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1. Introduction

For many months, there has been a very controversial public debate on whether or not the
protective walls and mobile air cleaners that have long been established in the adult world
should also be installed in school classrooms as proposed in [1]. The German Physical Society
recently clarified in an open letter that only mechanical ventilation can provide a high level of
safety against indirect SARS-CoV-2 infection [2]. It has also pointed out the importance of pro-
tective walls to reduce direct infections and urged their installation in schools [3, 4]. The Harvard
T.H. Chan School of Public Health [5] and Centers for Disease Control and Prevention (CDC)
[6] are recommending mobile air cleaners and transparent protection walls to enhance the in-
fection protection in schools. Transparent protective walls are already ubiquitous in many pri-
vate sector work areas, as well as in public facilities and government offices, and many state
parliaments and courtrooms. Mobile air cleaners with H13 / H14 class filters, which filter at least
6 times the room volume per hour, are used in many areas where adequate virus reduction
cannot be achieved by heating, ventilation and air conditioning (HVAC) systems. In classrooms,
on the other hand, the widespread introduction of these protective measures is prevented by
those in power with changing arguments, with reference to the handout "Luften an Schulen"
(Ventilation in Schools) from the Federal Environment Agency (UBA) [7]. The background to
this tactic can only be guessed, see https://www.news4teachers.de/2021/02/der-Iuftfilter-skan-
dal-wie-bundesbildungsministerium-und-umweltbundesamt-den-einsatz-der-geraete-in-schu-
len-schlechtreden-und-was-dahintersteckt/.

The UBA only recommends opening all existing windows in the classrooms for 3-5 minutes
widely every 20 minutes and for the entire length of the break. According to the UBA, the goal
of the measure is to completely exchange the air 3 times per hour [7]. It has never been scien-
tifically proven that this ventilation method really achieves the goal. There is also no evidence
to what extent the UBA concept prevents infections in classrooms at all, because ventilation at
best reduces the indirect risk of infection caused by a high viral load in the room. The much
more dangerous direct risk of infection, which always exists when people are close together
and the exhaled viral load can be inhaled directly by a neighboring person, as in the checkout
room, cannot be prevented at all by ventilation. Why 3 air changes per hour should be sufficient
is also not scientifically justified. It is claimed that 3 air changes with window ventilation should
be equivalent to a 6-fold filtration of the room air. But this is wrong, because in both cases the
reduction of viruses is based on mixed ventilation. Only if the cross ventilation is used, there
would be a difference, because then the displacement ventilation prevails [8, 9]. But cross ven-
tilation can only be achieved if a room has windows on both sides, which is very rarely the case.
Opening a door is often considered as cross-ventilation, but this is wrong. According to the
state of the art of ventilation technology, doors should not be opened either, because then the
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pollutants can get into other parts of the building in an uncontrolled way [8]. Due to the hazard-
ous nature of the SARS-CoV-2 virus, air exchange rates of at least 6 or even 8 are required by
other scientists [9, 10]. But also leading international institutions recommend air exchange rates
larger 3 such as the Harvard T.H. Chan School of Public Health [5] and the CDC in the USA

[6].

It is useful to be clear about what the UBA ventilation concept means. If a school lesson of 45
minutes duration is considered and it is assumed that ventilation takes place for 3—5 minutes
after 20 minutes, this means that no ventilation takes place for almost 90% of the school lesson
and thus the virus load in the room increases if one or more infected persons are in the room.
How well the decrease in viral load occurs during intermittent ventilation depends on the num-
ber and size of windows, the temperature difference between indoors and outdoors, and the
wind conditions outside the building [8, 9, 11]. Figure 1 illustrates the relationships. If there is
no ventilation for more than one school hour, the viral load in the room increases linearly with
time (red line). The increase in virus concentration, i.e. the number of viruses per cubic meter,
depends on the strength of the source, i.e. the number of viruses released per unit time
(Nsource)- In addition, the increase in virus concentration depends on the room size V;,,m- The
larger the space, the longer it takes to reach a certain virus load. Mathematically, this can be
expressed by the following equation:

N
viral load = =22€ x ¢

room
The number of viruses inhaled during the school day is important with regard to the probability
of infection. This results from the integral over the respiratory flow rate multiplied by the viral
load over the period under consideration. If the respiratory flow rate is assumed to be constant,
this is equal to the respiratory flow rate multiplied by the mean viral load over the period under
consideration. The red dashed line illustrates the mean value resulting from the corresponding
curve.

If we now assume that after 20 minutes all windows in the classroom are opened for 3-5
minutes and all viruses leave the room through the window during this time, then the curve
shown in blue (solid line) results. |.e. after the ventilation process the virus load increases again.
The virus load over time can be reduced by a maximum of 50% in this way (blue dashed line).
In practice, however, it will not be possible to remove all viruses from the room within 3-5
minutes [8, 9, 11]. As a rule, the decrease in virus concentration will be significantly less, as
shown by the purple lines. This is partly due to the fact that not all windows are opened or are
opened for too short a time, otherwise it becomes too cold in the room. Even if many windows
are opened for a long period of time, temperature and wind conditions will often not allow 100%
air exchange [8, 11]. The actual average viral load with shock ventilation will therefore always
be between 50% and 100% of the reference case without ventilation.

The advantage of the technical separation of viruses with the help of mobile air cleaners is that
with this method a continuous removal of the viruses from the room air takes place [13, 14, 15,
16, 17, 18, 19]. Furthermore, the separation of viruses is independent of whether people can
or want to ventilate, and the number and size of windows and the temperature and wind con-
ditions do not play a role either. Therefore, with appropriate airflow, the virus load can be main-
tained at a constant low level in the presence of sources, as illustrated by the green line in
Figure 1.
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Figure 1. Increase of virus load in the room without measures (red), with ideal (blue) and real
(purple) window ventilation and with mechanical filter technology (green) according to [12].

It is often claimed that a major disadvantage of mobile air purifiers is their inability to remove
CO; from the room. Apart from the fact that there are mobile devices that can do this [15], the
question arises as to why a device that is supposed to protect against potentially deadly viruses
is required to also create a harmless gas from the room at the same time. Free ventilation is
also not able to keep the temperature in the room on an acceptable level during winter time or
to save energy and keep the children and youth from freezing in the room. It is also not expected
from window ventilation to not interrupt lessons, or to ensure that fine dust, pollen and noise
does not enter the room through the open windows.

The intensive debate in the media about the correct ventilation concept in schools has led to
the assumption that a sufficiently rapid removal of the viruses from the room air is sufficient to
ensure safety from a SARS-CoV-2 infection. However, it must be taken into account that free
ventilation via windows, HVAC systems and mobile air cleaners can only reduce the indirect
risk of infection, i.e. infection due to the high viral load in the room. Ventilation of any kind
cannot protect against the direct risk of infection, i.e. the direct uptake of viruses due to short
distances to infected persons or insufficient protection by a particle-filtering FFP2/FFP3 mask
[20] or protective walls. Since sufficient spacing in classrooms is often not feasible (with the
possible exception of rotating classes) and FFP2/FFP3 masks should not be worn permanently,
a study was conducted to determine whether transparent protective walls with a surrounding
edge impair the filtering effect in classrooms [1]. The result of the study clarifies that the removal
of aerosol particles from the room air does not depend on whether the room is equipped with
tables and chairs, additional people with bags and laptops, and protective walls between peo-
ple. This is physically understandable, since window ventilation and the use of mobile air clean-
ers is based on mixed ventilation. That is, the natural flow movements in the room, caused by
the movement, breathing and heat emission of people, temperature differences in the different
areas of the room and flow movements due to open windows or mobile air cleaners, provide
constant mixing of air masses [8, 11]. For this reason, all areas of the room are also quite
evenly cleared of the viral load, regardless of where the windows or mobile air cleaners are
positioned [13, 17]. The greater the mixing, the better the cleaning performance in distant areas.
Therefore, any concerns that people walking around may reduce filter performance are physi-
cally incorrect. It is also false that protective walls between seat neighbors at a table would
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affect classroom ventilation, as insinuated in [21]. These insinuations are based on a miscon-
ception of mixed ventilation and unvalidated simulation results that cannot correctly reproduce
such situations [13, 17, 22].

The protection concept presented and experimentally validated in [1] is increasingly being es-
tablished in schools and there are now entire regions and cities in Germany that rely on this
protection concept to protect children and young people. With regard to the Swiss cheese
model of the pandemic [23], this implementation of the protection concept is to be considered
very useful, as it represents an effective building block for the prevention of infections. Espe-
cially with regard to future virus variants whose spread is more difficult to control due to muta-
tions, the use of further protective measures is imperative to prevent an exponential growth of
infection numbers. Therefore, it is no wonder that the German Association of Physics [2, 3], the
Harvard T.H. Chan School of Public Health [5] and Centers for Disease Control and Prevention
[6] are recommending mobile air cleaners and transparent protection walls to enhance the in-
fection protection in schools. The question is often asked how effective the protection concept
presented in [1] is in different rooms of a school. To answer this question, experiments were
conducted in the Obermenzing high school (Obermenzinger Gymnasium). In total, four rooms
with different geometry were analyzed. In the following, the experiments and the results are
presented and discussed.

2. Measurement setup and data analysis

Since the effectiveness of the protection concept in normal classrooms with a rectangular floor
plan and typical table arrangement has already been proven [1], a computer room with U-
shaped table placement against the wall (room A), a teachers' room with distributed tables
(room B), a classroom with a gable roof (room C) and a canteen with an attached kitchen (room
D) were analyzed in this study. Figures 2-5 schematically show the top view of the rooms with
the room equipment and the position of the measuring device and the room air cleaner. The
distance between the measuring device and the room air cleaner was chosen as large as pos-
sible in all cases in order to analyze the most unfavorable conditions in each case.

For the determination of the cleaning efficiency, artificially generated aerosol particles of DEHS
(average diameter approx. 0.4 um) were introduced into the respective room and homogene-
ously distributed before the start of the measurement. The size of these particles is in the range
of aerosol particles emitted by infected humans and contaminated with viruses [24, 25, 26].
The particles follow the flow in the room almost ideally and do not exhibit any noticeable evap-
oration during the period under consideration. The filtering of the aerosol particles was realized
with a TROTEC TAC V+. The volume flow rate was set in such a way that at least a theoretical
air exchange rate of ke, > 6 was obtained (k0o = 8 in room A; kipeo = 7.5 in room B; koo =
7 in room C; ke = 8.7 in room D). The theoretical air exchange rate results from the ratio of
the room air cleaner volume flow to the room volume. The time course of the particle concen-
tration was recorded using a Promo 3000 particle counter from Palas GmbH (Germany) with a
Welas 2300 sensor head.
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Figure 2: Room A — Computer room.
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Figure 3: Room B — Teachers' room.
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3. Measurement results

The measured, normalized particle concentrations over time are shown in Figure 6. Before
each measurement with the air cleaner running, reference measurements were first carried out
with the air cleaner switched off. This is necessary to determine how many aerosol particles
leave the room through leaks or settle on the walls. The respective course shows that rooms A
— C are altogether quite dense. Room D, on the other hand, already shows quite a large de-
crease in aerosol particles without an air purifier. This decrease is caused by the operation of
exhaust air systems in the kitchen and an open door in the dining area to the hallway. This
configuration was chosen for the measurement because it corresponds exactly to the configu-
ration that exists in real school operation. When the air cleaner is operated, there is a fairly
rapid decrease in the aerosol particle concentration in all rooms. So when these systems exist
or HVAC systems, they should be used. However, it should be ensured that the removed air is
replaced by fresh air from outside and not by contaminated air from other rooms or floors.
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Figure 6: Normalized particle concentrations vs. time for the 4 measured rooms.

The decay rate k with the unit [1/h] is determined from the measured particle concentrations
over time. In ventilation technology, this is also known as air exchange rate, air exchange rate
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or air exchange rate. With the aid of k, the development of the particle concentration ¢ over
time can be determined, provided that the room volume V [m?] and the strength S [particles/h]
of the source of contamination are known. The steady-state concentration ceaqy, that occurs

after a long time as indicated in figure 1 can be calculated as follows:
s
Csteady = kv (1)

The higher k is, the faster potentially hazardous aerosol particles are removed, or the lower the
concentration will be after a longer period of time. The decay rates determined for the different
rooms are shown in Table 1.

Table 1: Decay rates determined for different configurations.

Configuration Decay rate k [1/h]
Room A, Reference 0.4
Room A, 800 méh 7.5
Room B, Reference 0.8
Room B, 800 m?/h 4.4
Room C, Reference 0.5
Room C, 800 m3h 6.9
Room D, Reference 7.5
Room D, 1000 m?h 10.9

It can be seen that for rooms A and C there is good agreement between the measured air
exchange rate and the theoretical air exchange rate. In room A, the measuring sensor was
located in the diagonally opposite corner of the room directly between two transparent protec-
tive walls. Even in this unfavorable position, the measured filter efficiency agrees well with the
theoretical value. Therefore, it is shown that the transparent protective walls with surrounding
edges have no negative effect on the filter performance, as claimed in [21] without any reliable
evidence. This also means that window ventilation in combination with the transparent protec-
tive walls is not negatively affected. Physically, the result is clear, since in both cases it is a
mixed ventilation, as already stated at the beginning. In room B, k was lower than k... The
reason for this is an open door to the corridor. This result shows that the entire room volume
must always be taken into account when determining the correct volume flow. This means that
if adjacent rooms are not separated by closed doors, then the volume of the adjacent room
must be taken into account when setting the volume flow, since the room air in the adjacent
room is also captured by the filter unit. From this corridor, the entrance door leads directly to
the outside. This door was kept closed for the measurements, but in practical operation it is
frequently opened and another door in the corridor is not always closed in real operation as in
the tests carried out here. This results in additional ventilation in real operation, which increases
k further. The result in room D shows that, in addition to the air cleaner, other ventilation
measures can be used to accelerate the reduction of the viral load in a room if necessary.
However, the increase in the k-value during operation of the room air purifier is not as large as
theoretically expected. Presumably, this is due to the fact that the already high k-values com-
bined with the flow through the room reduce the efficiency of the mixed ventilation. This is a
typical phenomena that applies to window ventilation as well as mobile filter systems and other
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ventilation systems based on mixed ventilation [9, 15]. Nevertheless, even in this case the
cleaning is supported and thus it is possible to supplement an ineffective window ventilation or
too weak HVAC system with the help of mobile room air cleaners or to replace the window
ventilation completely with a technical solution.

4. Conclusion

The results of the tests show that good filter performance can be achieved with mobile air
cleaners in very different room situations. The placement of tables and chairs, computers and
transparent protective walls in the room has no adverse effect on filter performance. Therefore,
it is possible to reduce both the indirect infection risk in rooms with the mobile air purifiers and
at the same time the much more dangerous direct infection risk by means of transparent pro-
tective walls with a surrounding edge. In order to counteract an increase in CO concentration
in the room, the windows can be opened from time to time as in the past. This does not hinder
the filter effect and the transparent protective walls also have no negative effect on CO; ex-
change, as the mixed ventilation is always effective. Alternatively, room air cleaners can be
used that filter the room air in recirculation mode and simultaneously feed outside air into the
room via a bypass. In this way, the virus and CO- problem can be solved technically at the
same time, without having to constantly interrupt classes for ventilation. An important result of
the study is also that inefficient ventilation through windows, doors or exhaust air systems can
always be improved by mobile room air cleaners. However, powerful room air cleaners are able
to keep the virus load in a room at a low level, or to quickly reduce a high virus load, even
without window ventilation, because, in contrast to intermittent ventilation, they continuously
ensure a reduction in the virus load and because the filter performance is completely independ-
ent of whether there are sufficient windows in the rooms, people are willing to ventilate, or the
temperature and wind conditions can physically enable an air exchange at all. Therefore, re-
gardless of the number and size of windows, people's willingness or ability to ventilate, and
physics, powerful mobile air purifiers with H13 or H14 class filters ensure consistent separation
of the virus load in the room. It is therefore completely incomprehensible why the Federal En-
vironment Agency is fighting the implementation of the scientifically proven protection concept.
It is certainly not one of the tasks of the Federal Environment Agency to prevent effective pro-
tection concepts. They should accept the basics of fluid physics and follow the recommenda-
tions of institutions such as the DPG or CDC to protect children in schools during the pandemic
and after.

Note

The investigations were financially supported by the company TROTEC GmbH (Heinsberg,
Germany). The investigations were carried out in compliance with the good scientific practice
of the German Research Foundation (DFG). The support by the company TROTEC has no
effect on the results presented.

Literature
[1] Kahler C, Fuchs T, Mutsch B, Hain R (2020) School education during the SARS-CoV-2
pandemic — Which concept is safe, feasible and environmentally sound?

medRxiv 2020.10.12.20211219, https://doi.org/10.1101/2020.10.12.20211219

9/11



[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]
[13]

[14]

[15]

Deutsche Physikalische Gesellschaft e.V. (2021) Klassenraume besser belliften — Ein
Vorschlag. https://www.dpg-physik.de/veroeffentlichungen/aktuell/2021/offener-brief-
klassenraeume-besser-belueften-ein-vorschlag, January 18", 2021

Deutsche Physikalische Gesellschaft e.V. (2021) Trendwende durch Trennwande —
Schutzscheiben vermindern das Risiko von Corona-Infektionen. https://www.dpg-phy-
sik.de/veroeffentlichungen/publikationen/physikkonkret/pix/pk-56-trennwaende_2021-
02-23_web.pdf, March 1%, 2021

Deutsche Physikalische Gesellschaft e.V. (2021) Trennscheiben und Liftung von Rau-
men zur Einddmmung der Corona-Pandemie. https://www.dpg-physik.de/veroeffentli-
chungen/publikationen/physikkonkret/zusatzinfos/quellen_pk56.html, February 22",
2021

Harvard T.H. Chan School of Public Health (2021) Health Healthy buildings.
https://schools.forhealth.org/risk-reduction-strategies-for-reopening-schools/healthy-
buildings, March 5", 2021

Centers for Disease Control and Prevention (CDC) (2021) Ventilation in Schools and
Childcare Programs. How to use CDC building recommendations in your setting.
https://www.cdc.gov/coronavirus/2019-ncov/community/schools-childcare/ventila-
tion.html, February 26", 2021

Umweltbundesamt (2020) Coronaschutz in Schulen: Alle 20 Minuten finf Minuten Iiften.
March 8th, 2021, https://www.umweltbundesamt.de/presse/pressemitteilungen/coronas-
chutz-in-schulen-alle-20-minuten-fuenf

Heinz E (2016) Wohnraumliftung — frei und ventilatorgestitzt. Beuth Verlag GmbH, Ber-
lin, Wien, Zlrich

Kahler CJ, Fuchs T, Hain R (2020) Untersuchungen zur Liftungssituation in einem Kopf-
hérsaal des Geb. 033 an der Universitat der Bundeswehr Miinchen. Report of the Institute
of Fluid Mechanics and Aerodynamics of the Universitat der Bundeswehr Miinchen from
November 30'", 2020, https://www.unibw.de/Irt7/bericht_hoersaal_unibw_033-2431.pdf

Bodenschatz E (2021) Analyse der Raumluftreinigung und deren Einfluss auf das Anste-
ckungsrisiko durch SARS-CoV-2 in Klassenraumen. January 21, 2021

Etheridge D, Sandberg M (1996) Building Ventilation: Theory and Measurement. Wiley
ISBN: 978-0-471-96087-4

https://youtu.be/DzkhRs5LGOI, March 5", 2021

Kahler CJ, Fuchs T, Hain R (2020) Can mobile indoor air cleaners effectively reduce an
indirect risk of SARS-CoV-2 infection by aerosols?
https://www.doi.org/10.13140/RG.2.2.14081.68963

Kahler CJ, Fuchs T, Hain R (2020a) Quantification of a Viromed Klinik Akut V 500 disin-
fection device to reduce the indirect risk of SARS-CoV-2 infection by aerosol particles.
medRxiv 2020.10.23.20218099; https://doi.org/10.1101/2020.10.23.20218099

Kéahler CJ, Hain R (2021) Analyse eines Viromed Virosafe 2000/F800 Raumluftreinigers
mit Aul3enluftzufihrung in einem 80 m? groRen Raum. Report of the Institute of Fluid
Mechanics and Aerodynamics of the Universitat der Bundeswehr Miinchen from Febru-
ary 3, 2021, https://www.unibw.de/Irt7/bericht_viromed_virosafe_2000-f800.pdf

10/11



[16]

[17]

[18]

[19]

[20]

[21]

[22]
[23]

[24]

[25]

[26]

[27]

[28]

Bluyssen PM, Ortiz M, Zhang D (2020) The effect of a mobile HEPA filter system on
‘infectious’ aerosols, sound and air velocity in the SenselLab. Building and Environment
188:107475, https://lwww.sciencedirect.com/science/article/pii/S0360132320308428

Kipper M, Asbach C, Schneiderwind U, Finger H, Spiegelhoff D, Schumacher S (2019)
Testing of an indoor air cleaner for particulate pollutants under realistic conditions in an
office room. Aerosol and Air Quality Research 19:1655-1665,
https://doi.org/10.4209/aaqr.2019.01.0029

Curtius J, Granzin M, Schrod J (2020) Testing mobile air purifiers in a school classroom:
Reducing the airborne transmission risk for SARS-CoV-2. medRxiv
2020.10.02.20205633; https://doi.org/10.1101/2020.10.02.20205633

Kéahler CJ, Fuchs T, Hain R (2020) Untersuchungen zur Effizienz von Raumluftreinigern
in einem Restaurant. Report of the Institute of Fluid Mechanics and Aerodynamics of the
Universitdt der Bundeswehr  Minchen, https://www.unibw.de/Irt7/bericht_sa-
lon_rouge.pdf

Kahler CJ, Hain R (2020) Fundamental protective mechanisms of face masks against
droplet infections. Journal of Aerosol Science 148:105617, https://www.sciencedi-
rect.com/science/article/pii/S0021850220301063

Hygieneplan fir die bayerischen Schulen. https://www.km.bayern.de/ministerium/mel-
dung/7061/aktualisierter-rahmen-hygieneplan-fuer-schulen-liegt-vor.html. November
13, 2020

https://www.unibw.de/Irt7/kommentar_rahmenhygieneplan_schulen.pdf, March 5", 2021

Reason J (2000) Human error: models and management. British Medical Journal
320(7237):768—770, https://doi.org/10.1136/bm|.320.7237.768

Chao CYH, Wan MP, Morawska L, et al. (2009) Characterization of expiration air jets and
droplet size distributions immediately at the mouth opening. Journal of Aerosol Science
40:122-133. https://doi.org/10.1016/j.jaerosci.2008.10.003

Johnson GR, Morawska L, Ristovski ZD, Hargreaves M, Mengersen K, Chao C, Wan
MP, Li Y, Xie X, Katoshevski D, S Corbett (2011) Modality of human exposed aerosol
size distributions. Journal of Aerosol Science 42:839-851, https://doi.org/10.1016/j.jaero-
s¢i.2011.07.009

Liu F, Qian H, Zheng X, Song J, Cao G, Liu Z (2019) Evaporation and dispersion of
exhaled droplets in stratified environment. IOP Conference Series: Materials Science and
Engineering 609:042059

Muller D, Rewitz K, Derwein D, Burgholz TM, Schweiker M, Bardey J, Tappler P (2020)
Empfehlung zum erforderlichen Luftwechsel in Schulen, Grofsraumbiros, Horsalen und
Turnhallen zur Reduzierung eines aerosolgebundenen Infektionsrisikos. Report RWTH-
EBC  2020-004, https://www.exhausto.de/~/media/Global/PDF/News/P181_Infek-
tionsrisiko_ COVID19_Teil2.pdf?la=de-DE

Gesellschaft flr Aerosolforschung (2020) Positionspapier der Gesellschaft flr Aero-
solforschung zum Verstandnis der Rolle von Aerosolpartikeln beim SARS-CoV-2 In-
fektionsgeschehen. December 7%, 2020, https://ae00780f-bbdd-47b2-aa10-
eldc2cdeb6dd.filesusr.com/ugd/fab12b_647bcce04bdb4758b2bffcbe744c336d.pdf

11/11



