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1. SARS-CoV-2 and fine aerosols  
 
Severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2) is a novel so-called beta 
coronavirus, which was identified as the main pathogen for the COVID-19 pandemic in early 
2020. SARS-CoV-2 is transmitted via droplets and fine aerosols like many other viruses that 
cause respiratory syndromes: When speaking, coughing, sneezing, and also breathing, a per-
son emits fine particles called aerosols. When speaking, particle emission is approximately 1-50 
particles per second (0.06-3 particles per cm3), depending on the pronunciation, with sizes rang-
ing from 0.3 to several micrometers (e.g. Lindsley et al, 2012; Asadi et al, 2019; Dhand & Li, 
2020). Coughing or sneezing, on the other hand, emits far more particles (180-2,400 particles 
per cm3), and their size distribution is somewhat more widely dispersed than during speech. A 
person infected with SARS-CoV-2 emits a mixture of aerosols, which may contain a varying 
concentration of viruses.  
In the experiments conducted, the focus is on fine aerosol particles with diameters smaller than 
1 micrometer, because these remain suspended in the air for a long time in poorly ventilated 
rooms and play an essential role in the transmission of SARS-CoV-2, see e.g. 
https://www.info.gaef.de/positionspapier. 
 
 
  



 

8. Oktober 21  Page 3 of 13 

2. Experimental setup  
 

2.1 Air purifiers investigated  
 

The DIY air purifiers examined are prototypes. They consist of two V-shaped combi-filter plates 
and a fan. The filter plates are pleated panel filters with plastic frames from Camfil AG (3GPA 
592x592x48-F7-0, Ecopleat F7, ISO rating ISO16890: ePM1 50%) 1.  
 

 
Figure 1: Side view of the V-shaped filter panels 
 
The two prototypes differ in the fan used, which sends the room air to be cleaned through the 
two filter panels. The filtered air flows back into the room at the two outer sides of the filters. 
The smaller air purifier uses a 60W fan (Pearl NX6414)2. This fan was operated at the highest 
power level in the tests (3 out of 3). 
The larger air purifier uses a powerful Caterpillar fan (CAT HVD24AC)3. This fan was operated 
at the lowest power level (1 of 4) (120 W).    
 
 

                                                 
1 https://www.camfil.com/de-ch/produkte/allgemeine-luftfilter/panel--und-metallfilter/ecopleat/ecopleat-g-_-5867 
2 https://www.pearl.ch/de/extrastarker-bodenventilator-3-geschwindigkeitsstufen-60-w-oe-48-cm.html 
3 https://www.doitgarden.ch/de/p/614272800000/cat-hvd24ac-75 
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Figure 2: The room cleaners investigated. Left: Variant with smaller fan; right: Variant 
with more powerful fan. 
 
By arranging two such combination filters, it can be expected that the pressure resistance 
caused by the filters will be comparatively low at the required total flow rate of several hundred 
m3/h. This is important because the fans used can only maintain the required high air flow rate 
(m3/h) at low pressure resistances. 
  
At the same time, the flow velocity (m/s) is comparatively low due to the larger filter area, which 
is expected to lead to improved filtration of fine aerosol particles (D < ~400 nm). The desired ef-
fect is based on the fact that the low flow velocity increases the residence time of the particles in 
the filter. Since the fine particles are deposited on the filter fibers by diffusion processes, this 
can favorably influence the filter separation efficiency for these fine particles.  
 
This V-shaped setup is inspired by a DIY solution that uses cube-shaped filter panels. Richard 
Corsi and Jim Rosenthal developed the Corsi/Rosenthal Box4 in the USA and created an effec-
tive and inexpensive air purifier. This has already been used in schools, churches, homes and 
office buildings to remove particles such as SARS-Cov-2 and smoke from forest fires.  
  

                                                 
4 https://www.texairfilters.com/iaq-research-practice-in-action-the-corsi-rosenthal-box-air-cleaner/ 
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2.2 Representative classroom  
 
To measure the filtration performance of the air cleaners, an 80 m2 room (room height 2.95 m) 
was used at the FHNW in Windisch, Switzerland. This is a classroom equipped with desks and 
chairs. This has no building ventilation and the windows and doors were closed during the ex-
periments, so that the situation of an unventilated room was simulated. 
 

    
Figure 3: Photos of the classroom with measuring equipment for the experiments 
 
To ensure that the air in the room is well mixed, four additional fans were continuously oper-
ated, which are set up so that the air is prevails in a circular flow in the room. This flow ensures 
that aerosol particles released locally (e.g. soot from a small paper fire or NaCl crystals from a 
nebulizer with salt solution) are distributed homogeneously in the room within a few minutes.  
 
 

 
Figure 4: Floor plan of the room with the position of the four fans and the position of the 
investigated air purifier and the aerosol measuring devices.  
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2.3 Aerosol particle generation and measurement of concentration and size dis-
tribution  
 
Using the setup explained below, aerosol experiments were conducted under controlled and re-
producible conditions to evaluate the filtration efficiency of air cleaners.  
 
In a first step, a defined concentration of fine aerosol particles was released. Salt particles 
(NaCl) generated by nebulizing an aqueous salt solution (5 g/l) were used for this purpose. An 
ultrasonic nebulizer generated micrometer-sized droplets, which dried in the dry room air within 
a few seconds. A solid, dry salt particle remains. This salt aerosol has a broad size distribution 
in the range between 20 and 1000 nm (see Figure 6).  
Alternatively, experiments were carried out with combustion particles (e.g. from a small paper 
fire); these particles are volatile and organic in nature and the particle diameters are usually be-
low 100 nm. 
 

 
Figure 5: Release of fine NaCl particles by means of an ultrasonic nebulizer 
 

 
Figure 6: Typical size distribution of dry NaCl particles produced by the nebulizer.  
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Figure 7: Measurement of the particle size distribution (20 - 800 nm) using an SMPS 
 
 
The release of the particles is followed by a 15-minute stabilization and homogenization phase. 
The temporal change of this aerosol was then monitored over several hours using two Scanning 
Mobility Particle Sizers (SMPS), consisting of a neutralizer, differential mobility analyzer (DMA 
TSI 3081) and condensation nucleus counter (CPC TSI 3775). The SMPS measures the parti-
cle number concentration and size distribution in the diameter range from 20 to 800 nanometers 
with a time resolution of 4 minutes. The measurement principle is based on the measurement of 
the electric mobility of a charged particle in an electric field. The particles introduced into the in-
strument are neutralized with a radioactive source so that they exhibit an equilibrium charge dis-
tribution. They then enter a differential mobility analyzer (DMA), where the aerosol particles are 
classified according to their electrical mobility, with only particles with a certain mobility range 
exiting through the exit slit per measurement scan. This monodisperse distribution then enters a 
condensation core counter (CPC), which determines the particle concentration with respect to 
this size. The DMA consists of a cylinder with a negatively charged rod in the middle; the main 
flow through the DMA is particle-free air flowing along the inner wall of the DMA tube (sheath 
air). It is important that this flow is laminar. Particle flow is injected at the outer edge of the DMA, 
positively charged particles move through the sheath flow towards the central rod at a velocity 
determined by their electrical mobility. Particles with a certain mobility exit through the sample 
slot at the top of the DMA, while all other particles are carried away with the exhaust stream. 
Which particles exit through the slot is determined by the size of the particles, the charge, the 
voltage of the central rod, and the flow in the DMA. By exponentially cycling the voltage on the 
central rod, a complete particle size distribution is measured. A more detailed description of the 
SMPS can be found e.g. on the TSI website (https://tsi.com/products/particle-sizers/particle-
size-spectrometers/). 
 
The SMPS was operated to measure the number size distribution in the diameter range 30 to 
800 nm. The measured particle concentrations are available with a high diameter resolution and 
are summarized below for the following particle size ranges by averaging: 30-50 nm, 
50-100 nm, 100-200 nm, 200-400 nm and 400-800 nm. In addition, the total concentration in the 
range 30-800 nm is also given in the time courses of the measured concentrations. 
The CADR values of the air cleaners are also calculated for these size ranges and given for the 
corresponding range at the respective mean particle diameter, i.e. at D = 40 nm, 75 nm, 
150 nm, 300 nm and 600 nm.  
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2.4 Clean Air Delivery Rate (CADR)  
 
The Clean Air Delivery Rate (CADR) is used as a measure to quantify the cleaning effect of air 
purifiers (e.g. Nelson et al., 1993). It describes the flow rate of clean air that the air purifier deliv-
ers into the room. The CADR thus ideally corresponds to the product of the filtration efficiency 
𝐸𝐹 of the filter and the volumetric flow 𝑄  drawn through the device: 
 
 𝐶𝐴𝐷𝑅 𝐸𝐹 ∙ 𝑄                  (1) 
 
However, as the filtration efficiency is strongly dependent on the particle size, the CADR value 
must also be measured as a function of the particle size.  
 
Since the flow rate of an air cleaner (𝑄 ) is usually not so easily measurable, a different ap-
proach is taken here to determine the CADR value (Küpper et al., 2019). For the classroom, the 
decay rates 𝑘 of the particle concentration 𝑁 in the respective defined size class were deter-
mined. 
 
 𝑁 𝑡 𝑁 ∙ 𝑒 ∙  (2) 
 
Since the surfaces present in the room (walls, furniture) are also sinks for aerosol particles, 
measurements are taken with the air purifier switched off (𝑘 ) and with the air purifier 
switched on (𝑘 ) are carried out. 
 
With the help of the room volume (𝑉  the CADR value of the air purifier can be determined: 
 

               𝐶𝐴𝐷𝑅 𝐶𝐴𝐷𝑅 𝐶𝐴𝐷𝑅  
 𝑉 ∙ 𝑘 𝑉 ∙ 𝑘   (3) 
 
By analyzing the exponential decays of the size-dependent aerosol concentrations, it is thus 
possible to infer the CADR value of the air purifier. Care was taken to ensure that the particle 
concentrations were not too high in the experiments in order to avoid falsifications due to coagu-
lation. Coagulation effects can be identified in the measurement data by the fact that the decay 
curves are not exponential in nature.  
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2.5 Recommended air exchange rate ACH  
 
The air exchange rate ACH (air changes per hour) can be calculated from the CADR values us-
ing the room size: 

𝐴𝐶𝐻        (4) 

 
In view of the pandemic, it is recommended for school or university rooms to exchange the en-
tire room volume with clean air two to six times per hour (e.g. DIN 16798). According to Allen 
and Ibrahim (2021), ASHRAE, one of the authoritative standards organizations for ventilation 
rates, recommends an air exchange rate of at least 0.35 h-1. Schools should be designed for 
values about ten times higher (ACH > 3.5 h-1), but most schools do not achieve this value in 
practice. A target of 4 to 6 ACH values is specified in hospitals. These high ACH requirements 
show that high air exchange rates play a major role as a strategy for infection control. 
 
An alternative recommendation is based on the specification of the air volume of cleaned air 
which should be supplied per person. According to DIN 13779/12831, for example, a volume 
exchange of 36 to 54 m3 per hour and person is recommended for "medium room air quality".  
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3. Measurement results  
 

3.1 Measurements with NaCl particles  
 
We decided to use NaCl particles because they are characterized by being non-volatile, have a 
broader distribution and thus allow an assessment of the filtration performance for particles > 50 
nm. Figure 8 shows the time course of the concentrations in different size classes. In the experi-
ment shown, NaCl particles were released several times in the measuring room and various 
rough cleaners were operated sequentially. 

 
Figure 8: Time evolution of the number concentrations measured by the SMPS in differ-
ent size classes. The room was filled with NaCl particles 5 times. This is reflected in no-
ticeable increase in the measured particle concentrations. From 9:03 to 10:56 we meas-
ured the "natural" decay rate of the aerosol without the air purifier switched on. Another 
such "background measurement" takes place at the end, from 18:10 to 20:10. 
The room cleaner with the Pearl ventilator is switched on from 11:05 to 12:14 (level 3). 
The prototype with a stronger fan (CAT, level 1) is in operation from 14:30 to 15:50. 
 
It can be seen that the concentration curves follow an exponential decrease after filling the room 
- the concentration curves follow straight lines in the logarithmic figure. At 11:05 and at 14:30 
the two air cleaners were each started up individually (at 12:45 and 14:30 other air cleaners 
were assessed).  
The decreases in concentration at the beginning and at the end are due to the measurement of 
"natural" particle losses in the room. For the ultrafine particles (D < 100 nm), these are mainly 
depositions due to diffusion on all surfaces present in the room (walls, tables, etc.). The larger 
the particles, the greater the increase in sedimentation-induced deposition. It is also to be ex-
pected that preferentially larger particles are impacted on the propeller blades of the additionally 
operated fans.  
It is evident that after switching on the air purifier, the concentration curves decrease more 
quickly due to the additional cleaning effect. 
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In the following, the size-dependent decay curves were parameterized for selected periods ac-
cording to formula 2 and 3, the decay rates were determined and the CADR values were calcu-
lated. Figure 9 shows the exponential decay curves (black fine lines) fitted to the measured data 
for the four measurement phases, which allow the size-dependent decay rates 𝑘  and 
𝑘  to be calculated. In other words, the fine lines represent the model described in 2.4 
and were fitted to the measured data by a regression analysis to determine the 𝑘values. 
 

 

 
Figure 9: Selected concentration curves with fitted decay curves (fine black lines).  
Top: Measurements of the background at the beginning and end of the series of meas-
urements (in each case without the cleaner switched on),  
Below: the two cleaning phases with the air cleaners switched on 
Bottom left: Version with Pearl fan, bottom right: Version with Cat fan  
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With knowledge of the room volume (236 m3), the determined decay rates can be converted into 
CADR values according to Chapter 0 
 
Figure 10 shows for these NaCl experiments the directly measured values (𝐶𝐴𝐷𝑅 , 
𝐶𝐴𝐷𝑅 ) and the CADR values calculated for the two cleaning devices.  
The CADR values shown (at D = 40 nm, 75 nm, 150 nm, 300 nm and 600 nm) represent mean 
values representative for the particle size ranges 30-50 nm, 50-100 nm, 100-200 nm, 200-400 
nm and 400-800 nm. 

  
 
Figure 10: The CADR values determined as a function of particle size.  
The thin lines represent the two background measurements of the cleaning efficiency of 
the room (CADR 100-200 m3/h). The dashed lines are the directly measured CADR values 
when the air purifier is on. The bold lines show the net CADR values of the air cleaners 
where the cleaning effect of the room has been taken into account by subtraction.  
 
 
 
 
 

4. Summary assessment of the two air cleaners  
 
It can be stated that the following CADR values were measured for the two DIY air cleaners for 
particles with diameters between 30 and 800 nm: 
 
Version with 60W fan (Pearl NX6414) power level 3:  CADR = 380 m3/h  
 
Version with 120W Caterpillar fan (CAT HVD24AC)  power level 1:  CADR = 660 m3/h 
 
These CADR values can be classified as follows:  
If, for example, an air exchange rate of 4 air changes per hour (ACH = 4) is to be achieved in a 
room with the unit, which has a CADR of 660 m3/h, then the room size must not be larger than 
165 m3 for this cleaning performance. With a room height of 2.5 m, this corresponds to a room 
with a floor area of 66 m2. 
With the lower performance model (CADR = 380 m3/h), ACH = 4 results in a maximum room 
volume of 95 m3, or a room floor area of around 40 m2.  
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5. Use of the report  
 
This report must not be used as a substitute for certification of the products measured. How-
ever, it allows an assessment of the cleaning efficiency of the device. 
This document may be used or published to third parties to show an estimate of the measured 
properties.  
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