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Abstract

Measuring sub-3 nm particles outside of controlled laboratory conditions is a challeng-
ing task, as many of the instruments are operated at their limits and are subjected to
changing ambient conditions. In this study, we advance the current understanding on
the operation of Airmodus A11 nano Condensation Nucleus Counter (nCNC), which
consists of a A10 Particle Size Magnifier (PSM) and A20 condensation particle counter
(CPC). We explore the effect of the inlet line pressure on the measured particle concen-
tration. We identify two different regions inside the instrument where supersaturation
of working fluid can take place. We show the possibility of varying the cut-off of the in-
strument from 1 to 6 nm, a wider size range than the one usually covered by the PSM.
We also present a new inlet system, which allows automated measurements of the
background, minimizes the diffusion losses in the sampling line and is equipped with
an electrostatic filter to remove ions. Finally, our view of the guidelines for optimal use
of the Airmodus nCNC are provided.

1 Introduction

In suitable atmospheric conditions, gases and vapors form small clusters and nanopar-
ticles, some of which can subsequently grow into large enough particles to affect cli-
mate by influencing cloud formation and by scattering sunlight (Kulmala et al., 2004;
Kerminen et al., 2012). With the development of new particle counters (Vanhanen et al.,
2011; Jiang et al., 2011; Sipila et al., 2009; Wimmer et al., 2013), measurements of new
particle formation have been extended to molecular sizes. Based on laboratory verifi-
cations, these new particle counters are able to activate and detect large molecules
and molecular clusters. They are deployed in field experiments, on the assumption that
laboratory calibrations are representative of field conditions.

A general method to detect small nanoparticles is to bring the particles into a region
of supersaturated gas, which will condense onto the surface of the particles. Subse-
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quently the particles are grown to sizes large enough for an optical detector to count
them based on scattering of light. The supersaturation inside most of condensation
particle counters (CPCs) is generated by cooling a heated sample flow, which was sat-
urated with a working liquid in the heated section (laminar type). Another method is to
mix a hot saturated flow with a cooler sample flow (mixing type). It is crucial to under-
stand how interactions between sampled particles, flow characteristics and supersat-
urated working fluid lead to the resulting particle detection in the sub-3 nm size range
(lida et al., 2009; Kangasluoma et al., 2014). For example, our previous research (Kan-
gasluoma et al., 2013, 2014) shows that the sample air relative humidity and chemical
composition of the sampled particles affect the smallest detectable size of the particle
counters operated with diethylene glycol (DEG) as the working fluid. When CPCs are
operated on field campaigns, more uncertainties come from the varying pressure and
its effect on the flows and activation efficiency, especially at low pressure conditions,
such as on mountain tops or onboard aircrafts (Saros et al., 1996). Sampling of sub-
3 nm particles also requires special attention to diffusion losses in the sampling line, as
a big fraction of the particles can be lost to the walls if the sampling line is not designed
properly.

The instrument of interest in this study is the commercially available mixing type
CPC Airmodus nano Condensation Nuclei Counter (A11 nCNC), which consits of A10
Particle Size Magnifier (PSM, Fig. 1) and A20 butanol CPC. An in-depth description
of the A10 instrument is given in Vanhanen et al. (2011), where model AQ9 is de-
scribed. A10 is essentially the same instrument as A09, but with improved electron-
ics, flow control and therefore improved stability. The PSM operates as briefly follows:
a saturator flow that can vary from 0.1 to 1 me'1 is heated up to typically around
75-90°C. It is saturated with diethylene glycol (DEG) and mixed in a mixing cham-
ber with a heat conditioned inlet flow of 2.5Lmin~". Once mixed, the two flows are
cooled down to around 1-5°C in the growth tube and the particles grow up to 90 nm.
As the so grown aerosol particles are too small to be detected optically, a conventional
CPC is used to count them. Scanning the saturator flow yields different supersatura-
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tions inside the instrument, making it possible to measure size distributions of 1-2nm
particles. Vanhanen et al. (2011) report theoretical prediction of maximum supersatu-
ration at a mixing ratio of 0.1, whereas their experiments showed that supersaturation
continued to increase at mixing ratios higher than 0.1. The mixing ratio is defined as:
(Qsaturator/ (anrosol + C?sa'[urator))-

In this technical study, we concentrate on the challenges related to the effect of pres-
sure on the flows of the PSM and to the heterogeneous nucleation of DEG onto the
sampled particles. We identify two different supersaturation fields inside the PSM and
show that the PSM could be used to measure size distributions between 1 and 6 nm.
The increased measurement capability is achieved by scanning the growth tube tem-
perature inside the PSM at constant flows, eliminating the need for mass flow meters.
We also illustrate how to select and understand suitable temperatures and flows inside
the PSM to achieve optimal performance. The temperatures and conditions used in this
work do not apply to every PSM or to every experiment. Variations in the calibrations
of temperature sensors, in particle composition and in the relative humidity of the sam-
ple flow might affect the PSM calibration. Thus, we only want to illustrate the problems
and give a qualitative solution, which users should quantify for their own experiments.
Finally, we describe a sampling inlet line that is found to be suitable for long term field
measurements.

2 Experimental

First we define the terms used in the experiments. The total detection efficiency of A11

system is given by equation

EA11 = Eppgy Capsy * Epcec * Cacec Eecee (1)

where €p is penetration through the PSM, ¢,__ is activation efficiency of the PSM,
PSM PSM

Epepe 1S PENetration through CPC and the sampling line, a0, IS activation efficiency
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of the CPC and ¢, is counting efficiency of the CPC. Usually €44 is called “detec-
tion efficiency” of the A11, which is the term we use here. In our experiments when
a conventional A11 calibration is conducted, the concentration detected by the A11
is compared to a concentration measured by an aerosol electrometer with identical
losses in the sampling line, and €, is directly obtained. From here, in our text “PSM”
refers to the combination of the A10 PSM and A20 CPC.

2.1 The effect of under pressure

We probed the pressure dependency of DEG heterogeneous nucleation inside the
PSM by strangling the sampling flow with a needle valve upstream of the PSM. To
simulate PSM measurements at higher altitudes we measured down to 50 kPa, which
corresponds approximately to 4000 m in altitude. To obtain the pressure dependency
of the inlet flow of the PSM, two TSI mass flow meters (model 4043) were located
upstream and downstream of a needle valve, which was placed in the inlet line of the
PSM. Additionally, the flows were calculated by taking into account the pressure depen-
dency of the mass flow controllers inside the PSM. The mass flows were calculated by
Q/p, where @ is volume flow and p is pressure in bars. The inlet flow of the CPC was
assumed to be constant since it is controlled with a critical orifice, which keeps the
volume flow constant. From these three flows the inlet flow at normal pressure is given
by

C?inlet = Oexcess + QCPC - C’?saturator’ (2)

and the inlet flow at low pressure is given by

Oinlet_low_pressure = Oexcess/p + OCPC - Osaturator/p (3)

To probe the effect of pressure on the detected concentrations, we generated 50 nm

ammonium sulfate particles with an atomizer and a Hauke-type DMA. The pressures

inside the electrometer, the PSM and the PSM saturator were adjusted with the needle
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valve in the sampling line by strangling the flow (Fig. 2a). A tube, branching off the
sampling line, was attached to the fill bottle connector to equilibrate the pressure in the
PSM saturator. The fill bottle was not used in our experiments, since higher ambient
pressure squeezes the bottle when the sampling line is at low pressure. The concen-
tration measured by the PSM was compared to the electrometer at pressures from 50
to 100 kPa. To separate the pressure dependency of the PSM and the CPC, similar
experiments were conducted on the CPC alone.

The effect of pressure on the 50 % cut-off (diameter where 50 % of the particles are
detected) diameter of the PSM was measured at 60, 80 and 100 kPa by generating
negative tungsten oxide particles (Kangasluoma et al., 2015) from 1 to 3nm (Fig. 2a).

2.2 Operation temperatures

The PSM can be operated in two modes, in laminar mode or in mixing mode. We
define these modes based on where the activation of the particles is taking place.
If the highest supersaturation is in the mixing zone, the PSM is operated in mixing
mode. If the highest supersaturation is inside the growth tube, the PSM is operated in
laminar mode. By changing the temperature set points in the inlet, saturator and growth
tube, it is possible to determine where the highest supersaturation is. An example of
a temperature setting that would allow the PSM to operate in laminar mode is: saturator
at 85°C, inlet at 35°C and growth tube at 5°C. To operate the PSM in mixing mode,
a possible temperature setting is: saturator at 76 °C, inlet at 0°C and growth tube at
40 °C. With these temperature settings, different sizes (from 1.1 to 2.4 nm) of hydrogen
sulfate particles were selected with a DMA and sent to the PSM, and the saturator
flow rate was scanned from 0.1 to 1Lmin™" (Fig. 2b). This is the conventional PSM
calibration.

Mixing-type activation can happen, for example, when the sample air is very cold.
In this case, a large temperature difference between the inlet and the saturator is
achieved. Interestingly, mixing-type activation can happen even if the PSM is set to
operate in laminar mode. In some ambient conditions, mixing- type activation is unin-
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tentionally reached in the PSM. When that happens, the supersaturation experienced
by the entering particles might not be monotonically increasing with the increasing
saturator flow, making it difficult to invert the data. We performed an experiment that
demonstrates the problem: THABr monomer (Ude and de la Mora, 2005) was fed into
the PSM at room temperature (23°C), and the inlet temperature was varied from 0 to
40°C to simulate a strongly varying inlet flow temperature. The saturator was set to
82 °C and the growth tube to 1°C.

The activation efficiency is governed by the temperature difference inside the PSM.
Therefore, we tested the maximum detectable size range by scanning the growth tube
temperature, instead of by scanning the saturator flow. In the experiments, the growth
tube was set to 1°C and other temperatures so that the detection efficiency for 1 nm
particles is 30 %. Thereafter we increased the growth tube temperature up to 40°C to
find out the maximum detectable size.

2.3 Sampling line

The sampling line system consists of one blower and two three-way-valves, which con-
trol the direction of the air flow (Fig. 3a) and a core sampling probe (Fig. 3b). By switch-
ing the valves, the air flow can be directed to the core sampling piece in either direction.
If the air is sucked from the core sampling, it increases the inlet flow and minimizes the
diffusion losses. If the air is pushed towards the core sampling, the background of the
PSM can be measured, since the instrument is fed with a portion of the extra aerosol-
free air flow. The sampling line also contains an automatic on/off electric field, which
filters the smallest incoming ions, allowing only neutral particles to be detected. The
valve switching is made automatic so that in the field the zero can be measured at
given time intervals for given time period, and the ion filter can be switched on/off at
given time interval. The sampling line was characterized for the transmission by gen-
erating 1.1 to 6.5nm tungsten oxide particles with the instrumental setup shown in
Fig. 2c. Using the same aerosol, the ion filtering was tested by switching the electric
field on and off.
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3 Results and discussion
3.1 The effect of under pressure

The measured and modelled PSM flows are presented in Fig. 4 as a function of pres-
sure. The saturator mass flow and the excess mass flow control the inlet flow of the
PSM. The measured inlet flows are well reproduced by the calculated flows.

As the absolute changes in the saturator and excess flows are different, the dilution
correction (Qiiet/ (Qintet + Qsaturator)) iN the PSM mixing zone varies, changing the de-
tected concentration. In addition, the counting efficiency of the CPC is lower at lower
pressure, probably due to changing flow dynamics or final particle size in the optics.
The detection efficiency for a 50 nm ammonium sulfate particles is presented in Fig. 5
at varying pressure for the A11 system. The Figure presents detection efficiency, which
is scaled to 1 to show effects caused only due to under pressure. The red data are cor-
rected with the calculated dilution correction, the black data are corrected for the CPC
under-counting and the green data are corrected for both effects. The CPC counting
efficiency correction was obtained by measuring the counting efficiency of the CPC
without the PSM separately against the electrometer. For example, at a pressure of
60 kPa the dilution correction, compared to that at 100kPa, increases by 3.5 %, due
to changing mass flows, as shown in Fig. 5. The CPC undercounts by approximately
10 %, giving a total underestimation of 13.5 % of the detected concentration at 60 kPa.

Almost no correction is needed at 80 kPa or higher. It is important to note that in low
pressure experiments, as the CPC volume flow decreases with decreasing pressure
the aerosol volume concentration in the optics also decreases. For example, at 50 kPa
the observed concentration is half of the observed concentration that is measured at
100 kPa. In Fig. 5 this correction is applied.

The measured cut-offs at PSM settings Tgy = 75°C, Tiyer = 35°C and Ty = 4°C are
presented in Fig. 6 at 60, 80 and 100 kPa. With these settings, the cut-off diameters are
1.60, 1.60 and 1.55 nm respectively. The change in the cut-off can be explained by the
changing dilution factor, which increases the supersaturation slightly at lower pressure,
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compared to ambient pressure. The change is rather small given the uncertainties in
the cut-off, which are due to the particle chemical composition (Kangasluoma et al.,
2014).

3.2 Operation temperatures

In our study we confirm the calculation of Vanhanen et al. (2011) for the peak su-
persaturation at mixing ratio 0.1. The PSM calibration in mixing mode is presented
in Fig. 7 and, for comparison, a laminar mode calibration is presented in Fig. 8. The
temperature settings mentioned above in mixing mode lead to onset supersaturation
of homogeneous nucleation at saturator flow 0.3-0.7 Lmin~". As calculated by Van-
hanen et al. (2011), the maximum supersaturation should occur at a mixing ratio of
approximately 0.1 and get lower at higher mixing ratios. Mixing ratio 0.1 corresponds
to a saturator flow 0.28 Lmin~" and is approximately reproduced by the experiments,
as the maximum detection efficiency for the smallest particles is observed at satura-
tor flows approximately 0.3Lmin~". The lower supersaturation at flows > 0.3 Lmin~"
is also observed. However, with particles > 1.4 nm the maximum activation efficiency
seems to shift towards larger saturator flows for reasons that we cannot yet explain.
If the PSM is operated in mixing mode, the maximum detection for particles smaller
than 1.5nm is rather low. Moreover, the shape of the activation curve as a function of
saturator flow is changing. For these reasons we suggest keeping the PSM operation
in laminar mode for easier inversion of data, as presented in Lehtipalo et al. (2014).
To activate the THABTr positive monomer with high efficiency using DEG, a supersat-
uration exceeding that of homogeneous nucleation is required. It is important to note
that high saturator temperatures lead to a high temperature difference between the sat-
urator and the inlet when the PSM is operated in laminar mode. This high temperature
difference can enable mixing-type activation in the mixing chamber, as shown in Fig. 9
(high concentrations at saturator flow 0.3 Lmin'1). The lower the inlet temperature, the
higher the background concentration generated in the mixing region becomes. Notably,
the inlet temperature influences the temperature and the supersaturation in the growth
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tube. In particular, the activation efficiency increases in the growth tube with lower in-
let temperatures. At a saturator flow 1 Lmin'1, we observe an increase in detection
efficiency from 10 to 50 %, resulting in a decrease in the cut-off diameter of approxi-
mately 0.2 nm. The illustrated background concentration is likely to appear only if the
PSM is operated at supersaturations high enough to produce homogeneous nucleation
of DEG, which is required to detect some organic < 2nm particles. Based on these
experiments, we suggest keeping the inlet temperature as high as possible, keeping
the growth tube temperature as low as possible, and adjusting the supersaturation
by changing the saturator temperature. This way the temperature difference between
the inlet and the saturator is minimized. The background concentration at a saturator
flow of 0.3Lmin~' seems to be independent from the concentration of the incoming
sample, which we have not observed at saturator flow 1 Lmin~". It suggests that the
homogeneously formed droplets form before the mixing region and do not activate any
particles. On the other hand, at a saturator flow of 1 Lmin~" (laminar type activation)
the homogeneous nucleation inside the instrument is usually a good indication of acti-
vation efficiency (Jiang et al., 2011).

We conducted a calibration to investigate the change in supersaturation inside the
PSM by varying the growth tube temperature instead of by changing the flow settings
of the saturator (Fig. 10). We found that the maximum detectable size is approximately
6 nm, while preserving high sensitivity to particles as small as 1 nm. Thus, scanning
the growth tube temperature would allow the measurement of a wider scan range with-
out the change of flows necessary for scanning the saturator flow. With the current
hardware, we estimate the time resolution of the temperature scan to be around 7 to
10 min.

3.3 Sampling inlet

By adding 5 Lmin~" as a bypass flow to the PSM inlet flow and sub-sampling from the
centerline of the long tube, the PSM can sample 40cm away from the inlet without
losing sampling efficiency for the smallest particles (Fig. 11). This is ideal when using
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the PSM in the field. Diffusion to the walls is most efficient close to the tube walls, and
when sampling from the middle of the 10 mm tube, only a fraction of the sample which
has not lost particles due to diffusion is sampled. Doubling the sampling line length to
80 cm increases the losses as the particles have time to diffuse away from the middle of
the flow. However, the inlet allows the sampling efficiency to increase by a factor of 1.5
to 2 compared to a penetration calculated using the Gormley and Kennedy equation
at2.5Lmin"" and through an 80 cm line. For our calculations, we used an inlet flow of
2.5 Lmin'1, to simulate the case when no core sampling inlet is utilized and the inlet
line is a straight tube with no additional flow. When the electric field is switched on/off,
it is possible to measure the charged and neutral fraction of the sample by complete
removal of ions larger than 4.5 nm. By varying the electric field, the size of the biggest
removed ion could be varied (not shown). In the experiments, the voltage difference
was 1300V.

4 Conclusions

In the current study, we have explored the characteristics of the PSM instrument in
challenging conditions. The challenges and suggested solutions are listed in Table 1.
Our results show that, when operated at low pressure, the PSM-CPC system underes-
timates the real aerosol number concentration due to changes in the mass flows inside
the PSM and due to CPC undercounting. We show that at a given flow and temper-
ature condition the PSM behaves as a laminar-type CPC, but can be converted into
a mixing-type CPC. Understanding how supersaturation in the PSM behaves, we re-
produced a problem observed in some field experiments, where mixing-type activation
interferes with the laminar activation, an interference that can make it difficult to invert
the data and to retrieve size information in the range of 1 to 2nm. For optimal opera-
tion, we suggest keeping the growth tube temperature as low as needed and the inlet
temperature as high as possible, to reduce the saturator temperature and ultimately
minimize the temperature difference between the inlet and saturator. We showed that
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by scanning the growth tube temperature, the PSM can potentially measure size distri-
butions up to 6 nm. Finally, with a proper design of the sampling inlet, it is possible to
measure automated background and charged fraction, and to achieve a transmission
efficiency close to 100 % for 40 cm of inlet line.
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Table 1. Brief compilation of challenges and solutions explored in this study.

Challenge

Solution

Varying inlet pressure

M-shaped scans in field
measurements

Low penetration of small
particles in the sampling line

Depending on application, change in the cut-off
can be neglected. Total concentration needs to

be corrected with the mass-volume flow correction
and CPC undercounting if pressure is smaller than
80 kPa.

Caused by homogeneous/heterogeneous
nucleation occurring in the mixing zone instead of
the growth tube. Decrease growth tube temperature
to minimum and maximize inlet temperature to
minimize dT between the inlet and saturator. Adjust
saturator for suitable activation efficiency.

Core sampling inlet with bypass flow, automated ion
filter and background measurement.
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