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Red Espanola de DMAs Ambientales (REDMAAS), the
Spanish network of environmental differential mobility
analyzers (DMAs), currently comprises six research groups
involved in the measurement of atmospheric aerosol size
distributions by means of DMAs. The aim of this network is to
guarantee the good quality and comparability of the routine
measurements carried out at each location and in diverse
environments across Spain. In order to achieve this objective,
one of its main activities is the annual intercomparison of
mobility size spectrometers used within the network (five units
of scanning mobility particle sizers [SMPS] and one ultrafine
particle monitor [UFPM]). Here we report the 2main results
obtained during the 2010-2012 campaigns, including a study on
particle deposition in dryers used in ambient air sampling
systems. In general, all instruments showed good performance
with deviations in accepted tolerance. The intercomparisons
have been proved to be a useful exercise to detect instrument
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problems, such as incorrect calibrations. DMA calibration
checks were performed with polystyrene latex reference
particles. Deviations of less than 1% were observed during the
first year, which increased 4.7% during the last campaign. Some
differences among the responses of different condensation
particle counter (CPC) models were encountered, being mainly
connected to the intrinsic characteristics of each counter. The
comparison of UFPM with CPCs has given good results. The
SMPS intercomparisons, especially for particles above 20 nm,
have been within +/—15% tolerance. Regarding particle
deposition in dryers used in sampling systems, particle
penetration was lower than predicted by the recommended
model. This result was probably due to the fact that not all the
possible mechanisms were considered in the model.

1. INTRODUCTION

The particle size distribution of atmospheric aerosol is an
important property as it determines aerosol behavior, transport,
and fate, and includes information about its origin and history.
Particle size is a key factor in aerosol dynamics and deter-
mines their effects on the climate and human health. Besides
aerosol composition, the radiation—matter interaction pro-
cesses known as scattering and absorption also depend on
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particle size. Some climate models (IPCC 2013) indicate that
aerosols are delaying the expected global warming caused by
greenhouse gases. Sulfate and organic particles have a particu-
lar influence on this delay, and both are mainly found in the
ultrafine range. Moreover, studies on aerosol health effects
need to consider the particle size distribution to obtain the
fraction that can be deposited in the different parts of the lungs
and the overall respiratory system as well as the fraction that
is able to penetrate into the bloodstream. Several studies have
shown that the toxicity of particles per mass unit increases as
the particle size decreases (Oberdorster 2000; Lingard et al.
2005; Oberdorster et al. 2005).

Since the 1990s, measurements of atmospheric particle size
distributions have been performed at a great variety of sites.
Kulmala et al. (2004) have completed an extensive review
specifically on nucleation process measurements, and Asmi
et al. (2011) have compiled two years of measurements at
multiple sites in Europe.

These measurements have in common that they were done
by using a combination of an aerosol neutralizer, a differential
mobility analyzer (DMA), and a condensation particle counter
(CPC). The names of the corresponding instruments differ by
how the voltage varied in DMA: they are known as differential
mobility particle sizer (DMPS) for a stepwise measurement,
and scanning mobility particle sizer (SMPS) for a continuous
one. In front of a DMA inlet, a dryer is used to assure a relative
humidity of below 40%, which is the recommended value to
minimize diameter changes due to hygroscopic growth.

Mobility particle size spectrometers are complex instru-
ments that require good measurement protocols to ensure good
data quality. This need, in combination with an increase in the
number of instruments deployed around the world, has pro-
duced the formation of several measurement networks. The
European reference network is called Aerosols, Clouds, and
Trace gases Research InfraStructure Network (ACTRIS),
which had its origin in the EU-funded European Supersites for
Atmospheric Aerosol Research (EUSAAR) project. ACTRIS
joins more than 20 ground-based atmospheric observational
sites in Europe and has been able to prepare proper protocols
to reach and enhance the quality of long-term aerosol size dis-
tribution measurements (Wiedensohler et al. 2012). In parallel
to this European infrastructure, several national networks have
also been developed. In Germany, the German Ultrafine Aero-
sol Network (GUAN), an atmospheric observation network
designed for long-term observations, has been operational
since the end of 2008 (Birmili et al. 2009). In Spain, the Span-
ish network of environmental DMAs (REDMAAS) was estab-
lished in 2010 (Gémez-Moreno et al. 2010). These networks
undertake a number of activities, including recommendations
for instrument configuration, their calibration, and intercom-
parison workshops, in order to make all instruments belonging
to the network, and their measurement results are comparable.

Results concerning intercomparisons of mobility particle
size spectrometers have been published previously in peer-

reviewed literature (Dahmann et al. 2001; Khlystov et al.
2001; Helsper et al. 2006; Imhof et al. 2006; Wiedensohler
et al. 2012). The instruments showed a very similar shape of
size spectra, with discrepancies for the particle number con-
centrations in the 20 to 200-nm range below 12%, and larger
out of this range, reaching up to 30% at diameters of less than
50 nm. All these intercomparisons were individual campaigns,
and were not repeated over several years, so there are no data
on how the performance of an SMPS spectrometer can change
with aging, even if routine maintenance and calibrations are
properly conducted.

Another instrument able to measure size distributions in
this range is the Ultrafine Particle Monitor (UFPM, TSI model
3031). This instrument is utilizing a DMA, a corona-dis-
charge-based unipolar diffusion charger upstream the DMA
and an aerosol electrometer used as detector. To the best of
our knowledge, the only previous comparison with the tradi-
tional SMPS was performed by Hillemann et al. (2014), with
number concentrations measured by UFPM typically within a
range of +/—20% of SMPS values.

In Spain there are six research groups measuring atmo-
spheric particle size distributions at six different sites. These
are located in the provinces of La Coruna (UDC), Barcelona
(IDAEA-CSIC), Madrid (CIEMAT), Huelva (El Arenosillo-
INTA), Granada (UGR), and Santa Cruz de Tenerife in the
Canary Islands IARC-AEMET). These sites correspond with
different types of locations: suburban—rural, urban back-
ground, and rural background. These groups form and
participate in the REDMAAS network, where an annual inter-
comparison campaign has been carried out during the period
2010-2012. We show here: (a) the main results obtained dur-
ing the campaigns, (b) the evolution of the calibrations over
the years for CPC and SMPS, (c) an experimental study on
particle losses in dryers, and (d) a comparison of UFPM with
other instruments.

2. INSTRUMENTATION

Mobility particle size spectrometers typically comprise a
bipolar diffusion charger (also called aerosol neutralizer), a
DMA, and a detector, which typically is a CPC, although one
or several aerosol electrometers can also be used. The neutral-
izer objective is to establish an equilibrium electrical charge
on the particles before they enter the DMA, which classifies
particles according to their electrical mobility. This property is
proportional to the particle size for a known particle charge.

The core of all mobility particle size spectrometers is DMA
(Knutson and Whitby 1975; Flagan 1998), cylindrical geome-
tries being the most common case. When the aerosol is intro-
duced into DMA, the particles are exposed to a radial electric
field and an axial flow field. The voltage applied to the inner
cylinder is usually the spectral variable. The particle number
concentration of the extracted mono-disperse flow can be
measured by a CPC (Agarwal and Sem 1980). Particles below
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300 nm cannot be detected by optical methods, so it is neces-
sary to increase their size in order to count them. This can be
achieved by the condensation of a working fluid, usually buta-
nol or water (Hering and Stolzenburg 2005).

In most atmospheric measurements, the mobility particle
size spectrometer has a dryer and an impactor upstream of a
DMA. The use of an impactor is strongly recommended to
remove the particles larger than a certain size, with no interest
for the monitoring purpose, but an extremely negative effect
on the long-term performance of the system, leading to
increased soiling inside the DMA and the CPC optics. The
pre-impactor also removes large particles that could disturb
neutralizing process and distort size distribution. The objective
of the dryer is to measure the particles at a relative humidity
below 40% to avoid hygroscopic growth, but it also means
that there will be some particle losses. Wiedensohler et al.
(2012) recommended considering a 12” Nafion® dryer (Perma
Pure LLC, Toms River, NJ, USA) as a pipe with a length of
1.25 m and a 24” dryer as a pipe with a length of 2.5 m to cal-
culate diffusional particle losses inside these devices. This rec-
ommendation was based on a previous work done at the
University of Minnesota, published as a technical report (Dick
et al. 1995).

The UFPM is an instrument that is also based on a DMA,
but in this case there is a unipolar diffusion charger upstream
of the DMA, and an aerosol electrometer is used as a detector
(Peters et al. 2013; Hillemann et al. 2014). This instrument
was designed to be installed in routine air quality monitoring
stations, avoiding the use of radioactive sources and butanol
as the working fluid as both could be operational constraints
for a monitoring station. In the UFPM, the aerosol sample
passes through a charger, where all particles are positively
charged by diffusion charging mechanism. Later these
charged particles are introduced and classified in a DMA
according to their electrical mobility and measured by a Fara-
day cup aerosol electrometer. An important parameter is the
kernel matrix, which relates the classifying DMA voltage to
the particle size. This inversion matrix includes the charge
distribution, the transfer function as well as the penetration of
DMA and charger. Particle charging depends on particle
composition, so different kernel matrices are available, i.e.,
for ammonium sulfate or atmospheric aerosol. The UFPM
has five size channels of 20-30, 30-50, 50-70, 70—100, and
>200 nm.

3. METHODOLOGY

Once a year, over three consecutive years, different institu-
tions forming the REDMAAS network participated in inter-
comparison campaigns. A summary of CPC, neutralizer/
charger, UFPM, and SMPS models used can be found in
Table 1. Complete numbers of participating groups were
achieved in 2012, when all the instruments belonging to the
network could participate. In all the campaigns, a CPC

intercomparison preceded the SMPS intercomparison, includ-
ing not only the CPCs used within the SMPS systems but also
other CPCs belonging to the participating institutions.

In order to assure quality and accuracy of the instrument
data, routine maintenance was performed at the beginning of
each campaign, ensuring all instruments were in working
order. This included filter changes, tubing and pre-impactor
cleaning, and additional procedures laid out in the correspond-
ing instrument manuals published by the manufacturer (TSI
Inc., St. Paul, MN, USA).

For SMPS and UFPM systems, it is very important to work
with appropriate flows to achieve an accurate aerosol classifi-
cation by size. Therefore, it is necessary to periodically verify
and, if necessary, calibrate the flows to ensure they are correct.
For this task, it is common to use a volumetric flow meter. In
these campaigns a Gilibrator-2 (Sensidyne LP, St. Petersburg,
FL, USA), which was just calibrated, was used as a primary
reference for the calibration of airflows. The difference in the
inlet flow rates found among different CPCs was less than 6%,
and among DMAs, the sheath flow rate difference was less
than 2%, which is well within specifications.

Zero checks were performed for the CPC, UFPM, and
SMPS systems. One of the lessons learnt during the campaigns
was that the zero checks for SMPS should be done with the fil-
ter installed in the atmospheric air sampling line, rather than
disconnecting the SMPS from the sampling line and installing
the filter in front of the instrument inlet and sampling indoor
air from the laboratory. The reason for this is that the sampling
line produces a certain pressure drop, which can produce a
leak in SMPS, which could not be observed when sampling
laboratory air.

All intercomparison campaigns have been performed at
INTA’s “El Arenosillo” facility (Sorribas et al. 2011). It is
located in the province of Huelva in southwestern Spain on
the coast of the Atlantic Ocean and close to the Mediterra-
nean Sea, not far from the North African coast. It is situated
in Donana National Park, which is a protected rural environ-
ment covering an extensive area with a homogeneous Medi-
terranean pine forest, and a coastal area to the southwest
where the Atlantic Ocean is less than 1 km away. The closest
populated place is the city of Huelva (160,000 inhabitants),
35 km to the northwest. This measurement location allows
the measurement of different kinds of aerosols with distinct
particle size distributions, i.e., emissions from industrial
areas around Huelva could contribute much smaller particle
sizes during northwesterly winds (Pey et al. 2008; Sorribas
et al. 2011).

A small facility was used for the intercomparison of instru-
ments, where ambient aerosol was sampled through an exter-
nal sampling line. All the instruments were connected to this
line using tubes with identical length, or when this was not
possible, corrections were made to take into account differen-
ces in length. A common dry air supply was used for the
Nafion dryers used in front of SMPS inlets.
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TABLE 1
Summary of the instrumentation used during intercomparisons. All instruments were manufactured by TSI Inc. (St. Paul,
MN, USA)

Model Nominal size detection limit (nm)  Nominal flow rate (Lpm) Liquid Years Reference
CPC 3772 10 1.035 Butanol 2011, 2012 TSI-CPC-1
CPC 3775 4 0.3 Butanol 2010, 2011,2012  TSI-CPC-2A
CPC 3025A 3 0.3 Butanol 2010,2011,2012  TSI-CPC-2B
CPC 3022A 7 0.3 Butanol 2011 TSI-CPC-2C
WCPC 3785 5 1 Water 2010,2011,2012  TSI-CPC-3
CPC 3010 10 1 Butanol 2010, 2012 TSI-CPC-4
UCPC 3776 25 0.3 Butanol 2010, 2012 TSI-CPC-5A
UCPC 3776 2.5 0.3 Butanol 2011, 2012 TSI-CPC-5B
UFPM 3031 20 5 No liquid 2011, 2012 TSI-UFPM
Classifier and CPC Neutralizers/charger Years Reference
TSI-3080L+CPC 3772 (DMA1+CPC-1) Kr-85 (2mCi) 2011, 2012 TSI-SMPS-1
TSI-3080L+CPC 3775 (DMA2+CPC-2A)  Kr-85 (2mCi) 2010,2011,2012 TSI-SMPS-2
TSI-3080L+CPC 3785 (DMA3+CPC-3) Kr-85 (2mCi) 2010,2011,2012 TSI-SMPS-3
TSI-3080L+CPC 3010 (DMA4+CPC-4) Kr-85 (10mCi) 2010, 2012 TSI-SMPS-4
TSI-3080L+CPC3776 (DMAS+CPC-5A)  Kr-85 (2mCi) 2010, 2011,2012  TSI-SMPS-5
UFPM 3031 Unipolar diffusion charger with corona needle 2011, 2012 TSI-UFPM

4. RESULTS AND DISCUSSION

4.1. DMA Calibration Checks

During all three intercomparison campaigns, DMA calibra-
tions were checked. For this objective, a primary particle size
standard was used: polystyrene latex (PSL) spheres of 0.08
and 0.20 um with a coefficient of variation of up to 18% and
5%, respectively. These PSL particles were aerosolized using

i 1,1 2 S
180 -
160 -

140 4

Dp (nm)

120
100

80 ] ] = = (B

a Collison nebulizer (May 1973), followed by a Nafion dryer
to remove excess humidity.
The main results found in these campaigns are depicted in

Figure 1. Not all of the instruments were available during all
three campaigns. There were four SMPS systems during the
2010 intercomparison, four SMPS systems and one UFPM in
the 2011 campaign, and five SMPS systems and one UFPM in

the 2012 campaign.

® 0190 +/- 5%

- ®80+/-5%

L L L L A L
DMA-1 DMA-2 DMA-3 DMA-4 DMA-5|DMA-1 DMA-2 DMA-3 DMA-4 DMA-5

2011

2010

2012

T T 1
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FIG. 1. Evolution of DMA calibration checks with PSL particles during the three campaigns. Every point varied between 6 and 10 scans, which were later
averaged. An error band of +/—5% is shown as limits. See Table 1 to identify every DMA.
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During the 2010 campaign, all SMPS instruments showed
accurate sizing for 80-nm particles, with minor deviations of
less than 1%. In all the measurements, a broad peak below
50-60 nm corresponding to water residue was observed. This
peak did not affect the latex measurements. However, in the
case of 200-nm particles, all of these were reported as 190 nm,
with very small deviations (<0.5%). The 190-nm peak
appeared symmetrical and clearly separated with no overlap-
ping elements such as particles with multiple charges and
aggregates that could have made difficult the peak identifica-
tion. Taking into account this, all four instruments measured
80-nm particles accurately, and since the deviation in the size
measurements was very small with a difference between the
measured size and the expected value being 5%, it was consid-
ered that the real particle size was indeed 190 nm instead of the
nominal 200 nm. This is why we will discuss the deviations
from this value instead of the nominal value of 200 nm, as dur-
ing the campaigns the same batch of PSL was always used.

Figure 1 shows the good overall quality of calibration
checks in all the campaigns, with measurements having a devi-
ation of less than 5% with one exception. The instrument iden-
tified as TSI-DMA-3 had deviations higher than 5% for both
80- and 190-nm reference particles in the 2011 campaign, and
for 190-nm reference particles in the 2012 campaign. An inter-
esting finding is the evolution of calibration validations over
the three years. During the first year, the calibration check
results for all the instruments were very good, with deviations
smaller than 1%. During the second year, the calibration check
results were good, but deviations reached a value of 2.8% (not
taking into account TSI-DMA-3). In the third year, the behav-
ior was similar, but worsening a little as the deviation reached
4.7%. These results are similar to those published in previous
works. Imhof et al. (2006) used mono-disperse particles with
diameters of 20, 40, 80, 150, and 300 nm to check DMAs. The
differences found were around +5%, with the lowest standard
deviations in the size range of below 100 nm. Wiedensohler
et al. (2012) found that all mobility particle size spectrometers
that they investigated were within an uncertainty range of
3.5%.

From these results, we suggest that the instruments experi-
enced a small deterioration in their accuracy over time, which
is not directly related to lack of maintenance. In fact, all instru-
ments were regularly maintained through cleaning, exchang-
ing the filters, and checking the flow rates. The high voltage
supply was not tested, as it was not included in the routine
maintenance. Therefore, the increase in data scattering, which
was always within the 4+/—5% tolerance band, could be due to
small deviations in voltage. In other networks, such as ACT-
RIS (Wiedensohler et al. 2012), it is recommended to periodi-
cally check the high voltage and include the function obtained
in the control software. This is not currently possible with the
manufacturer’s Aerosol Instrument Manager (AIM) software
(TSI, model AIM3936), although it is possible to obtain the
same results by manipulating the hardware through adjusting

some potentiometers. This possibility is not documented in the
manufacturer’s instrument manual for this generation of
SMPS systems, which implies that most SMPS users do not
perform this verification. It should be pointed out that the new
generation of SMPS instruments from the same manufacturer
(TSI, model 3938 SMPS) comes with a fully ISO 15900:2009
compliant calibration, including a corresponding documenta-
tion in the instruction manual (TSI Incorporated 2014).

It is interesting to see that in spite of slight deterioration
observed in the accuracy, the order in the PSL measurements
was kept constant over time, at least for 190-nm particles. The
instruments designated as TSI-DMA-4 and TSI-DMA-5
always measured the lowest values, and TSI-DMA-3 measured
the highest. This fact was also confirmed in the 2014 cam-
paign, which is not included in this article. These findings may
be explained by slight differences in the DMA controller
platforms.

For UFPM, it was more difficult to see PSL peak because
this instrument has a lower size resolution by design. In order
to meet the requirements of air quality monitoring networks,
the UFPM has only five size channels, so it was expected to
see the highest concentration in the channel corresponding to
the latex particles size. However, during the SMPS calibra-
tion checks, a large quantity of residue particles from the
water used in the collision nebulizer and peaks corresponding
to multiple charges and aggregates were observed, as
described previously. They did not disturb the high-resolution
SMPS measurements, and did not allow identifying a
clear peak in the UFPM data due to its lower size resolution.
According to the results shown in Figure S2 (found in
the SI), the choice of kernel matrix might also influence the
results.

4.2. CPC Intercomparison

During different campaigns, several models of condensa-
tion particle counters have been used. A summary can be
found in Table 1, which shows the lower size detection limit
and the flow rates for each model according to the man-
ufacturer’s specifications. Some of the CPC models used
offer a photometric mode when particle concentrations
exceed a certain threshold. Other CPCs internally split the
inlet flow to have a smaller detected aerosol flow and an
improved lower size detection limit. All the counters
included in the campaigns use butanol as a condensation lig-
uid, except for the TSI-CPC model 3785, which uses distilled
water. The variety of characteristics of these instruments
makes it complex to compare the results obtained, i.e. differ-
ent inlet flow rates can result in differences in particle depo-
sition in sampling line due to diffusion losses of the smallest
particles. If not taken into account, the particle concentration
measured would be lower.

As no reference CPC was available during the campaigns
(see Wiedensohler et al. 2012 for a discussion on reference
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instruments), we averaged the measurements of all the instru-
ments to obtain a “reference value.” It is supposed that all the
instruments can measure properly, so if one of them is far
from the average value, out of the +/—10% limit value given
by the manufacturer, it is not working well. A broad dispersion
in the CPC data would indicate that most of the instruments
are not working properly. In that case, this “reference value”
would not be valid.

Although the CPC intercomparisons were performed in
all the three campaigns, here we are going to discuss the
2011 campaign, as it is the event with the counters and the
UFPM measuring simultaneously. The results from two
other campaigns can be found in the online supplemental
information (SI).

During the 2011 intercomparison campaign, ambient air
was sampled for 19.5 h (as usual in other intercomparisons
and worldwide intercomparisons), and the results are shown
in Figure 2. The results show that the CPCs were able to
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FIG. 2. CPC intercomparison during the 2011 campaign: (a) particle concen-
tration measurements, (b) difference between each counter and the mean value
during the measurements. The weird variability observed after 5:15 was caused
by fast changes in the wind direction, being all CPCs able to follow the
changes in particle concentrations.

follow the changes in the particle number concentration
independent of the aerosol origin or their technical charac-
teristics. TSI-CPC-2C, a CPC model 3022A, measured
around 10% less than the average of all the counters,
although there were periods with larger differences of up to
40%. These periods coincided with particle concentrations
of above 1 x 10* cm™ when the CPC 3022A changes from
single count mode to photometric mode. The measurements
showed that this last mode was out of calibration, and hence
manufacturer’s recalibration was required. For other instru-
ments, the maximum deviation was +5.0% and —5.6% for
TSI-CPC-1 (3772) and TSI-CPC-5 (3776), respectively,
while the others presented a deviation lower than 1.1%,
including the TSI-CPC-3 (WCPC model 3785) that mea-
sured the highest concentrations during the previous inter-
comparison campaign. The values for these measurement
differences were all well in the range of those specified by
the manufacturer, suggesting that the potential influence of
different cut-off diameters in our measurements was
insignificant.

The TSI-UFPM (model 3031) was included in the 2011
intercomparison and its measurements can be found in
Figure 2a. The kernel matrix used was the one obtained by
Hillemann et al. (2014) for ammonium sulfate. The instru-
ment followed the general trend, although most of the time
the concentration measured was slightly lower than the
CPCs, which is expected for an instrument that uses an aero-
sol electrometer as its detector. The average differences var-
ied between —1.5%, compared with TSI-CPC-5, and —10%,
compared with TSI-CPC-1. The larger differences could be
explained by different size detection limit, which is 20 nm
for UFPM, while CPCs can reach smaller sizes. It might be
that the combination of used kernel matrix and higher detec-
tion limit (20 nm) caused the discrepancies, which were not
further studied in detail. It is worth to mention that the scan-
ning UFPM with electrometer — not the standalone electrom-
eter — was compared with standalone CPCs. A standalone
CPC is typically the most precise way to measure total parti-
cle number counts.

It is remarkable that over the years, during the different
campaigns performed, every CPC has maintained a similar
behavior compared with others. The TSI-CPC-1 (3772), TSI-
CPC-2A (3775), and TSI-CPC-3 (3785) have measured the
highest concentrations, while the TSI-CPC-5 (3776) and TSI-
CPC-4 (3010) have measured the lowest ones. Different instru-
ment technologies used can be the reason for the different
behaviors of these CPCs. The CPC 3776 and 3025A internally
split the sensor flow and only use a small fraction (0.05 and
0.03 Lpm, respectively), so a small variation in this flow rate
can produce variations in particle number concentration. It can
be said that these different instrument technologies do not
affect the stability of CPCs over long periods, and for the
majority of the measurements the CPCs were within their mea-
surement tolerances.
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4.3. SMPS Intercomparison

As in the CPC intercomparison, we have selected here the
most complete case, the 2012 campaign. The results for the
other two campaigns can be found in the SI.

During the 2012 intercomparison campaign, all instru-
ments were operated with identical sample and sheath flow
rates and 1:10 ratios, so the internal diffusional and tubing
losses were comparable for all of these. In addition, a number
of measurements were taken without dryers to avoid introduc-
ing differences due to particle deposition. An example of this
last case is shown in Figure 3, where the differences observed
previously in the CPC intercomparison were taken into
account. For the accumulation mode, practically all instru-
ments compared well within the 4+/—15% tolerance band.
This was different for nucleation mode, where the data scat-
tering was so high that most of the measurements were out-
side this range. Similar results were found when dryers were
used in front of SMPS. Wiedensohler et al. (2012) found sim-
ilar results for seven size spectrometers: above 20 nm all
instruments compared within 4+/—10%, but for smaller sizes
the discrepancies increased substantially. The main reason for
these differences is the particle diffusion losses inside the
instruments, which can be different from instrument to instru-
ment when standard long DMAs are used for the sub-20-nm
size range. Although it is possible to correct diffusion losses,
these corrections are not able to fully overcome discrepancies.
The best solution is to use a nano-DMA when attention must
be focused on the nucleation mode. On the other hand, losses
in the dryer can also become important as discussed below.

For a complete SMPS system, we found no clear tendency
over the years when comparing different instrument behaviors
during different campaigns.

The TSI-UFPM was also compared with SMPS systems.
The comparison with TSI-SMPS-5 during the 2011 campaign
can be found in the SI. For most of the time, the shapes of the
size distribution were similar in both instruments, showing the
maximum at the same diameter.

] ——TSI-SMPS-1
12000 4 —— TSI-SMPS-2
- TSI-SMPS-3
——TSI-SMPS-4
TSI-SMPS-5
—— Average
8000 Average +/- 10%

10000 —

6000

dN/dLog Dp (cm™)

4000

2000

Dp (nm)

FIG. 3. Particle size distributions measured during the 2012 campaign. No
dryers were used during these measurements.

4.4. Particle Deposition in Dryers

In the setup used in the particle deposition study of dryers,
external air was introduced into a common dryer and the dried
air was split into two flows. The first of the flows was con-
nected directly to an SMPS system, and the second to the test
dryer and then to another SMPS. The sampling flow rate was
always 1 Lpm. The reason to have a common dryer is to
ensure that both SMPS systems measured dry particles, and
that the differences between the measurements are due to par-
ticle deposition in the test dryer. The first measurement was
performed with the test dryer replaced by an identical tube as
the one used in the other line, conductive silicone tubing. Dif-
ferences between the two instruments gave a correction factor
to allow for comparing the following measurements with the
assembled dryer. Six Permapure Nafion dryers were tested,
five of them 12” long and one 24” in length. Twenty to 30
measurements were carried out for each dryer, and averaged to
obtain the final curve.

An example of the results obtained is shown in Figure 4a,
where the long dryer was studied. It shows a larger deposi-
tion than the short dryers, which are the ones used more fre-
quently. The most important deposition of more than 50%
was observed for the nucleation mode particles, while for the
accumulation mode particles, it was smaller than 20%. This
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FIG. 4. Main results obtained during the particle deposition study on dryers:
(a) an example using a 24” long dryer and (b) particle penetration obtained for
the dryers included in the study, the legend corresponds the dryer reference.
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fact can be observed in Figure 4b, where the penetration
curves obtained for all the dryers were included. For the case
of a long dryer, the penetration efficiency started to deterio-
rate at 40 nm and got worse as the particle size decreased.
All dryers presented a similar behavior for particles above
40 nm with a relatively flat penetration and a decrease for
bigger particles. The penetrations in this size range are in the
band of 0.8 to 0.9, with small deviations. An interesting case
is an aged dryer (reference 467111014u in Figure 4b), which
deteriorated faster than other short dryers in the size range of
40-20 nm.

In order to estimate particle losses in dryers, Wiedensoh-
ler et al. (2012) recommended to use equivalent pipe
lengths, and consider the Permapure Nafion dryer SS24” as
a 2.5-m tube and the Permapure Nafion dryer SS12” as a
1.25-m tube. To calculate particle deposition by diffusion,
the only mechanism that was considered, the expressions
given by Willeke and Baron (1993, pp 435-436) were used.
The results obtained have been included in Figure 4b. For
most of the cases, the model gave a smaller deposition than
the experimental values, always above 0.9 for sizes bigger
than 20 nm. The probable reason for this difference is that
there are more mechanisms influencing the deposition than
those considered. One probable mechanism could be turbu-
lent impaction due to a kinked inner tube that would
increase this deposition. In Tuch et al. (2009), the authors
simulated some previous transmission efficiency measure-
ments in a dryer and obtained good results, taking into
account more mechanisms: diffusion, sedimentation, and
impaction losses.

5. CONCLUSIONS

During three annual calibration and intercomparison cam-
paigns, five SMPS systems and one UFPM instrument were
compared. Instrument components such as DMAs and CPCs
were individually checked prior to complete system compari-
sons. In general, all the instruments demonstrated a good per-
formance behavior, with some deviations within the accepted
tolerance bands. Some problems were detected during the
campaigns, such as deteriorated calibrations, for which the
intercomparison campaigns have proven to be very useful to
detect them.

DMA calibration checks were performed with PSL par-
ticles. The results showed deviations in the particle size of less
than 5%. Over the years, these deviations increased slightly,
which could be related to instrument aging and possibly the
soiling of high voltage source, as it is not normally checked by
the user during routine maintenance. The rank order of instru-
ments in the deviations for 190-nm PSL particles was shown
to be constant over time.

The CPCs showed a good agreement during all intercom-
parisons, typically well within the tolerance band of
+/—10%. The main differences were caused due to the

different technologies used in each counter, such as different
lower size detection limits or instrument flow rates. The com-
parison of UFPM with CPCs showed satisfactory results with
differences below 10%. More research is needed to properly
address the influence of kernel matrix on the results.

The intercomparisons of complete SMPS systems have
given good results, especially for particles above 20-nm diam-
eter, within 4+/— 15% tolerances. Below this size, discrepan-
cies were larger because the long DMA columns used were
not the appropriate ones to minimize diffusional losses in the
lower nanometer size range. Size distributions measured by
UFPM and SMPS were similar, although higher concentra-
tions were measured by UFPM.

Considering particle deposition inside Nafion dryers, our
study has demonstrated that above 20 nm, particle penetration
was smaller than predicted by the recommended model, proba-
bly because it does not consider all the possible mechanisms
involved in particle deposition.
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