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Abstract

We present an experimental study on the aerosol-dynamics within a test setup
representing a class or conference room situation. To ensure realistic flow pat-
terns, the blockage and heat release of the persons are simulated using 18 ther-
mal manikins. The aerosol source is realized by a generator, attached to a ther-
mal manikin, providing a realistic exhalation of artificial saliva. Two different
ventilation scenarios are studied regarding aerosol concentration distribution
and removal-efficiency. Additionally, the influence of a mask attached to the
source and the effect of a moving person on the resulting aerosol concentrations
are investigated.

Time and spatially resolved concentrations are measured using 61 particulate
matter sensors, installed on three height levels. The ventilation scenarios com-
prise window opening and a low-momentum ventilation concept, where the air is
extracted underneath the ceiling and reenters purified (HEPA14) on floor level.
Each of the examined counter measures (open-window, low-momentum ventila-
tion and mask) resulted in a significant lower particle concentration compared
to the reference scenario. The low-momentum ventilation with an air purifier
unit provided the best aerosol removal-efficiency with a decrease in concentra-
tion of up to 96%, followed by the window opening with 60%. The buoyancy
flow induced by the heat loads and the resulting flow field caused by the low-
momentum ventilation concept lead to well-directed particle transport towards
the ceiling. Consequently, a large amount of aerosol was extracted and filtered
by the ventilation system resulting in lower particle concentrations. However, lo-
cal concentrations were strongly depended on the position of the aerosol source.
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Nomenclature

Q heat flux [W]

1% volumetric flow rate [cm? /3] AC air change [-]

Vi volumetric flow of an exhaling hu- ACP air change period [s]
man [cm®/s] ACR  air change rate [h™}]

Vs volumetric flow of the source LMV  low-momentum ventilation
[em?/s] MB moving body

d particle diameter [pm] OWYV  open-window ventilation

H,h height; [m] T™ thermal manikin

L length [m] AN/ACP change rate [cm~3/s]

N part_i(;le number concentration r decay time [s]
[em ] . I';/ACP removal factor [-]

n normalised particle number con- . K .
centration [—] o(7)/T particle density fluctuation [-]

No scaled particle number concentra- decay constant [cm™~?]
tion of the source [cm ™3] ) temperature [*C]

Ns source particle number concentra- ¢ sensor position
tion [cm ™3] ex exhale

T time period [s] max maximum

t time [s] min minimum

w width [m)] ref reference scenario

1. Introduction

The respiratory disease caused by syndrome coronaviruses (SARS-CoV-2)
is the reason for a variety of adverse health effects (Leung et all 2020) with
a mortality rate currently estimated at 1.4% - 3.2% (Bialek et al.l [2020). The
transmission of the virus is due to airborne transmission or smear infection. In
general, the two primary airborne transmissions of respiratory pathogens are
droplet transmission over short-range (between 2 or 3 meters) and long-range
transmission via aerosols |Tellier| (2009). Regarding smear infection the trans-
mission is often through contact e.g. touching a contaminated surface followed
by contact with mucous membranes of the eyes, nose or mouth, due to droplet
inhalation in nasal/upper airway, or aerosol transmission due to inhalation into
upper or lower airways (Tellier et al., |2019)). For influenza transmission, it has
been controversial which mode of transmission is predominant (Tellier, 2009}
Brankston et al., [2007). However, in case of SARS-CoV-1 and SARS-CoV-2,
the fact that aerosols are a dominating mode of transmission is now largely
uncontroversial, as Kohanski et al. (Kohanski et al., |2020) point out in their
article. Since both SARS-CoV-1 and SARS-CoV-2 in humans target the sur-
face receptor angiotensin-converting enzyme-2 (ACE-2) as a port of entry and
ACE-2 is expressed on type II pneumocytes in the lung as well as on cells of
the nasal mucosa, a transmission route via aerosols appears to be a plausible
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mechanism. Moreover, there is an overwhelming evidence that indoor airborne-
transmission is strongly associated with virus loaded aerosol droplets. Hence,
indoor aerosol-dynamics play a dominant role in the spread of the corona virus
disease (COVID-19) (Morawska & Milton, |2020; |Jayaweera et al., [2020; Buo-|
manno et al. 2020; [Zhang et all [2020; [Hwang et al., 2021} |[de Man et al.|
[Furuse et all, [2020). Especially in case of super-spreading events (Kolinski &
Schneider}, [2021} [Lakdawala & Menacheryl, [2021; [Miller et all, [2021}; [Hamner)
2020), which always seem to occur indoors (Nishiura et al., 2020).

Because the virus is too small to be transported from one person to an-
other directly, droplets exhaled by the human carry the virus load. Hence, the
characterisation and specification of indoor aerosol-transport, taking into ac-
count indoor flow conditions, including thermal and forced convective airflow,
are key elements for infection risk understanding and prevention in the case of
COVID-19 transmission (Mittal et al. [2020; Rangel, 2021} Moritz et all [2021}
|Al Huraimel et al. [2020). Hence, many public health decisions (e.g. protec-
tive equipment, control strategies, communication with the public) depend on
quantitative estimates of aerosol research activities conducted in collaboration
with the medical community. The emission rates of respiratory droplets, their
size distribution, their mechanisms of formation inside and outside the infected
host, their dispersion and transport in still air and ventilated indoor environ-
ments are topics in this regard, which are particularly well placed to provide
data to contribute to informed public health decisions and the well-being of our
society. As a result, a plethora of guidelines have been published in order to
minimise the risk of infections due to the transmission of COVID-19 in rooms
and buildings (Bazant & Bushl [2021} [2020}; [Morawska et al., [2020; [Peng et al.|
2021; Tang et al., [2021). An early study was published by Azimi et al., who
demonstrate the importance of aerosol transmission in the case of the Diamond
Princess cruise ship (Azimi et al) 2021). They note that more than 50 per
cent of SARS-CoV-2 transmission on the ship occurred through aerosol inhala-
tion, both at close contact and at long distance. This emphasize the need for
measures aimed at controlling aerosol inhalation, in addition to those already
installed to control larger droplets by wearing a mask or keeping distance. Other
studies such as Azuma et al. (Azuma et al., [2020)) as well as (Morawska et al.|
2020) examined the environmental factors which are important for SARS-CoV-2
transmission. They present engineering controls to prevent or minimize SARS-
CoV-2 transmission in indoor environments and note that indoor ventilation
should be recognised as an established method to reduce airborne transmission.

With the objective to verify in which way the ventilation influences the
aerosol dynamics and which control strategies are suitable for reducing the
aerosol concentration, different concepts have been investigated. In this pa-
per, we consider the issue of indoor aerodynamics from the point of view of
whether a low-momentum ventilation (LMV) system with an air purifier, an
open-window ventilation (OWYV) or a medical (FFP2) mask can reduce aerosol
concentrations or prevent an uncontrolled propagation of aerosols in a room
resulting in a reduced risk of infection. For this purpose, we studied the aerosol
dynamics emphasising the range from 0.3 pm up to 2.5 pm aerodynamic diame-
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Figure 1: Floor plan of the test environment (class room) with the recirculation system and
the corresponding positions of the particle sensors. The windows to the outside are labled W1
- W5. The unfilled squares indicate the tables, the filled circles the TMs, which are equipped
with a particle sensor. The height positions H of the particle sensors are indicated in brackets.

ter. This range covers the particle sizes of interest emitted by a human during
respiration (Nazaroff], 2016} [Johnson et al. [2011} |[Jones & Brosseaul, [2015)).
The present paper is structured as follows: the section experimental set-up
introduces the test environment and the measurement methods comprising the
used thermal manikins, the aerosol generator and the used sensor for measuring
local aerosol densities. It is followed by the presentation and analysis of the
latest results. Finally, the paper ends with a conclusion and discussion on the
effectiveness of control strategies and its consequences for indoor ventilation.

2. Experimental Setup

2.1. Test-Environment

Measurements of the aerosol dynamics are performed in a room representing
a class- or conference room equipped with a recirculation air system, which
includes a HEPA14-filter. Figure[T]illustrates the floor plan of the test room with
the corresponding positions of the particulate sensors, the table arrangement
and the positions of the thermal manikins (TM). The dimensions of the room
are L = 9.58 m in length, W = 4.79 m in width and H = 2.89 m in height. This
gives a base area of A = 46m? and a volume of V' = 130m?®. On the left side of
the room are three windows (w1, w2, w3), two on the back (w4, w5) and a door
on the right side. The recirculation system (Up-Wind 900 by the HT-group),
wich serves as LMV system, is coloured grey. It consists primarily of: a ceiling-
mounted extraction tube that extends approximately the length of the room,
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speed-controlled fans for the supply of recirculated air with a defined volume
flow rate of up to V = 950m?/h and a floor-level air outlet with a HEPA14-
filter. Figure [2] shows a photograph that gives an overview of the setup with
the recirculation system. By means of the ventilation system, we are able to
provide a reproducible and controlled ventilation. Here the filtered air leaves
the recirculation system through the outlet near the floor with a low momentum
and rises due to the buoyancy flow induced by the TMs. Finally, the ascended
air is discharged through the extraction tube at the ceiling. In addition, the
system is equipped with a silencer to reduce noise emission to 40 dB and lower.

The room is equipped with tables and seats. The positions of the tables,
each with two seats, are illustrated in figure[I] as unfilled squares and the circles
indicate the position of the seats with the TMs. Furthermore, the red filled
circles (@) represents the aerosol exhaling TMs. All TMs are seated on chairs
near the tables (see figure . For the present investigation, the function of the
TMs are twofold: first, they are an obstacle that represents a seated person,
equipped with a particle sensor in the region of the nose/mouth to analyse the
potentially inhaled aerosol by that person and second, they simulate the sensible
heat release of a human body (see figure[3d)). The TM’s core is made of melamine
resin foam, which is wrapped with a resistance wire and is additionally covered
by a thin layer of black thermally conductive aluminium. Moreover, in order
to generate a realistic heat emission for a lightly clothed person with different
heat-flux densities for the body parts, the winding distances of the heating wire
are individually designed (Lange et al.L|2018)). For the present investigation each
TM has a sensible heat release of QTM = 75W to ensure heat loads comparable
to a sitting person in rest. In general and especially here, the experimental
simulation of realistic heat loads is of utmost importance for the generation of
realistic buoyancy flows in the room.

With the objective to verify the dynamics of the aerosol concentration, par-
ticulate sensors are distributed equally in the room on three height levels. Fur-
ther sensors are attached on the face of the TMs (see figure . In case of the
TM’s face, the sensors are located at a height of h/M = 1.35m. The positions
of the sensors in the test room are depicted in figure [I, where the coloured
squares represent the sensors on the three different height levels: (=) on the ta-
ble ht2P'e = (0.75m, (=) on poles at a height of hP°'® = 1.80m and (=) at the ceiling
as well as on the underside of the extraction tube at a height of h&li"e = 2.80m
and hi'b® = 2.25m, respectively. In addition, sensors (=) are placed at the air
outlet right behind the filter (see figure[2] outlet) in order to check that the filter
is working as expected and to detect any backflow that could cause the filtered
air to mix with the ambient air at the outlet. For this purpose, there is one
sensor in the centre of the diffuser and two sensors are on the left and right side
of the outlet, respectively.

2.2. Aerosol generation and detection

For the experimental simulation of a realistic aerosol exhalation, an aerosol
generator was developed at the DLR in Gottingen. Figure [3al shows the gen-
erator, which basically consists of a dispersion and a settling/mixing cham-
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Figure 2: Photography of the test setup showing the installed particulate sensors, the TMs
and the ventilation system with the extraction tube at the ceiling and the air outlet at the
floor level.

ber. The dispersion chamber is a sealed housing containing an airbrush gun
(AFC-101A) with a nozzle of 0.35 mm in diameter and a reservoir for artificial
saliva. The artificial saliva (mixed according to NRF 7.5 (Arzneimittel-Codex|
2007)) is composed of: potassium chloride (0.12g), sodium chloride (0.085g),
sodium monohydrogen phosphate dodecahydrate (0.25g), calium chloride dihy-
drate (0.015g), magnesium chloride hexahydrate (0.005g), sorbic acid (0.1g),
carmellose sodium 400 (0.5g), sorbitol solution (4.3g) and aqua purified add
(100.0g). Further, the aerosol generator is connected to a facial mask (see fig.
and to generate a realistic mouth-nose exhalation. To produce a de-
fined, constant and homogeneous mass-flow of the dispersed saliva the system
is equipped with a particulate matter sensor and a compressed air regulator to
control and monitor the aerosol flow. By means of this configuration a precisely
defined aerosol exhalation can be simulated.

The spatial and temporal distribution of the aerosol concentration is mea-
sured with SPS30 particulate matter sensors by Sensirion. These laser-based
sensors detect and count particles by means of light scattering. In particular,
a continuous stream of air is passing the device, which transports ambient air
into the measurement volume. From a signal of a photo diode measuring the
light intensity, the particle number concentrations are calculated for the in-
ternal volume. The concentration are binned for particle diameter ranges of
0.3pm - 0.5pum, 0.5pum - 1.0pm, 0.3pm - 2.5um, 0.3um - 4.0pm and 0.3 pm
- 10.0pm. Further, it should be noted that just for the range 0.3 pm - 2.5 pm
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Figure 3: (a)Aerosol generator, (b) TM with a mask for aerosol exhalation through the
nose/mouth, (c) laser-visualisation of the exhaled saliva dispersion, (d) infrared thermography
of the heated TM.

the concentration is directly retrieved from the light signal. The concentrations
for the particle diameter d > 2.5 um is estimated using the distribution profile
of all measured particles. Since the refractive index of the suspended particle
is unknown to the sensor, the measured particle sizes depend on the particle
materials. However, saliva with the same composition is always used in these
measurements, so this has no influence on the comparability and meaningful-
ness of the results. Moreover, a self-cleaning mode ensures a consistent and
validated data acquisition, especially for long-term measurements. Regarding
the accuracy of the SPS30 sensors, Tryner et al. (Tryner et al. 2020) compare
the results of the SPS30 as well as other low-cost particulate matter sensors with
a direct mass transducer. They found that the sensor is insensitive to changes in
relative humidity, operates stably over long measurement periods and performs
best, compared to the other sensors tested.

An in-house data-acquisition system is used to record sensor data and moni-
tor the experiment. The system uses the serial protocols such as UART, SPI or
I2C to a central host device that stores the measurement data. It is designed to
acquire data from more than 100 sensors with frequencies up to 20Hz. In addi-
tion, robustness is ensured by using easily replaceable and well-tested standard
components.
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Figure 4: Aerosol concentration for the sensor located in the face of the TM: (a) time series
for the particle number concentration for the entire measurement period and (b) exponential
decrease of the concentration for the decay period.

3. Measurement procedure

With the objective to investigate the dispersion of aerosol, emitted from a
source, a dedicated measurement procedure and evaluation method is defined
in order to verify the aerosol dynamics in the room for different scenarios. All
measurements are performed for a mean room-temperature of 0, = 24(1)°C
except the open-window scenario, where the air temperature is strongly affected
by the outdoor air temperature. The corresponding measurement procedure is
described with the help of the following diagrams.

For all scenarios, the measuring time of 7' = 2400s is divided in an exhaling
and a decay period. Figure [a] shows a typical time series of a single sensor
(located at the face of the TM) measuring the particle number concentration N
for the diameter range of 0.3 pm < d < 2.5 um as a function of time for a scenario
with air-filtering by LMV. The dashed grey vertical line indicates the boundary
between the exhalation- and the decay period. The investigations start with
the exhale period T, = 480s, where at the beginning the particle background-
concentration has its minimum. This period will be referred to as interval A
in the following. During this period, the source exhales aerosol continuously,
consisting of air and dispersed artificial saliva. The volumetric flow rate of the
source amounts to V, = 200.0 cm3s~!, which is only the half of the typical
human expiratory peak flow V = 400 cm®s~! (Gupta et al., [2010). The reason
for halving the volume flow is, that it is not intended to simulate a complete
sinusoidal breathing cycle. Rather, the aim is to simulate the momentum of the
exhaled air as realistically as possible. To this end, the TM exhales continuously
at around double of a typical human volume flow Vi, &~ 100.0 cm3s 1 through the
mouth and nose. In addition, the air jets from the nose are tilted downwards
from the horizontal by about 45° and maintain a distance angle of 30° from
each other (Melikov & Kaczmarczyk, 2007; Kohl et all) 2021). By means of
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this configuration we are able to simulate the effect that the human exhaled air
jets tend to descend first and rise afterwards due to buoyancy caused by the
temperature difference between the exhaled air and the ambient temperature,
that is usually lower (Bjorn & Nielsen) 2002).

In real breathing, the exhaled air jets from the mouth and nose are much
more complex. For the present investigation, however, the exact aerosol dynam-
ics in the vicinity of the face is less of interest for the global aerosol dynamics.
The focus is rather on the aerosol propagation within the test environment.
Therefore, this simplified experimental simulation of exhaled saliva particles is
sufficient for this purpose. Moreover, the averaged concentration of exhaled
aerosol in the face area of the source (roughly N > 2000 cm™3) is several orders
of magnitude larger compared to the density in human respiration (N ~ 1 cm~2)
(Morawska et al.l |2009; \Gaeckle et al.l [2020; |Johnson et al.l |2011)). For the mea-
surements this high number concentration of droplets is needed for a sufficient
measuring signal of the particle sensors at each sensor position.

At the end of this period, the exhaling is stopped and the decay period
begins with a length of T,, = 1770s (figure . For this interval, the decrease
in particle concentration as a function of time is studied with the objective to
verify the spatial transport and the dynamics of the aerosol for the different
scenarios. Further, two additional time intervals are defined for this period.
The two intervals 480s < t < 1080s and 2070s < ¢t < 2250s are referenced as
interval B and interval C, respectively. The interval B of 600s corresponds to
an air change (AC) of one, speaking the time which is needed for changing the
air volume in the room once, for the case of LMV. The interval C represents
the average residual number concentration at the end of the entire measurement
time. Furthermore, in case of LMV with air purifier an exponential decrease of
the aerosol concentration for almost all sensors is found (figure . Based on a
characterisation of this exponential decrease an analysis of the aerosol dynamics
is performed. A detailed characterisation of the analysis method is given at the
beginning of the result section [

4. Results

The present study investigates the aerosol dispersion in a room for the fol-
lowing scenarios: LMV-system with air purifier, mask (mouth/nose covering)
and open-window ventilation (OWV). With the aim to characterise the im-
pact of these measures on the aerosol dynamics and the corresponding saliva
spreading in the test room, the time series of the particle number concentration
determined by the particulate sensors is analysed as described below.

For reason of comparability, the measured aerosol concentration is nor-
malised according to equation [1| using the source particle flow.

Ny = 2l 1)
W

Here, Ny denotes the number density determined in the settling chamber of the
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particle generator, V, the volumetric flow of the source and V, the characteristic
volumetric flow of an exhaling human (details see sec. [3). To verify the impact
of the aerosol dispersion for the different studied scenarios with respect to the
particle number density for the so-called reference cases N,f, the density NV
is given as 1 — n/nf. This value represents the change in relation to the
corresponding reference case, where n = N/Ny and nes = N,ef/N{)ef. In the
following, the term reference case refers to the respective scenario without any
control strategies to reduce the aerosol concentration and to prevent the spread
of droplets in the room.

To verify the effectiveness of the LMV-system regarding the transport of
aerosol in direction to the ceiling as well as the removal rate, the time series
starting at the beginning of interval B is analysed. Therefore, a curve fitting
with an exponential function (see figure is performed.

N(t)=Ne "t 4, (2)

the fitting parameters N, 7, and C of the underlying equation (see|2) are calcu-
lated by means of a least-square algorithm. Based on these parameters, decay
time I' is calculated for each sensor position,

1 0.2N max
Ii=—-——In <Na>7 (3)

g

where N pax denotes the maximum aerosol concentration (average over all sensor
position) at the beginning of interval B and i denotes the sensor position. In
addition, the uncertainties of the fitting parameters are determined by means
of the covariance matrix M.,

o(N),0(7),0(C) = \/diag(Mcoy). (4)

Further, with the help of T and o(7), the following criteria are defined to charac-
terise the aerosol dynamics: the removal factor I';/ACP, the fluctuations o(7)/7
and the aerosol flow AN/ACP, where

ACP .
AN = Ndt. (5)
t(Nmax)

The removal factor T';/ACP as well as the aerosol flow AN/ACP represents the
measures: how many ACs are necessary to achieve a particle concentration of
0.2N max starting from the time Npax and the mean concentration change for the
time span of one air change period (ACP) of one AC, respectively. In addition,
the fluctuation o(7)/7 describes how much the time series differs from a theoret-
ical undisturbed transport, represented by the exponential function [2| It serves
as an evaluation criterion to characterise the stability of the aerosol transport
in the direction of the tube at the ceiling or towards the open windows. Here,
large values indicate increased dynamics while lower values are characteristic

10
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for a reduced air movement, respectively.

The following result section is divided into three parts. In the first part
the results of the spatial distribution of the particle concentration are presented
while the second part [4:2] discusses the results for the aerosol dynamics in case
of the LMV. In part the results of all measurements are discussed and
compared addressing the aerosol concentration and aerosol removal rate.

4.1. Spatial aerosol distribution

4.1.1. Reference

In the following the results of aerosol dispersion for the reference cases with-
out any control strategy are discussed. The function of these measurements is
twofold. Firstly, the results are used to analyse the spatial distribution of the
aerosol concentration and secondly, to compare the different flow scenarios with
the reference cases, serving as a normalisation factor.

Figure [5] and [0] reveal the spatial distribution of the time-averaged number
concentration N/Nj in percent with respect to the reference cases for interval A
and B, respectively. Here and in the following, the different sensor heights are
shown from left to right: the lower level represents the sensors located on the
forehead of the TMs and on the top of the table, the middle level the sensors
at a height of hP® = 1.80m and the ceiling level the sensors at the ceiling
and at the underside of the extraction tube at a height of hS¥"& = 2.80 m and
hfibe = 2.25m, respectively. In addition, the positions of the corresponding
sources are highlighted in blue and the normalised particle concentration is
colour-coded. The time-averaged aerosol concentration for interval A is shown
in figure |5| as a function of source position. For all source positions, a significant
increase in particle concentration is found. Up to 0.17% x Ny in the vicinity of
the exhaling TM. In particular, at the middle level near the source, the buoyancy
flow induced by the TM causes a rise of the exhaled aerosol in the direction of
the ceiling. Furthermore, for the two cases where the source is placed on the aisle
chair, the TMs sitting at the same table (sensor S02 for source A and sensor S08
for source B) are significantly less affected by about 0.07% x Ny than source
C where the TM sits at the window side. Here, the concentration at sensor
position S15, located at the TM’s forehead on the right side, is 0.15% x Nj.
This is twice as high in comparison to the cases where the source is located on
an aisle seat.

This result illustrates that the particle-concentration distribution and thus
the propagation depends strongly on the source position and the current flow
conditions. For the entire room, it seems that a large-scale flow structure from
the front to the back is present, leading to elevated values behind the source
A and source B in case of interval A. However, this flow is not representative
for every comparable configuration and depends on the individual boundary
conditions. Nevertheless, two general effects are obvious. The vertical buoyancy
flow induced by the TMs leads to a rising of the exhaled aerosol and the large-
scale flow leads to an additional spreading. The spatial distribution for interval
B as a function of the source position is illustrated in figure [6] It depicts the

11
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Figure 5: Time-averaged and normalised particle number concentration N/Ng in percent for
interval A for three different source positions: (a) source A, (b) source B and (c) source C.
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Figure 7: Time-averaged and normalised particle number concentration N/Np in percent over
interval C for source location A.

time-averaged distribution of the particles for the time period after stopping
the exhalation and reveals how the aerosol propagates in the room without
any ventilation. It can be seen that the particles spread in the whole room
within a period of 10 min and the propagation depends on the source position.
Furthermore, for source A and source B an aerosol transport is observed from
front to back, which leads to higher concentration on the left side for the lower
height level behind the source A and source B. However, in case of source C,
higher values are located in the back-left corner. In addition, the buoyancy flow
induced by the TMs at the positions source A and source C leads to increased
values in the middle plane and in the ceiling area in the front and back area,
respectively. For source B, which is located almost in the centre of the room,
increased concentrations are found at the higher measurement positions near of
the source as well as at the seat positions right behind the source B.

At the end of the measurement time, the particles are almost homogeneously
distributed in the room due to thermal convective airflow induced by the TMs.
Figure [7| shows the particle number concentration N/Ny time-averaged over
the interval C for the case of source A, revealing the number concentration is
almost similar for all sensor positions. Comparable results are also found for the
other two source positions, but not shown here. The concentration, spatially
averaged over all sensor positions, amounts to Na = 0.072(5) % x Ny for source
A, Ng = 0.073(4) % x Ny for source B and N¢ = 0.071(4) % x Ny for source C.
Consequently, for the reference cases a homogeneous particle distribution with
about 0.07% of the particles exhaled by the source is obtained.

In conclusion, the aerosol distribution in a room is determined by the super-
position of the large-scale flow structures in the room and the thermal convective
flow induced by the heat loads i.e. human body. This results in a plethora of
flow situations as well as an uncontrolled and partly erratic transport of the
aerosol. While at the beginning of the investigation period (< 15min) the ex-
haled particles are close to the source, in the following convective airflows lead
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to a mixing of the exhaled aerosols with the room air and at the end the particles
are homogeneously distributed in the entire room.

4.1.2. Open-window ventilation and mouth/nose mask

Figure 8: Laser-light visualisation of the aerosol exhaled by a TM with a FFP2 mask.

With the objective to identify the impact of the aerosol distribution in case of
currently recommended control strategies (Templeton et al., [2020; [Duan et al.|
2020) an open-window ventilation (OWV) and the effects of a EN149 FFP2
(FFP = Filtering FacePiece) mask (comparable to KN95 standard ) are in-
vestigated. The discussion starts with the results for oral and nasal covering.
With the objective for evaluating the effectiveness of surgical, FFP2/KN5 or
FFP3/KN99 masks in case of SARS-CoV-2, a large number of studies have
been conducted. Almost all of these studies have demonstrated a reduction
in the likelihood of infection (Atchison et al., |2021; D’ Alessandro et al., [2020;
Howard et al., 2021)). The studies recommend the wear of masks in order to
reduce the virus transmission and show an additional self-protection effect for
FFP2/KN5 and FFP3/KN99. However, it is difficult to make a general and
concrete statement about the extent to which the risk of infection is reduced, as
transmission is highly dependent on the boundary conditions and, not at least,
the fitting of a mask is of decisive importance (Regli et al.l [2021]).

The findings of (Regli et all [2021) regarding the impact of mask fit are
consistent with our observations. The pictures in figure [§| show a laser-light
visualisation of saliva particles exhaled by a TM wearing a FFP2 mask. The
visualisation clearly reveals particles escaping through the gap between mask
and nose. It further shows that possible leaks, especially at the nose, strongly
influence how much aerosol is released into the environment even though an
FFP2 mask is worn. In addition, a smaller amount escape directly through the
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Figure 9: Time-averaged and normalised particle number concentration 1 — n/n.f in percent
in case of the source wearing a FFP2 mask for: (a) interval A , (b) interval B and (c) interval

C.
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mask (see figure on lower right side). However, due to the lower breathing
momentum, compared to the case without a mask, the particle flow is primarily
buoyancy driven. As a result, an almost vertical flow is observed towards the
ceiling. This buoyancy flow directly influences the aerosol distribution, which is
shown below.

Figure |§| plots the time-averaged concentration change 1 — 7imask/7ref in per-
cent as a function of the measurement interval. The vertical aerosol motion
described earlier is reflected in the spatial distribution (fig. Ela) The image
shows 1 — n/ns during the exhalation period (interval A). On the average, the
concentration is 26% lower in comparison to the reference case. In particular on
the lower and middle level near the source, particle concentrations up to 67%
lower are found. However, significant higher values in relation to the reference
case are measured for the sensor positions S33, S44, S47 and S48 with up to 37%
higher values for the sensor (S33) located at the middle level behind the source.
The reason for the higher values at these positions is that due to the lower mo-
mentum of the exhaled air jet getting blocked by the mask, the aerosol motion
near the source is buoyancy driven. As a consequence, the aerosol that escapes
from the edges of the mask rises directly towards the ceiling in the vicinity of
the source and results in higher concentrations at S33, S47 and S48, while the
increased values for S44 appear to be the result of large-scale flow structures in
the room.

For the interval B an almost homogeneous distribution is observed with a
standard deviation of o(8 )(Nmask) = 0.162 x N. This distribution is comparable
to the corresponding reference case with O'(B)(Nref) = 0.168 x N. Considering
the influence of the mask on the particle concentration with respect to the
reference case, figure @b reveals for all sensor positions lower values of 8.1% <
1 —n/nwef < 34.4%. In the spatial mean, the concentration is reduced by 21%.
Finally, an almost completely homogeneous distribution is observed for interval
C (see Figure Ek) with a standard deviation of o(“)(Np.) = 0.06 x N. In
contrast to the reference case, the spatially-averaged concentration is 21% lower,
which is similar to interval B and the range is 17.4% < 1 — n/nw.s < 25.1%.

In addition to the influence of a FFP2 mask on the particle concentration,
a scenario of an OWYV is investigated. Therefore, the exhaling period (interval
A) is carried out with closed windows. After this period the windows wl and
w3 are opened. The result for the open-window scenario is depicted in figure
For interval B a lower particle concentration of 18.2% < 1 —n/nf < 68.2%
is obtained at all sensor positions with a spatial average of 52%. The highest
load is found in the rear area of the room and especially near window w3.
For the front area, the influence by the OWV on the particle concentration
is significantly lower compared to the reference case. Here, in particular the
sensors 546 and S56 at ceiling level reveal a significant smaller change of just
n/neef =~ 20.0%. In case of interval C, the concentration is significant lower for
all sensor positions with 54.2% < 1 — n/n.f < 77.7% and the spatial standard
deviation is ¢(©) (Nowy) = 0.137 x N.
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4.1.8. Low-momentum ventilation

In this section, the results of the tests addressing the low-momentum venti-
lation concept are presented. The system installed serves as a sample configu-
ration to investigate the basic mechanisms of low-momentum ventilation with
recirculation and filter system. All measurements are carried out at a volume
flow rate of V' = 800m? /h and the air volume of the test room is approximately
Vair &~ 130m3. Hence, the air change rate amounts to ACR =
is comparable to other studies on the issue of indoor ventilation in context of
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Figure 10: Time-averaged and normalised concentration change 1 — n/n.f in percent in case
of the open-window ventilation for: (a) interval B and (b) interval C.

6.0h ™!, which

COVID-19 like the work of Curtius et al. (Curtius et al.} [2021)) testing a mobile
purifier with a rate of ACR = 5.7h™ L.
been made at much lower air change rates of ACR < 3.0h™*, such as Blocken
et al. (Blocken et all |2021]), who investigate ventilation and air purification in
a gym.

Figure shows the time-averaged 1 —n/nyf in percent for interval A in case
of LMV with air cleaning. Due to the air cleaning, significantly lower aerosol
concentrations are found on average compared to the corresponding reference

In addition, other measurements have
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Figure 11: Time-averaged and normalised concentration 1 — n/n.f for interval A in case of
LMV : (a) source A, (b) source B and (c) source C.
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case. The spatial-averaged concentration for source A is 50.6%, for source B
62.1% and C the concentration 57.9% lower. Moreover, significant differences in
the concentration distribution depending on the source position are found. For
the measurements with the source at position A in the rear part of the room,
a lower concentration of 42% < 1 — n/n.f < 98% is obtained compared to the
reference case, while in the front half it is 1 — n/n.s < 40%. Moreover, as well
sensor positions with higher concentrations compared to the reference case are
found. Here elevated concentrations are detected for positions S01 of 15.0%,
S02 of 18.1%, S16 of 5.9%, S36 of 55.2% and S50 of even 76.5%.

The elevated particle concentration in the front area of the room uncovers
two issues of the ventilation system in this particular arrangement. Firstly, for
all three source positions, the exhaled particles are deflected in the direction
of the aisle, since the extraction tube is mounted there on the ceiling. As a
consequence, higher concentrations are found at sensor position S36 and S50
for source A, S37 and S54 for source B and S15 for source C. Secondly, for
source A two effects lead to elevated concentrations in the front area in relation
to the rear half of the room. Due to the pressure drop for the extraction tube
in longitudinal direction, the suction is no longer as strong at the end of the
tube and thus a lower extraction rate obtained at the front of the room. In
addition, the filtered air which enters the room on floor level and flows from
back to front mixes with the existing air in the room and additionally rises due
to buoyancy. These two effects lead to a higher concentration in the front half
of the test environment. However, generally, the measurement results show that
the particle concentration is significantly lower at almost each sensor position.

During interval B and C, the ventilation leads to a homogeneous distribution
as well as to a continuous decrease of the aerosol concentration. The spatial dis-
tribution of the time-averaged concentrations for these two periods are depicted
in figure [12| for source position A. The data reveal a homogeneous distribution
as well as significant lower particle concentrations in comparison to the reference
case. In the present paper, only the result for source position A is presented,
but comparable results are obtained for the remaining locations source B and
source C. For interval B the spatial-averaged concentration in relation to the
reference case is 58.3% lower for source A, 72.3% lower for source B and 58.8%
lower for source C. It is noticeable that in the case of position source B, which
is located in a centre position of the room, the reduction in aerosol concentra-
tion is greater than in the two cases with the source in the corners. A detailed
discussion on this effect and the dynamics of the particle extraction is given in
section [£2] and section Bl For the interval C the decrease of concentration is
almost similar for the three source positions with approximately 96% compared
to the corresponding reference case.

Another measurement for LMV was performed in combination with a FFP2
mask. The concentration 1 — n/n.f in case of source B for the interval A is
illustrated in figure The spatial distribution of 1 — n/n.s is comparable
to the case of LMV without the mask (see figure [LT|(b)). However, differences
can be determined in particular for the middle level at the sensor positions
537, S35 and S44, which are located on the right side of the source directly

20



465

470

475

TM (h=1.35m) | table top (h=0.75m) middie level (h=1.80m) ceiling (h=2.60m/2.80m)

ol (a) interval B O & & ]

so1 source A o
9 0 s | st 556
=, i
O "
O

O
0
o
@
3

o4
w2 ® O o O
S05° S06 door 531 $32 S41 542
$53 E
& 507 519 O 2
2 40 ©
2 L1 C_1 [ O E
® o 5 o o ® 0 . @) B
508 509 520 S21 s Ol O )
s10 s2 =t
l;l E .M -Elsss
" si1 512 524 © O C D . @ =5 O 20
= sl s s [ 549
513 525
S %; ;; 5 o O O O o O ® ©
514 S15 526 27
0
Y filter filter filter
wa ws
A .
(b) interval C [ I = -
1
" so1 source A 28 -(40
s16 -
o []
S i —
|- o 5 o
04 530 ©o O | B 60
- m—
b ® @ o O
505 506 door S s a1 s a8 -
& 07 519 [ s
@ 40 3
i I;!.__I w ! = E
508 509 520 s21 © .0 = © 0 <
$33| 543 I
i = L H A
w3 2 ; 2 ; ; ; o O mo° © & O O 20
Bh s12 523 S2 », Eg
H s sl Bl
S13 S25
;‘ ; ® ©® ® © ® © ® @
s14 515 526 27 0

v filter filter filter

W=4.79m

Figure 12: Time-averaged and normalised concentration 1 —n/n.f in percent in case of LMV
for source position A: (a) interval B and (b) interval C.

below the extraction tube and just behind on the aisle side. Significantly lower
concentrations are found at the mentioned positions for the case with mask,
which is due to the fact that the mask restricts the respiratory momentum.
The exhaled aerosol is transported towards the ceiling due to the rising air in
the vicinity of the TM. In contrast, for the case without the mask, where the
exhaling air jet transports the aerosols outside the area in which the buoyancy
forces are predominant. As a consequence, the aerosol motion is significantly
influenced by the airflow induced by the recirculation system. Here, the mask
has a positive effect as it supports the transport of aerosol towards to the ceiling
resulting in significant higher concentrations at sensor positions S46, S47 and
S548. However, this buoyancy driven transport of the exhaled aerosol toward the
ceiling does not lead to a lower concentration on the average. It is found that
the spatial-averaged concentration for interval A N/Ny ~ 0.023% is similar for
both scenarios, with and without mask. The same result is observed for interval
B and C (details see table. This result indicates that the mask in the present
study does not lead to an additional reduction of the aerosol concentration when
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Figure 13: Time-averaged and normalised concentration 1 —n/n. in percent in case of LMV
and FFP2 mask for interval A and source position B.

the ventilation system is active, but to a faster transport to the ceiling area. As
a consequence, there is a lower concentration at the lower levels.

4.1.4. Moving body

The influence of moderate movements in the room on the aerosol dynamics is
additionally studied. For this purpose, at the beginning of interval B a person
walks four times up and down every five minutes. As a result, there is an
additional mixing of the air and thus differences in the spatial distribution of
the particle concentration compared to the static case. Figure shows the
impact of the walking person on the aerosol distribution. It illustrates the
changes of the aerosol concentration 1 — nmp/ns in percent for the scenario with
the moving person nmp = Nmp/Np in relation to the corresponding static case
ns = Ng/Ny for interval B. Here and in the following the indices mb indicates
moving body and s static.

For the reference case, the spatially averaged aerosol concentration for both
scenarios, static Ng/Ng = 0.088(1)% as well as the walking person Nm,/No =
0.087(1)% and the corresponding standard deviation, are similar. However,
differences are found for the spatial distribution especially near the source at
the sensor positions S07 and S19 (see figure @h), representing the sensors on the
source’s table and the adjacent table to the right. Here, higher concentrations
are measured due to the interaction of the exhaling air jet and the moving
person, resulting in a wider spreading of the aerosol in front of the source.
Further, lower values are obtained in the rear part of the room whereas elevated
concentrations occurred in the front part of the test environment. This result
shows clearly that even a minor movement significantly influence the spatial
distribution of the aerosol concentration significantly.

For the interval B, in case of LMV, the spatially averaged concentration
Nmb/No = 0.0257(54)% is significantly lower compared to the reference case,
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Figure 14: Time-averaged and normalised concentration 1 — nmyp/ns in percent for interval B
and source position B. (a) reference case, (b) LMV and (¢) LMV and mask.
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however, 6% higher than the static case. Furthermore, elevated concentration
are found for almost all sensors and not only for individual positions. This
increase is a direct consequence of the interaction of the airflow towards the
extraction tube with the person walking in the aisle. In the process, the moving
person encounters the exhaled air stream flowing in direction of the tube at
the ceiling. Especially to the right of the source, where significantly higher
aerosol concentrations are noted for the static case (see sensor positions S37
and S54 in figure [11p). In this case, the disturbance of the airflow leads to a
mixing of the aerosol due to the trailing vortex induced by the person walking
up and down. Consequently, fewer particles reach the ceiling area where they
are extracted and thus higher concentrations are found for almost all sensor
positions. Even though the increase in the mean concentration is low at 6%,
the results reveal an effect for such LMV-systems. Further, higher dynamics
can result in a breakdown of a stable airflow in direction of the air extraction
which in turn can lead to a higher particle concentration in the room.

In the case of LMV with mask (fig. ) the spatially averaged concentra-
tion is Nmp/Nog = 0.0222(5)% for the moving body scenario which is 9% lower
compared to the static case. It is difficult to find a clear explanation for the
lower concentration. An obvious reason is the fact that the mask does not fit
equally well in every measurement, which results in a varying amount of aerosol
passing the mask due to leakage. Another explanation is that in the cases with
a mask, there is no exhaling air jet in direction of the aisle. Here, the aerosol
rises near the body towards the ceiling. As a result, there is less aerosol in
the aisle area which can interact with the person walking through, leading to
increased mixing. This thesis is supported by the fact that in the static case
at sensor position S37, in the corridor to the right of the source, at a height
of h = 1.80m, the concentration is not increased in contrast to the case with
ventilation and without mask. Furthermore, the moving body may create a
flow below the extraction tube, which could lead to an enhanced transport of
aerosols towards the extraction tube. These are three possible explanations that
need to be verified in further studies.

4.2. Aerosol dynamics

In addition to the spatial distribution, the time series of the aerosol concen-
tration is analyzed with respect to the removal factor I'; /ACP, the fluctuations
o(1)/7 and the aerosol flow rate AN/ACP. The definitions of these parameters
are found at the beginning of the result section (sec. |4)).

The discussion on the aerosol dynamics starts with the analysis of the LMV’s
removal rate. Figure [L5 shows the removal factor I'/ACP as a function of the
source position. Here, I'/ACP is a measure how many ACs are needed to reduce
the aerosol concentration from the maximum peak N max to a local concentration
of 0.2 Nmax. The illustration clearly reveals that T'/ACP < 2.0 at almost every
sensor position. The average over all sensors I'/ACP is for source A 1.07(17),
for source B 1.11(7) and for source C 0.89(6). This means that on the average
an AC < 1.11 is needed to reduce the aerosol concentration from the average
maximum to 20% of this maximum. However, elevated I'/ACP are found near
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Figure 15: Aerosol removal factor I'/ACP in case of LMV for the three source positions: (a)
source A, (b) source B and (c) source C
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the source and here in particular for sensors mounted at a height of h = 1.80m
and at ceiling level. The reason for that increased removal factor is, that a larger
amount of the aerosol rises due to buoyancy and accumulates under the ceiling,
which leads to a higher concentration there and thus to a higher removal factor
in contrast to the other sensor positions. This result underlines the strong
impact of buoyancy in the vicinity of a human body and the need to take
this effect into account when developing and designing a ventilation concept.
Additionally, a comparison of the removal rate for the different source position
reveals significant differences between the case for source B (fig. ) in the
centre of the room for source A (fig. [I5h) as well as for source C (fig. [I5f) in
the corner positions. For the corners higher removal factors are calculated over
a larger area behind the source B. The reason for this effect cannot be clearly
identified from the available data. However, it is reasonable to assume that this
is due to the interaction of the inlet air introduced at floor level, which then rises
slowly due to the suction at the ceiling area and the buoyancy flows induced
by the heat loads. As a result, the flow of the aerosols in the direction of the
extraction tube is limited. In contrast, the influence of the supply air is not as
strong or barely present in the front and rear corner of the room. Therefore,
increased I'/ACP is found near the source positions A and C in the corners.

An additional important information is where an increased flow of aerosol
is present. Figure depicts the spatial distribution of the aerosol flow rate
AN/ACP for the three different aerosol source positions. For all cases, AN/ACP
is lower than 0.25cm™3/s at almost each sensor position. On the average
AN/ACP amounts to 0.28(5) cm™3/s for source A, 0.16(1) cm~3/s for source
B and 0.27(2) cm ™3 /s for source C. In particular for source B (fig. [16p) a ho-
mogeneous distributed and controlled transport towards the extraction tube is
found. Here, only at the middle level right to the exhaling TM (S37) a signif-
icant higher flow of AN/ACP = 1.13cm~3/s is found. An almost comparable
behaviour is found as well for source A (fig. [I6p) and source C (fig. [L6f) for the
most sensor positions, except in the vicinity of the exhaling TM. The finding
indicates that due to the controlled suction of the aerosols at the ceiling no sig-
nificant cross-flow is developed, which would lead to an uncontrolled spreading
of aerosol in the room.

For the two source positions in the corner, however, significant higher aerosol
flow rates are found in the vicinity of the exhaling TM. In case of exhaling at
source A, an increased flow of AN/ACP = 1.54 cm™3/s is detected at the middle
level for position S36. For source C, a strongly increased aerosol flow rate
of AN/ACP = 4.94cm=3/s and AN/ACP = 1.97cm™3/s is found for sensors
mounted at the TM’s face to the right (515) and at the middle level directly in
front of the exhaling TM (S34). The very high flow rate at S15 is due to the
fact that there is the aerosol source out of reach of the extraction tube and thus
there is an uncontrolled airflow, which leads to a higher aerosol flow rate at this
position. The finding reveals the stringent necessity of a controlled flow in rooms
and buildings to reduce the aerosol concentration on height levels where other
persons inhale possible virus loaded aerosol. Although an increased aerosol flow
is found for the corners, due to the controlled extraction of the aerosol at the

27



TM (h=1.35m) | table top (h=0.75m) middle level (h=1.80m) ceiling (h=2.60m/2.80m)

—
v
=
o

a) B g o
source A $28 | O =

= g m 51 ﬁ
° % P LA |
: —

2 o O o O 8

50!

:

S04 $52
] &
w2 o O o O
505 S06 door 531 532 sa1 542 &=
553 —_—
) sor 510 = T
: | — . 5
- O s © 0 4 © 0 ‘
08 509 520 s21 =
510 $22 =0 8 m a £
lgl D._._—I Q :] “m -m 5
b S1T s12 $23 S24 O O D - ﬁ O o
549
. . sl Wlss o s ”
%; ; o O o O ® @ o O
s14 s15 526 27
v filter filter filter
wa ws 2
A
[ B g = .
w
o1 528 Es!m
20, Y — A |
= ik & ’
s17 S8
source B
w2 o O o O

&
g

door s31 532 sa1 542

<

519

§
]
0
E
O

L=9.58m
AN
s
Ol
Ol
BN
O O
0 ]
@ @z
g i 8
o ..
O Ol
&
o(t)/Tx 1073 [-]

w3
Bh . s12 23 . 52 il Bl ol s !
o O o O ® @ o O
s1 15 s 27
v filter filter fiiter
wa WS )
A >10
c S 550
wl @ g
sS40
s39 ss6
L] o
502 s03 ! © © ©©°
S04 ol o O g 00 8
s17 s18
E =
w2 O O o O
s

&

5

g

door s31 B

e
© 0 4 OO0

]

507 519

:
1
{

o(T)/Tx 1073 [-]

s08 S09 520 521 533 43
- - O O | [ ]
i —
w3 o O mo © O O
i s s e s 549 =
513 525 4
[E] L] L |
o o O [©) o O
51 15 26 27
source C
M [ filter | filter filter
wa w5 2
W =4.79m

Figure 17: Fluctuations o(7)/7 in case of LMV for the three source positions: (a) source A,
(b) source B and (c) source C.

ceiling, a lower aerosol flow for most positions in the room is detected.

Beside the removal and flow rate of the aerosol, the stability of transport
towards the extraction tube at the ceiling is an additional factor of interest.
Figure[L7]depicts o (7)/7 for the three aerosol source positions. In case of source
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A (fig. ) increased fluctuations are found in the vicinity of the exhaling TM
at the lower level for the sensors S01, S02 and S04 as well as at middle level
for sensor S36 with o(7)/7 up to 15.4 x 1073, Further elevated fluctuations are
also found at the two tables right behind. However, for source B (fig. [L7p) and
source C (fig. [17k) increased o(7)/7 are just found in the vicinity of the exhaling
TM. Moreover, here o(7)/7 is significantly lower and the region where elevated
values are found is smaller in comparison with source A. The explanation that
the aerosol transport towards the extraction tube at the ceiling is such stronger
disturbed for source position A is twofold. Due to the pressure drop over the
length of the extraction tube, the suction at the end is not that efficient like at
the beginning or at the half length of the tube. As a result, any disturbance has
a much stronger impact on the aerosol transport. In particular, the fluctuations
of the predominant buoyancy flow there has an strong impact on the stability.
As a result, the exhaled aerosol is transported towards the ceiling and mixes
with the room air, which leads to an increased aerosol concentration in the area
above the TM like illustrated in figure [IT.

In case of the exhaling TM at the position B, stronger fluctuations are found
just at the ceiling right above the TM (547), at the middle level(S32) as well as
to the left (535) and to the right (544) of the outlet where the filtered air enters
the room. The increased fluctuations at the ceiling is caused by the rising warm
air emitted from the TM. Regarding the higher fluctuations near the air outlet it
seems that the out-flowing air induces additional turbulences, which influences
the aerosol transport. However, the reason why that higher fluctuations are just
present in case of source B is not clear and possible the result of an individual
flow situation. For the source C increased dynamics are found for the position to
the right of the exhaling TM (S515). Here is the aerosol source in the right rear
corner behind the beginning of the extraction tube and near to the air outlet.
Since the source is located outside the direct influence of the extraction tube,
the flow is determined by the buoyancy flow induced by the TM and the forced
flow from the outlet, leading to higher fluctuations at sensor position S15.

In addition, the impact of a mask and a moving body on the aerosol dynamics
is analysed. Figure shows the results for an exhaling TM with mask at
position source B regarding the removal factor and the aerosol flux. On the
average a significant lower removal factor is found for the case with mask (fig.
18/(a)) in comparison with the corresponding case without a mask (fig. [L5|(b)).
For the exhaling TM with mask the mean removal factor is T/ACP = 0.92
and for the case without mask I'/ACP = 1.10. This means, that for the scenario
with mask the aerosol removal factor is 0.17 x AC' P higher. In particular behind
and to the right of the exhaling TM a significant shorter aerosol removal time is
detected. For this area the removal is from 0.21 x AC'P up to 0.49 x AC'P faster,
except at the measurement position directly behind the TM at the middle level
(533). At position S33 a 0.42 x ACP slower removal rate is found. This, in
general, faster aerosol removal rate in the vicinity of the exhaling TM results
from the fact that a lower exhaling momentum is achieved by the mask. As a
result, the predominant buoyancy flow transports the aerosols directly towards
the ceiling. In contrast to the case without mask where the exhaling air jet
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Figure 18: Aerosol dynamics for source B in case of the mask scenario: (a) removal factor
I'/ACP and (b) aerosol flow AN/ACP.

leads to an increased spreading of the aerosol further away from the TM and
thus also into an area in which the buoyancy forces are no longer predominant.

The results of the aerosol flow AN/T (Fig. also confirm the previously
described finding. For the mask scenario a strongly increased aerosol flow is
found in the vicinity of the exhaling TM at the middle level and at the ceiling.
While the aerosol flow is on the average AN/ACP = 0.22(4) cm~3/s, a signif-
icantly higher value of up to AN/ACP = 1.58cm™3/s is determined directly
above the TM at sensor position S33 and S47. Moreover, a comparison with
the results for the scenario without a mask (fig. ) also discloses the impact
of the mask on the aerosol flow. At the sensor positions S33 and S47 above the
exhaling TM AN /ACP is 6.3 and 2.7 times higher in case of wearing a mask,
respectively.

At last, the impact of a moving body on the aerosol dynamics is discussed.
For the removal factor T'/ACP and the aerosol flow AN/ACP no significant
influence is found in comparison with the static case (not shown here). How-
ever, significant influences are found for the fluctuations. Figure shows
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Figure 19: Fluctuations o(7)/7 in case of moving body scenario for source B.

the corresponding fluctuations o(7)/7 in case of the moving body. On av-
erage, the fluctuations for the static and the moving body case are similar
with a value of o(7)/7 = 4.9 x 1073. However, the range of fluctuations for
the moving body case is larger and the spatial distribution differs. The val-
ues ranging from 3.3 x 1072 < o(7)/7 < 8.9 x 1072 for the static case and
2.55 x 1073 < o(7) /7 < 1.97 x 10~2 for the moving body case, respectively. In
particular the maximum fluctuations are four times higher in case of the moving
body, however, elevated values are found only at individual positions on the two
higher measurement levels. For the lower level (TM face and table) the spatial
distribution is almost similar. Of course, the impact of additional movements
in rooms depends strongly on the nature and strength of motion as well as on
the flow conditions in the room itself. But, in general, it seems that moderate
movements do not lead to an interruption of the aerosol extraction and still a
controlled aerosol flow towards the extraction tube at the ceiling is ensured.

4.83. Discussion

Figure 20| shows the spatial mean of the time-averaged normalised number
concentration N/Np as a function of the scenario and interval. The charts
for the corresponding intervals are colour-coded. In addition, table [If lists the
temporal and spatial averaged values for N/Ny and 1 — /T as well as the
corresponding standard deviations, respectively as a function of the interval. In
general, the mean aerosol concentration for all cases without a control strategy
are comparable, except source C for interval A, where a lower concentration
is found. The reason for this decreased concentration is that less sensors are
installed near the source C, compared to the other two source positions. Hence,
the aerosol concentration at this position is underestimated. However, at the end
of the total measurement time all source positions have a similar concentration
of N /Ny =~ 0.07%, which means that 19.5% of the exhaled aerosol are still in the
air. Moreover, the aerosol is homogeneously distributed indicated by the low
standard deviation of approximately 0.07 x N. This result shows that for the
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seenario " N/No [%] S(N)/N (%] | 1= 7/ (%] | Z5met) (9]

interval A B C A B C|A B C A B C
reference (A) 0.055 0.094 0.072 | 58 15 7 - - - - - -
reference (B) 0.058 0.088 0.073 | 55 16 6 - - - - - -
reference (C) 0.038 0.080 0.071 | 8 29 7 - - - - - -
mask (B) 0.042 0.069 0.057 | 77 17 7 |31 22 21 66 23 8.0
OWYV (B) - 0.041 0.027 - 16 14 - 52 67 - 9.6 7.6
LMV (A) 0.027 0.039 0.002 | 76 23 22|51 58 97 57 14 0.5
LMV (B) 0.023 0.024 0.004 | 111 22 29|62 72 95 |39 5.9 0.5
LMV (C) 0.016 0.033 0.004 | 79 23 24 |58 59 97 |55 18 0.6
LMV /mask (B) 0.023 0.024 0.003 | 79 23 24 |58 59 96 32 3.5 0.9
LMV/MB (B) 0.027 0.026 0.002 | 107 21 17 |59 71 97 |56 6.9 0.6
LMV/MB/mask (B) | 0.020 0.022 0.002 | 84 23 20|66 75 97 |34 57 0.6

Table 1: Averaged normalised particle density N/No and 1 — 77/ and the corresponding
standard deviation o for the intervals A, B and C (in brackets after the scenario identifier).

present configuration the aerosol spreads throughout the room within a time
span of less then 2400s due to the thermal convective airflow, induced by the
TM. This finding emphasises the vital necessity of control strategies to reduce
the aerosol concentration in rooms.

An increased concentration is also found in case of the mask scenario, where
15.4% of the exhaled aerosols are still in the air at the end of the total measure-
ment time. It reveals that a reduction of the aerosols in a room by means of a
FFP2/KNO95 mask is restricted. This limitation of mask use against respiratory
virus transmission is reported in other studies |Jefferson et al. (2009); Bin-Reza
et al.| (2012)); |Aggarwal et al.| (2020)); [Long et al. (2020) as well. In particular,
if a mask is not tightly sealed to the skin, a leakage flow occurres, especially
during exhaling, when there is an overpressure under the mask. Nevertheless,
FFP2/KNO95, FFP3/KN99 as well as home made masks have an self-protective
effect of uninfected persons, since masks effectively filter virus-loaded particles
Belkin| (1997)); Davies et al.[(2013); Brainard et al.[(2020). Moreover, it is almost
uncontroversial that a widespread use of face masks in an epidemic reduces the
contagiousness by respiratory virus transmission [Mitze et al.| (2020). All in all
mask use is an important component in a holistic control strategy, however, it
is limited regarding an aerosol reduction.

Significant lower particle concentration is detected for the interval C in the
cases with active ventilation. For OWV 7.3% and for all LVM scenarios (includ-
ing mask and moving body) approximately 1% of the exhaled aerosols are active
in air at the end of total measurement time. That means in case of LVM all
particles are removed after a period of approximately 1800s. Moreover, as well
for interval A and B a much lower concentration N /Ny is found for the scenarios
with a control strategy in comparison to the corresponding reference cases. In
particular for the interval B, in which the aerosol concentration has its maxi-
mum, all here tested control strategies lead to significant lower concentrations.
However, there are clear differences in terms of effectiveness between the control
strategies regarding removal efficiency, spatial distribution and dynamics, which
is summarised in the following.
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Figure 20: (a) Overview of the aerosol concentration N /Ny for the respective configurations
and intervals. (b) Reduction efficiency 1—7/Tief and (c) the corresponding standard deviation
o. The letters in brackets after the scenario identifier denotes the source position.

An overview of the particle removal-efficiency is given in figure 200 It shows
the temporal and spatial averaged 1 —n/n.f as a function of the control strategy.
The LMV-system with air purifier provides an efficient aerosol removal for the
exhale (interval A) and for the decay period (interval B). In case of interval
A and B a decrease of aerosol concentration compared to the corresponding
reference case of 51% < 1—n/nwf < 62% and 58% < 1 —n/nes < 72% is found,
respectively. At the end of the measurement time the decrease of the aerosol
concentration is more then 95%. An efficient aerosol reduction is obtained in
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case of OWV (1 — n/nwes = 52%) for interval B as well. However, it should be
noted that for OWYV the effectiveness depends on the outdoor conditions like air
temperature, air humidity or the wind speed. Consequently, a reliable, stable
and controlled ventilation by means of OWYV is not guaranteed. Nevertheless, for
outdoor conditions, as prevailed during our measurement, the OWYV is efficient
to reduce the aerosol concentration in a room significantly. In contrast, for the
only mask scenario the reduction of the aerosol concentration was much less
effective in comparison to LMV and OWYV. For this scenario, the decrease is
only 31% for interval A, 22% for interval B and 21% for interval C.

In addition, figure shows the normalised standard deviation for the spa-
tial mean. Here, the highest standard deviation is found for mask only and the
lowest standard deviation for the scenario LMV in combination with a mask.
The increased standard deviation in the mask only case is the result of the tur-
bulent buoyancy flow near the source TM. This leads to higher fluctuations at
the ceiling level directly above the source TM as well as for individual positions
at the middle level behind the source. Further, significant differences are identi-
fied for the individual LVM scenarios. A comparison as a function of the source
position reveals that for the corner source-positions (source A and source C) the
standard deviation is approximately 30% higher compared to position source B,
which is located in the centre of the room. This result clearly shows that the
aerosol removal as well the spatial distribution depends on the source position.
In addition, it is found that in case of the moving body scenario the particle
density is more inhomogeneously distributed compared to the corresponding
static case.

The main results of the aerosol dynamics in case of LMV are summarised in
figure21] It illustrates the spatial average as well as the corresponding minimum
and maximum of: the removal rate I'/ACP, the flow rate AN/ACP
and the fluctuations o, /7. It is found that the mean removal rate I'/ACP is
comparable for all scenarios and it amounts I'/ACP = 1.00(8). This means that
on the average 1 air-exchange is needed to reduce the aerosol concentration from
its local maximum to a concentration of 0.2 X N max. However, at some individual
positions air exchanges up to 3.6 are obtained. These positions with elevated
AN/ACP depend strongly on the source position. Increased air exchange rates
are found: for source A on the middle level to the left behind and on the ceiling
level directly above the exhaling TM, for source B on the ceiling level directly
above and on the middle level to the right of the source and for source C on the
lower level right to and on the middle level in front of the source. Furthermore, in
the configuration tested here the mask has a small impact on the mean removal
rate. In the case of source B, I'/ACP is 0.19 lower for the scenario of LMV
with mask in comparison with the corresponding case without mask. Moreover,
as well the maximum and the minimum of T'/ACP is slightly lower in the case
with mask. This lower I'/ACP is due to the fact that the mask supports the
transports of aerosols towards the extraction tube, which has been explained in
detail in the result section (sec. before. A comparable result is also found
for the moving body scenario.

The mean aerosol flow rate (fig. is for source B almost compara-
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Figure 21: The spatial average as well as the minimum and maximum values for: (a) nor-
malised aerosol removal rate I'/ACP, (b) aerosol flow rate AN/ACP and (c) normalised fluc-
tuations o+ /7. The letters in brackets after the scenario identifier denotes the source position.

ble for all scenarios and the amount on the averaged over all scenarios, is
AN/ACP = 0.20(2) cm™!/s. For the corner positions significant higher rates
of ANA/ACP = 0.28cm™!/s and AN /ACP = 0.27cm™1 /s are found. In ad-
dition, for all scenarios significantly higher flow rates are found at individual
positions in the vicinity of the source (see fig. . In particular, in the case
of source C a very high change rate of AN/ACP > 3.6 is found directly in font
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and right to the source, while for all other scenarios the maximum is always
AN/ACP < 1.6. As already analysed in section this effect is due to the fact
that the source is outside the direct sphere of influence of the extraction tube.
Regarding, the impact of mask and MB in case of LMV at source position B,
slightly higher mean flow rates are found as well as higher maximum flow rates
for individual positions compared to LMV (B).

An overview of the results for the fluctuations are summarised in figure [21¢
The figure shows the mean as well as the minimum and maximum fluctuations
in function of the LMV scenario. The mean fluctuations is almost similar for
all scenarios, except for LMV at source position C. Here significant lower fluc-
tuations are detected. This lower fluctuations are due to the fact that there is
less interaction with the air flow in the room, as the source is outside the direct
influence of the extraction tube. Additionally, significant higher fluctuations
are found at individual positions for LMV source A and the two MB scenarios.
In the case of MB the increased fluctuations are a direct of result the walking
person. The reason of the higher fluctuations for LMV source A, however, is due
to the fact that suction at the end of the tube is not strong enough to provide a
stable air flow towards the extraction tube at the ceiling. Hence, the buoyancy
flow resulting from the TMs are predominant and that leads to an increase of
turbulence. Thus higher fluctuations of the aerosol concentration are measured
near the source A.

5. Summary and conclusions

The indoor aerosol-dynamics for a configuration representing a class or a
conference room situation are investigated. With the objective to verify the
spreading and dynamics of an aerosol exhaled from a possible infected person,
dispersed artificial saliva is emitted from a single source. In the following the
time series of the aerosol concentration is determined by means of more than
60 particulate matter sensors which are installed in the room on three different
height levels. Based on the time series the spatial distribution as well as the
dynamics of the aerosol transport in the room are characterised and analysed. In
the following the most important results are summarised and the consequences
are discussed. Subsequently, an overview on the advantages and disadvantages
of a LMV-system with air purifier is presented.

For the here investigated test room the most important results are as fol-
lowed:

1. If there are no counter measures or control methods applied, aerosol
spreads throughout the room. Finally, a homogeneous distribution of
the saliva particles is obtained, which can be stable for hours and is in-
dependently from the source position of the exhaling TM. This finding
underlines the need of control methods in order to avoid an uncontrolled
spreading of possible virus loaded particles in a room

2. Any here examined counter measures like LMV, OWV and mask results in
a significant lower particle concentration. Whereas, in this configuration
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the active ventilation concepts LMV and OMYV are more efficient compared
to the mask.

3. The buoyancy flow from the TM heat release results in a rising of the
aerosol in the vicinity of the exhaling TM. Here, higher particle concen-
trations are found on the higher measurement levels (h = 1.80m and at
the ceiling). As a consequence, the buoyancy flow is a crucial factor for
the aerosol dynamics and the corresponding spatial distribution of the
particles in a room. In particular, in case of a room with an elevated
people-density the buoyancy flow becomes a predominant flow condition
due to the heat loads of the human bodies.

4. In case of the LMV-system an almost stable and controlled particle trans-
port in direction to the ceiling is identified. On the average significant
lower particle concentrations are found in the room in comparison to
the corresponding reference cases without control methods. However, the
aerosol dynamics depends strongly on the source position of the exhaling
TM. If the source position is in a corner of the room, significant higher
particle concentrations are found on the average as well as in the vicinity
of the exhaling TM for the exhaling and decay period. In addition, it is
found that moderate disturbances of the person walking the aisle up and
down does not lead to a break-down of the particle transport in direction
to the extraction tube. However, positions of significant higher particle
concentration are found here.

The here investigated vertical ventilation concept with air filtering has a
potential to reduce the aerosol concentration in a room representing a class- or
conference situation during the lesson/meeting. However, it should be remarked
that this kind of buoyancy-assisted vertical ventilation needs a sufficiently large
temperature gradient between the human body and the surrounding air. In
particular, if the air temperature is near the temperature of a human body or the
breathing air, there is a risk of a breakdown of a controlled transport of exhaled
particles in direction to the extraction tube at the ceiling. Furthermore, in
general and in particular for this flow situation it could happen that the filtered
air is not homogeneously distributed on the ground. As a consequence, people
who are further away from the air outlet are cut off from the filtered air. In
addition, there is a danger of a short circuit flow between the air outlet and the
extraction tube. To overcome that issue it is advisable to cool down the filtered
air which enters the room near the floor with the objective to provide a sufficient
large temperature gradient and to ensure the filtered air distributes on ground
in order to reach the people who are further away from the air outlet as well.
Nevertheless, for the design of a ventilation system, the individual geometrics
of a room and boundary conditions have to be taken into account, in order to
avoid giving a false impression of security.
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