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ABSTRACT

SARS-CoV-2 (COVID-19) as an airborne respiratory disease led to a bunch of open questions: how teaching in classrooms is possible and
how the risk of infection can be reduced, e.g., by the use of air purifier systems. In this study, the transmission of aerosols in a classroom is
analyzed numerically and experimentally. The aerosol concentration in a classroom equipped with an air purifier system was measured with
an aerosol spectrometer (optical particle sizer, TSI Incorporated) at different locations. The transient reduction of the aerosol concentration,
which was artificially generated by an aerosol generator (di-ethyl hexyl sebacate-atomizer, detected particle size ranging from 0.3 to 10lm),
was monitored. The experimental results were used to validate a numerical simulation model of the classroom using the Open Source
Computational Fluid Dynamics code OpenFOAM® (version 6). With the numerical simulation model, different scenarios with infected per-
sons in the room have been analyzed, showing that the air purifier system leads to a significant reduction of airborne particles in the room
dependent on the location of the infected person. The system can support additional ventilation strategies with fresh air, especially in cold
seasons.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0044046

I. INTRODUCTION

The SARS-CoV-2 (COVID-19) pandemic led to dramatic
changes throughout the world and had a huge impact on teaching
activities in classrooms. The most important factor contributing to
the rapid growth of COVID-19 infections is the higher viral load of
the SARS-CoV-2 virus in the upper respiratory tract and the
shedding of virus-laden droplets during normal activities such
as talking and breathing (Bai et al.1). Unfortunately, there is a
knowledge gap about the effectiveness of different strategies such
as social distancing, wearing of face masks, etc. as pointed out by
Asadi et al.,2 Bourouiba,3 Mittal et al.,4 or Seminara et al.5 A lot of
studies show the influence of respiratory droplets especially on the
COVID-19 pandemic (Chaudhuri et al.,6 Wang et al.,7 Cummins
et al.,8 and Li et al.9), the distribution of the virus due to cough and
sneeze (Pendar and P�ascoa10 and Busco et al.11), as well as face
shields and face masks (Verma et al.12). Discussions about ventila-
tion strategies by opening windows (if possible), the use of face
masks during class or office work, and the possible risk of getting
infections are numerous. Understanding and controlling of droplet
flows and aerosols seems to be the key mechanism to minimize the

infection risks as pointed out by Mittal et al.,13 Seminara et al.,5 or
Kohanski et al.14

As the airborne transmission of aerosols was identified as one of
the most dominating way of getting infected, the transmission and res-
idence time of aerosols in rooms is of utmost interest. The transport of
droplets over larger distances is mostly driven by ambient flows. The
importance of ventilation in indoor environments like classrooms is
well known (Tang et al.15 and Li et al.16). Thanks to the power of com-
putational fluid dynamic (CFD) modeling, the airborne transmission
of droplets is an excellent method to evaluate infection risks. Most
recently, the analysis of the possibility of infections was demonstrated
with numerical simulations during the presidential debate in 2020 by
Shao and Li.17 Therefore, concerning air purifier systems, CFD is a
suitable way to get a deeper insight into the possible effectiveness of
such a system. A comprehensive overview of modeling methods was
given by Vuorinen et al.18

An overview on the effects on ventilation, in general, was given
by Bhagat et al.19 Most studies available in literature concerning venti-
lation concepts focus on specific configurations. This includes applica-
tion of HVAC (Heating, Ventilation and Air Conditioning) systems
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and open windows. For example, Thatiparti et al.20 investigated venti-
lation concepts for an isolation room, Yang et al.21 focus on an airliner
cabin section, and Yu et al.22 numerically investigated an office room.
The simulation-based study of an COVID-19 outbreak in a restaurant
was examined by Liu et al.,23 showing the influence of the air-
conditioning. The transmission of aerosols in underground car
parking areas by fans was presented by Nazari et al.,24 identifying criti-
cal zones. An analysis of the particle transmission in school buses was
presented by Zhang et al.25 The influence of HVAC systems and open
windows was determined with a CFD analysis. Especially concerning
the flow in the classroom of a university, a study was demonstrated by
Ascione et al.26 for different ventilation concepts. Abuhegazy et al.27

showed the influence of glass barriers in ventilated classrooms on the
transmission and deposition of particles with different sizes. Most
studies mentioned earlier are based on a steady-state flow field; a
one-way coupling of particle tracking was used to describe the particle
tracks.

It has to be kept in mind that indoor spaces like air cabins, buses,
restaurants, offices, classrooms, etc. can have highly complex flows.
This is caused not only by ventilation systems leading to recirculatory
flows but also by thermally driven flow effects due to humans,
machines, electronic devices, etc. (Craven and Settles,28 Licina et al.,29

and Kohanski et al.14). These flows significantly affect the distribution
of droplets and aerosols.

Quantifying infection risks solely based on aerosol flows calcu-
lated by CFD is challenging due to uncertain boundary conditions,
unknown sources of thermal flows, etc. Experimental results for air-
borne transmission of aerosols are needed. Possible measurement
techniques may be flow visualization as has been done by Verma
et al.12 investigating face masks, or local measurement of particle con-
centration using particle collectors by Kinahan et al.30 in aircrafts, or
particle size spectrometers by Zhang et al.25 in a bus, Zhang and
Chen31 in a ventilated room or He et al.32 for wind-instruments.

As mentioned earlier, ventilation is regarded as a key mechanism
to control aerosol and droplet spreading in indoor space. As pointed
out, numerous studies investigated this aspect in the past using numer-
ical, experimental, or combined methods. However, the presence of
recirculatory flows driven by ventilation systems may not be sufficient
to prevent a critical exposure of virus-laden droplet flows to the people
in the room. Therefore, various air purifier systems have been devel-
oped in the times of the pandemic, which should help reduce the num-
ber of airborne aerosols in classrooms. Especially, if there are no
windows available in the classroom, the ventilation with fresh air in
cold seasons is not the method of choice.

Air purifier systems are used in several applications. Zhao et al.33

give a survey for the 100 best-selling systems comparing energy effi-
ciency related to the reduction of the particle emission. Mousavi
et al.34 examined the use of portable air purifiers and identified the
best position of the purifier in hospitals by experiments. They found
the best position close to the bed of the patient. An extensive experi-
mental study was performed by Bluyssen et al.35 taking into account
the aerosol transport and sound and air velocities in a SenseLab.

The purpose of this study is to evaluate the efficiency of air puri-
fier systems in classrooms under realistic conditions, i.e., including
thermally driven flow effects. A numerical model is developed to
describe the aerosol transmission. The model is validated with experi-
mental results obtained in a classroom for a homogeneous distribution

of an artificially generated aerosol. In a preliminary step, the natural
aerosols in a classroom were measured and compared to the artificial
aerosol to ensure comparable particle sizes. The validated simulation
model is used to conduct different scenarios for different ventilation
rates and locations of infected persons. The described workflow is
shown graphically in Fig. 1.

The experimental conditions and setup are presented in Sec. II,
followed by the presentation of the numerical model in Sec. III. The
numerical results—validation and study of different scenarios—are
summarized in Sec. IV, which is followed by a conclusion and outlook
on further studies.

II. SITUATION AND EXPERIMENTAL CONDITION

For a realistic situation, a typical classroom of a school in Rohr
(Bavaria, Germany) was chosen, which can be seen in Fig. 2. The
dimensions of the room are 11.17 m � 5.7 m � 3.1 m. In the room,
there are 18 students. The room is equipped with an air purifier at the
back of the room. This specific air purifier is a stand-alone system,
which is not connected to an air handler unit or HVAC unit. It is a
passive system which cleans the air by a combination of carbon filter
and high-efficiency particulate air filters (HEPA). The HEPA-H14 fil-
ter that is classified according to DIN EN 1822 filter removes 99.995%
of particles. CADR (clean air delivery rate) is up to 1200 m3/h, which
corresponds to the ventilation rate (VR) of 6/h. The ventilation rate in
this study is defined as the amount of volume flow per hour filtered by
the air purifier related to the volume of the classroom. Maximum
power consumption is 280W. The air purifier possesses an inlet of the
air at the bottom on the left and on the right side. Cleaned air is
injected in the room on the left and on the right side as well as on the
front of the purifier 2.3 m above ground. In the building, there is no
additional air-conditioning or ventilation system installed.

A. Experimental setup

Experiments are performed in the classroom on a usual school
day to validate the numerical model and to model the classroom-
situation as realistic as possible. The aerosol concentration is measured
successively at 4 selected locations within the classroom (compare
Fig. 3), and the temporal evolution of the particle number is moni-
tored over time. A particle spectrometer (Optical particle sizer, OPS,
Model 3300, TSI Incorporated) was used, which allows for an online
measurement of aerosols providing a sample flow rate of 1 l/min.
Additionally, a concentric 1 l/min of sheath flow is used to focus the

FIG. 1. Graphical presentation of the workflow of experiments and numerical
simulations.
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particle beam. As an optical particle spectrometer, the OPS uses a
laser-diode with 30 mW that emits light of 660 nm wavelength. The
scattered light of the particles is detected by a photomultiplier. The
detected light signal is related to the particle size. This particular aero-
sol spectrometer is capable of detecting particles from 0.3 to 10lm in
diameter in up to 16 channels. The OPS is calibrated with polystyrene
latex (PSL) particles. In case the measured aerosol has significant dif-
ferent refractive index, the OPS allows for real-time Mie scattering cal-
culation to adjust the PSL calibration curve to a curve that better fits
the aerosols of interest. Measurement accuracy concerning size resolu-
tion is stated to be 5% at 5lm according to the manufacturer. Further
details can be found in Han et al.36 The virus carrying aerosol size is
up to 5lm (Zhang et al.25); therefore, the OPS is suitable to measure
the relevant particle concentration in a classroom. Sampling height for
all measurement locations is at 1.2 m, i.e., approximately at height of
the head of a sitting pupil. The coordinates of all 4 sampling points are
shown in Table I.

Additional to the measurement of the natural aerosol distribution
in typical lessons on a usual school day, in a second step an artificial
aerosol is introduced into the classroom and the temporal evolution of
the particle concentration is measured under this more defined condi-
tion. Due to the fact that the movement of pupils, opening and closing

doors and windows, the use of overhead projector screen during the
lesson, etc. lead to a natural undefined aerosol creation; a more defined
initial aerosol concentration is needed to analyze the effect of an air
purifier system.

An atomizer is used, which is equipped with a two-component
injector nozzle. The fluid, which is DEHS (di-ethyl hexyl sebacate), is
atomized using ambient air and provides particles with a diameter of
mostly less than 2.5lm (compare Fig. 4). The aerosol is, therefore, suf-
ficient for representing the natural virus-carrying aerosols in this
study. Before each measurement, the empty classroom is seeded with
DEHS aerosol for 5min. Measurements of the particle concentration
are performed at the same location as for the real environment in typi-
cal lesson but in an empty classroom now. After the room is suffi-
ciently seeded, the air purifier is started and the particle concentration
is measured using the OPS for a period of at least 30min. In each case,
a baseline-measurement is performed, i.e., the temporal evolution of
the aerosol concentration is measured without operating the air puri-
fier and without any other ventilation.

Ambient temperature in the classroom is between 20 �C and
25 �C at a relative humidity of 24% to 33%.

As mentioned earlier, in a first step, experimental investigations
are performed, i.e., a local measurement of the aerosol concentration
in the classroom is done for selected configurations with and without
air purifier system. Experimental data already give insight into the
effectiveness of the air purifier system.

B. Experimental results

In the following, the experimental results are presented. These
results will serve to validate the numerical results (see Sec. IV). As
mentioned earlier, in the initial step of this study, the natural aerosol
concentration in a classroom during lesson is measured. Note, in each

FIG. 2. Photograph of the classroom (left: teachers’ view; right: back of the room with air purifier).

FIG. 3. Dimensions of the classroom and the positions for the measurement of the
aerosol concentration. The height of the measuring probes is 1.2 m. The circles in
blue mark are the positions 1 and 2 where infected persons are located in the
simulations.

TABLE I. Positions for the measurement of the aerosol concentration.

Probe # Position x (mm) Position y (mm) Position z (mm)

1 8366 3200 1200
2 3166 3000 1200
3 5666 1500 1200
4 3166 1500 1200
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lesson, the air purifier is operated continuously with 1200 m3/h. In a
second step, an artificial aerosol is introduced in an empty classroom,
and the particle concentration is measured when the air purifier is run-
ning. As can be seen in Fig. 4, the particle concentration distribution
for the natural and the artificial aerosol is quite similar. The artificial
aerosol has less particles with a diameter larger than 2.5lm.
Nevertheless, this aerosol is suitable to mimic the natural particle size
distribution as well as to investigate the temporal evolution of the criti-
cal particle sizes potentially carrying a virus.

In the following, the results of the measurement under real con-
ditions in the classroom are presented. A typical example of the tem-
poral evolution of the particle concentration over time is shown in
Fig. 5 (left) for the measurement position 4. In this figure, the total
particle number for all 16 channels of the OPS is depicted.

In this particular case, an increase in particle number can be seen
at the beginning of the lesson and at the end. The increase in particle
number can be directly related to the movement of pupils and the
opening of the door at the beginning and end of the lesson.

Additionally, a decrease in the particle number can be clearly detected
over a period of approximately 2000 s. Note, during the lesson, the air
purifier is constantly running with 1200 m3/h. In between t¼ 300 s
and t¼ 2400 s, there was no opening or closing of doors or windows,
i.e., no artificial ventilation besides the air purifier-flow. A reduction of
approximately 80% can be found within this period for particles
smaller than 1lm as can be seen in Fig. 5 (right).

To get a clearer insight into the supposed effect of the air purifier,
additional measurements using artificial aerosol in an empty class-
room are performed. This artificial aerosol provides a higher number
of particles such that statistical analysis can be done.

When an aerosol is introduced into a room by locally operating
an atomizer, the generated particles will distribute within the room by
natural convection. This settling time was analyzed performing
baseline-experiments at each measurement location, i.e., introducing
the aerosol and not performing any mean of ventilation.

At the beginning, the detected particle number is relatively high.
But within a certain time, the aerosol has sufficiently distributed such
that a constant particle number can be detected for the rest of the mea-
surement time. Since there is a plateau of particle number over time, it
can be concluded that sedimentation or evaporation does not lead to
significant aerosol-decay for the ambient condition in the classroom.

After settling time was evaluated, the second experimental cam-
paign is performed, i.e., the artificial aerosol is introduced and the air
purifier is started. The particle concentration and its decay are mea-
sured up to 1800 s. The particle concentration significantly decreases
over the measurement period (see Fig. 11 in Sec. IV). Pos. 2 to 4 show
similar trends as they are at similar distance from the air purifier. At
Pos. 1, which is at the closest distance from the air purifier, the decay
of particle concentration has a steeper slope at the beginning. This can
be associated with the locally stronger flow velocity induced by the air
purifier (compare Sec. III), such that particle-laden flow is filtered
faster.

A deeper insight into the measured decay for the complete size
spectrum is illustrated in Figs. 6 and 7 for all measurement positions.
In these figures, the normalized particle size distribution dN/dlogdp is
shown at the beginning and at the end of the measurement period
(Fig. 6), and the ratio of these two values (Fig. 7) for each position.

FIG. 4. Typical normalized particle concentration for the natural and the artificial
aerosol, normalized with maximum particle number.

FIG. 5. Left: typical temporal evolution of the detected total particle number at position 4 in a typical school lesson; doors are opened and pupils are moving at the beginning
and at the end of the lesson. Right: corresponding particle size distribution at the beginning (t¼ 300 s) and at the end (t¼ 2400 s) of the air purifier operation-period for the
natural aerosol in the classroom.
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FIG. 6. Typical particle size distribution at the beginning and at the end of the air purifier operation-period for the artificial aerosol in the classroom at all 4 measurement
positions.

FIG. 7. Typical reduction of particle concentration for the artificial particle size distribution with air purifier operation in the classroom at all 4 measurement positions.
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As can be seen, the decay of the particle concentration is almost uni-
form for the complete particle size range. Since the overall particle
number for the artificial aerosol is much higher than for the natural
aerosol even for larger particle sizes, statistical analysis can be done.

As can be seen in Fig. 6, the overall decay of the particle number
is in the range of 78% to 83% within a time period of 28min for all 4
measurement points. Although, at position 1, which is close to the air
purifier, the decay of particle concentration is stronger in the initial
phase (see Fig. 11), the overall reduction within the mentioned period
is quite similar to the positions further away from the purifier (pos. 2
to 4).

Summing up, this experimental investigation shows that in this
particular case, an air purifier systemmay lead to a reduction of critical
particle sizes (less than 5lm) of at least 80% within 30min. This con-
clusion can be drawn based on measurements of the natural aerosol
concentration in a typical school lesson and measurements of artificial
aerosol concentration.

The results are used in the following for a validation of a numeri-
cal simulation of the flow and particle distribution within a classroom.

III. NUMERICAL ANALYSIS

In the numerical simulation, the distribution of the aerosol dur-
ing one school lesson (45min) should be studied. The modeling of the
transient process that is combined with a change of the temperatures
due to heating effects caused by persons or lamps, monitors, etc.
requires some assumptions and simulation strategies to reduce the
simulation times. The assumptions, the equations, and the simulation
method used are stated in Secs. IIIA and IIIB.

A. Simulation model and strategy

The flow inside the classroom is assumed to be incompressible
and turbulent. The turbulent flow is modeled using the Reynolds-
Averaged Navier-Stokes equations (RANS) with a k-X-SST (Shear
Stress Transport) two-equation turbulence model. The conservation of
mass and momentum using the Boussinesq approximation to account
for a change of the density due to the temperature T can be written as

r � u ¼ 0; (1)

@u
@t

þr � uuð Þ ¼ �rp� g � xr q
q0

� �

þr � �eff � ruþ ruð ÞT
� �� �

: (2)

with the velocity vector u, kinematic pressure p, density of the gas q
kand effective viscosity �eff, which is the sum of the molecular and
the turbulent viscosity. The reference density q0 is used for the
Boussinesq approximation, which assumes a constant density except
in the term for the gravity g to include buoyant effects due to temper-
ature differences. Differences in the height are included with the spa-
tial position x. The density q is derived with the thermal expansion
coefficient b (b¼ 3 � 10−3 1/K) and the reference temperature T0

(T0¼ 300K) as q
q0
¼ 1� b T � T0ð Þ: The temperature T is calculated

by solving a convection-diffusion equation with the diffusion coeffi-
cient aeff, which is the sum of the molecular and turbulent part
aeff ¼ �t

Prt
þ �

Pr using the molecular and turbulent Prandtl number
Pr¼ 0.7 and Prt¼ 0.85.

The turbulent properties for the turbulent viscosity are obtained
by solving the transport equations for k and X in the k-X-SST RANS
model

@T
@t

þr � uTð Þ ¼ r � aeff � rT
� �

: (3)

Additionally, the CO2 concentration cCO2 is determined by an
additional transport equation. The diffusional constant is assumed to
be equal aeff as the main part of the diffusion is invoked by turbulent
diffusion

@cCO2

@t
þr � ucCO2ð Þ ¼ r � aeff � rcCO2ð Þ� �

: (4)

The distribution of aerosols as a particulate phase can be modeled
either with an Lagrangian approach or based on a Eulerian approach.
As the settling velocities of the COVID-19 aerosols, which are
assumed to be smaller than 1lm, can be neglected, and therefore the
particle relaxation time as well (Zhang et al.25), i.e., the aerosol is
assumed to follow the flow. The distribution of the aerosol concentra-
tion cCovid is described using the following equation:

@cCovid
@t

þr � ucCovidð Þ ¼ r � aeff � rcCovidð Þ� �
: (5)

With this approach, the transport of the aerosol of the infected person
is described. An interaction and mixing of different aerosols exposed
by infected and noninfected persons is neglected in this study.

All the equations are solved with the open source CFD-code
OpenFOAM® (version 6), which is based on a Finite-Volume method.
For the discretization of the temporal and spatial discretization,
schemes of second order are used.

The coupled simulation of flow and aerosol transport requires a
huge number of time steps to fulfill the stability criteria for a Courant
number less than 1. This leads to long simulation times especially on
fine meshes. Therefore, two modeling approaches have been consid-
ered in this study:

(1) Coupled simulation of flow and aerosol transport with the tran-
sient flow simulation (named transient in Table II).

(2) Calculation of the flow field based on the assumption of steady-
state flow field, which is followed by a transient calculation of
the aerosol transport based on the assumption of a frozen flow
(named frozen in Table II).

Both methods have been evaluated and validated with the experi-
mental results (see Sec. IV).

B. Computational domain and boundary conditions

The geometry of the simulation model is shown in Fig. 8. In the
room, there are 18 students and one teacher. All the relevant parts are
included in the model in a simplified way. The air is cleaned by high-
efficiency particulate air filters (HEPA) with the inlet of the air at the
bottom on the left and on the right side of the air purifier. The cleaned
air is injected in the room on the left and on the right side as well as
on the front of the purifier. In a preliminary study, the flow conditions
(distribution of flow rate and angle of jet) are determined in a detailed
CFD study of the air purifier and included in the large model as a
boundary condition for the velocity.
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The air purifier has a total volume flow of 1200 m3/h, which is
distributed on the left and right side (each 39%) and the front (22%).
The angle on the right and left side is inclined 25� to the horizontal
plane, which is validated by measurements. The jet at the front has an
angle of 39� to the horizontal plane. At the outlet of the air purifier, a
turbulence intensity of 2.5% and turbulence length scale 0.1 m are
assumed. The concentration of the aerosols at the outlet is assumed to
be zero, i.e., the air is cleaned to 100% from aerosols in the purifier.
The concentration of CO2 and the temperature are transferred from
the inlet to the outlet of the purifier. Each student and the teacher have
a volume flow of 4 m3/h with a concentration of 5% CO2 and a tem-
perature of 303K. The infected person injects 50 aerosol particles each
second.18 The turbulence intensity of 10% and the turbulence length
scale of 7.5mm are assumed to be at the mouth of each person. Each
person heats the room with 50W. At the outer walls of the room, a
heat transfer coefficient (HTC) of 2W/m2 K and an ambient tempera-
ture of 278K for the calculation of the heat flux are assumed. The heat
transfer coefficient (HTC) was obtained by a preliminary numerical
study (not reported here) with different values for the HTC and a
comparison with measurements of the temperature in the classroom.
The temperature of the lamps and LEDs is assumed to be 298K,
whereas the heating has constant values of 303K. The values used in

the simulation are mean values obtained by measurements with a ther-
mal camera during the experiments.

C. Parameter studies

To study the transport of SARS-CoV-2 (COVID-19) aerosols,
different cases have been examined, which are listed in Table II. The
experiments with a homogenous distribution of aerosols at the begin-
ning were used for the validation of the numerical model, including a
grid dependency study (runs 1–3). To verify the difference of a fully
coupled simulation vs frozen flow simulation, a transient simulation
was considered in run 4. The validated numerical model is used to
study the influence of the ventilation rate with an infected person at
position 1 (runs 5–8), the influence of the different position 2 of the
infected person (runs 9 and 10), and the influence, if no air purifier is
used (runs 5 and 9). The positions 1 and 2 can be seen in Fig. 3.

IV. RESULTS AND DISCUSSION

The results of the numerical simulations are discussed in Secs.
IVA–IVC.

A. Grid refinement study

To make sure that the results are grid independent, a grid refine-
ment study was performed with three different mesh sizes using 4.33,
5.93, and 8.25 � 106 control volumina (CV) for the geometry includ-
ing persons. The grid was generated based on the geometry in Fig. 3
using the automized meshing tool snappyHexMesh from the
OpenFOAM® toolbox. The different mesh sizes are obtained by a
refinement of the background mesh. The background mesh is a hexa-
hedral mesh, which is snapped and refined at boundaries with
8 boundary layers. The mean grid resolution in the flow domain is
approximately 100mm, 80mm, and 65mm. A comparison of the
transient behavior of the aerosol concentration at the locations 1–4
(see Fig. 3), which is made dimensionless with the initial concentration
for three different meshes (runs 1–3), is plotted in Fig. 9.

All the positions show a similar decay of the concentration. The dif-
ferences between the mesh sizes of 6 and 8 Mio. are quite small, except
for position 4 where a slight difference can be observed. The correlation
between the local convergence and overall number of control volumina isFIG. 8. Configuration of the simulation model.

TABLE II. Case setup used for the validation of the model and parameter studies for the infected persons.

Run # Source of aerosol Grida Modeling approach Ventilation rate (1/h)

1 Homogeneous Coarse Frozen 6
2 Homogeneous Medium Frozen 6
3 Homogeneous Fine Frozen 6
4 Homogeneous Coarse Transient 6
5 One person, position 1 Coarse Frozen 0
6 One person, position 1 Coarse Frozen 3
7 One person, position 1 Coarse Frozen 6
8 One person, position 1 Coarse Frozen 12
9 One person, position 2 Coarse Frozen 0
10 One person, position 2 Coarse Frozen 6

aThe grid for the simulations with a homogenous concentration does not include persons.
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not linear as the local mesh density is not correlated linear with the overall
number of the control volumina in the meshing process. As the differ-
ences are small, the coarse mesh is used for the following simulations.

Figure 10 shows the dimensionless concentration of CO2 (related
to the CO2 value for 2700 s) and the dimensionless COVID concentra-
tion (related to the initial concentration) in the classroom for the three
different meshes. The CO2 values show an excellent agreement with

the analytical value of CO2 proving the conservation of the scalar
quantities.

B. Validation of the numerical model

For the validation of the model, the experiments based on an initial
homogenous concentration of aerosols are used as a reference. Figure 11
shows the time history of the dimensionless concentrations for the posi-
tions 1–4. Based on the grid refinement study, the numerical results are
based on simulations with a coarse mesh. As a reference, the values in
the experiment are normalized after 120 s of handling time to start the
experiment after a homogenous concentration in the room is established.
For the comparison of experiment and numerical results, all the persons
in the simulation model have been removed to have identical conditions
like in the experiment. The comparison between all the positions shows
a good agreement. On position 2, the fluctuations in the experiments are
higher for smaller times. Due to the experimental setup, a development
of the flow is included in the experiment, whereas in the flow simula-
tions, a developed flow is used as a starting point.

Figure 12 shows the concentrations for the two numerical
approaches—frozen flow and coupled—as a function of time.
Positions 1 and 3 that are close to the air purifier show slight differ-
ences between the two approaches. For a further distance at positions
2 and 4, the fluctuations of the flow can be observed with smaller dif-
ferences at position 2 and larger differences for position 4. For larger
time scales, all the positions show similar behavior for the two numeri-
cal methods, which allow the use of frozen flows for the prediction of
larger time scales. If the transient behavior, especially at the beginning,
has to be considered, the coupled approach is mandatory.

FIG. 9. Temporal development of the concentrations at different locations for different mesh resolutions.

FIG. 10. Temporal development of the CO2 content and COVID concentration for
different mesh resolutions.
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C. Aerosol distribution for different scenarios

With the validated model, three different scenarios are
considered:

• Influence of ventilation rate
• Influence of different positions of infected persons
• Influence, if no air purifier is working

1. Influence of ventilation rate

Figure 13 shows the development of the mean aerosol concentra-
tion in the room for different ventilation rates. The infected person is

sitting at position 1. The influence of the ventilation rate (VR) shows
the expected behavior with a rapid reduction of the mean concentra-
tion for higher VRs. For higher VR, a nearly constant concentration
for higher times can be observed, where aerosols are located in regions
with small velocities where only diffusional effects on a larger timescale
lead to a reduction of the aerosol.

Figure 14 shows the development of the aerosol concentration at
the locations 1–4 for the measurement of the three different VRs. Like
the mean concentrations, the concentrations at different locations
decrease with higher VR.

Figure 15 shows the influence of the air purifier (VR 6) on the
concentration at different locations for the two cases of infected

FIG. 13. Temporal development of the mean aerosol concentration for different
ventilation rates, infected person at position 1.

FIG. 11. Temporal development of the concentrations at different locations for numerical and experimental results.

FIG. 12. Temporal development of the concentrations at different locations for the
two numerical approaches—frozen flow and coupled flow simulation.
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persons. If the infected person is at location 1, the use of the air purifier
leads to a faster distribution of the aerosol at the different locations.
For the case without the air purifier, the transport that is dominated
by diffusion is slower leading to smaller concentrations up to a time
between 400 s (position 1) and 1100 s (position 2). After these times,
the air purifier reduces the load on aerosols efficiently. If the infected
person is located at position 2 which has a larger distance to the loca-
tions 1–4, it takes 200–500 s till an increase in the concentration can
be detected. The difference between the values with and without air

purifier is relatively small as the convective transport at location 2 of
the infected person is relatively small. If one compares the mean con-
centration in the room, the mean concentration is reduced to 32% if
the infected person is at location 1, and 88% at location 2. This shows
the importance of the placement of the air purifier in the room, which
can influence the efficiency of the system dramatically.

V. CONCLUSIONS

In this paper, the transmission of aerosols in a classroom is stud-
ied numerically and experimentally for different scenarios. The experi-
ments are performed in a classroom using DEHS aerosol, which is
measured with an aerosol spectrometer. The transient reduction of
aerosol is determined at different locations with and without using an
air purifier. The reduction ranges between 70% and 90% dependent
on the locations if a ventilation of 6/h is applied.

The numerical model is able to reproduce the experimental
results with a good accuracy. With the validated numerical model, dif-
ferent scenarios have been analyzed. An increase in the ventilation rate
reduces the aerosol. It can also be shown that the position of the
infected person influences the concentration in the room significantly.
Dependent on the position (i.e., for larger distances between the
infected person and the air purifier), the air purifier may lead to a
higher load of concentrations at different locations of the
measurement.

With the proven reduction of potentially virus-laden aerosols, the
air purifier is a useful addition to window ventilation. For further
product generations, an analysis of the effect on the flow distribution
can improve the performance of the air purifier systems. Especially,

FIG. 15. Temporal development of the concentration at different positions (top) and mean concentration (bottom) with and without an air purifier (left: infected person at position
1; right: infected person at position 2).

FIG. 14. Temporal development of the local concentration for different ventilation
rates, infected person at position 1.
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the influence of the infected person, position of the air purifier, and
the outflow characteristics are currently considered in an optimization
study, which should give detailed recommendations for the placement
of the air purifier in the room.

ACKNOWLEDGMENTS

The support of WOLF Group, Mainburg, Germany, for
providing the air purifier system as well as Johannes-Nepomuk-
Gymnasium, Rohr, Germany, for making the measurements
possible is gratefully acknowledged.

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

REFERENCES
1Y. Bai, L. Yao, T. Wei, F. Tian, D.-Y. Jin, L. Chen, and M. Wang, “Presumed
asymptomatic carrier transmission of COVID-19,” J. Am. Med. Assoc. 323
(14), 1406–1407 (2020).
2S. Asadi, N. Bouvier, A. S. Wexler, and W. D. Ristenpart, “The coronavirus
pandemic and aerosols: Does COVID-19 transmit via expiratory particles?,”
Aerosol Sci. Technol. 54(6), 635–638 (2020).

3L. Bourouiba, “Turbulent gas clouds and respiratory pathogen emissions:
Potential implications for reducing transmission of COVID-19,” J. Am. Med.
Assoc. 323, 1837–1838 (2020).,

4R. Mittal, C. Meneveau, and W. Wu (武文), “A mathematical framework for
estimating risk of airborne transmission of COVID-19 with application to face
mask use and social distancing,” Phys. Fluids 32, 101903 (2020).

5G. Seminara, B. Carli, G. Forni, S. Fuzzi, A. Mazzino, and A. Rinaldo,
“Biological fluid dynamics of airborne COVID-19 infection,” Rend. Lincei Sci.
Fis. Nat. 31, 505–537 (2020).

6S. Chaudhuri, S. Basu, P. Kabi, V. R. Unni, and A. Saha, “Modeling the role of
respiratory droplets in Covid-19 type pandemics,” Phys. Fluids 32(6), 63309
(2020)..

7B. Wang, H. Wu, and X.-F. Wan, “Transport and fate of human expiratory
droplets—A modeling approach,” Phys. Fluids 32(8), 83307 (2020)..

8C. P. Cummins, O. J. Ajayi, F. V. Mehendale, R. Gabl, and I. M. Viola, “The
dispersion of spherical droplets in source–sink flows and their relevance to the
COVID-19 pandemic,” Phys. Fluids 32(8), 83302 (2020)..

9H. (李红英) Li, F. Y. (梁芳耀) Leong, G. (徐祥国) Xu, Z. (葛正威) Ge, C. W.
(江功伟) Kang, and K. H. (林金辉) Lim, “Dispersion of evaporating cough
droplets in tropical outdoor environment,” Phys. Fluids 32(11), 113301 (2020).

10M.-R. Pendar and J. C. P�ascoa, “Numerical modeling of the distribution of
virus carrying saliva droplets during sneeze and cough,” Phys. Fluids 32(8),
83305 (2020)..

11G. Busco, S. R. (양세로) Yang, J. (서요섭) Seo, and Y. A. Hassan, “Sneezing
and asymptomatic virus transmission,” Phys. Fluids 32(7), 73309 (2020).

12S. Verma, M. Dhanak, and J. Frankenfield, “Visualizing droplet dispersal for face
shields and masks with exhalation valves,” Phys. Fluids 32(9), 91701 (2020)..

13R. Mittal, R. Ni, and J. Seo, “The flow physics of COVID-19,” J. Fluid Mech.
894, F2 (2020).

14M. A. Kohanski, L. J. Lo, and M. S. Waring, “Review of indoor aerosol genera-
tion, transport, and control in the context of COVID-19,” Int. Forum Allergy
Rhinol. 10, 1173–1197 (2020).

15J. W. Tang, Y. Li, I. Eames, P. K. S. Chan, and G. L. Ridgeway, “Factors involved
in the aerosol transmission of infection and control of ventilation in healthcare
premises,” J. Hosp. Infect. 64(2), 100–114 (2006).

16Y. Li, G. M. Leung, J. W. Tang, X. Yang, C. Y. Chao, J. Z. Lin, J. W. Lu, P. V.
Nielsen, J. Niu, H. Qian et al., “Role of ventilation in airborne transmission of

infectious agents in the built environment – A multidisciplinary systematic
review,” Indoor Air 17(1), 2–18 (2007).

17X. (邵晓亮) Shao and X. (李先庭) Li, “COVID-19 transmission in the first
presidential debate in 2020,” Phys. Fluids 32(11), 115125 (2020).

18V. Vuorinen et al., “Modelling aerosol transport and virus exposure with
numerical simulations in relation to SARS-CoV-2 transmission by inhalation
indoors,” Saf. Sci. 130, 104866 (2020).

19R. K. Bhagat, M. S. Davies Wykes, S. B. Dalziel, and P. F. Linden, “Effects of
ventilation on the indoor spread of COVID-19,” J. Fluid Mech. 903, F1 (2020).

20D. S. Thatiparti, U. Ghia, and K. R. Mead, “Computational fluid dynamics
study on the influence of an alternate ventilation configuration on the possible
flow path of infectious cough aerosols in a mock airborne infection isolation
room,” Sci. Technol. Built Environ. 23(2), 355–366 (2017).

21L. Yang, X. Li, Y. Yan, and J. Tu, “Effects of cough-jet on airflow and contami-
nant transport in an airliner cabin section,” J. Comput. Multiphase Flows 10(2),
72–82 (2018).

22H. Yu, K. Mui, and L. Wong, “Numerical simulation of bioaerosol particle
exposure assessment in office environment from MVAC systems,” J. Comput.
Multiphase Flows 10(2), 59–71 (2018).

23H. (刘晗) Liu, S. (贺思达) He, L. (沈炼) Shen, and J. (洪家荣) Hong,
“Simulation-based study of COVID-19 outbreak associated with air-
conditioning in a restaurant,” Phys. Fluids 33(2), 23301 (2021)..

24A. Nazari, M. Jafari, N. Rezaei, F. Taghizadeh-Hesary, and F. Taghizadeh-
Hesary, “Jet fans in the underground car parking areas and virus transmission,”
Phys. Fluids 33(1), 13603 (2021)..

25Z. Zhang, T. Han, K. H. Yoo, J. Capecelatro, A. Boehman, and K. Maki,
“Disease transmission through expiratory aerosols on an urban bus,” Phys.
Fluids 33, 015116 (2021).

26F. Ascione, R. F. De Masi, M. Mastellone, and G. P. Vanoli, “The design of safe
classrooms of educational buildings for facing contagions and transmission of
diseases: A novel approach combining audits, calibrated energy models, build-
ing performance (BPS) and computational fluid dynamic (CFD) simulations,”
Energy Build. 230, 110533 (2021).

27M. Abuhegazy, K. Talaat, O. Anderoglu, and S. V. Poroseva, “Numerical inves-
tigation of aerosol transport in a classroom with relevance to COVID-19,”
Phys. Fluids 32(10), 103311 (2020).

28B. A. Craven and G. S. Settles, “A computational and experimental investiga-
tion of the human thermal plume,” J. Fluids Eng. 128, 1251–1258 (2006).

29D. Licina, J. Pantelic, A. Melikov, C. Sekhar, and K. W. Tham, “Experimental
investigation of the human convective boundary layer in a quiescent indoor
environment,” Build. Environ. 75, 79–91 (2014).

30S. M. Kinahan, D. B. Silcott, B. E. Silcott, R. M. Silcott, P. J. Silcott, B. J. Silcott,
S. L. Distelhorst, V. L. Herrera, D. N. Rivera, K. K. Crown, G. A. Lucero, and J.
L. Santarpia, “Aerosol tracer testing in Boeing 767 and 777 aircraft to simulate
exposure potential of infectious aerosol such as SARS-CoV-2,” medRxiv
2021.01.11.21249626. https://doi.org/10.1101/2021.01.11.21249626

31Z. Zhang and Q. Chen, “Experimental measurements and numerical simula-
tions of particle transport and distribution in ventilated rooms,” Atmos.
Environ. 40, 3396–3408 (2006).

32R. He, L. Gao, M. Trifonov, and J. Hong, “Aerosol generation from different
wind instruments,” J. Aerosol Sci. 151, 105669 (2021).

33B. Zhao, Y. Liu, and C. Chen, “Air purifiers: A supplementary measure to
remove airborne SARS-CoV-2,” Build. Environ. 177, 106918 (2020).

34E. S. Mousavi, K. J. Godri Pollitt, J. Sherman, and R. A. Martinello, “Performance
analysis of portable HEPA filters and temporary plastic anterooms on the spread
of surrogate coronavirus,” Build. Environ. 183, 107186 (2020).

35P. M. Bluyssen, M. Ortiz, and D. Zhang, “The effect of a mobile HEPA filter
system on ‘infectious’ aerosols, sound and air velocity in the SenseLab,” Build.
Environ. 188, 107475 (2021).

36H.-S. Han, A. Sreenath, N. T. Birkeland, and G. J. Chancellor, “Performance of
a high resolution optical particle spectrometer,” EAC2011, Manchester, UK,
September 2011.

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 33, 033321 (2021); doi: 10.1063/5.0044046 33, 033321-11

Published under license by AIP Publishing

https://doi.org/10.1001/jama.2020.2565
https://doi.org/10.1080/02786826.2020.1749229
https://doi.org/10.1001/jama.2020.4756
https://doi.org/10.1001/jama.2020.4756
https://doi.org/10.1063/5.0025476
https://doi.org/10.1007/s12210-020-00938-2
https://doi.org/10.1007/s12210-020-00938-2
https://doi.org/10.1063/5.0015984
https://doi.org/10.1063/5.0021280
https://doi.org/10.1063/5.0021427
https://doi.org/10.1063/5.0026360
https://doi.org/10.1063/5.0018432
https://doi.org/10.1063/5.0019090
https://doi.org/10.1063/5.0022968
https://doi.org/10.1017/jfm.2020.330
https://doi.org/10.1002/alr.22661
https://doi.org/10.1002/alr.22661
https://doi.org/10.1016/j.jhin.2006.05.022
https://doi.org/10.1111/j.1600-0668.2006.00445.x
https://doi.org/10.1063/5.0032847
https://doi.org/10.1016/j.ssci.2020.104866
https://doi.org/10.1017/jfm.2020.720
https://doi.org/10.1080/23744731.2016.1222212
https://doi.org/10.1177/1757482X17746920
https://doi.org/10.1177/1757482X17746919
https://doi.org/10.1177/1757482X17746919
https://doi.org/10.1063/5.0040188
https://doi.org/10.1063/5.0033557
https://doi.org/10.1063/5.0037452
https://doi.org/10.1063/5.0037452
https://doi.org/10.1016/j.enbuild.2020.110533
https://doi.org/10.1063/5.0029118
https://doi.org/10.1115/1.2353274
https://doi.org/10.1016/j.buildenv.2014.01.016
https://doi.org/10.1101/2021.01.11
https://doi.org/10.1016/j.atmosenv.2006.01.014
https://doi.org/10.1016/j.atmosenv.2006.01.014
https://doi.org/10.1016/j.jaerosci.2020.105669
https://doi.org/10.1016/j.buildenv.2020.106918
https://doi.org/10.1016/j.buildenv.2020.107186
https://doi.org/10.1016/j.buildenv.2020.107475
https://doi.org/10.1016/j.buildenv.2020.107475
https://scitation.org/journal/phf

	l
	s1
	s2
	s2A
	f1
	s2B
	f2
	f3
	t1
	f4
	f5
	f6
	f7
	s3
	s3A
	d1
	d2
	d3
	d4
	d5
	s3B
	s3C
	s4
	s4A
	f8
	t2
	t1n1
	s4B
	f9
	f10
	s4C
	s4C1
	f13
	f11
	f12
	s5
	f15
	f14
	s6
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30
	c31
	c32
	c33
	c34
	c35
	c36

