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Abstract. This study presents a comprehensive laboratory
and field-based evaluation of dimethyl sulfoxide (DMSO)
as a non-flammable working fluid for condensation particle
counters (CPCs), directly compared to a butanol-operated
counterpart across a wide range of pressures, temperatures,
and aerosol types. Modifications to the instrument’s auto-
matic refilling system ensured reliable operation over six
months. Particle growth in the DMSO-CPC is strongly de-
pending on the saturator temperature Ty, and the tempera-
ture difference AT between saturator and condenser, with
optimal growth achieved at high Ty and large AT val-
ues. Measurements with an optical particle counter down-
stream of the condenser, along with saturation and droplet
size simulations, confirmed these trends and emphasized
the importance of CPC internal settings for reliable parti-
cle growth. The DMSO-CPC achieved counting efficiencies
and cutoff diameters comparable to the Butanol-CPC. The
mean cutoff diameter was (5.8 =0.9)nm for the DMSO-
CPC and (5.6 £0.5)nm for the Butanol-CPC. At the same
time, the DMSO-CPC substantially reduced working fluid
consumption and enabled stable long-term operation. The
use of DMSO-H;0 mixtures further extended the opera-
tional range and improved safety, making the CPC suitable
for airborne measurements and remote monitoring. Recom-
mendations regarding instrument modification, operational
conditions, and hardware adjustments are made for operat-
ing a DMSO-CPC to gain results comparable to a Butanol-

CPC. Overall, DMSO-based CPCs provide safe, efficient,
and regulation-compliant operation without compromising
measurement quality under challenging environmental con-
ditions.

1 Introduction

Aerosol particles play a crucial role in the Earth’s atmosphere
by influencing climate, weather patterns, air quality and hu-
man health (P6schl, 2005; McNeill, 2017; IPCC, 2021).
Their ability to scatter and absorb solar radiation, and to act
as cloud condensation and ice nuclei, makes aerosols a key
component of the global climate system (IPCC, 2021). De-
spite their importance, the sources, transformation processes
and atmospheric distribution of aerosols remain highly un-
certain, contributing significantly to the overall uncertainty
in climate projections (Lee et al., 2016; Watson-Parris and
Smith, 2022). High quality in-situ measurements of aerosol
properties — in particular particle number concentrations —
are essential to constrain models, validate satellite retrievals
and improve our understanding of aerosol-related processes
at regional and global scales (Kahn et al., 2023). As aerosols
span several orders of magnitude in size and vary in com-
position, a variety of measurement techniques has been de-
veloped. Each technique is based on different physical prin-
ciples and optimized for particular particle size ranges and
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applications (Kulkarni et al., 2011; Wendisch and Brenguier,
2013).

Among the instruments available for aerosol number con-
centration measurements, Condensation Particle Counters
(CPCs) are widely regarded as a gold standard (Balen-
dra et al., 2024). CPCs can detect particles as small as a
few nanometers in diameter, and they are among the very
few aerosol measurement techniques that are metrologically
traceable in accordance with ISO 27891:201, which ensures
high confidence in measurement accuracy. This makes them
indispensable for a wide variety of research and monitoring
applications. CPCs are routinely deployed in ground-based
observatories to study new particle formation and urban pol-
lution (Alam et al., 2003; Aalto et al., 2005). They are also
operated on mobile platforms such as aircraft and drones
to characterise vertical and horizontal aerosol distributions
(Hermann and Wiedensohler, 2001; Bundke et al., 2015; Kim
et al., 2025). And they are used in remote or high-altitude en-
vironments where particle concentrations are extremely low
(Jurdnyi et al., 2010). CPCs are also integral to laboratory
studies on instrument calibration, as well as to long-term cli-
mate monitoring networks and regulatory air quality assess-
ments (Maring and Schwartze, 1994; Cozic et al., 2006). A
leading example is the European research infrastructure AC-
TRIS (Aerosol, Clouds, and Trace Gases Research Infras-
tructure), encompassing over 100 research-performing orga-
nizations (Laj et al., 2024). Furthermore, the new EU Direc-
tive 2024/2881 of the European Parliament and the Council
on ambient air quality and cleaner air for Europe (OJ EU,
2024/2881) establishes more stringent limit values for major
air pollutants and requires the installation of at least one ultra
fine particle concentration monitoring station per five million
inhabitants.

However, the deployment of CPCs, especially on aircraft
under low ambient pressure conditions, remains challenging.
Strict safety regulations limit the use of flammable working
fluids, such as n-butanol or isopropanol, commonly used in
these instruments (Weber et al., 2023b). These fluids pose
a fire hazard under the conditions typical of aircraft opera-
tion. This risk is especially pronounced in pressurized cabins
or during high-altitude flights, leading to restrictions or out-
right prohibitions on their use in airborne applications (Her-
mann et al., 2005). An alternative working fluid that has been
used in some low-pressure applications is Fluorinert FC-43
(Brock et al., 2000; Richter et al., 2026). However, its use
is limited to very low ambient pressures and it is not con-
sidered environmentally sustainable due to its high global
warming potential and persistence in the atmosphere (Hong
et al., 2013). For these reasons, it is not suitable for routine
atmospheric measurements in aircraft-based observing sys-
tems.

In the context of the IAGOS infrastructure (In-Service Air-
craft for a Global Observing System, Petzold et al., 2015;
Thouret et al., 2022), instruments are operated onboard pas-
senger aircraft over extended periods of several months and
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are exposed to a wide range of ambient conditions, including
cruise altitudes of approximately 8—12 km, corresponding to
pressure levels of about 200-300 hPa, as well as near-surface
conditions during ascent and descent.

One promising alternative working fluid is water, as em-
ployed in modern-generation CPCs (Hering et al., 2014). Us-
ing water as a working fluid avoids the health and safety
concerns associated with alcohols. However, certain practi-
cal aspects may limit its suitability for long-term autonomous
aircraft operation. While modern water-based CPCs can op-
erate with very low working fluid consumption under typi-
cal ambient conditions, consumption may still increase de-
pending on instrument design and operating conditions (Mei
et al., 2021), which can become relevant when maintenance
or refilling is not feasible over extended deployment periods.
In addition, contamination effects during prolonged inactiv-
ity require careful mitigation strategies. Furthermore, water-
based CPCs can exhibit a stronger dependence of activation
behavior and cutoff diameter on particle material, which may
introduce additional uncertainties in particle detection under
varying conditions (Mei et al., 2021; Weber et al., 2022).

In this study, we investigate a novel, non-flammable work-
ing fluid suitable for use in CPCs. Dimethyl sulfoxide
(DMSO; C,HgOS; CAS no. 67-68-5; 99.9 %) as alternative
fluid has been selected for its favorable thermodynamic prop-
erties, non-toxicity, odorless and compliance with aviation
safety standards. A recent study (Weber et al., 2023b) re-
vealed that DMSO is a suitable working fluid with several
advantages over butanol. They could show that the satura-
tion vapor pressure of DMSO is significantly lower than that
of butanol and water, while exhibiting an analogous temper-
ature dependence. Consequently, the same supersaturation
can be achieved with an identical temperature difference be-
tween the CPC’s saturator and condenser. At the same time,
the consumption of the working fluid is greatly reduced. Im-
portantly, DMSO can also be used in existing butanol-based
CPC systems with minimal modifications, whereas water is
generally not suitable for conventional alcohol-based CPCs
due to poor compatibility with their operational design.

The D5q cutoff diameter, which represents the particle size
at which a CPC detects 50 % of incoming particles and thus
defines its lower detection limit, is a key performance pa-
rameter of CPCs. Ambiguous results regarding the pressure
dependence of the Dsq cutoff diameter have been reported in
studies using conventional working fluids. For butanol, Her-
mann and Wiedensohler (2001) found that there is a shift of
the Dso towards smaller particle diameters and a decrease
in the asymptotic maximum counting efficiency as the pres-
sure decreases. In contrast, both theoretical and experimen-
tal studies (Zhang and Liu, 1990, 1991; Bauer et al., 2023)
reported that lower pressures cause the Dsg cutoff to shift to-
ward larger particle sizes in butanol- and water-based CPCs.
Bezantakos and Biskos (2022) found no significant influence
of the pressure on the cutoff diameter with isopropyl alcohol
as working fluid. Table 1 provides a comprehensive overview
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of the Dsg cutoff diameters established in the various stud-
ies. The studies by Bundke et al. (2015), Bischof (2022),
and Weber et al. (2023a, b) were conducted using a simi-
lar experimental setup. While Bundke et al. (2015) reported
a decrease in the cutoff diameter towards lower pressures,
Bischof (2022) and Weber et al. (2023b) found no signifi-
cant pressure dependence for the Dsg. A possible explana-
tion for these ambiguous results are the different temperature
settings of the CPCs. Bundke et al. (2015) adjusted the tem-
perature difference of condenser and saturator to achieve a
lower cut-off of 13nm, while Bischof (2022) operated the
CPC with internal temperatures as stated by the manufac-
turer (s = 36°C and T,on = 10°C). Besides that, a consen-
sus has been reached among preceding studies that a shift of
the Dso towards smaller particle sizes occurs as the temper-
ature difference between the saturator and condenser of the
CPC increases (Bezantakos and Biskos, 2022; Hermann and
Wiedensohler, 2001; Mei et al., 2021).

It was shown by Weber et al. (2023b) that, when DMSO
is used as the working fluid, Dsg is independent of both
pressure and relative humidity within the measurement un-
certainty for a saturator temperature of Ty =40°C and a
condenser temperature of T¢on = 5 °C. However, their study
was limited to assessing the feasibility of DMSO as a work-
ing fluid. Continuous fluid supply and the effects of saturator
and condenser temperature settings were not investigated. In
this study, we build upon their work by evaluating the per-
formance of a CPC operated with DMSO through laboratory
characterisation and field-relevant measurements. Our focus
includes droplet growth in the condenser, counting and cut-
off efficiencies, operational long-term stability, and perfor-
mance under varying temperature and pressure conditions.
To support the interpretation of the experimental results, we
conducted numerical simulations using a computational fluid
dynamics (CFD) program.

2 Methods
2.1 Experimental Setup
2.1.1 Low-Pressure Characterisation

A schematic of the experimental setup for the low-pressure
characterisation is shown in Fig. 1. Briefly, a constant and
steady test aerosol production is provided by a continuous
output nebuliser (model 3076, TSI Incorporated, Shoreview,
MN, USA) or an inverted flame soot generator (Argonaut
Scientific Corp., Edmonton, AB, Canada). The salt aerosol
stream from the nebuliser is dried in a diffusion dryer tube
filled with silica gel. The dried stream, or the soot aerosol
directly, is then passed through an aerosol neutraliser con-
taining a radioactive source of Am-241. In the next step, a
monodisperse aerosol stream is generated using a Vienna-
type Differential Mobility Analyser (DMA; model M-DMA
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55-U, GRIMM Aerosol Technik, Muldestausee, Germany).
The DMA was operated step-wise, and each voltage level
corresponded to a different particle size. The sizes ranged
from an upper limit of 140nm down to 2.5nm in diame-
ter. The monodisperse aerosol then enters the low-pressure
section through a critical orifice. For operation at pressures
above 700 hPa, the orifice is removed to ensure proper flow
conditions. A characterization of the orifice is described in
Bundke et al. (2015). The aerosol flow is diluted in a mixing
chamber which also acts as a buffer volume. The pressure in
the low-pressure section is controlled by mass flow balance
using mass flow controllers (MFCs) with a proportional-
integral-derivative (PID) controller approach. After passing
through the mixing chamber, the aerosol flow is delivered
to the measuring instruments via a common sampling line.
An individual isokinetic, isoaxial sample inlet in the cen-
tre of the line directs the aerosol flow to each instrument.
To avoid particle losses due to electrostatic forces, all tubing
and chambers are constructed of either stainless steel or min-
imum length conductive silicone tubing. The experiments are
controlled automatically by a custom-made LabView™ (Na-
tional Instruments Corp., Austin, TX, USA) program.

In order to investigate the performance of the CPC when
utilising various aerosol types, the nebuliser was employed
to nebulise salt solutions. Sodium chloride (NaCl) and am-
monium sulfate (AS) were selected for this purpose. Further-
more, the measurement of fresh combustion soot was con-
ducted. It should be noted that, unless stated otherwise, the
test aerosol is NaCl.

Two Sky-CPC 5411 instruments (GRIMM Aerosol Tech-
nik) were used for all measurements. The Sky-CPC is a
commercially available condensation particle counter de-
signed for aviation applications. It is based on a laminar-flow,
continuous-flow CPC design consisting of a saturator and a
downstream condenser. The aerosol flow is conditioned in
the saturator, where it becomes saturated with working fluid
vapor, and subsequently enters the condenser, where a tem-
perature gradient induces supersaturation and particle activa-
tion followed by droplet growth.

In this study, one CPC was operated with butanol (B-CPC)
as intended by the manufacturer, while the second instrument
was operated with dimethyl sulfoxide (DMSO) as working
fluid (DMSO-CPC). Both instruments were operated at a
constant volumetric flow rate of Q = 0.6Lmin1, resulting
in laminar flow conditions within the growth tube. As ambi-
ent pressure changes, the corresponding mass flow rate and
residence time inside the condenser vary accordingly. The
flow configuration and general instrument design follow the
description given in Bundke et al. (2015). A Faraday Cup
Electrometer (FCE; model 5705, GRIMM Aerosol Technik)
was used as a reference instrument for particle concentration.
A more detailed description of the experimental setup can
be found in previous studies (Bundke et al., 2015; Bischof,
2022; Weber et al., 2023b).
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Table 1. A comparison of the pressure dependency of the D5 cutoff diameter reported by different studies using various types of CPCs,

working fluids, particles and internal temperature settings.

CPC type TSI7610'* | GRIMM 5410 TSI3772 | GRIMM  MAGIC | GRIMM | GRIMM | GRIMM
CEN? CEN? 54113 210-LP? | 54114 54113 54116
Aerosol type Silver Silver AS AS AS NaCl
Working fluid | n-butanol n-butanol n-butanol Water n-butanol | n-butanol | DMSO
p (hPa) | Dso (nm)
1000 14 6.6 6.7
900 14.9
750 72 6.9
700 13 42 4.6 8.1 5.6
600 12.8
500 8.8 7.5 4.6 52 8.0* 6.0
400 12
375 10.7
300 11.5 8.0%
250 22.6 8.9 4.6 55
200 11.5 4.9 6.6 13.1 7.2 6.3
170 114
160 11.5
150 21.5

! Hermann and Wiedensohler (2001), 2 Bauer et al. (2023), 3 Weber et al. (2023a), 4 Bundke et al. (2015),5 Bischof (2022), © Weber et al. (2023b)
* This data has been obtained from a graphical representation of the efficiency curves.
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Figure 1. Schematic of the experimental setup for evaluating CPC performance under controlled low-pressure conditions. Test aerosols were
generated either by a nebuliser producing salt particles (NaCl or (NH4)>SO4) or by an inverted flame soot generator. The aerosol was dried,
neutralised, and size-selected with a Differential Mobility Analyser (DMA) to produce a monodisperse stream. The flow then entered the
low-pressure section through a critical orifice, where dilution and pressure control were achieved using a mixing chamber and mass flow
controllers. Downstream, the aerosol was distributed to the reference Faraday Cup Electrometer (FCE), the butanol-based CPC (B-CPC),
and the DMSO-CPC for parallel measurements. Original setup by Bundke et al. (2015), modified by and adapted from Weber et al. (2023b).

As a result of the findings from a recent study (Weber
et al., 2023b), some modifications had to be made to the
DMSO-CPC. It was found that rubber parts of the refilling
valve that are in direct contact with DMSO start swelling,
which leads to a shutdown of the instrument’s wetting sys-
tem after some time. In particular, an o-ring and a stamp were
causing those problems. To solve these issues, the rubber o-
ring was replaced with a silicone o-ring and the stamp was
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intentionally soaked with DMSO to swell to its maximum
and then cut back to its original size (see Weber et al. (2023b)
for details).

2.1.2 Final Particle Size Quantification

Because particle growth inside the condenser cannot be
measured directly, experiments were carried out to quan-
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tify the final droplet size after the condenser. The labora-
tory setup is shown in Fig. B1 in the Appendix. A specially
designed and self-constructed saturator-condenser-unit was
used for this purpose. The saturator comprised a metal tube
(length = 10cm, inner diameter = 2cm) containing a man-
ually DMSO-wetted wick. The chosen dimensions closely
represent those of the CPC used in this study. A heating ele-
ment was wrapped around the tube, allowing manual control
of the saturator temperature.

For reasons of feasibility, the condenser dimensions used
in this experiment were slightly smaller than those of the
Sky-CPC. The condenser temperature was fixed at 5 °C for
all measurements. The particle size was determined imme-
diately downstream of the condenser using a Portable Op-
tical Particle Counter (POPS). The original instrument de-
sign by Gao et al. (2016) was modified in our laboratory. Our
custom-built POPS employs a 405nm diode laser to count
and size individual particles in the range 125 nm—4 um based
on elastic light scattering.

All components of the setup were connected with con-
ductive silicone tubing, with the tubing length minimized
to reduce particle losses. The flow rate was maintained at
0.6L min~!, consistent with all other measurements in this
study. All experiments were performed using laboratory air,
as the objective was to obtain a general characterisation of
the resulting droplet sizes and their behaviour under varying
saturator temperatures.

2.2 Model Simulations

Direct observation of vapor saturation and droplet growth in-
side the CPC is not feasible. To support the interpretation of
experimental measurements, we employed numerical simu-
lations. These simulations were conducted using COMSOL
Multiphysics®, a three-dimensional computational fluid dy-
namic simulation program (CFD).

A two-dimensional axisymmetric model of the saturator
and condenser stages was developed, with geometries cho-
sen to closely reflect the actual instrument. Within the sat-
urator, a metal rod of radius 0.2cm is located at the center-
line. It is assumed that this metal rod also has the saturator
temperature Tg,. An additional insulator stage was simulated
between the saturator and condenser stage. The overall flow
rate was set to 0.6 min~—!, as specified for the CPC. Sim-
ulations were carried out under various pressure and inter-
nal temperature conditions. Temperature-dependent proper-
ties of the working fluids, including surface tension, density,
vapor pressure, and gas-phase diffusion coefficient, were ob-
tained from Yaw’s Handbook for both DMSO and butanol
(Yaws, 2003). Atmospheric pressure effects were considered
by modifying the diffusion coefficient of the working fluid
in air and the carrier gas density, as lower pressure decreases
gas density and proportionally increases the diffusion coeffi-
cient (Bauer et al., 2023).
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The model couples laminar flow, heat transfer in fluids,
and convective-diffusion modules to compute the tempera-
ture, velocity, and vapor concentration fields in the CPC.
These fields are then passed to MATLAB for the calcula-
tion of the subsequent droplet growth inside the condenser
(Hao et al., 2021). The minimum particle size that can be ac-
tivated for condensation growth is given by the Kelvin equa-
tion, where o is the surface tension, R the molar gas con-
stant, 7' the temperature, S the supersaturation ratio, and v,
the molar volume:

4ov
Dp,Ke]vin =—— (1)

RTInS
Due to the spatial variation of temperature, surface tension
and saturation ratio, Dp Kelvin also varies at different loca-
tions of the condenser. When the required supersaturation ra-
tio is reached for a specific radial position and particle size
Dy Kelvin according to Eq. (1), droplet growth computation
is initialized and solved using MATLAB’s odel5s solver.
This solver is designed to handle stiff differential equations
and differential-algebraic equations (DAEs) with a variable-
order integration method. A more in-depth description of
the particle growth rate can be found in Pandis and Pandis
(2016). Concentration-dependent effects, such as vapor de-
pletion and condensational heating, are not considered in the
simulation, as they become significant only at high particle
number concentrations (Lewis and Hering, 2013). Vapor de-
pletion refers to the uptake of working fluid vapor by par-
ticles, while condensational heating arises from the release
of latent heat during condensation, which increases the local
temperature and reduces the supersaturation. A more detailed
description of the model can be found in Krasa et al. (2025).

3 Data Analysis Procedure

The raw data obtained from the experimental setup for low-
pressure characterisation (Sect. 2.1.1) requires a series of
corrections and adjustments before meaningful analysis can
be performed. Figure 2 summarises the data analysis proce-
dure, outlining the steps taken to correct and adjust the mea-
surements and ultimately determine the counting efficiency
of both CPCs.

The data analysis procedure described in this section was
performed using an in-house developed Python program. The
fully automated program applies all necessary corrections
and adjustments, generating output files with the relevant pa-
rameters and producing several plots for graphical visualisa-
tion of the results.

Atmos. Meas. Tech., 19, 5243-5266, 2026
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Figure 2. Overview of the data processing and correction workflow for the low-pressure characterisation experiments. The flowchart illus-
trates the sequential steps applied to the raw measurement data (blue), including correction, adjustment, and evaluation procedures (orange
and yellow), leading to the determination of the counting efficiency for both CPCs (green). Adapted from Bischof (2022).

3.1 Faraday Cup Electrometer

Accurate interpretation of Faraday Cup Electrometer (FCE)
measurements requires correction of the raw data for instru-
mental offsets and pressure-dependent flow variations. The
electrical offset of the FCE arises from small background
currents within the electrometer circuitry or leakage currents
in the measurement system. Offsets of a few femtoamperes
(fA) are commonly observed and can be comparable in mag-
nitude to the aerosol-induced signal, especially under condi-
tions of low particle concentration (Hermann et al., 2005; Jar-
rett and Owen, 2013). Consequently, regular baseline mea-
surements with particle-free air must be performed to deter-
mine and subtract the offset current from the recorded data.
Proper correction for this offset is essential to ensure the ac-
curacy of the derived charge fluxes and to avoid systematic
bias in the aerosol charge or concentration estimates. Further-
more, corrections to the electrometer flow rates were made
to account for the corresponding conditions of reduced pres-
sure.

When using a diffusion charger together with a DMA and
an FCE as the reference instrument, it is important to ac-
count for the presence of multiple charged particles exiting
the DMA. A particle carrying n charges will be detected
n times by the FCE, whereas the CPC will register it only
once. To correct for this discrepancy in counting rates, the
procedure described by Bundke et al. (2015) was applied.
This method incorporates the actual particle size distribution
to properly account for the contribution of multiple charged
particles.

The FCE instrument was not calibrated immediately prior
to the measurements. According to the manufacturer, the cal-
ibration factor typically does not exceed 2 %, indicating only
a minor contribution to overall measurement uncertainty.
Moreover, because we normalise our efficiency curves us-
ing the linearity of concentration signal (see Sect. 3.3), any
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systematic offset associated with the FCE calibration factor
is effectively incorporated into this normalisation procedure.
As a result, the absence of an externally applied FCE cali-
bration factor is not expected to influence the interpretation
of our results, especially the cutoff diameters.

3.2 Particle Growth Adjustment

The Sky-CPC 5411 provides an internal diagnostic of droplet
growth. Aerosol particles enter the instrument, undergo con-
densational growth to droplets in the condenser, and are sub-
sequently detected optically. This growth process is evalu-
ated by the instrument using two fixed signal thresholds.

In the following, we refer to the particle number con-
centrations co and c¢j, which the instrument derives from
two fixed manufacturer-defined voltage thresholds in order
to distinguish different levels of droplet growth based on the
scattered-light signal. These thresholds are U (cg) =0.5V
and Uy (c1) = 1.2V, respectively.

The lower threshold Uy, (cp) represents the minimum sig-
nal required for a grown droplet to be detected above the
noise level. The corresponding concentration cp therefore in-
cludes all aerosol particles that have grown into optically
detectable droplets. The higher threshold Uy (c1) requires
a stronger scattered-light signal and is only exceeded by
droplets that have grown to larger sizes. The concentration ¢
thus represents the subset of detected droplets that produce a
higher optical signal. By design, the instrument reports the
c1 concentration as the particle number concentration.

The ratio c1/co, hereafter referred to as the indicative
droplet growth ratio, provides a diagnostic of the growth ef-
ficiency, i.e. the fraction of optically detected droplets that
reach the higher signal regime within each 1 s measurement
interval. Values of ¢ /co < 1 indicate that a fraction of grown
droplets does not reach the higher detection threshold.
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Figure 3. Illustration of the CPC detection thresholds Ut (co) and
Utp(cy) and their corresponding DMSO droplet diameters used to
interpret the droplet growth ratio ¢ /cq (adapted from Weber et al.
(2023b)).

As illustrated in Fig. 3, the DMSO droplet diameters cor-
responding to the cp and c; thresholds are approximately
2.5 and 4.6 pm, respectively, with smaller droplets not being
counted. These values were derived by Weber et al. (2023b)
from signal measurements of latex test particles combined
with a model of scattered-light intensity for the GRIMM
measuring cell. Since these thresholds were originally de-
fined by the manufacturer for operation with butanol, an ad-
justment is required when using DMSO. This is due to the
lower vapor pressure of DMSO, which reduces the available
vapor for condensational particle growth. Ideally, this ad-
justment would be implemented in the instrument hardware
through a redefinition of the voltage thresholds for DMSO
operation. As a practical workaround in this study, we use
the co count as the particle number concentration.

3.3 Linearity of Concentration Signal

The linearity of the concentration signal of a CPC describes
how its measured response varies with changes in total parti-
cle number concentration relative to a reference instrument.
Calibration is necessary due to the specific configuration and
instrumentation used in this study. The measurement shown
in Fig. 4 was performed using the experimental setup de-
scribed in Sect. 2.1.1 and illustrated in Fig. 1. A single DMA
scan cycle was conducted, covering particle diameters from
140nm down to 2.5nm, producing monodisperse aerosol
populations at each step. The reference number concentra-
tion for each size was determined using the FCE, which
measures particle charge to provide an accurate, traceable
count. The linear relationships between the concentrations
measured by both CPCs and the FCE is characterised by the
slope K. The black dashed line represents the 1 : 1 relation-
ship, while the shaded gray area indicates a +=10 % deviation.
Filled squares correspond to the coincidence-corrected con-
centrations of the B-CPC, and circles denote the coincidence-
corrected and cp-adjusted concentrations of the DMSO-CPC.
Both datasets are plotted against the fully corrected FCE con-
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centration. The slope obtained for the B-CPC is Ko = 0.886,
which agrees well with the slope of the DMSO-CPC, for
which Koy = 0.866. The slope of each linear fit is subse-
quently used to correct the data, ensuring comparability of
the D5 cutoff diameters across all measurements by normal-
ising the efficiency curves to unity (see Sect. 3.4).

3.4 CPC Counting Efficiency and Cutoff Diameter

In order to ascertain the performance of a CPC, the count-
ing efficiency curve with respect to a reference instrument
is utilised. The calculation of the particle-size-dependent
counting efficiency 7 is derived from the ratio of the cor-
rected number concentration of particles detected by the
CPC (Ncpc) to the corrected number concentration measured
by the reference instrument, in this case the electrometer

(NFcE):

Ncec
NrcE

n(Dp) = 2
Figure 5 presents representative counting efficiency curves
for the Sky-CPC 5411 operated with butanol and DMSO.
The efficiency curves are parameterized by an exponential
fit function introduced by Wiedensohler et al. (2018):

nfic(Dp) = A (1 —exp M ln2) 3

(C—B)
From the efficiency curves, two characteristic parameters can
be determined. First, the asymptotic maximum counting effi-
ciency nmax. It represents the plateau region where the count-
ing efficiency remains constant as the particle diameter in-
creases. Second, the cutoff diameters, Ds5g and Dggy, which
correspond to the particle diameters at which 50 % or 90 %
of the particles are counted relative to the reference.

4 Results and Discussion
4.1 Particle Growth

4.1.1 Evaluation of the Indicative Droplet Growth
Ratio (c1/cp)

The internal diagnosis of the GRIMM CPC associated
with droplet growth is represented by the indicative droplet
growth ratio c1/cop, as illustrated in Sect. 3.2. The ratio is
always found to fall between zero and one. It has been de-
termined that a ratio of c¢;/cop < 1 corresponds to DMSO
droplets with diameters between 2.5 and 4.6 um, whilst a
ratio of ¢1/co =1 indicates that the DMSO droplets have
grown to diameters above 4.6 um.

All data presented in this section are based on DMA
size-selected aerosol, enabling a controlled investigation of
droplet growth as a function of particle size and number con-
centration.
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a cutoff diameter of D5y = 5.1 nm.

Table 2 summarizes the average indicative droplet growth
ratios c¢1/cq of the DMSO-CPC across all pressure and inter-
nal temperature settings for NaCl test aerosols. Each reported
value represents the mean and standard deviation calculated
from independent experiments. Although the cj/co values
are not always constant during individual measurements and
tend to exhibit systematic trends (see below), the overview
of the average values serves to highlight the main features
of droplet growth under varying conditions. The data show
that droplet growth in the DMSO-CPC depends strongly on
the internal temperature settings. The most efficient growth
occurs at high saturator temperatures Ty and large temper-
ature differences AT. For Ty, =40°C and AT > 30°C, the
c1/co ratio remains larger than 0.5. Reducing the tempera-
ture difference or the saturator temperature leads to consis-
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tently lower c1/co values across all pressures. However, the
c1/co ratios at the reduced saturator temperature are excep-
tionally low for 1000 hPa and 250hPa, with values as low as
0.03. Similarly low values occur at a saturator temperature
of Tso = 40°C when the temperature difference is reduced
to AT =25°C.

The graphical representation of the indicative droplet
growth ratios c1/cp as a function of the total aerosol sur-
face area concentration and the particle diameter offers valu-
able insights into the condensational droplet growth mecha-
nism. Figure 6 shows the c1/cq values plotted against the to-
tal aerosol surface area concentration at 1000 hPa and various
temperature settings. The surface area concentration was cal-
culated by multiplying the number concentration by the sur-
face area of a sphere with radius determined from the DMA
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Table 2. Average c1/co values of the DMSO-CPC for all pressure and temperature settings. The column headers indicate the saturator
temperature and the condenser temperature in °C in the format Tsat/Tcon.

p (hPa) 40/5 40/10 40/15 35/5 35/10
1000 0.93+£0.09 0.59+0.34 0.14£0.07 0.08+£0.04 0.08£0.03
700 1.00£0.01 098+0.01 0.85+£0.01 0.65+0.02 0.22+0.01
500 1.00£0.00 1.00£0.01 0.93+£0.03 0.85+0.02 0.33+£0.06
250 0.98+0.01 0.89+0.01 0.18+£0.01 0.08+£0.01 0.03+0.01

classification. Each panel represents one measurement cycle
of the DMA. The color scale depicts the initial particle di-
ameter of the monodisperse aerosol generated by the DMA.
Figure 6a shows results obtained with butanol as the work-
ing fluid averaged over all internal temperature settings. The
indicative droplet growth ratio remains constant at unity, in-
dicating sufficient droplet growth under all investigated con-
ditions. The remaining panels show results for DMSO under
five combinations of saturator and condenser temperatures.

At optimal temperature settings, meaning high saturator
temperatures and large temperature differences (Fig. 6b and
c), the indicative droplet growth ratios remain close to unity
for all surface area concentrations. A small local minimum
near an aerosol surface area concentration of 10°nm?cm—3
is observed in all measurements and is likely caused by an ar-
tifact in the measurement or experimental setup rather than a
physical effect. Across all non-optimal temperature settings
(Fig. 6d—f), the overall trend of the ¢ /cq ratio remains con-
sistent. Non-optimal refers to conditions yielding c¢1/cq val-
ues below 0.3 at any point during the measurement. The in-
dicative droplet growth ratios reach unity for large aerosol
surface area concentrations but decline progressively with
decreasing surface area concentration. A slight kink is visi-
ble in the yellow region around Dj, ~ 50nm, coinciding with
the maximum of the size distribution of the generated NaCl
test aerosol (see Weber et al., 2023b). That means at around
Dp ~ 50nm most particles are generated and towards both
smaller and larger particle sizes the generated particle num-
ber concentration declines.

This observed behavior can be understood as the result
of coupled particle-size-dependent activation and finite res-
idence time in the condenser. Larger particles require lower
supersaturation for activation and can therefore activate ear-
lier along the condenser, resulting in longer effective growth
times compared to particles near the cutoff diameter (Ma-
makos et al., 2013). This size dependence is consistent with
the observed variation of ¢y /cg with particle diameter.

Furthermore, measurements with highly agglomerated
soot particles exhibit the same overall behavior, demonstrat-
ing that the CPC response is robust for both compact (NaCl)
and agglomerated (soot) aerosols with highly different sur-
face properties.

The representation as a function of aerosol surface area
concentration further highlights this behavior. At low surface
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area concentrations, the system operates in a regime where
droplet growth is primarily limited by insufficient residence
time, i.e. a time-limited regime. This can equivalently be
interpreted as the effective condenser length being insuffi-
cient for complete droplet growth under the given operating
conditions. At higher surface area concentrations, deviations
from this behavior would indicate that vapor depletion may
begin to contribute, suggesting a transition toward a vapor-
influenced regime.

To validate this hypothesis, we conducted an experi-
ment with a high aerosol number concentration at 250hPa,
Tsat =40°C and Ton = 10°C, as these conditions also pro-
duce the characteristic c¢j/co trend (see Fig. 7a). The results
of the high-concentration experiment are shown in Fig. 7b.
The high concentration represents a doubling of the aerosol
number concentration compared to the original measure-
ment. The kink at Dp ~ 50nm, now appears towards lower
c1/co values with increasing surface area concentration.

This change in behavior indicates that, above a to-
tal aerosol surface area concentration of approximately
108 nm? cm—3, droplet growth becomes limited by the avail-
ability of condensable vapor, i.e. a vapor-limited regime is
reached. In addition, condensational heating due to latent
heat release may further reduce supersaturation at elevated
particle number concentrations. However, a quantitative sep-
aration of these effects is beyond the scope of the present
study.

Overall, these observations support our hypothesis that,
under the conditions of the standard measurements, the ob-
served trends in c¢y/co are primarily governed by a time-
limited regime, in which particles do not spend sufficient
time in the condenser to reach their full droplet size.

The study conducted by Weber et al. (2023b) did not re-
port such low ¢y /cq ratios under any conditions. The key
difference between our study and the study conducted by
Weber et al. (2023b) lies in the DMSO supply. While We-
ber et al. (2023b) manually wetted the wick inside the CPC
with DMSO, we operated the CPC as intended by the man-
ufacturer, with the CPC measuring the liquid level and auto-
matically regulating the working fluid supply. With values as
low as ¢ /co = 0.03, the required level of droplet growth is
not achieved inside the DMSO-CPC, indicating that the au-
tomated DMSO supply of the CPC is not sufficient and leads
to lower supersaturations and therefore to less or even insuf-
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ficient particle activation under specific conditions. However,
sufficient droplet growth is achieved with the current settings
of the refilling process when Ty, and AT are high. In addi-
tion, the application of the cp-adjustment to ensure the com-
parability of all data (Sect. 3.2) could result in a considerable
degree of uncertainty for low ¢ /co-ratios.

4.1.2 POPS Measurement of Final Droplet Size

To quantify the final droplet size at the outlet of the con-
denser, a series of measurements was performed using the
experimental setup described in Sect. 2.1.2. The resulting
DMSO droplet size distributions at three temperature differ-
ences are shown in Fig. 8. Panel (a) corresponds to the Sky-
CPC temperature setting of Tg =40°C and Teon = 5°C,
which yielded the highest ¢;/cq ratios at ambient pressure
(see Sect. 4.1.1). Those high ratios with ¢1/co = 1 indicate
sufficient droplet growth to final droplet diameters larger than
4.6um (see Fig. 3). However, the final droplet size distri-
bution measured by POPS yields a count median diameter
(CMD) in the size bin between 2000 and 2200 nm.

The significant difference between the ¢ /co-derived final
droplet size and the POPS measurements can be attributed
to two factors. First, the geometric dimensions of the con-
denser in this setup differ from those of the Sky-CPC. Al-
though the Sky-CPC condenser is not directly accessible, we
estimate it to be larger than the condenser used in the POPS
measurements. Lewis and Hering (2013) demonstrated that
condenser diameter strongly affects the final droplet size,
with wider tubes producing larger droplets. Second, the dif-
ference in droplet size can also be explained by Mie the-
ory, as the lower refractive index of DMSO compared to
polystyrene latex (PSL) particles affects light scattering and
the inferred size. The POPS instrument operates at a wave-
length of A =405nm. The refractive indices of DMSO and
PSL at this wavelength are 1.49 and 1.59, respectively. Note
that the refractive index of DMSO at this wavelength was
estimated via the dispersion relation for DMSO at 20°C
(Polyanskiy, 2024). Although this dispersion relation is an
approximation and may vary with temperature, the lower re-
fractive index of DMSO relative to PSL implies that the mea-
sured size distribution would shift slightly toward larger par-
ticle diameters. This shift was not quantified in our study. In-
stead, we focused on comparing the order of magnitude and
general trends of the POPS data under different CPC temper-
ature settings.

Since the self-built CPC setup allows for higher satura-
tor temperatures than the Sky-CPC, additional experiments
were conducted at larger temperature differences to deter-
mine the achievable operating range—that is, to assess how
droplet growth is affected and at which temperatures ho-
mogeneous nucleation of DMSO begins. Panel (b) shows
the droplet size distribution at AT =75 °C. The distribution
shifts markedly towards larger droplet sizes, with a CMD in
the size bin between 3600 and 3800 nm. As expected, larger
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temperature differences between the saturator and condenser
result in more pronounced droplet growth. This shift would,
in principle, also lead to smaller cutoff diameters. However,
this could not be verified because aerosols smaller than 5nm
could not be generated with our laboratory setup.

A further increase in the temperature difference to
AT = 85°C results in homogeneous nucleation of DMSO.
Panel (c) presents the corresponding size distribution, ob-
tained with a filter placed upstream of the saturator. Even
under these particle-free conditions, droplets larger than
4 um were detected, confirming homogeneous nucleation of
DMSO under these conditions. It is worth noting that, when
the filter was installed, the droplet size counts for the mea-
surements at AT =35°C and AT = 75°C dropped to zero.

4.2 Simulations

To validate the experimentally quantified final droplet size
in the condenser (Sects. 4.1.1 and 4.1.2), model simulations
of the saturation ratio and droplet growth were conducted.
The temperature and vapor pressure fields were simulated
for the Sky-CPC 5411 operated with butanol and DMSO,
as described in Sect. 2.2. From the results, the calculation
of the saturation ratio S was performed, which are presented
as contour plots in Fig. 9 for the pressure stages of 1000,
500, 250 hPa and for a temperature setting of 7y = 40°C
and Tiop = 10°C. Figure 9 only shows the condenser section
of the CPC, starting at 110 mm from the instrument inlet. The
preceding parts, including the saturator (0—100mm) and the
10mm insulating section, are not shown, as the focus is on
supersaturation within the condenser and the droplet growth
at its outlet. The simulations were performed for all pressure
stages and temperature settings of the experimental results
(see Sect. 4.3 and 4.4), but for clarity only those conditions
are provided.

Figure 9 shows that both working fluids produce nearly
identical saturation profiles inside the condenser when op-
erated under identical conditions. This consistency holds
across all simulated temperature and pressure settings. A key
feature of the profiles is the region of maximum saturation
ratio Smax, Which determines the smallest particles that can
be activated. The position of Sp,x depends on pressure: at
1000 hPa, it occurs near the end of the condenser, while at
lower pressures it shifts progressively toward the center. This
trend agrees with previous simulation studies and can be at-
tributed to the pressure dependence of the Reynolds number
Re in the heat and mass transfer equations (Hermann et al.,
2005; Bauer et al., 2023). The CPCs were operated at con-
stant volumetric flow. As diffusivity increases with decreas-
ing pressure, heat and mass transport within the condenser
become more efficient. As a result, the supersaturation max-
imum shifts toward the inlet of the condenser, effectively in-
creasing the usable length of the condenser and the residence
time available for particle activation and droplet growth un-
der reduced-pressure conditions.
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Furthermore, the magnitude of Sp.x varies with pressure,
being lowest at 1000hPa and highest at 500hPa. The low
supersaturation observed at 1000hPa may be attributed to
the limited dimensions of the condenser. Owing to its short
length, the system does not allow sufficient residence time for
the maximum supersaturation to be reached. Furthermore,
the longer mean free path at lower pressures enhances dif-
fusion away from the liquid surface, leading to higher satu-
ration ratios. At the lowest pressure stage (250 hPa), however,
the supersaturation decreases again due to the reduced num-
ber of vapor molecules available.

The final droplet sizes resulting from the simulated satu-
ration profiles were calculated for all temperature and pres-
sure settings. The results are shown in Fig. 10 for both
working fluids. Consistent with the lower saturation vapor
pressure of DMSO compared to butanol, droplets in the B-
CPC exhibit approximately four times greater growth than
those in the DMSO-CPC, although the overall behaviour re-
mains similar. The pressure-dependent droplet growth fol-
lows the same trend as the saturation profiles: the smallest
growth occurs at 1000hPa, reaches a maximum at 500 hPa,
and decreases slightly at 250hPa. This pattern is observed
for both working fluids across all temperature settings. Com-
parison of the different temperature conditions confirms two
main trends derived from the experimental results. First, a
larger temperature difference between the saturator and con-
denser AT leads to enhanced droplet growth. Second, for
the same AT, a higher saturation temperature Ty, also pro-
motes greater droplet growth. This is consistent with previ-
ous studies, where similar behaviour was observed (Krasa
et al., 2025).

However, the simulated absolute final droplet sizes do not
match the measured droplet sizes discussed in Sect. 4.1.1.
While the c;/co values suggest insufficient droplet growth
for DMSO under most conditions (see Table 2), the simu-
lated final droplet diameters exceed 8 um for all conditions.
Two potential explanations can be proposed for this discrep-
ancy. First, the simulations assume a perfectly wetted wick
and account solely for condensation processes. Because the
freezing point of DMSO is 18 °C, sublimation of the vapor
may occur, which is not captured by the simulations. Sec-
ond, we were limited to using estimated condenser dimen-
sions as input for the numerical calculations in our study.
Lewis and Hering (2013) demonstrated that the condenser
diameter strongly affects droplet growth, with larger diam-
eters yielding larger droplets. Also, their simulations simi-
larly over-predicted droplet sizes compared to their experi-
mental measurements. Accordingly, we may overestimated
the Sky-CPC’s geometric dimensions, leading to larger sim-
ulated droplet sizes. Nevertheless, the overall trends and the
comparison between working fluids, temperature settings,
and other studies support the validity of the results.
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4.3 Pressure Dependency of the CPC Counting
Efficiency

With the experimental setup described in Sect. 2.1.1 the
counting efficiencies for two Sky-CPCs 5411 were deter-
mined at four different pressures of 1000, 700, 500 and
250hPa. One CPC was operated with butanol as working
fluid (B-CPC), the other with DMSO (DMSO-CPC). The
chosen temperature setting for the DMSO-CPC corresponds
to the setting where it was found to perform best, especially
regarding its c¢1/cq ratio which indicates sufficient particle
growth. The saturator temperature of the DMSO-CPC was
40°C, the temperature at the condenser 5°C. The saturator
temperature of the B-CPC was 36 °C, the temperature at the
condenser 10°C as intended by the manufacturer. The ob-
tained counting efficiency curves are shown in Fig. 11. The
y axis error bars indicate the standard deviation of the count-
ing efficiency mean values and the vertical dashed lines rep-
resent the calculated Dsg cutoff diameters.

The asymptotic maximum counting efficiency nmax is nor-
malised to unity due to the applied calibration (see Sect. 3.3).
Consequently, it is not possible to directly evaluate the de-
pendence of nmax on pressure. However, to assess this de-
pendence, the slope correction parameters, K¢, can be com-
pared, while the Dsg cutoff diameters remain directly com-
parable across different measurement conditions. Figure 11
shows a slight shift in the Ds( towards larger particle diam-
eters, which is associated with a less steep slope as the pres-
sure decreases. This shift is negligible, as it moves the cut-
off from D50(1000hPa) =4.9nm to D5p(250hPa) = 6.2nm
and lies within the uncertainty of the experiment. Figure 12
shows the K¢ values plotted against the temperature differ-
ence and the different pressures are denoted by the differ-
ent markers. Due to the imprecise sheath flow control within
the electrometer, these K( values cannot be treated as ab-
solute values, but rather as a relative indicator on how the
asymptotic maximum counting efficiency depends on pres-
sure. As demonstrated in Fig. 12, there is a minor dependence
of Kg on pressure for both CPCs, with reduced values as the
pressure decreases. The asymptotic maximum counting effi-
ciency, fmax. decreases by about 14 % as K drops from 0.88
at 1000hPa to 0.75 at 250 hPa.

A key finding from the pressure-dependence measure-
ments is the close agreement between the B-CPC and the
DMSO-CPC, consistent with the observations from Weber
et al. (2023b). Furthermore, these results align with exper-
imental data for a CPC operated with isopropyl alcohol re-
ported by Bezantakos and Biskos (2022). Earlier studies con-
sistently report a critical low-pressure point at which the CPC
counting efficiency drops sharply (Hermann and Wieden-
sohler, 2001; Zhang and Liu, 1991; Hermann et al., 2005).
As no such sharp drop was observed in our measurements, it
is likely that the critical pressure for the Sky-CPC 5411 was
not reached for either working fluid. Moreover, the pressure
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independence of Dsg was confirmed for other CPC tempera-
ture settings (see Sect. 4.5).

4.4 Internal Temperature Dependence of the CPC
Counting Efficiency

The counting efficiencies of the two Sky-CPCs 5411 (B-CPC
and DMSO-CPC) were measured at five different internal
temperature settings, as described in Sect. 2.1.1. The satu-
rator and condenser temperatures are fixed values set via the
CPCs’ software, allowing investigation of both the tempera-
ture difference between saturator and condenser and the ab-
solute temperatures of each component. The chosen settings
cover a temperature difference range of 25-35 °C, with sat-
urator temperatures varying between 35 and 40°C. Of par-
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ticular interest is the setting Ty, = 40°C and Teon = 15°C,
since the freezing point of DMSO is 18°C. With the con-
denser temperature close to the freezing point, potential dif-
ferences in droplet growth — whether forming solid crystals
or droplets — could be observed (Weber et al., 2023b).
Figure 13 shows the counting efficiency curves of differ-
ent temperature settings for the DMSO-CPC at ambient pres-
sure of approximately 1000hPa. As before, the y axis error
bars indicate the standard deviation of the counting efficiency
mean values and the vertical dashed lines represent the cal-
culated Dsg cutoff diameters. It is evident that the temper-
ature settings of the CPC have an impact on the Dsg, with
a higher temperature difference leading to lower Dsg cut-
off diameters. This finding is in good agreement with other
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Figure 12. Calibration factor K at different temperature differences between saturator and condenser for (a) the B-CPC and (b) the DMSO-
CPC, serving as a relative indicator of the asymptotic maximum counting efficiency nmax. The factor Kq shows no clear dependence on
temperature difference but increases with pressure, indicating a decrease in nmax with decreasing pressure.

studies and can simply be explained by higher supersatura-
tions achieved in the condenser (Hermann and Wiedensohler,
2001; Hermann et al., 2005). Especially the reduced satura-
tor temperature of Ty = 35 °C seems to lead to a more pro-
nounced shift towards larger particle diameters than the tem-
perature difference itself. This finding was also reported by
Mei et al. (2021), who conducted a simulation study in which
they varied the temperatures of the saturator and condenser
of a water-based CPC, while maintaining the temperature dif-
ference constant.

The temperature setting of interest, with a condenser tem-
perature near the freezing point of DMSO, does not show a
significant difference compared to the other efficiency curves
at the same saturator temperature. Consequently, it remains
unclear whether droplet growth is unaffected or if the particle
phase has no influence on the detection process.

In analogy to the pressure dependence, the asymptotic
maximum counting efficiency nmax was investigated using
the calibration parameter Ko. As shown in Fig. 12, Ky, and
consequently nmax, exhibits no significant temperature de-
pendence for either CPC within the range of tested tempera-
ture differences. Previous studies that examined even smaller
temperature differences, however, reported a decrease in the
maximum counting efficiency as the temperature difference
becomes very small (Hermann and Wiedensohler, 2001; Mei
et al., 2021).

4.5 Combined Dependencies and Comparison to
Butanol

Figure 14 shows the combined dependencies of the averaged
D5 cutoff diameters for both CPCs based on repeated mea-
surements. The CPC operated with butanol exhibits only mi-
nor variations in Dsq across all temperature settings and pres-
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sures, with an average value of D?&“an‘ﬂ = (5.6+0.5) nm.
This result agrees well with the value of D59 = (5.5£1.5) nm
reported by Weber et al. (2023b), measured under identical
conditions for both butanol and DMSO.

In contrast, the CPC operated with DMSO shows larger
variations in Dsg with changing temperature differences
and pressures. Compared to the findings of Weber et al.
(2023b), our measurements indicate a higher variability, with
D?OMSO _

(6.6 =2.2) nm across all conditions. The temper-
ature setting of Ty = 35°C and T¢on = 10°C, in particular,
results in notably larger cutoff diameters. This can be ex-
plained by the corresponding c1/cq ratios, which fall below
0.1 under these conditions, indicating insufficient particle
growth. When considering only temperature settings with
c1/co > 0.2, the mean  value  reduces to

D]5)0MSO = (5.84+0.9)nm, which is consistent with the
result obtained using the B-CPC.

The highest temperature difference of AT = 35°C could
not be applied to the B-CPC, as homogeneous nucleation of
butanol was observed under this condition. Figure 15 shows
the uncorrected counts of both CPCs and the FCE. In this
measurement, both CPCs were operated at Ty, = 40 °C and
Teon = 5 °C. For smaller particle diameters, the number con-
centration recorded by the B-CPC does not decrease to zero,
indicating the occurrence of homogeneous nucleation of bu-
tanol. This observation is consistent with the findings of Mor-
das et al. (2007), who reported homogeneous nucleation in a
different model CPC at AT = 39°C.

At this point, it should be emphasized that the DMSO-CPC
is capable of achieving results comparable to those of the B-
CPC under appropriate conditions, where the c¢g adjustment
is justified. Further adaptations and optimisation steps aimed
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and FCE remains unaffected.

at improving the performance of the DMSO-CPC are dis-
cussed in Sect. 4.9.

4.6 Consumption and Ambient Air Measurements
during Long-Term Deployment

Long-term experiments were conducted to quantify the con-
sumption of the working fluid. The B-CPC was operated at
temperatures of Tgy = 36°C and Tcon = 10°C, as intended
by the manufacturer. The DMSO-CPC was operated at tem-
peratures of Ty = 40°C and T¢on = 5 °C, were it was found
to perform best. The CPC was completely dry at the begin-
ning of the experiment and a well known amount of working
fluid was filled in the supply bottle. The CPC was considered
to be dry again as soon as the liquid level warning was dis-
played even though the CPC was still operating for several
hours after the initial warning. The consumption of DMSO
was calculated to be in the range of 2-3mLd ™!, whereas that
of butanol was determined to be 96 mL d~".

Furthermore, ambient air measurements were conducted
over several days. It was observed that the DMSO-CPC did
not exhibit any complications and functioned in a stable man-
ner. Moreover, throughout the duration of the present study,
the CPC operated with DMSO was utilised for a period of
several months, encompassing all experiments conducted.

4.7 DMSO-H,0 Mixture

DMSO is soluble in water. The usage of a mixture of DMSO
and water as working fluid brings two important advantages.
First, the freezing point of DMSO of 418 °C can be adjusted
to less than —100°C by adding defined amounts of water
(Havemeyer, 1966). Second, defined amounts of water also
increase the flash point of DMSO from 98°C to tempera-
tures above 140°C, as can be seen in Fig. B2 in the Ap-
pendix. It depicts the pressure-dependent flash points calcu-
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lated according to Astbury et al. (2004), using the experi-
mental mole fraction data for DMSO and H,O reported by
Nishimura et al. (1972). Consequently, employing a DMSO-
H>O mixture as the working fluid enables CPC operation un-
der extreme conditions, such as low pressures encountered
during aircraft measurements or low temperatures in polar
environments.

Furthermore, as the CPC measures ambient air, water is
always present in the system. This lowers the effective freez-
ing point of DMSO, such that operation at condenser tem-
peratures below 18 °C is not expected to result in freezing or
ice buildup on the condenser walls, even during extended op-
eration. This is supported by our observations, as continuous
liquid drainage was observed in the DMSO-CPC throughout
operation.

Figure 16 shows the results of an ambient air measure-
ment at the campus of Forschungszentrum Jiilich (Germany),
which is located within a forest area. During this measure-
ment the CPC was operated with a mixture of 90 % DMSO
and 10 % water. To test the performance and duration of op-
eration of the DMSO-H,O-CPC, there was no automatic re-
filling. Panel (a) shows the c1/co ratio over time. Panel (b)
depicts the number concentration measured by both CPCs,
where the DMSO-H,O data is adjusted to the c¢ threshold
(see Sect. 4.1). The results show a decreasing c1/co-ratio
over time, indicating that the wick inside the CPC becomes
drier and the saturation for particle activation decreases. Nev-
ertheless, the co number concentration of the DMSO-H,O-
CPC is in good agreement with the B-CPC, which was op-
erated as intended by the manufacturer. This experiment
demonstrates that the DMSO-H,O—CPC can operate accu-
rately for at least 72 h without requiring maintenance. Never-
theless, the option of automatic refilling further enhances its
suitability, making the DMSO-H,O-CPC ideal for deploy-
ment at remote measurement stations in challenging environ-
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ments. Panel (c) depicts the correlation between the B-CPC
and the DMSO-H;O—CPC during this ambient air experi-
ment. The slope of the linear correlation is 1.0046 £ 0.0001
(R? > 0.99, number of data points n = 253769), indicating
that the measurements made using DMSO-H,O as work-
ing fluid are not distinguishable from the measurements per-
formed with butanol.

4.8 Aerosol Chemical Composition Dependence

In order to investigate the dependence of the CPCs on the
chemical composition of the aerosol, we conducted system-
atic measurements using three types of aerosol particles:
sodium chloride (NaCl), ammonium sulfate ((NH4)>SOg;
AS), and soot. These seed types represent a range of hygro-
scopic properties and atmospheric relevance. The soot parti-
cles were generated using an inverted flame soot generator
(see Sect. 2.1.1), producing a size distribution with a CMD
around 140 nm. Due to this relatively large CMD, we are pri-
marily sensitive to the left-hand side of the distribution, lim-
iting the observable size range for these particles in the CPC,
which could lead to a greater uncertainty of the resulting Dsq
cutoff diameters for soot particles.

Measurements were performed at two pressures, 1000 and
700hPa. For each pressure level, the CPC was operated at
three different temperature settings, corresponding to a range
of temperature differences between the saturator and con-
denser from 35 —25°C. This range allows to systematically
probe the influence of supersaturation on particle activation
and detection efficiency. The resulting data provide insight
into how the CPC responds to particles of varying composi-
tion and size under different environmental and operational
conditions. The resulting Dsg cutoff diameters are listed in
Table 3 for both CPCs.

It is evident from the data presented that there is no sig-
nificant difference in the D5 cutoff diameter between the B-
CPC and the DMSO-CPC at 700hPa. At ambient pressures
of approximately 1000hPa the performance of the DMSO-
CPC is highly depending on the temperature difference be-
tween saturator and condenser. While the cutoff diameters
from the DMSO-CPC for AT =35°C and AT =30°C are
comparable to the ones from the B-CPC, the D5y diame-
ters at AT = 25°C are shifted towards larger diameters for
the DMSO-CPC. The only exception is soot, where also at
AT =30°C alarger Dsg is observed with the DMSO-CPC.
Overall, however, and particularly at the highest temperature
difference, the results obtained using the CPC with DMSO
are comparable to those obtained using the B-CPC. This in-
dicates that both working fluids exhibit a similar dependence
on the chemical composition of the aerosol if operated under
reasonable temperature settings.

Atmos. Meas. Tech., 19, 5243-5266, 2026

4.9 Considerations to Counterbalance Small Particle
Growth

To improve the indicative droplet growth ratios c1/co un-
der identical conditions and thus reduce the signal-to-noise
ratio, the laser power for particle detection was increased.
While the standard laser current of the Sky-CPC 5411 in the
tested unit is approximately 24 mA, a maximum current of
28 mA was examined. At ambient pressure, this adjustment
resulted in a fully stable c¢j/co ratio and improved linearity
with respect to the reference instrument, up to concentra-
tions of 8 x 10* particlescm™>. Furthermore, reducing the
flow rate from the manufacturer-specified 0.6 to 0.3 L min™—!
enhanced linearity even further, enabling measurements ex-
ceeding 10° particlescm™>. This indicates that the lower flow
rate allows sufficient time for particle growth.

In Sect. 4.1, the lowest c1/co ratios were observed at
Tsat =35°C and Teop = 10°C at 250hPa, as shown in
Fig. 17a. This panel displays c;/co ratios as a function of
total aerosol surface area concentration. Panel (b) shows re-
sults obtained under identical conditions but with increased
laser power. The ratios rise dramatically — by nearly two or-
ders of magnitude — yielding an average Dsq cutoff diameter
of (7.9 £0.2) nm. In comparison, the lower laser power re-
sulted in D59 = (12.1 £ 1.4) nm, nearly twice as large. This
finding supports the hypothesis discussed in Sect. 4.5 that
low c1/cp ratios lead to unrepresentative Ds5g values with in-
creased uncertainty.

5 Conclusions

This study presents a comprehensive laboratory and field-
based evaluation of dimethyl sulfoxide (DMSO) as a non-
flammable working fluid for the Sky-CPC 5411 (GRIMM
Aerosol Technik), directly compared with a butanol-operated
counterpart across a wide range of operational pressures,
temperature settings, and aerosol types. To enable the use
of the instrument’s automatic refilling process, the auto-
matic refilling valve was modified. These modifications were
straightforward to implement and ensured reliable refilling
over a period of six months of intermittent operation.

This study demonstrates that droplet growth in the DMSO-
CPC strongly depends on the saturator temperature Ty, and
the temperature difference between saturator and condenser
AT . Optimal growth, indicated by ¢ /co ratios near unity, oc-
curs at high T, and large AT, while lower temperatures or
smaller differences reduce growth, particularly at 1000 hPa
and 250hPa. Portable Optical Particle Counter (POPS) mea-
surements confirmed that increasing AT enhances droplet
sizes. Simulations of the saturation inside the condenser re-
produced the pressure- and temperature-dependent trends,
showing that both the position and magnitude of the max-
imum saturation ratio Sp,x determine the activation of the
smallest particles. Overall, the results highlight the impor-
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Table 3. Experimentally determined D5 cutoff diameters (nm) for sodium chloride (NaCl), ammonium sulfate (AS), and soot particles at
1000 and 700 hPa, measured at three internal temperature settings (7sat/Tcon) for both the B-CPC and DMSO-CPC.

p (hPa) T (°C) Butanol ‘ DMSO
NaCl AS Soot | NaCl AS Soot
1000 40/5 - - -] 52+04 68+03 8.0+03
355 53+04 78+01 78+02 | 51£05 7.8+0.1 11.0+£04
35/10  6.1+02 72405 84402 | 12.1+14 13.7+0.1 108+1.2
700 40/5 - - -] 54+08 107+03 133+1.0
40/10 53+1.2 11.1+02 1554+06 | 59+1.1 11.1£02 159407
3510 6.1+1.1 132402 160+0.5 | 6.0+£08 13.5+£02 172405

tance of CPC internal settings for reliable particle activation
and provide guidance for optimising DMSO-CPC operation
under varying environmental conditions.

The DMSO-CPC achieved counting efficiencies and cut-
off diameters comparable to those of the Butanol-CPC, with

an overall average of D?OMSO = (5.8 £0.9) nm compared to

D?&“am’l = (5.6 +0.5) nm. While the Butanol-CPC demon-
strated stable performance across all pressures and temper-
ature settings, the DMSO-CPC exhibited a stronger sensi-
tivity to internal temperatures, with smaller temperature dif-
ferences leading to larger D5 cutoffs. The asymptotic max-
imum counting efficiency showed only a minor pressure
dependence, decreasing by about 14 % between 1000 and
250hPa.

Furthermore, the use of DMSO substantially reduced
working fluid consumption (2-3mLd~! compared to
96 mLd~! for butanol), and long-term ambient air measure-
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ments confirmed stable and reliable operation over several
months. Experiments with a DMSO-H;0O mixture further
extended the operational range of the CPC by lowering the
freezing point and improving safety margins, making the
DMSO-H;0O-CPC particularly suitable for airborne applica-
tions and remote monitoring stations under challenging envi-
ronmental conditions.

Although limited droplet growth under certain settings in-
troduced uncertainty in cutoff diameter determination, ad-
justments such as increased laser power and reduced flow
rate effectively shifted the Dsg to lower values.

Overall, the results demonstrate close agreement between
the butanol- and DMSO-based CPC measurements. We con-
clude, employing DMSO or DMSO-H,O mixtures as work-
ing fluids enables safe, efficient, and regulation-compliant
CPC operation without compromising measurement quality,

Atmos. Meas. Tech., 19, 5243-5266, 2026
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even under low-pressure or low-temperature conditions and
in remote environments.

Appendix A: Recommendations

Based on the findings presented in this study, the follow-
ing recommendations are provided to support the successful
and safe implementation of dimethyl sulfoxide (DMSO) as
a working fluid in Condensation Particle Counters (CPCs),
particularly the GRIMM Sky-CPC 5411 model.

Instrument Preparation and Modifications

— Automatic Refilling System: The refilling valve must be
adapted to ensure reliable operation with DMSO. The
modification includes a replacement of the rubber O-
ring with a silicon O-ring and the trimming of the rubber
part of the stamp. Those steps are straightforward and
essential for long-term stability.

— Material Compatibility: Prior to operation, all tubing,
seals, and fluid-contact components should be verified
for chemical compatibility with DMSO. Rubber materi-
als should be avoided.

Operational Conditions

— Temperature Settings: The performance of the DMSO-
CPC is more sensitive to the condenser—saturator tem-
perature difference (A7) than a Butanol-CPC. A high
AT of 35°C (Tgy =40°C and Teon = 5°C) is recom-
mended to ensure sufficient particle activation and sta-
ble counting efficiency.

Atmos. Meas. Tech., 19, 5243-5266, 2026

— Flow Rate Optimization: Reduced sample flow rates,
down to 0.3 Lmin~!, can be applied to compensate for
insufficient activation.

— Laser Power Tuning: An increased laser power can be
applied to reduce the Dsq cutoff diameter without com-
promising the lifetime of the laser itself.

Working Fluid Handling

— Pure DMSO Operation: For standard laboratory use,
pure DMSO offers stable performance with low fluid
consumption and minimal maintenance requirements.

— DMSO-H>0 Mixtures: For field or airborne applica-
tions, mixtures with up to 10 % water are recommended
to lower the freezing point and enhance the flash point.

Hardware Adjustments

Based on our findings, we propose two possible modifica-
tions at the CPCs hardware in order to further optimise the
performance of the CPC operated with DMSO .

— Threshold Adjustment: The voltage thresholds Uy (c)
and Uy (cp) embedded in the instruments hardware
would need to be adapted for DMSO to account for its
lower vapor pressure.

— Automated Refilling: The automatic wetting of the wick
within the saturator should be optimised. It is hypothe-
sised that a change of the liquid sensor or an adjustment
in its settings would enhance the particle growth.
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S. Kirchhoff et al.: Evaluation of DMSO as working fluid in condensation particle counters 5263

Appendix B: Figures
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Figure B1. Flow schematic of the laboratory setup used to quantify the final droplet size inside the CPC.
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