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Abstract

®

CrossMark

A portable and light-weight aerosol homogenizer has been designed and validated
experimentally. The design relies on large-scale primary standards for particle number and mass
concentration previously developed for metrology applications, but the dimensions have been
scaled down to produce a versatile and user-friendly apparatus for everyday applications in
aerosol sciences. The homogenizer is a 0.8 m long cylinder made of steel with an inner diameter
of 50 mm, equipped with three inlets for primary aerosols and up to four outlets for sampling
homogenized aerosol mixtures. Mixing is achieved by three turbulent air jets. The aerosol
spatial homogeneity in the sampling zone was within £1% and £4% for 2 and 5 pm
polystyrene (PS) particles, respectively. The possibility to supply and control independently
aerosol flows with pressure-sensitive generators and the short equilibration time (<1 min) have
also been demonstrated. The homogenizer allows for mixing various aerosol components, such
as soot, inorganic species and mineral dust particles, to generate ambient-like aerosols in the
laboratory or industrially manufactured particles such as PS spheres as model aerosols. We
believe that it could have applications in applied aerosol research, health-related studies, and

instrument calibration.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Airborne particulate pollutants contribute to climate change
and have been linked to adverse health effects (Loomis et al
2013, WHO 2013, Fuzzi et al 2015, Kim et al 2015). Expos-
ure to elevated levels of particulate matter (PM) can decrease
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life expectancy by up to 36 months, thus contributing to hun-
dred of thousands of premature deaths per year in Europe alone
(Fuzzi et al 2015). For EU member states, air quality monit-
oring is mandatory and comprises quantification of airborne
PM and some of its constituents (European Parliament 2008).
Similar regulations exist in the USA, Switzerland and many
other countries.

Ambient PM is a highly complex mixture, including com-
bustion particles, inorganic species, mineral dust, primary
and secondary organic matter, bioaerosols and other materi-
als (Harrison 2020). Moreover, the physicochemical proper-
ties of ambient aerosols vary considerably by location and
by time of day and season, depending on local emission
sources and climate conditions. Calibration/characterization

© 2022 The Author(s). Published by IOP Publishing Ltd
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of aerosol monitoring instruments is often performed outdoors
with lengthy and expensive field campaigns. However, since
the PM composition of ambient air is neither stable nor exactly
known, these experiments cannot be reproduced.

To reduce the labour time and costs required for instru-
ment calibration, controlled laboratory-based procedures have
been proposed in the past. For instance, calibration of PM
monitors, reporting aerosol mass concentration (p1g m~?) of
selected size fractions, can be performed starting with simple
model aerosols, e.g. with dust, salt particles or mixtures
thereof (Hoge et al 2004, Schwab et al 2004, Liu et al 2017,
Papapostolou et al 2017) or with more complex ambient-
like aerosols (Horender et al 2021a). For homogenizing aer-
osols, large-scale aerosol mixing chambers with a volume of
1.3 m? (Papapostolou et al 2017) and flow tube homogenizers
of 100-350 1 have been reported in the literature (Hoge et al
2004, Schwab et al 2004, Liu et al 2017, Horender et al 2021a,
2021b).

Similarly, for the calibration of optical particle size spectro-
meters (OPSSs), according to the ISO 21501-1 standard (ISO
21501-1 2009) the use of an aerosol mixing chamber (also
known as a distribution chamber) is recommended for mixing
polystyrene (PS) particles and delivering these in parallel to
the OPSS under test and the reference particle counter. Again,
large-scale flow tube homogenizers have been described in the
literature (Horender et al 2019), which are ideal for applica-
tions in metrology, but cannot be easily operated or replicated
by industry or other calibration laboratories.

For the calibration of bioaerosol instruments, different aer-
osol mixing chambers have been reported (see Pogner et al
2019 and references therein), but particle concentrations often
depend on the relative position within the box-shaped cham-
ber (Wong et al 2010), with overall variations of up to 37%
between the different positions (Konlechner et al 2013).

The goal of this study was to design a flow tube homo-
genizer that is portable and user friendly and still allows for
a high aerosol spatial homogeneity for particles in the lower
micrometre range. A portable flow tube homogenizer with a
total height of ~0.8 m and an inner tube diameter of 50 mm
(i.e. volume of ~8 1) was built and experimentally validated.
Despite the small dimensions, an aerosol spatial homogeneity
within 4% (coverage factor k = 2; 95% confidence level) in
number concentration at four different sampling ports can be
achieved for 5 um PS particles.

We believe that the portable homogenizer reported in this
study can be applied in the calibration of common aerosol
instruments, such as portable PM monitors, OPSS, and bioaer-
osol particle counters. Furthermore, it can serve as a useful tool
for basic research and health-related studies whenever mixing
of laboratory-generated model aerosols is required.

2. Results and discussion

2.1. Design of portable flow tube homogenizer

A computer-aided design (CAD, Inventor Professional 2019,
Autodesk, USA) of the portable aerosol flow tube homogen-
izer is shown in figure 1. The homogenizer is a custom-made

cylindrical stainless steel tube, oriented vertically, with an
inner diameter of 50 mm. As illustrated in figure 1(a), three
versions of the homogenizer were built, with a distance d
between the aerosol injection point and sampling probes of
75, 57 and 35 cm, respectively. The tube is equipped with
three identical inlets for the injection of primary aerosols,
which are placed at the very top, as shown in figures 2(b)
and (c) (marked in yellow). Since the distance between the
inlets is much larger than their inner pipe diameter, no con-
siderable agglomeration (internal mixing) of the injected aer-
osols is expected. Dilution air (filtered, humidity and temper-
ature controlled) is delivered through seven additional inlets
at a total flow rate of 2040 1 min~! (marked in green in
figure 1(b)). The dilution air sweeps the particles down the
tube, where they are further mixed by three turbulent air jets
(total flow rate of 10-20 1 min—"). The three air-jet injection
tubes are placed symmetrically around the homogenizer tube
(figure 2(c)). Note that the design of the aerosol and air-
jet inlets has been modified compared to previous studies
(Horender et al 2019, 2021a) to facilitate easier construction
and maintenance. The total flow rate of the homogenized aer-
osol is equal to 30-60 1 min~! plus the flows of the primary
aerosols. The temperature and relative humidity of dilution
and mixing air can be adjusted as described in (Horender et al
2021a). The setup can accommodate up to four sampling ports
at the bottom of the tube, right above the aerosol exhaust,
which will be presented in section 3.

2.2. Experimental validation of aerosol homogeneity

To characterize the aerosol spatial homogeneity in the flow
tube as a function of particle size, sodium chloride (NaCl)
and PS particles with a geometric mean mobility diameter
(GMDyp) of ~0.1 um and nominal geometric diameter
of 2-5 um, respectively, were generated using a nebulizer
(AKG2000, Palas Germany). When nebulizing PS suspen-
sions, residue particles were filtered out with an aerodynamic
aerosol classifier (AAC, Cambustion, UK).

Two parallel sampling lines were inserted into the flow
tube. The position of the first sampling line was kept fixed
at the centre (i = 0 mm), whereas the other one was placed
consecutively at a distance i = —17 mm, —9 mm, +9 mm
and 417 mm with respect to the centre. For each experimental
series, eight measurements were carried out, with four meas-
urements along each axis of the sampling cross section. The
outlet of each sampling line was connected to a calibrated
CPC (Model 5.412, Grimm GmbH, Germany and Model 3775,
TSI Inc., USA). During the data analysis, the particle num-
ber concentration measured at the sampling line located at the
centre was used as reference (Cy.r). Aerosol spatial homogen-
eity, Nnom, Was calculated as the arithmetic average of Ci/Crer,
with C; and Cs the number concentrations measured at the
radial positions 7 (—17 mm, —9 mm, 9 mm, 17 mm) and zero,
respectively.

In a first step, three series of experiments were carried out as
summarized in table 1. The parameters varied were the particle
diameter, the length of the homogenizer and the flow rates
of dilution and mixing air. The aerosol spatial homogeneity,
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Figure 1. (a) CAD of the aerosol flow tube homogenizer. The distance between the aerosol injection point and the sampling probe d is
57 cm, but configurations with distances of 75 and 35 cm were also tested (see text for more details). For simplicity, only one sampling
probe is shown. Panel (b) shows a top-view image of the setup. The three aerosol inlets are marked in yellow and the seven inlets for
dilution air are marked in green. Panel (c) shows an enlarged view of the upper part of the setup with the inlets for the primary aerosols,
dilution air and mixing air. All components are made of stainless steel. The flow tube homogenizer and the inlets for mixing air are

illustrated as transparent for visualization purposes only.

Thom, Was found to be 1 (or very close to 1) with the exception
of series 3, where nyom decreased to about 0.95, thus indicating
an elevated particle number concentration in the centre of the
homogenizer. The expanded relative uncertainty U, (cover-
age factor k = 2; 95% confidence level) of 7y listed in table 1

corresponds to the maximum absolute deviation of the ratio
Ci/Cref from 1.

At such small particle sizes (GMDpo, < 100 nm, series
1-3), the aerosol was found to be homogeneous within
<0.5%-1% in number concentration even when the distance d
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Figure 2. Sampling port bias for (a) 2 and 5 um PS particles, and (b) for 2 um PS particles with an additional air flow of 51 min~" through
a second inlet. Error bars designate calculated uncertainties (k = 2) due to the random particle distribution (i.e. calculated based on Poisson

statistics).
Table 1. Summary of aerosol spatial homogeneity measurements and experimental conditions.
Dilution-air-to-mixing- Dilution-air-to-mixing- Dilution-air-to-mixing-
air flow rate: 40/20 air flow rate: 20/10 air flow rate: 10/10
Distance d
between
Geometric aerosol
Aerosol mean mobility  injection and
Series  type diameter (pm) sampling (cm) Expanded relative uncertainty of Npom Urel (K = 2; 95% confidence level)
1 NaCl ~0.1 75 0.5% 1% 2%
2 NaCl ~0.1 57 0.5% 1% 1%
3 NaCl ~0.1 35 3% 4% 6%

between the aerosol injection and sampling point was reduced
from 75 to 57 cm. Reducing the dilution-air and mixing-
air flow rate down to 10 1 min—' did not significantly com-
promise the aerosol mixing properties. Conversely, when d
was reduced to 35 cm, Nhom dropped to about 0.95 and Ul
increased to 3% for a dilution-air-to-mixing-air flow rate of
40/20 and up to 6% for a dilution-air-to-mixing-air flow rate
of 10/10. It should be noted that even at the lowest flow rate,
10/10, the flow is turbulent since the flow structure in the main
pipe is a direct consequence of the flow in the inlets, which
is turbulent. The only effect of the local Reynolds number is
the relaminarization of the flow. However, this process is not
at all immediate: the flow needs to run a few diameters before
returning laminar even for pipe Reynolds numbers as low as
500 (we refer the reader to Giordano 2020, Horender et al 2019
for a detailed discussion on turbulence effects).

The measurements listed in table 1 indicate, as expected,
that the longer the tube length and higher the flow rates (Reyn-
olds number approximately 1800 for the 40/20 configuration),
the better the aerosol spatial homogenization at the sampling
location. Based on these measurements, we decided to fix the
distance d to 57 cm and the dilution-air-to-mixing-air flow rate
to 40/20.

In a second step, we equipped the setup with isokinetic
sampling probes (figure 1(b)). Due to the small inner diameter

(50 mm) of the portable homogenizer, only a maximum of
four isokinetic sampling probes for instruments with an aer-
osol flow of <3 1 min~' can be accommodated, as shown in
figure 1(c). The inner diameter of each sampling cone was
10 mm, the outer diameter 12 mm and the distance between
the cones 2 mm (figure 1(d)). Even though the setup is sym-
metric, the ports were numbered 14 for quality assurance.
To experimentally test and characterize the sampling bias
between the four probes, the concentration of the aerosol
extracted through these ports was compared pairwise using
two particle counters. One particle counter was connected to
port number 1, while the second counter was successively con-
nected to port numbers 2, 3 and 4. Experiments with two dif-
ferent particle sizes were performed, as described below.

(a) The 2 um PS particles were dispersed with a glass
nebulizer (Type K1, Meinhard, USA), size-selected by an
Aerodynamic Aerosol Classifier (AAC, Cambustion Ltd,
UK) and measured with a Grimm 11-D (GRIMM GmbH,
Germany; sampling flow 1.2 1 min~!) and an AeroTrak
(TSI Inc., USA; sampling flow 2.7 1 min~!). The aerosol
number concentration was ~3.5 cm~3 and each measure-
ment lasted 4 min. To investigate whether simultaneous
injection of air through another aerosol port would have
an effect on the particle homogeneity, the experiment was



Meas. Sci. Technol. 33 (2022) 114006

S Horender et al

Blower

| [\
© F—

a) Particle-free Wik
air —>

Particle-free

air —)&*_

Flow
splitter

Sampling
probe

Nebulizer

[

]
|

Mixing
volume

Exhaust Kesdls

valve

Particle-free air

Figure 3. (a) Schematic illustration of the setup used to demonstrate that the aerosol mixing process is independent from the pressure in the
flow tube. (b) Picture of the flow tube homogenizer; (c) and (d) close-up view of the four isokinetic sampling ports used for the experiments

described in sections 2.2-2.4.

repeated with 51 min~! particle-free air supplied through
a second inlet.

(b) The 5 um PS particles were dispersed with the Meinhard
nebulizer and measured without size selection with two
Grimm 11-D OPSS. The aerosol number concentration
was ~1.1 cm~3 and each measurement lasted 2 min.

Through each of the two unused ports, 1.2 1 min~! were
extracted with a pump so that the setup is symmetric. The res-
ults are presented in figure 3. It can be seen that for PS particles
with geometric diameter dps;, = 2 pm, the measured port bias

in number concentration is within +1% (red diamonds), while
for the 5 um PS particles, it lies within +4% (blue spheres).
Moreover, the simultaneous air supply of 5 1 min~! through
a second aerosol inlet had hardly any effect on the aerosol
homogeneity (green triangles). With 7,0, =~ 1 and an expan-
ded relative uncertainty U, of <4%, the portable homogen-
izer performs almost as well as the larger flow tube homo-
genizers presented in previous studies (Horender et al 2019,
2021a). Table 2 provides a comparison of different flow tube
homogenizers in terms of dimensions, flow profile and aerosol
mixing characteristics.
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Table 2. Comparison of different flow tube homogenizers in terms of dimensions, flow profile and aerosol mixing characteristics for
particles with geometric diameters in the lower micrometre range (up to about 5 um). Uy designates the maximum deviation of the

measured aerosol homogeneity from the value 1.

Inner Total dilution Flow profile at Particle
Aerosol diameter and mixing air the sampling Reynolds velocity Urel (95%
homogenizer Total length (m) (mm) flow (I min™") region number (ms™hH confidence level)
(Horender etal 4 164 180 Turbulent 1800 ~0.2 1.1%
2019)
PALMA 2.1 164 180 Turbulent 1800 ~0.2 2.6%
(Horender et al
2021a)
This study ~0.8 50 60 Turbulent 1800 ~0.6* 1%

(dpsL < 2 um);
4% (dpst, = 5 pm)

2 For total aerosol flow rate up to about 10 I min—!.

Table 3. Results of the experiment demonstrating the pressure independence of the aerosol supply.

Deviation between

Normalized Calculated NaCl particle Measured NaCl particle measured and
Additional Total flow* dilution number concentration number concentration calculated
flow (I min™ ") (Imin~ " factor (cm™) (cm™) concentration (%)
0 60 1 10 400 10 400 —
6 66 1.1 9455 9600 1.5
12 72 1.2 8667 8700 04

2 The flow of NaCl aerosol (0.26 1 min~!) is negligible.

The setup presented in figures 1 and 3(b) is suitable for the
majority of portable PM monitors and OPSS, which indeed
have a sample flow rate below 3 1 min—! (Vasilatou et al 2021).
This is also the case for certain bioaerosol monitors, such
as the Rapid-E (when operated without a concentrator; Plair,
Switzerland) and the WIBS-NEO (DMT, USA) (§auliene etal
2019, Lieberherr et al 2021). However, for optical particle
counters with a sampling flow of 28.3 1 min—! and bioaero-
sol monitors equipped with a concentrator, such as the Poleno
(Swisens, Switzerland) and Biotrak (TSI Inc., USA), which
run at much higher flow rates (40 and 28.3 1 min~' respect-
ively), only one isokinetic sampling probe will fit into the port-
able homogenizer (Sauvageat et al 2020).

2.3. Demonstration of (pressure) independence of aerosol
injection

Apart from the small dimensions, the flow tube homogen-
izer has the advantage that the pressure inside the tube is
nearly independent from the aerosol flow rate delivered at
each of the three aerosol inlets. In other words, the flow
of each aerosol injected into the flow tube can be varied
independently without affecting the aerosol mixing charac-
teristics. Validation was performed with the setup shown in
figure 1(a). Sodium chloride (NaCl) particles were nebulized
with an AGK Generator (Palas, Germany) and were diluted
with pressurized particle-free air in a small mixing volume. A
blower (model HO15X-525A9 with controller, Micronel AG,

Switzerland) transferred a small amount of this aerosol into the
tube homogenizer through a 2.5 m long flexible Tygon® silic-
one tube (6 mm inner diameter) at a flow rate of 0.26 1 min~—!
(measured with a Gilibrator-2, Sensidyne, USA). Note that
when the pipe was extended to 5.5 m, the flow rate dropped to
0.131min~!, showing that the delivered flow rate of the blower
is very sensitive to back pressure. The homogenizer was oper-
ated at the standard 40/20 1 min~! flow rates as described
earlier. Additional particle-free pressurized air was supplied at
0,6 and 12 1 min~"' to the homogenizer through a second aero-
sol inlet and the aerosol number concentration was monitored
with a condensation particle counter (model 5.403, Grimm,
Germany) connected to a (single) sampling probe, as shown in
figure 1(a). The measured aerosol concentrations are presented
in table 3.

The percent deviation between the measured NaCl particle
number concentration and the calculated one (based on the
dilution relative to 0 1 min~! additional flow) is very small,
around 1%, although an additional flow larger than the NaCl
aerosol flow by at least 1 order of magnitude was delivered to
the homogenizer through a separate aerosol inlet. This indic-
ates that the NaCl aerosol flow delivered by the blower is
not influenced by any additional aerosol flow injected into the
homogenizer, even though the operation of blowers, is known
to be very sensitive to changes in back-pressure. It can be con-
cluded that this tube homogenizer allows for the control and
mixing of several aerosol flows in a simple manner, without
any interference between the different aerosol inlet ports.
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Figure 4. Equilibration time of PS particles with nominal diameter of 900 nm.

2.4. Equilibration time of aerosol mixing

Performing experiments with different aerosol mixtures and
concentrations can be very time-consuming with fan-stirred
chambers since the whole volume of, typically, several hun-
dred litres has to be exchanged by the aerosol inflows, which
are usually only at rates of up to several tens of litres per
minute. For the current design, the concentration and mixture
of an aerosol can be adjusted very quickly and it takes only a
few seconds to equilibrate. An example is shown in figure 4.
The particle concentration was measured with a CPC at one of
the sampling ports, and the aerosol (PS particles with nom-
inal diameter of 900 nm) was switched on at around 27 s.
It can be seen that the measured aerosol concentration equi-
librates after approximately 10 s. However, the drawback of
the current design is that it cannot achieve very high aerosol
concentrations.

3. Summary and conclusions

A portable aerosol homogenizer has been designed and val-
idated experimentally. The homogenizer is a 0.8 m long cyl-
indrical tube made of steel with an inner diameter of 50 mm.
It is equipped with three inlets for primary aerosols, which
allow nearly independent flow injection, and up to four out-
lets for sampling the homogenized aerosol mixture. The total
flow rate is about 60 1 min~! and the aerosol spatial homo-
geneity in the sampling zone was found to be within 4% in
particle number concentration for 5 um sized PS particles.
For homogenizing aerosols in the sub-micrometre range, the
total length of the tube can be further reduced to 0.6 m.
Moreover, the possibility to independently supply and con-
trol aerosol flows from pressure-sensitive generators and the
short (<1 min) equilibration time have been demonstrated. The

homogenizer is portable, can easily be standardized and rep-
licated, and can even fit into a laboratory fume hood when
working with toxic gases and aerosols. We believe that it offers
a useful alternative to large-scale mixing chambers whenever
maximum ease of use and low operation costs are required,
e.g. for instrument calibration against a reference standard
by the manufacturer or other accredited laboratories. Further-
more, it can serve as a useful tool for basic research and
health-related studies and, in general, for any study requiring
laboratory-generated model aerosols in the micrometre size
range.
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