by
LaVision and 8 panels with less dense arranged LEDs (in total 1509
LEDs)] [see Fig. 3(a)]. The light is back-reflected via a large mirror
made of self-adhesive foil from 3M fixed on a 2 � 2m2 flat wooden
plate on the opposite side of the test room. The pulsed LED light had a
pulse length of 4ms each which corresponds to a duty cycle of �1:9.6
avoiding smearing effects of the HFSB imaging at regions of higher
flow velocities. The VT-STB method, which uses the advanced
Iterative Particle Reconstruction (IPR) for the position optimization
(shaking), triangulation, and online volume-self-calibration (Jahn
et al., 2021; Wieneke, 2013) steps, has been applied for the evaluation
of the gained time-series of particle images captured by the camera
system at frequencies between 26 and 28Hz over time spans of �52 s
for each test case. The processing consisted of three passes with time
step separations of 15, 6, and 1 time steps, thereby first tracking the
slowly moving bulk of particles at a fitting time separation, followed
by a tracking of the faster and the fastest particles. Image preprocessing
consisted of the subtraction of the minimum image and a constant
value of seven counts. Despite the large array of LEDs used for illumi-
nation, the particle intensity was just sufficient for tracking purposes,
reflected in a low particle image peak detection threshold of 35 counts.
However, once a particle track was identified, it could be reliably fol-
lowed. On average, around 35% of the particles could be followed over
the whole time-series of 1380 images.

The duration of the individual time series was limited by the
available random-access memory (RAM) capacity of the DaVis10
acquisition PC to around 1380 time steps. Due to limited frame rates
of the used high-resolution cameras and the fact that the mechanical
lung could not be seeded by HFSB (for technical reasons), the fastest
flow regions, for example, the jet-like heavy breathing exhalation flow,
could not be captured adequately. However, the respective void
regions are very small with respect to the full volume (�0.5%), and
thus, the 3D LPT and flow field results can still contribute significantly
to the understanding of the related aerosol particle transport
mechanisms.

RESULTS

The Lagrangian particle trajectories resulting from the STB evalu-
ation are representing between 2 and 3 � 106 instantaneously tracked
individual HFSB over time inside the complete volume of the 12-m3

room with a mean position accuracy of �60lm estimated from the
noise plateau in the tracks position spectrum. Subsequently, the data
assimilation method FlowFit (Gesemann et al., 2016) using
Navier–Stokes constraints has been applied to the dense particle trajec-
tory data using Lagrangian velocities and accelerations at the scattered
particle positions as input. FlowFit provides the related full time-
resolved 3D velocity and pressure fields in a uniform grid of 3D B-
splines by avoiding significant low-pass filtering effects and delivers
the full velocity gradient tensor (VGT) by direct analytical derivatives.

The used manikin has been 3D scanned with a point-projection
method, and the digitally reconstructed body surface is displayed in all
following Lagrangian and Eulerian flow field visualizations.
Representations of the Lagrangian tracks along 25 time steps in a half-
volume cut of a heavy breathing case with surgical mask applied are
shown in Fig. 5(a) and of the Eulerian flow field counterpart
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interpolated by FlowFit showing iso-contour surfaces of Q-values at
10 1/s2 in the full volume of the same heavy breathing case without
mask applied is shown in Fig. 5(b) (Multimedia view). The Eulerian
representation of the flow fields allows insights into the turbulent mix-
ing procedures, for example, by analyzing the advection of vortical
flow structures in the room. The vortical and turbulent flow features
are mainly induced by shear flow events generated by the jet-like flow
of the cyclic breathing events and within the thermal plume along and
above the heated manikin [see Fig. 5(b)] and Figs. 6(c) and 6(d)
(Multimedia view).

The normal or breathing at rest case is based on an estimation of
the average human respiratory frequency and volume under relaxed
conditions at 0.25Hz and 0.6 l. In Fig. 6(a) (Multimedia view), the
tracked HFSB with the color-coded v-component of velocity in a cen-
tral y–z-slice of 0.07m thickness are visualized for one selected time
step of the breathing cycle. The exhaled volume of unseeded fluid is
visible in front of the manikin’s head, while the corresponding moder-
ate jet flow is slightly penetrating the border of the manikin’s thermal
plume. The upward movement of the exhaled air would likely be even
more pronounced if a heating of the exhaled air could have been real-
ized. The thermal plume is a dominant turbulent flow feature in our
test room and covers a cone-shaped volume above the legs, upper
body, and head of the manikin, which is indicated by a respective area
of the turbulent flow consisting of positive v-velocities up to 0.25m/s
in all following visualizations. The corresponding vortical structures in
the full volume of the room at the same time step are shown by iso-
contour surfaces of Q-values in Figs. 6(c) and 6(d). One can see that
the thermal plume and the exhaled air flow produce turbulent flow
motion, while after impingement of the plume at the ceiling the flow is
propagating along its boundary in all horizontal direction away from
the stagnation area in a circular manner, visible, for example, by the
advection and formation of vortical structures [see Fig. 6(d)]. A hori-
zontal x–z-slice of 0.07m thickness at the height of the manikin’s head
in Fig. 6(b) (Multimedia view) displays the tracked HFSB at the same
time step but color coded by the w-component of velocity. The ther-
mal plume is a turbulent flow region and consists of smaller flow scales

with higher fluctuation velocities. On the other hand, the upward
velocity of the buoyancy driven plume fluid induces a large recircula-
tion structure in our test room with a horizontal entrainment of fluids
toward the manikin’s plume, visible by a large area of negative w-
velocities in the shown slice. In the normal breathing case, the majority
of the exhaled air volume and respective HFSB is transported toward
the ceiling by the plume, while the high momentum part of the
exhaled air induced around the maximal flow rate of the sinusoidal
cycle is transported in a horizontal pathway directly into the room.

In the following, the normal breathing case is no longer consid-
ered, because the effect of the face protection devices—a surgical
mask, a face shield, and a vertical plate (see Fig. 4)—against such a
direct horizontal fluid transport (e.g., toward another person) can
be demonstrated in a more apparent way by using the heavy breath-
ing cases. This flow case without protective measures is shown in
Figs. 5(b) and 7.

During the heavy breathing case, which is sinusoidal breathing at
0.33Hz with 1.1 l of volume per inhalation and exhalation cycle, high
momentum fluid reaches even the opposite wall at �1.75m distance
of the head within a few seconds. The void regions in the exhaled air
jet related to the heavy breathing cycles in Fig. 7(a) (Multimedia view)
signify the fact that the used mechanical lung volume could not be
seeded by HFSB and that very fast particles could not be tracked reli-
ably due the low temporal resolution (<¼ 28Hz) of the imaging fre-
quency. Displacements of more than 40 pixels in between time steps
have been detected in the exhaled air jet and subsequent strong accel-
eration events during entrainment of those tracks into vortices in the
jet flow shear layers poses an unsolvable tracking challenge for the pre-
sent STB evaluation.

However, the heavy breathing case shows some further interest-
ing flow features, as displayed in Fig. 7. First, the exhaled air volume is
easily pushing through the thermal plume area in front of the face.
This high momentum fluid parcel is then propagating fast, although
slightly decelerating on its way, almost horizontally toward the oppo-
site wall. At 0.33Hz, a series of such fluid parcels is cyclically exhaled
and organized like a moving string of pearls, while each parcel induces

FIG. 5. Heavy breathing cases: (a) Lagrangian HFSB tracks over 25 time steps in a half-volume cut with mask applied and (b) of iso-contour surfaces of Q-values at 10 1/s2

from the Eulerian interpolation by FlowFit without mask applied; both measures are color coded with the v-velocity component. See (b) with Q¼ 6 1/s2. Multimedia view:
https://doi.org/10.1063/5.0086383.1
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a wake and many vortical structures at its surrounding shear regions.
Each time a high momentum fluid parcel impinges on the opposite
wall a ring-like vortex structure develops [see Fig. 5(b)]. In combina-
tion, these flow features are creating a staggered jet stream with strong
shear layers to all lateral borders [see Fig. 7(b), Multimedia view] and
corresponding turbulent flow structures [see Figs. 7(c) and 7(d),
Multimedia views]. It is obvious that the horizontal transport of aero-
sol particles enclosed in the respective respiratory fluid parcels emitted
by a real human being would be quite fast and directional. In this case
without mask applied, high concentrations of horizontally exhaled
aerosol particles would directly hit another person’s head if seated vis-
�a-vis, which as a consequence could inhale a critical viral load within a
short time. The heavy breathing case events with its 1.1 l of air during
1.5-s exhalation phase of the periodic cycle has very similar flow char-
acteristics compared to the mild cough simulated by Fabregat et al.

(2021) or to the pulsatile particle dispersion simulation by Monroe
et al. (2021) which in their direct numerical simulation (DNS) studies
are both comparable violent expiratory flow events.

In this heavy breathing case, the staggered jet and the thermal
plume are the main dynamic flow features governing the organization
of large-scale circulations in the whole room. The recirculation motion
is well visible by the two large regions of blue colored HFSB, that is,
negative w-velocities in Fig. 7(b). Due to the additional development
of turbulent shear regions, the dispersion and mixing of aerosol par-
ticles in the same room is faster than for the normal breathing case or
the one with mask applied.

For the same heavy breathing situation with surgical mask
applied, a massive reduction of the horizontal transport of fluid and
supposed aerosol particles can be noticed: The induced pressure losses
of the mask significantly reduce the forcing of the HFSB around the

FIG. 6. Tracked HFSBs for the normal breathing case. Shown are 0.07-m-deep volume slices of tracked HFSB at the face locations, each from (a) a side view and (b) a top
view; (c) and (d) corresponding full volume FlowFit results showing iso-surfaces of Q-values at 6 1/s2 color coded by the vertical v-velocity component. Multimedia views:
https://doi.org/10.1063/5.0086383.2; https://doi.org/10.1063/5.0086383.3; https://doi.org/10.1063/5.0086383.4; https://doi.org/10.1063/5.0086383.5
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manikin’s head resulting in only very small movements as a result of
the exhaled air events. Small leakage flows can be detected between the
mask and the surface of the face on both sides of the nose, which
pushes the air toward the ceiling (at positive v-velocities) (compare
with laser light sheet visualizations provided by Verma et al., 2020).
Unfortunately, this leakage is typical for not perfectly fitting masks
and well known by people wearing glasses and entering rooms from
colder outside air conditions. However, with mask applied the com-
plete exhaled air volume remains in close vicinity of the manikin’s
head and body and is therefore first transported upwards as indicated
by the corresponding HFSB. The exhaled air and supposed aerosol
particles would get mixed up with the surrounding room air by the
vortices of the turbulent thermal plume [see Fig. 8(c), Multimedia
view], which show maximal vertical flow velocities up to 0.3m/s (see
for comparison Li et al., 2017; Huhn et al., 2017). Approaching the

ceiling, the HFSB trajectories originating from the area close to the
body are bent toward the horizontal directions and are transported
further in a concentrically way along the ceiling. The corresponding
air flow creates a circular pattern of vortices in the turbulent shear and
induced boundary layer [see Fig. 8(d), Multimedia view] similar to a
low Reynolds number impinging jet on a flat plate (see Huhn et al.,
2018). This leads to further mixing of the exhaled air with the sur-
rounding room air and a relatively long residence time in the upper
part of the room, which might be even elongated by the effect of strati-
fication in larger rooms. As a result of wearing a mask, supposed aero-
sol particles would travel a long detour from the exhaled volume
around the head, over the plume toward and further on along the ceil-
ing. The kinetic energy conveyed by the thermal plume is large enough
to drive many of them toward the outer walls, on which they are trans-
ported downward, before they would be finally almost homogenously

FIG. 7. Heavy breathing case: (a) side-view of tracked HFSB in a central 0.07-m slice of the volume with vertical v-velocity color coded and (b) top-view in a 0.07-m slice at
the height the manikin’s head with w-velocity color coded; (c) and (d) corresponding iso-contour surfaces of Q-values at 10 1/s2 color coded by v-velocity component in the full
12 m3 volume based on FlowFit data assimilation. The latter two with Q¼ 6 1/s2 iso-contour surfaces. Multimedia views: https://doi.org/10.1063/5.0086383.6; https://doi.org/
10.1063/5.0086383.7; https://doi.org/10.1063/5.0086383.8; https://doi.org/10.1063/5.0086383.9
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distributed into the room within large-scale circulations. The particle
paths and dispersion by the turbulent mixing of the plume and along
the ceiling can be followed as well in a Lagrangian frame of reference
(see Fig. 11, Multimedia view).

As shown by the flow fields of the present investigation, a mask is
not only filtering out many aerosol droplets and particles (depending
on the quality of the mask and its tight fitting between �40 and 90%),
even those which bypass the mask would first travel upward with the
thermal plume, get mixed up with the room air and travel a long path
before reaching any other person.

A quite positive effect in terms of a similar aerosol pathway deflec-
tion and mixing with room air can be described as well for applying an
acrylic glass plate with a size of 100 � 80 cm placed almost vertically at
�60 cm distance in front of the manikin’s head (see Fig. 9). Such plexi-
glass plates are a typical safety measure in small shops, restaurants, or at

cashier desks in supermarkets. Here, the exhalation-jet flow of the heavy
breathing case impinges on the surface of the vertical glass plate, creat-
ing a large ring-like multi-scale vortex structure with a temporally
increasing diameter after each breathing cycle [see Figs. 9(b) and 9(d),
Multimedia views]. When this vortex ring is passing over the plate’s
edges, the corresponding vortical flow entrains air from the room oppo-
site of the plate toward the manikin, which in turn creates a correspond-
ing 3D recirculation structure on the side of the manikin. Therefore, the
exhaled air (and supposed aerosol particles) first gets trapped for some
time on the manikin (person) side of the plate and is then further trans-
ported by the thermal plume toward the ceiling.

There, similar to the case with mask applied, the exhaled air is
distributed concentrically along the ceiling through vortices in a turbu-
lent pathway [see Fig. 9(d)]. Due to the plume-induced flow in the
upper part of the room, some HFSB of the exhaled air are as well

FIG. 8. Tracked HFSBs for a heavy breathing case with surgical mask applied. Shown are slices of 0.07m thickness at the face location from (a) a side view with vertical v-
velocity color coded and (b) a top view with horizontal w-velocity color coded; (c) and (d) corresponding full volume FlowFit results showing iso-surfaces of Q-values at 6 1/s2

color coded by the v-velocity component. Multimedia views: https://doi.org/10.1063/5.0086383.10; https://doi.org/10.1063/5.0086383.11; https://doi.org/10.1063/5.0086383.12;
https://doi.org/10.1063/5.0086383.13
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transported over the upper edge of the plate onto the opposite side of
the plate.

In the last considered heavy breathing case of the present
investigation, a transparent face shield [see Fig. 4(b)] is attached to
the manikin’s head. The time-resolved velocity fields and HFSB
tracks clearly show a periodic jet flow exiting at the lower open end
of the face shield. In Fig. 10(a) (Multimedia view), the negative
v-velocity values of the HFSB in front of the manikin’s chest indi-
cate this jet flow, which is modulated by the cyclic breathing events
(compare with simulations of Akagi et al., 2020 or laser light sheet
visualizations of Verma et al., 2020). Again, the complete exhaled
air remains close to the manikin’s body and gets transported with
the thermal plume upwards and further on along the ceiling [see
Figs. 10(c) and 10(d), Multimedia views], similar to the case with
mask applied.

Keep in mind that for both presented cases, the one with the ver-
tical plate (see Fig. 9) and the one wearing a face-shield (see Fig. 10),
there are no filter mechanisms acting against the spreading of exhaled
aerosol particles (in addition to impingements of large droplets at the
face shields surface). Therefore, the overall viral load in the room
would increase unhindered, but at least, for both applied shield meth-
ods a fast and direct horizontal transport of aerosol particles toward a
hypothetical next person inside the room with a possible high local
concentration can be avoided.

DISPERSION RESULTS

In order to indicate a critical common stay time for a second vir-
tual person in our test room with our manikin as a virus laden aerosol
particle spreader, we can directly use our LPT data set and analyze the
dispersion dynamics of selected HFSB tracks. By assuming a spreading

FIG. 9. Tracked HFSBs for a heavy breathing case with acrylic glass plate (indicated in blue), installed 60 cm in front of the manikin’s face. Shown are 0.07-m-deep volume sli-
ces at the face locations from (a) a side view and (b) a top view; (c) and (d) corresponding full volume FlowFit results showing iso-surfaces of Q-values at 10 1/s2 color coded
by the vertical velocity component. The latter two with Q¼ 6 1/s2 iso-contour surfaces. Multimedia views: https://doi.org/10.1063/5.0086383.14; https://doi.org/10.1063/
5.0086383.15; https://doi.org/10.1063/5.0086383.16; https://doi.org/10.1063/5.0086383.17
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rate, for example, of 100 virions per breathing cycle (which would be
already a bad case scenario), we could use information from literature,
for example, Lelieveld et al. (2020) providing average critical values for
the number of inhaled virions attached to aerosol particles for generat-
ing a specific risk assessment for a second virtual person, who is
assumed to be present without any fluid mechanical impact. For our
generic test case, the dispersion dynamics of our HFSB, which are
potentially exhaled by our manikin, is displayed in Fig. 11. Here, we
are following selected Lagrangian tracks of �9000 HFSB, representing
small aerosol particles (with a fraction of embedded virions) poten-
tially originating from one breathing cycle for the case with mask
applied. The selection of HFSB as starting positions of the investigated
tracks is based on the content of a half-sphere volume in front of the
head with an increasing radius up to 250mm during one breathing
cycle [see Fig. 11(a)].

In a further postprocessing step, the full 3D Lagrangian transport
process of these potentially exhaled aerosol particles inside the room
has been mimicked and reconstructed with high temporal resolution.
The dispersion processes of these HFSB have been followed over sev-
eral minutes based on two simplifying assumptions: (A) extending the
time span of one measurement run (�52 s or�17 breathing cycles) by
appending the same volumetric and time-resolved LPT data set at the
end and starting again from first time step. We are choosing the closest
neighboring particles in space of the first time step based on the posi-
tions at the end of each track at the final time step and thus extending
the tracks toward a few minutes applying the same measurement run
several times for statistical purposes. (B) Applying the same extension-
by-next-neighbor approach for all tracks which are ending, for
example, due to the limited lifetime of the HFSB or due to strong
accelerations at any other time step. This allows us to keep the number

FIG. 10. Tracked HFSBs for the heavy breathing case with face shield placed in front of the manikin’s face (shown in light-blue). Shown are 0.07-m-deep volume slices at the
face locations each from (a) a side view with v-velocity color coded and (b) a top view with w-velocity color coded; (c) and (d) corresponding full volume FlowFit results showing
iso-surfaces of Q-values at 6 1/s2 color coded by v-velocity. Multimedia views: https://doi.org/10.1063/5.0086383.18; https://doi.org/10.1063/5.0086383.19; https://doi.org/
10.1063/5.0086383.20; https://doi.org/10.1063/5.0086383.21
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FIG. 11. Dispersion process of �9000 HFSB starting within one single breathing cycle (�3 s) in a half-sphere in front of the manikin’s mouths. In order to visualize the chang-
ing dynamics of the dispersion process, the time steps are closer for the first row (Dt ¼ 3.07 s), increasing for the second and third row, and reach a value of Dt ¼ 23.3 s for
the last two rows. Particles are color coded by the vertical velocity component. Multimedia view: https://doi.org/10.1063/5.0086383.22
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of HFSB constant over time. As the next neighbor in our dense, LPT
results are placed very often in a sufficiently large flow structure the
velocity vector of the next neighboring HFSB does not differ signifi-
cantly from the original ending one. Only in small-scale turbulence
(inside the plume), there are some differences and especially after
appending the same LPT data starting again with first time step the
velocity vectors of the extended neighboring HFSB track are changing.
Nevertheless, the large-scale circulation structures are quite stable and
can be shown in a mean 3D velocity field.

Starting with �9000 HFSB in the half-sphere close to the mani-
kin’s head, we can follow the propagation and dispersion of the repre-
sented aerosol particles based on one single breathing event through
the whole room over more than 3min in Fig. 11. One has to consider
that during the dispersion of the HFSB representing a single breathing
event a transient accumulation of �9000 new aerosol particle repre-
sentatives per each breathing cycle has to be added, which follow
almost the same transport and dispersion characteristics as the first
tranche of HFSB.

As proposed already within the analysis of the corresponding 3D
flow fields shown in Fig. 8, the cluster of HFSB defined by the half-
sphere volume of one breathing cycle is first transported toward the
ceiling by the thermal plume and then distributed tangentially along
the ceiling in a concentrically pathway. After almost 40 s, the distrib-
uted HFSB with therefore massively lowered local concentrations
reach the side walls and start to descend into the room following a
large low-speed and almost laminar recirculation flow (see Fig. 11 after
60 s up to 200 s and in Multimedia view 11 and Fig. 8). Finally, after
>200 s the �9000 HFSB, representing the potential aerosol particles
of one breathing cycle, are almost homogenously distributed in the 12-
m3 room. However, one has to consider that with the same fixed
spreader, the aerosol particle concentration increases in a transient
and therefore inhomogeneous way along very similar paths, as 9000
new HFSB (representing aerosol particles) are spread by every breath-
ing cycle within the given time period of 200 s (66 cycles in total).
After that time, already 600 000 aerosol particles would have been
released into the room, which would be homogenously distributed
after additional 3min together with 600 000 in-homogenously distrib-
uted new ones and so on. However, due to the specific HFSB path-
ways, the limited measurement time and the non-homogeneous and
partly turbulent flow scenario a reliable quantitative number for the
particle dispersion process cannot be delivered.

Although a subfraction of the aerosol particles would be elimi-
nated from the air by settling down to the floor or getting attached to
surfaces by diffusion or electrostatic processes, 10min of common stay
when both persons entering the room at the same time could be
already critical for a second person to inhale enough virions when
assuming the above-mentioned 100 exhaled virions per breathing
cycle (20 000 virions in 10min) released by our spreader: Assuming
0.6 l per inhalation every 4 s our second person could accumulatively
inhale�150 virions within 90 l of air during these 10min. The deposi-
tion of aerosol particles in the upper respiratory tract is another
important topic of research (see, e.g., Xi et al., 2018; Zuo et al., 2020)
which allow to better quantify the infection risk. Only a well-fitting
FFP2 mask could increase the uncritical time span for our second per-
son inside the closed room, while the ongoing transient accumulation
of further virions and the filter capacity of the mask would be impor-
tant parameters for estimating an extended uncritical time span.

When considering the prevailing upward movement of aerosol par-
ticles after exhalation with the thermal plume for the investigated cases
with mask and shields, we would recommend to use suction devices at
the ceiling for ventilation strategies in confined rooms and replace
fresh or filtered air at the floor (displacement ventilation) in order to
reduce the horizontal transport of airborne viral loads and corre-
sponding infection risks.

Realistically estimating critical time spans of common stay for
persons inside populated rooms of various sizes, number of persons
and geometry together with one SARS-CoV-2 spreader requires infor-
mation about the whole transport and mixing processes ending up in
certain time-dependent values of local aerosol particle (virus) load
concentrations in the air. A more precise determination of the risk of
getting infected indirectly depends highly on the number of exhaled
virions per minute, the virus variant (or its R-value), the room volume,
applied mitigation measures, ventilation procedures, and the suscepti-
bility of the person (level of anti-bodies and general health status)
inhaling aerosol particles. In any way, longer common stay of persons
inside a room increases the risk of (direct and) indirect infections due
to accumulative inhalation of the present or an even increasing num-
ber of virions in the room.

For our small closed test room and the heavy breathing case of
our potential spreader, the infection risk for a second person without a
mask in the same room at 1.5m distance vis-�a-vis would become criti-
cal very soon when the spreader does not wear a mask (�half a
minute), and after moderate time spans (a few min) if the spreader
would wear a face shield or simple masks. The common stay remains
uncritical for more than 20min in case both persons apply well-fitting
and filtering FFP2/3 masks. Nevertheless, even when assuming isotro-
pic turbulent diffusion with certain time scales, by knowing the num-
ber of virions exhaled per minute by a spreader and the critical
number of inhaled virions for starting an infection by another person,
allows to quite accurately determine the risk of an infection with an
online available calculator (see https://aerosol.ds.mpg.de/en/).

The gained Lagrangian and Eulerian data from the present study
and further postprocessing results will be used in a follow-up project
supported by the German Research Foundation (DFG). Here the
Lagrangian and Eulerian flow fields are used as input and validation
data for the development of (U)RANS-based numerical methods
enabling flow simulations and related aerosol particle dispersions pre-
dictions. The developed codes shall be applicable with relatively low
computational costs to flow scenarios in more complicated and realis-
tic constellations with additional dynamics and/or ventilation devices
in larger rooms.

CONCLUSIONS

In the present research work, an unprecedented large-scale
volumetric Lagrangian particle tracking (LPT) experiment with up to
3 � 106 instantaneously reconstructed trajectories of submillimeter
HFSB has been performed. The LPT data are providing time-resolved
velocity and acceleration measurements along all particle trajectories
around a seated and cyclically breathing thermal manikin inside a con-
fined rectangular volume of 12m3 over a time span of �52 s for each
case. In the present flow study, we replaced respiratory aerosol par-
ticles and droplets (dP< 5lm), which are typically exhaled by humans
and might contain virions, by nearly neutrally buoyant long-lived
HFSBs with dHFSB�370lmmean diameter. Full Lagrangian transport
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processes have been captured in 3D with temporal resolution by the
DLR in-house variable time step Shake-The-Box (VT-STB) evaluation
scheme. Two cyclically breathing scenarios inside the test room with
and without masks and shields applied have been investigated. A sub-
sequent application of the Navier–Stokes regularized data assimilation
scheme FlowFit delivered the complete time-resolved 3D velocity vec-
tor and velocity gradient tensor fields at high spatial resolution. This
allows studying the transient and turbulent flow features governing
the transport and mixing processes of the small aerosol particles for
this generic flow situation in detail. The jet-like cyclically heavy breath-
ing events in case the manikin is not wearing a mask or face shield are
the most powerful horizontal transport events in our investigation. On
the other hand, the thermal plume of the heated manikin governs the
turbulent transport and mixing mechanism in the scenario when pro-
tective masks or shields are applied or the breathing is soft. Here, the
mean direction of the transport of exhaled aerosol particles is going
toward the ceiling, because the decelerated aerosol particles first
remain near the body after exhalation. The deceleration and deflection
of the exhaled aerosol particles by the investigated mitigation devices
are quite advantageous, because a fast horizontal transport of locally
highly concentrated aerosol particles and their direct impact at the
position of another person can be avoided. Nevertheless, over longer
time spans an accumulation of aerosol particles occurs in confined
rooms without proper ventilation or filtering devices, which limits the
critical common stay time for several persons. Therefore, wearing
masks with a high filtration capability of aerosol particles down to
diameters �300nm (FFP2/3) is highly recommended. Additional
shields should be applied in order to separate the flow regimes around
individual persons at least for short to intermediate time spans.
According to our findings, the implementation of displacement venti-
lation systems in closed rooms using devices for suction of air at the
room ceiling would be as well quite beneficial for reducing infection
risks.

Unfortunately, the majority of the human population on earth
will not be vaccinated during this year and new mutants of SARS-
CoV-2 with higher infection rates and/or escape properties are under
way. Therefore, the correct application of protective measures (masks
and shields) and a detailed understanding of aerosol transport pro-
cesses in closed rooms are still necessary preconditions for damping
infection risks and breaking infection chains by optimizing proper
technical devices (e.g., air purifiers or displacement ventilation systems
in buildings, public transport vehicles, and air cabins).

Finally, the gained knowledge of the worldwide research in this
field might guide human behavior and awareness of critical situations.

The complete present Lagrangian and Eulerian flow field data set
can be made available upon request.
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