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Abstract. Particle number (PN) measurement of particles smaller than 10 nm is challenging and has so far
primarily relied on condensation particle counters (CPCs). In this work, we present a concept that combines a
condensational growth stage with a diffusion charger to allow for PN measurement with a lower particle cutoff
diameter of 2.5 nm, with the ability to measure PN concentrations exceeding 10® cm™3. We use diethylene glycol
as a working fluid to magnify ultrafine particles into monodisperse um-sized droplets, which are then charged
by a corona charger and finally detected with a Faraday cup electrometer. The sensor developed in this work,
the Condensation Diffusion Charger (CDC), shows a size-independent counting efficiency above 10 nm, similar
to CPCs. Finite-element simulations were performed to model the particle activation and subsequent droplet
growth. The particle activation was verified experimentally and showed a counting efficiency of 50 % for particles
with 3 nm mobility diameter. The CDC was tested on exhaust emissions at a chassis dynamometer for category-
L vehicles to demonstrate its viability for vehicle emission measurements. The results closely correlate with a
2.5 nm reference CPC. Our findings indicate that this method offers an approach for a compact and portable PN
measurement system for ultrafine particles at very high concentrations without the need for dilution.

1 Introduction The recently revised directive (EU) 2024/2881 sets stricter
limit values for pollutants such as PMj 5 and introduces mon-

Exposure to elevated levels of airborne pollution is estimated itoring requirements for ultrafine particles. The most com-

to have caused more than 8 million premature deaths annu-
ally worldwide in 2021 (Health Effects Institute, 2024). In-
creased levels of fine particulate matter with an aerodynamic
diameter < 2.5 um (PM> s), as well as coarse particulate mat-
ter with an aerodynamic diameter < 10um, are known to
have severe health effects (Brook et al., 2010). While ultra-
fine particles smaller than 100 nm constitute only a minor
fraction of the total particle mass, their increased exposure
is known for its contribution to short-term respiratory health
effects (Penttinen et al., 2001) and cardiovascular diseases
(Franck et al., 2011), and has been linked to numerous other
health concerns (Schraufnagel, 2020). Due to their low mass,
ultrafine particles are typically quantified using particle num-
ber (PN) concentration rather than mass.

monly used instruments for PN measurements are conden-
sation particle counters (CPCs), which detect and count sin-
gle particles by growing them to optically detectable droplets
using a supersaturated vapor. This measures the number con-
centration by quantifying the scattered light pulses of the in-
dividual droplets.

While CPCs are widely used in areas such as air
quality monitoring, vehicle exhaust emission homologation
(Giechaskiel et al., 2014), and clean-room monitoring (Aho-
nen et al., 2017), electrical methods offer an alternative
method for PN analysis via measurement of the charge car-
ried by the particles. Electrometers (EMs) can be positioned
downstream of a differential mobility analyzer (DMA) to
serve as a reference instrument for CPC calibration (ISO,
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2015). By analyzing the particle size distribution data ob-
tained from scans over the particle mobility diameter, the de-
tection and characterization of multiply charged particles be-
comes feasible to allow precise determination of the charge
state within the aerosol population. This methodology allows
for a high level of accuracy in assessing PN concentrations
for calibration purposes (Vasilatou et al., 2025).

Electric PN measurement methods typically rely on unipo-
lar ion sources to charge aerosols via diffusion, after which
the total charge is evaluated. Instruments such as the Electri-
cal Low Pressure Impactor (ELPI) by Dekati (Keskinen et al.,
1992), the DMS500 by Cambustion (Reavell et al., 2002),
and the Partector by Naneos (Asbach et al., 2024) are widely
used for this purpose. These instruments are particularly ef-
fective for capturing highly transient events and measuring
elevated PN concentrations. In recent years, several countries
have mandated PN monitoring during periodic technical in-
spections of cars and trucks (Burtscher et al., 2019), creating
a demand for affordable, robust instruments capable of accu-
rately measuring high PN levels. In response, several diffu-
sion charging-based instruments have been commercialized
to meet these regulatory requirements (Melas et al., 2023).

Diffusion chargers (DCs) are generally robust and com-
pact instruments. However, they come with certain limita-
tions. Since the charge acquired by particles generally de-
pends on their size, the resulting measurement is inherently
size-dependent. Additionally, the small electrical currents
generated during the sensing process, due to the low abso-
lute charge levels carried by the particles, lead to increased
measurement uncertainty, particularly at low PN concentra-
tions.

To overcome these limitations, we combine a condensa-
tion particle magnifier stage with a DC-based sensor for PN
measurement, down to particle sizes of 2.5 nm. Polydisperse
particles are activated and grown into droplets with a homo-
geneous size of about 2 um before being detected electrically
by a DC. This allows us to (1) extend the lower detectable
particle size limit comparable to that of CPCs, (2) reduce the
inherent size dependency of electrically based PN counters,
and (3) lower the limit of detection compared to conventional
DCs, while being able to measure PN concentrations exceed-
ing 10 cm—3.

2 Instrument description

Figure 1 shows a schematic drawing of the instrument pre-
sented in this work: the Condensation Diffusion Charger
(CDC). The CDC consists of a custom-built condensation
stage for particle magnification, a diffusion charger DC for
electrical charging and subsequent current measurement of
PN concentration. The DC used in this work was previously
extensively characterized, both experimentally and theoreti-
cally (Schriefl et al., 2019, 2020; Knoll et al., 2021).
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Saturator Condenser Corona  Precipitator FCEM

Figure 1. Schematic of the CDC. The carrier gas is saturated after
entering the device and then cooled in the condenser to induce su-
persaturation and subsequent particle growth. The enlarged particles
then enter the detector section, where they are charged by ions from
an external high-voltage corona and drawn into the flow path with
a small voltage. The charged particles are then periodically precipi-
tated and finally counted by a Faraday cup electrometer (FCEM).

The condensation stage combines a heated saturation sec-
tion with a cooled condenser and was dimensioned based
on simulation results, as discussed in Sect. 5.1. The satu-
rator is 200mm in length and was made from two solid
100 x 70 x 70mm (L x W x H) aluminum blocks. It fea-
tures drilled channels for the wick and two 50 W heating car-
tridges.

The wick was custom-made from a 3D-printed honey-
comb mesh with a 6.35mm (0.25in.) flow channel inside
and has an outer diameter of 16 mm. A silicate cord was
wrapped around and soaked in a working fluid (WF), which
was either 2-(2-hydroxyethoxy) ethanol (also diethylene gly-
col, DEG) or propan-1,2,3-triol (glycerol). Selection criteria
and properties of the WF are discussed in Sect. 4. An active
WF management system was not required due to the low WF
consumption rate. The condenser section is made out of a
100 x 70 x 40 mm aluminum block and is cooled by a Thor-
labs TECH 4 Peltier element. The 100 mm long flow channel
has the same inner diameter as the condenser at 6.35 mm.
Temperature control was realized with a PT-100 element and
a PID controller for both the saturator and condenser.

The 30mm long thermal insulator between the satura-
tor and condenser and connections for the inlet and outlet
were resin 3-D printed. Temperatures of 55 °C or 40 °C for
the saturator and 20 °C for the condenser were selected to
achieve the desired supersaturation conditions at a flow rate
of 0.54 L min~!.

The carrier gas is first saturated with the WF vapor in the
saturator and then cooled in the condenser section. As the
temperature decreases, the saturation vapor pressure drops,
causing the vapor saturation ratio to exceed unity, creating a
supersaturated environment. When the supersaturation level
is sufficient for a given seed particle diameter d, (as dis-
cussed in Sect. 3.1), the particles become activated and grow
into droplets, with sizes of up to a few um. This process
transforms the initially polydisperse particle distribution into
droplets of uniform size.

The carrier gas containing the droplets grown in the con-
denser then flows into the DC. The flow channel of the DC
is rectangular, with a cross-section of 4 x 16 mm. A corona
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wire outside of the flow path is operated at a voltage of
approximately 2.8 kV. The corona discharge process causes
ionization of the surrounding gas, as described in Sect. 3.2.
The created ions are then drawn across the flow channel by
a counter electrode with negative voltage, where they either
attach to particles via diffusion or are captured in the elec-
trode acting as an ion trap. Due to the working principle of
the used Faraday cup electrometer (FCEM), which operates
based on induced currents (Fierz et al., 2014), a differential
signal is required. This is achieved by modulating the pre-
cipitation stage (see Fig. 1). The EM unit then measures a
current, which is directly proportional to the change of the
total aerosol charge state. The flow rate was set to the opera-
tion point of the DC at 0.54 L min~!.

This approach offers several advantages over conven-
tional diffusion charging methods. The detection of particles
smaller than 10 nm by DC is possible by the magnification
of the ultrafine particles. The lower detection limit can there-
fore be extended to size ranges similar to those of CPCs or
particle size magnifiers (2.5 nm in this work). The magnifica-
tion also disregards the inherent size dependency of diffusion
charging, since all particles independent of their initial seed
diameter grow into similarly sized droplets. Furthermore, the
particle magnification size leads to an increase in charge car-
ried per particle and therefore an amplification in the sensor
signal, significantly reducing the limit of detection.

3 Theoretical background

3.1 Particle activation and growth

Ultrafine particles are grown into um-sized droplets in par-
ticle size magnifiers through condensational growth in a su-
persaturated vapor. In CPCs, these droplets are then detected
optically by measuring light pulses produced through light
scattering. Supersaturation in laminar-flow CPCs is typically
generated by saturating the carrier gas in a heated section that
contains a wetted wick, allowing the gas to absorb vapor be-
fore it is cooled to induce supersaturation (Stolzenburg and
McMurry, 1991).

The minimum particle size that can be activated is given
by the Kelvin equation:

4o vy

p=mv (1

where o is the surface tension, R is the molar gas constant, T
is the temperature, § is the supersaturation ratio, and vy, is the
molar volume. The seed particle with the diameter d, in this
model is assumed to be of the same species as the condens-
ing liquid, negating any further chemical influences in ad-
dition to the surface tension. Depending on the temperature
settings, which determine the supersaturation profile in the
condenser, particles larger than d, are grown into droplets,
whereas smaller particles are not activated. Higher tempera-
ture differences between the saturator and condenser lead to
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greater supersaturation, resulting in the activation of smaller
particles.

A theoretical framework describing heterogenous nucle-
ation and time-dependent droplet growth, including the gov-
erning equations and assumptions, is provided in the Supple-
ment.

3.2 PN measurement by diffusion charging

The measurement of the PN concentration via diffusion
charging consists of two steps. First, the particles are electri-
cally charged. Unipolar chargers are typically used because
they achieve higher charge levels per particle compared to
bipolar chargers. A common method for generating unipo-
lar ions involves a controlled corona discharge, and chargers
that use this technique are known as corona chargers. The
ions generated in the discharge region recombine with the
aerosol via diffusion, charging the particles. Direct charging
of the aerosol leads to particle losses due to depositions on
the corona, which in turn can lead to unstable ion genera-
tion (Qi et al., 2007). To avoid direct interaction between
the high-voltage corona wire and the particles, ions are often
generated outside the flow path and pulled into the aerosol
flow, where they recombine via diffusion by an applied elec-
tric field (Park et al., 2007).

Following charging, the electrical charge carried by the
aerosol is measured using an EM. Particles can be collected
on a filter, and the resulting deposited current measured. Al-
ternatively, a filter-less method that measures induced cur-
rents upon a change in charge state in the Faraday cup can
be used. A more detailed description of the induced current
detection method used in this work can be found in the Sup-
plement.

The charge acquired by a particle via diffusion charging is
not constant but depends significantly on particle size:

dmax
f q(dp) - N(dp)d(dp). 2

dmin

Qtot =

Q1o 1s the total charge carried by the particles, N is the num-
ber concentration of the aerosol to be measured, and g(d))
is the average charge per particle. The size dependency of
the average charge is roughly proportional to the particle di-
ameter (g(dp) ~ dg'l) and is dependent on the exact charger
design (Jung and Kittelson, 2005; Fierz et al., 2011) and par-
ticle morphology (Biskos et al., 2005).

4 Working fluid selection

4.1 Influence of the WF material properties

The most widely used WF for CPCs is butanol. It enables
particle growth into droplets with diameters of up to 10 um,
which can subsequently be detected via light scattering (lida
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et al., 2009). However, butanol has limitations when it comes
to the reliable detection of particles smaller than 3 nm. This
is because the supersaturation levels required to activate sub-
3 nm particles approach the threshold for homogeneous nu-
cleation, where droplet formation can occur spontaneously
without the presence of pre-existing seed particles.

Hao et al. (2021) analyzed 46 different WFs and optimized
the saturator temperature to achieve the lowest possible dsg
value without triggering homogeneous nucleation. Analysis
showed that the material parameters directly influence the
ability to condense on sub-3nm particles without causing
homogeneous nucleation. While a high surface tension in-
creases the free energy barrier for particle conversion, a lower
vapor pressure reduces the vapor collision rate. Both effects
increase the required saturation ratio for homogeneous nu-
cleation to become significant (Iida et al., 2009). Therefore,
DEG has the ability to condense on sub-3 nm particles with-
out causing homogeneous nucleation (Kuang et al., 2011).

Due to its lower vapor pressure, however, DEG droplets
grow to smaller sizes compared to butanol. Mixing-type
devices, like the Airmodus Particle Size Magnifier, grow
droplets to approximately 100 nm and thus require a separate
CPC for counting (Vanhanen et al., 2011). The laminar-flow
approach used in this work results in larger droplet diame-
ters. Simulations of laminar-flow DEG systems have yielded
final droplet sizes of approximately 1 pm (Iida et al., 2009)
to 1.5um (Hao et al., 2021), with the exact size being de-
pendent on the specific operating parameters and instrument
dimensions.

While a certain droplet diameter must be reached for CPCs
to detect the scattered light, the scattering intensity does not
directly influence the measured particle concentration as long
as the scattering event is registered. As discussed in Sect. 3.2,
diffusion charging is size sensitive, and the particle size di-
rectly influences the charge uptake. The droplet growth rate
is mainly influenced by the vapor pressure above the droplet
surface in the condenser (details can be found in the Supple-
ment, Eqs. S1 to S5). Therefore, both the choice of WF, as
well as the temperature settings of the condenser and satura-
tor, influence the final droplet size.

WFs that generate larger droplets have the advantage of in-
creasing the signal amplitude and therefore lowering the limit
of detection at the cost of a higher WF consumption rate.
Additionally, larger droplet sizes help to minimize the influ-
ence of particle pre-charge and initial particle size on final
droplet formation. If WFs and temperature settings are cho-
sen so that vapor pressures can be kept low, droplets might
only grow into sizes as small as 100 nm. At these small sizes,
the final droplet size becomes dependent on the seed parti-
cle diameter, which prevents direct measurement of PN con-
centration independent of the initial particle size. Conversely,
with increasing size, droplets are more susceptible to losses
within the DC due to inertial impaction or gravitational set-
tling, leading to performance degradation.
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4.2 Concentration-dependent effects

While inertial and gravitational losses can be mitigated by us-
ing straight flow channels and a vertical setup, concentration-
dependent supersaturation reductions influence the final
droplet size. Condensational heating increases the temper-
ature in the condenser, lowering the supersaturation. Addi-
tionally, the uptake of WF vapor by the condensing particles
reduces the vapor concentration in the condenser, leading to
vapor depletion. Both effects lead to a reduction in the final
droplet size and therefore a change in the counting behavior.

Condensational heating is caused by the release of latent
heat as vapor condenses onto the particles. This effect is pro-
portional to the amount of condensed vapor and thus to the
total droplet mass, scaling with ~ dg - Hyap, where Hy,p, is the
latent heat of vaporization.

Vapor depletion results from a reduction in vapor concen-
tration as vapor is absorbed by growing droplets. The reduc-
tion in vapor concentration is dependent on the droplet mass
but, in this case, is relative to the vapor pressure p of the WF
of the working fluid, giving a dependence of ~ ds /p- No
consistent trend can generally be stated for vapor depletion
effects, as fluids with higher vapor pressures tend to grow
larger particles. However, for WFs with lower vapor pres-
sures, droplet growth is reduced, which in turn reduces con-
densational heating effects.

Lewis and Hering (2013) and Stratmann et al. (2010) ana-
lyzed concentration-dependent effects in water-based CPCs.
Both studies revealed a reduction in droplet size, mainly
caused by condensational heating effects, which are strong
due to the larger droplet size within the system, whereas
vapor depletion does not play a significant role. Lewis and
Hering (2013) changed the condenser width and reported a
decrease in concentration-dependent effects for narrower ge-
ometries caused by smaller particle diameters due to short-
ened residence times within the condenser. In the case of
high concentrations of 10° cm™3 and a bimodal distribution,
concentration-dependent effects can become so strong that
particle sizes previously above dsq are no longer counted in
the CPC (Stratmann et al., 2010).

As the DC signal is sensitive to particle size, smaller
droplets, which form at elevated PN concentrations, lead to
a reduction of the measured signal amplitude. This results in
a non-linear response, where the signal no longer increases
proportionally to the PN concentration. This non-linear be-
havior is characterized in Sect. 6.5.

4.3 Working fluids for diffusion charging

Considering all of the above influences, the requirements re-
garding the WF for a condensation-based electrical counter
are different from those of a CPC. In a CPC, a minimum
droplet size for reliable detection via light scattering is re-
quired. Therefore, liquids with a high vapor pressure, such as
water or butanol, are often the preferred choice. Without the
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drawback of requiring an additional booster stage, WFs with
smaller saturation vapor pressures are suitable in this setup.
However, due to the direct influence of the droplet diameter
on the measurement signal, the situation is more nuanced for
the CDC developed in this work. The signal amplitude and
therefore the limit of detection directly depend on the droplet
diameter. On the other hand, concentration effects can be ex-
pected to be more pronounced, with larger droplets, and have
a direct influence on the measured PN concentration.

WFs with a lower saturation vapor pressure lead to smaller
droplet sizes and allow for the activation of smaller parti-
cles without causing homogeneous nucleation. Additionally,
a lower evaporation rate leads to a reduced consumption of
the WF and therefore an extended refilling interval. The re-
duced droplet size resulting from the lower vapor saturation
pressure also reduces inertial and gravitational losses due to
impaction, as droplets in water-based CPCs grow up to 8 um
(Lewis and Hering, 2013).

Two WFs, DEG and glycerol, were evaluated for their
suitability of condensational particle magnification out of a
wide range of potential candidates. DEG is commonly used
in booster stages for particle size magnifiers, proven in com-
mercial instruments, and was therefore evaluated as one of
two WFs in this work. The thermodynamic properties of
DEQG, including vapor pressure, surface tension, and diffu-
sion coefficient, were used as inputs for the fluid dynam-
ics simulation. As these parameters directly influence par-
ticle activation and droplet growth rates, the choice of WF
therefore defined the viable range of temperature settings and
boundaries for the optimization of the condensation stage ge-
ometry.

Glycerol was also considered due to its significantly lower
vapor pressure, approximately 30 times less than DEG,
which was the lowest among the WFs evaluated by Hao et al.
(2021). This results in smaller droplet diameters at tempera-
ture settings for comparable dsy diameters. However, the ob-
tained signal amplitude with glycerol as WF was found to be
reduced over time and therefore not a suitable WF. This may
be caused by the high water affinity of glycerol, which then
takes up water within the wick, reducing the vapor concen-
tration and therefore droplet growth in the condenser.

5 Condensation stage model

5.1 CFD simulation

The condensation growth stage of the CDC was modeled in
COMSOL Multiphysics 6.0. The model consists of a heated
saturator followed by the thermal insulation and a cooled
condenser stage. The subsequent droplet growth was calcu-
lated in MATLAB.

The COMSOL model consists of a 2-D axially symmetric
model and couples the laminar flow, heat transfer in fluids,
and stabilized convection—diffusion modules. The required
temperature-dependent material parameters were taken from
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Yaw (2003) and are spatially resolved within the geometry.
The 2-D fields of the gas flow, temperature, and WF vapor
pressure of the condenser stage are then passed to MATLAB.
To account for concentration-based effects as described in
Sect. 4.2, a simple approach using a concentration-dependent
vapor sink for vapor depletion and a corresponding heat
source for condensational heating was modeled. However,
this approach was excluded from further analysis as its pre-
dictions were inconsistent with experimental observations.
As the diffusion coefficient of the WFs in use is lower
than the thermal diffusivity of the carrier gas, the supersatu-
ration decreases from the centerline toward the wall (Li et al.,
2024). One can therefore integrate from the centerline to the
outermost radius rmax, Where the particles are still activated,
while taking into account the parabolic flow velocity v(r).
This yields the size-dependent counting efficiency (CE):

' =Fmax
CE(dy) = =0 "2 vir)dr 3)
frr=0 r-v(r)dr

Equation (3) assumes a uniform distribution of the PN
concentration along the radial axis and therefore neglects ax-
ial diffusion effects. Generally, two distinct particle sizes are
of interest: the largest diameter, at which no particle activa-
tion occurs (dp); and the particle diameter, at which 50 % of
the particles are counted (dsq).

Once a sufficient supersaturation ratio along the flow di-
rection is reached for a given radial position and particle
size dp according to Eq. (1), the droplet growth simulation
is initialized in MATLAB and solved via the built-in odel5s
solver. The growth rate along the flow path is calculated via
Eq. S1. Particle growth was simulated until the beginning of
the corona discharge region. To allow for simulation within
the 2-D axially symmetric model used for the droplet growth,
the diffusion charger was approximated as having a cylindri-
cal cross-section, although the actual device features a rect-
angular profile. The length after the exit of the condenser
was adjusted to ensure that the residence time in the model
matched that of the physical instrument.

The geometry of the condensation stage was the result of
the following considerations and a simulation-based param-
eter optimization. The width and length of the condenser and
saturator directly influence the residence time and therefore
determine the diffusional losses in the system. For a given
flow rate and flow path width, the saturator length is opti-
mized once the centerline of the flow path is fully saturated.
The condenser length can be considered as optimized once
the droplet no longer grows significantly (Balendra et al.,
2024). Both the diffusion rate of the vapor toward the cen-
ter of the saturator and the droplet growth rate in the con-
denser are dependent on the material parameters of the WF.
Therefore, the optimum saturator and condenser length are
also dependent on the chosen WF.
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Figure 2. Simulated activation efficiency of the growth stage at
three different temperature settings according to the Kelvin equa-
tion.

5.2 Particle activation

The saturation of the WF vapor inside the condenser was
modeled for three different temperature settings. As ex-
pected, the maximum supersaturation occurs along the cen-
terline of the condenser and decreases toward the walls. The
supersaturation field and corresponding Kelvin equilibrium
diameter are shown in the Supplement (Fig. S2). According
to Eq. (1), smaller particle sizes require higher supersatura-
tion, which is only achieved near the centerline of the con-
denser. As a result, only a portion of the particles are ac-
tivated, and a reduced CE, as described by Eq. (3), is ob-
served. The dependence of CE on particle diameter is shown
in Fig. 2.

A larger temperature difference (AT) between the satura-
tor and condenser leads to higher supersaturation, enabling
the activation of smaller particles. For example, at a fixed
condenser temperature of 7, = 20 °C, reducing the saturator
temperature Ty from 55 to 40 °C decreases AT from 35 to
20°C. This reduction in AT shifts the dsg diameter from
3.5 to 7.8 nm, as calculated by the Kelvin equation. Con-
versely, when AT is held constant but both saturator and
condenser temperatures are reduced, in this instance from
55/20 °C (saturator/condenser temperature) to 40/5 °C, the
resulting change in dsp is minimal, with a decrease of only
0.3 nm. This trend can also be observed at further tempera-
ture settings with a constant AT, which is shown in the Sup-
plement.

The small magnitude of the change in d5p can be explained
by considering two competing mechanisms. According to
Eq. (1), the Kelvin diameter decreases with increasing tem-
perature at constant supersaturation. However, at lower tem-
peratures the diffusion coefficient of the WF is reduced, in-
creasing the difference between the vapor diffusion rate and
the thermal diffusivity of the carrier gas, which in turn raises
the overall supersaturation, as shown in Fig. S1. Addition-
ally, temperature-dependent properties such as surface ten-
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sion, diffusivity, and fluid density also influence the Kelvin
equilibrium diameter. Together, these factors result in only a
slight decrease in the dsp diameter when operating at lower
absolute temperatures but maintaining the same AT .

Increasing the AT further would allow the activation of
particles down to 2 nm and below. However, due to the ab-
sence of a sheathed-flow design, diffusional losses in this
size range become significant. Furthermore, the increased re-
quired supersaturation approaches that of homogenous nu-
cleation, where clusters start to nucleate, leading to false
counts in the detector.

5.3 Droplet growth

The droplet growth over time for the same temperature
settings and three initial particle diameters is presented in
Fig. 3a. A change in the absolute temperature at a constant
AT has a large effect on the final droplet size, while the dsg
diameter is largely unaffected. Lowering both 75 and Tt by
15 °C reduces the final droplet size by more than 50 %. Due
to the overall lower temperatures, the supersaturation is in-
creased, but the vapor concentration decreases, as shown in
Fig. S1.

Reducing T, while keeping T constant has a weak effect
on droplet size but a significant impact on the dsy diame-
ter. Lowering 7; by 15 °C while maintaining 7 constant de-
creases the droplet diameter by only 10 %, while the dso de-
creases from 7.8 to 3.5 nm. The dsq value is therefore mainly
determined by the temperature difference AT between the
saturator and condenser, whereas the overall droplet size is
mainly influenced by the absolute vapor pressure and thus
dependent on T.

This distinction enables partial decoupling of the droplet
size and dso diameter, allowing for the optimization of signal
amplification independently of particle activation within the
constraints of the WF. As a result, the sensor response ampli-
tude can be tuned accordingly. At higher temperatures, larger
droplets increase the overall signal, allowing for a reduction
in limit of detection of the FCEM, whereas at larger PN con-
centrations, smaller droplets are preferred to minimize con-
densational heating and possible coagulation effects.

Ideally, all particles would grow into droplets of the same
size independent of their initial seed size to allow for size-
independent PN counting. The influence of the particle seed
size as well as the radial position within the condenser on the
final droplet size is shown in Fig. 3b. Smaller seed diameters
increase the required supersaturation within the condenser,
and particles therefore activate later in the condenser and
have a reduced time to grow. This effect was used by Kuang
etal. (2011) in a DEG-based CPC, where smaller seed parti-
cle diameters resulted in reduced droplet sizes within the de-
tector. As in their work, the effect is particularly pronounced
close to the transition region of the counter. Above 20 nm,
droplet sizes remain constant, and smaller particle seed di-
ameters closer to the cutoff diameter result in reduced droplet
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sizes. The size discrepancy between a 5 and 100 nm seed par-
ticle diameter can be reduced from a factor of 20 down to
25 % according to simulations. This allows for the charging
of the droplet almost independent of the initial seed particle
diameter and therefore direct PN measurement.

Particles closer to the centerline are exposed to a higher
supersaturation and can therefore be expected to grow at a
faster rate. The enhanced growth due to higher supersatura-
tion at the center is partially offset by the reduced residence
time, which is caused by the parabolic flow profile. Particles
closer to the wall have an increased residence time in the
condenser and therefore more time to grow. Both effects mit-
igate each other, leading to a consistent droplet size with only
a minor reduction on the outermost region of the condenser.
The calculated droplet sizes vary by up to 10 %, depending
on the temperature setting and initial seed particle diameter.

6 Experimental evaluation of the CDC

6.1 Experimental setup

Figure 4 illustrates the experimental setups used for the lab-
oratory evaluation of the CDC. Setup (a) was used to eval-
uate the size-dependent response of the condensation stage
for monodisperse particles from 2.4 to 125 nm. For particles
with a mobility diameter of 23 nm and below, we used a Palas
Charme EM (Palas, Germany); and for particles of 23 nm and
above, we used a TSI 3775 CPC (TSI Inc., USA). The plateau
efficiency of both instruments was calibrated against a 3752
CPC (TSI Inc., USA) with a valid calibration certificate prior
to the measurements. This allows for the limitations of both
instruments to be accounted for: the CPC has a reduced CE
at smaller sizes, whereas the EM tends to overestimate parti-
cle number concentrations at larger sizes due to the increased
likelihood of multiply charged particles.
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Setup (b) was used to determine the response over a wide
range of concentrations with polydisperse aerosol. To stay
within the single-count mode of the CPC for the linearity test,
the aerosol upstream of the CPC was diluted with a rotating
disk diluter at a fixed dilution ratio of 1:50. The size distri-
bution of the generated polydisperse aerosols was measured
prior to the CDC characterization tests, and size-dependent
losses of the rotating disk diluter were characterized in pre-
vious work (Krasa et al., 2021) and accounted for.

Particles were generated by the evaporation—condensation
technique as described by Scheibel and Porstendorfer (1983).
A ceramic boat containing Ag for monodisperse tests and
NaCl for polydisperse tests was placed inside an alumina
tube in a Carbolite MTF 12/38/250 tube furnace, which was
operated with Ny as a carrier gas. The particle shape and
composition can influence the counting performance of DC-
based instruments (Hammer et al., 2024). However, in this
case, the particle surface is almost entirely composed of
DEG, and the droplets become spherical after condensation.
Once a particle is activated, its original composition is not ex-
pected to affect its counting behavior in the DC. Therefore,
the particle composition primarily influences the activation
efficiency, particularly for particles 10 nm and smaller. As no
sufficient method for generating soot in this size range in the
laboratory exists, silver particles were used to evaluate the
counting efficiency in the transition regime of the CDC.

Nitrogen was used as a carrier gas at a flow rate of
2.5Lmin~!. After passing through the tube furnace, the gas
cools down passively in the alumina tube, causing supersatu-
ration and nucleation of the vaporized material. For monodis-
perse measurements, particles were classified by their elec-
trical mobility diameter via a 3083 classifier and a 3088
(TSI Inc., USA) X-ray source. Depending on the particle
size, either a 3081 long DMA for larger particles or a 3086
nano DMA (TSI Inc., USA) for smaller particles was used.

Aerosol Res., 3, 521-534, 2025
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Figure 4. Experimental setup to measure (a) the size-dependent response with monodisperse aerosol and (b) the concentration-dependent

response of the CDC with polydisperse aerosol.

The sheath-to-sample flow rate was set to > 10: 1 to ensure
highly monodisperse aerosol after size selection.

6.2 Droplet size measurement

Prior to evaluation of the CDC response, both the conden-
sation stage and the DC were characterized independently.
The droplets downstream of the condensation stage were an-
alyzed with an aerosol particle sizer 3321 (TSI Inc., USA)
and compared with the simulation results for the assess-
ment of the growth model. A temperature setting of 7 =
55/20 °C for the condensation stage was used, and an addi-
tional flow before the particle sizer was introduced to reduce
the flow rate through the condensation stage to the desired
value of 0.54 L min~! to maintain the instrument flow rate
of 1 Lmin~!. The residence time in the system increases due
to the additional tubing between the exit of the condenser
and the entrance of the particle sizer, allowing for additional
growth of the droplet. The influence of the increased path
length was modeled and resulted in an estimated droplet size
of 2.05 um for seed particle diameters above 20 nm. The mea-
sured droplet sizes showed no significant size differences for
particle seed diameters between 10 and 100 nm and averaged
1.94 um (the average geometric standard deviation was 1.12).
Therefore, the simulation overestimated the droplet size by
about 6 %. The median droplet sizes are listed in the Supple-
ment in Table S1.

6.3 Characterization of the DC for um-sized particles

The response of the DC without the condensation stage for
larger particles was evaluated. Polystyrene spheres of 2 um
were atomized in ultrapure water and classified with an aero-
dynamic aerosol classifier, and the DC response was com-
pared to that of the reference counters. Due to the size-
dependent nature of the diffusion charging, the DC overes-
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timated the PN concentration by a factor of 23.4 compared
to its initial calibration at 50 nm.

6.4 Size-dependent response

The size-dependent particle detection of the CDC was evalu-
ated experimentally at a temperature setting of 7 = 55/20 °C
with the experimental setup shown in Fig. 4a and compared
with simulations. The simulations include activation accord-
ing to the Kelvin equation, as modeled in Fig. 2, as well as
heterogeneous nucleation theory for two contact angles. The
particle concentration was kept constant at ~ 5000cm™> to
reduce the possible influences of concentration-induced ef-
fects on the count ratio. Experimental results compared to
the simulated particle activation are shown in Fig. 5.

The signal amplitude of the DC increased by an average
factor of 19.6 compared to the initial calibration for unmagni-
fied 50 nm particles. The CE of the CDC stayed within 20 %
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of the value obtained with standardized 2 um polystyrene
spheres for the DC. The sensor response remained stable
within 5 % between 10 and 125 nm, enabling PN measure-
ment independent of their size. Slight variations in the CE
compared to the EM between 10 and 20 nm can be partly at-
tributed to an increase in doubly charged particles at larger
sizes, which leads to a higher measured concentration by the
reference EM.

The change in particle or droplet diameter, which is dy-
namic and cannot be measured exactly at the moment of
charging, can alter the CE of the instrument. Furthermore,
the gas composition, altered by the introduction of DEG va-
por (in this case) is known to influence the discharge process
as well and can therefore influence the average charge per
particle (Schaffer, 2021).

As the simulation gives the ratio of activated particles, a
reduction in final droplet size for particles close to the cut-
off diameter due to later activation in the condenser is not
considered. Therefore, the experimentally obtained CE in
the transition regime is expected to be slightly lower than
predicted by the simulation. For instance, a 20 % reduction
in droplet size at 5nm compared to larger seed particles is
expected to decrease the signal by approximately the same
amount, as per Eq. 2. Concentrations above the noise level of
the reference EM could not be achieved below 2.4 nm with
this setup. Below the dsg diameter, measured at 3 nm, both
the Kelvin equation and heterogeneous nucleation theory un-
derestimated the ratio of activated particles.

The condensation stage was further evaluated at a second
set of temperatures, Ty =40 °C and T =20 °C. In these tests,
only the particle activation without the DC was evaluated
to verify the modeled particle activation. Experimental re-
sults aligned well with heterogeneous nucleation theory at an
assumed contact angle of 8 = 20°. Further information can
be found in the Supplement, and the corresponding data are
shown in Fig. S3.

Giechaskiel et al. (2011) fitted contact angles in heteroge-
neous nucleation theory to match experimental results for a
butanol-based CPC using various seed particle materials and
diameters. A contact angle between 15 and 35° was found
to match for most combinations of particle seed material and
sizes. While the dsg value for both temperature settings in our
study agrees reasonably well with a contact angle of 6 = 20°,
the steepness of the particle activation curve is not accurately
predicted for either setting.

Discrepancies between the activation models and experi-
mental data are well documented in the literature and vary
depending on CPC temperatures and selected particle di-
ameters. The seed particle material has an influence on the
activation efficiency — Wimmer et al. (2013) reported vari-
ances as high as 40 % for DEG-based condensation coun-
ters. Other contributing factors include the relative humid-
ity of the carrier gas (lida et al., 2009) and particle charge,
which has a more pronounced effect on smaller particles
and enhances their activation (Scheibel and Porstendorfer,
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1983). Moreover, the simulation model assumes idealized
conditions, such as perfect insulation and uniform boundary
temperatures, which differ from real experimental environ-
ments. These assumptions can further contribute to devia-
tions between simulation results and experimental observa-
tions (Reinisch et al., 2019).

Most of the previous work in literature that combines
condensation with electrical sensing methods focused on
nanoparticles that were grown via condensation, charged,
and subsequently re-evaporated, adding an additional step.
Similar to the results obtained in this work, Choi and Kim
(2007) indirectly charged droplets grown with condensation
and re-evaporated them, reporting no significant influence of
the particle charge on the initial particle diameter, with only
a minor decrease in the median charge at the lower particle
sizes. In contrast, Suh et al. (2005) used a corona ionizer and
could increase the average charge per particle by a factor of
up to 100 but found a large dependency on the particle seed
diameter. Similarly, Kim et al. (2006), who used the same
setup as Suh et al., also reported a similar size dependency of
the initial seed particle diameter on the charge uptake. Fur-
thermore, they also observed an upper charge limit, at which
larger grown droplets do not take up more charges.

6.5 Linearity and concentration limits

The setup used to evaluate the linearity of the sensor is shown
in Fig. 4b. The linear response of the CDC instrument was
evaluated with polydisperse NaCl aerosol at the same tem-
perature setting of 7 = 55/20 °C. The geometric mean diam-
eters of the polydisperse particle size distributions ranged
from 20 to 60 nm, and data were collected over three sep-
arate days. The PN calibration factor of 19.6, obtained us-
ing monodisperse aerosol, was applied to the measurements
conducted with polydisperse aerosol. The resulting data are
shown in Fig. 6. The measured PN concentrations for the
three size distributions are within 25 %. It can be observed
that the measured concentration begins to decrease from ap-
proximately 10* cm™3. The raw signal of the CDC decreases
by about 50 % at a concentration of 10°cm™3. The larger
spread observed at lower concentration levels can be at-
tributed to fluctuations in the CDC concentration signal. This
effect was not observed in the linearity measurements, which
were conducted at similar concentration levels. Sampling is-
sues, caused by the operation of the rotating disk diluter,
could have influenced the counting performance of the CDC
at reduced PN concentrations.

The observed reduction in raw counts at high concen-
trations is similar to the behavior of CPCs, which experi-
ence pulse overlap at high PN concentrations and apply in-
ternal coincidence correction to account for this reduction
(Takegawa et al., 2017). For concentrations above the single-
count mode range, some CPCs use a photometric mode and
integrate the total scattered light intensity to measure the
PN concentration. However, these measured concentrations
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strongly depend on the initial seed particle diameter and can
vary by a factor of up to 3 for initial sizes between 10 and
100 nm at a concentration of 10® cm™—3 (Giechaskiel et al.,
2023).

In contrast to CPCs, where signal reduction is caused by
the dead time of the optical detection system, the CDC sig-
nal depends on the product of average droplet charge (and
therefore size) and particle concentration. Coagulation and
agglomeration rates were calculated and found to reduce
the PN concentration by less than 1% and are therefore
negligible. However, condensational heating and vapor de-
pletion are known to significantly reduce the final droplet
size, thereby directly affecting the signal count. As dis-
cussed in Sect. 4, WFs with higher vapor pressures are in-
creasingly influenced by the latent heat effect. Compared
to DEG, glycerol has a saturation vapor pressure that is
approximately 30 times lower. At a temperature setting of
T =40/20 °C, concentration-dependent effects were not ob-
served, with glycerol up to a particle number concentration of
2 x 10° cm™3. The corresponding data are shown in the Sup-
plement in Fig. S4. In contrast to glycerol, no significant re-
duction in signal amplitude was observed over several weeks
when DEG was used as the working fluid.

The amplification of the signal amplitude enables the
measurement of lower PN concentrations. At 1s measure-
ment time, the 30 limit of detection was determined to be
40.8 cm ™3, which is about a factor of 25 lower compared to
conventional DC instruments, such as the Naneos Partector
2 at 10° cm~3 (naneos particle solutions GmbH, 2024). The
current upper detection limit of 1.5 x 10% cm™ is limited by
the signal amplification in the analog digital converter used
in the DC. This limit can be extended to higher concentra-
tions at the cost of the noise level. Alternatively, adjusting
the temperature settings and therefore droplet size also al-
lows for shifting the concentration range of the instrument.
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6.6 Chassis dynamometer exhaust emission
measurements

The CDC was tested on a two-wheeler chassis dynamometer
against a reference counter with a Euro 5-compliant L3e-A2
(medium performance) motorcycle, equipped with a single-
cylinder four-stroke engine during a homologation World
Motorcycle Test Cycle. The exhaust gas was sampled from a
constant volume sampling (CVS) tunnel into a dilution sys-
tem compliant with the current UN-ECE R83, which is de-
scribed in more detail in Schurl et al. (2023). The dilution
system consists of a volatile particle remover to allow for
the measurement of the solid PN concentration. The CDC
system was placed parallel to the sampling system, which
diluted the aerosol concentration by a factor of 1:196. As
the volatile particle remover in the sampling system could
not be removed, and the CDC measured without additional
pre-treatment, two different metrics — solid PN vs. total PN —
were evaluated. To stay within the concentration limits of the
CDC, the sampled aerosol was diluted by a factor of 1:10.
The CPC previously used in the sampling system (nomi-
nal cutoff: 10 nm) was replaced with a 3756 CPC (TSI Inc.,
USA), with a nominal dsq value of 2.5 nm, and is therefore
very close to that of the CDC system, with a temperature set-
ting of T =55/20°C.

The resulting data are shown in Fig. 7. The CDC PN signal
was reduced by a constant factor over the whole test cycle
compared to the laboratory calibration. The reduction was
correlated with an increase in the required corona voltage for
a set corona current, suggesting the corona discharge process
is affected by the gas composition (Schaffer, 2021). The ef-
fect was most pronounced at higher engine loads, where in-
creased levels of humidity and CO; — gases with much higher
vapor pressures than DEG — could further influence the ion
mobility. While an increased temperature of the corona mod-
ule reduced the corona voltage, this also led to re-evaporation
of the droplets before charging.

The charger was operated at 25 °C, and the raw CDC data
were adjusted with a linear offset to that of the reference
counter. The adjustment factor was calibrated to the cumu-
lative PN concentration of the reference at the end of the
run after performing a background correction of the CDC
data. To account for the concentration-dependent effects of
the CDC, a concentration-dependent fit function, obtained
from the data in Fig. 6, was used. Furthermore, a moving
average of the 10 Hz CPC data was performed to match the
switching period of the precipitator of 2 s.

As shown in Fig. 7a, the CDC sensor closely followed the
PN concentration of the reference CPC. This is also observed
in the cumulative PN concentration (Fig. 7b), which shows
good correlation between both instruments. At high PN con-
centrations toward the end of the driving cycle, the CDC sys-
tem slightly over-counts compared to the reference counter
after implementation of the concentration-dependent fit func-
tion. Peak detection was performed, and 90 emission peaks
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of the test cycle were identified. The maximum peak heights
for both instruments were correlated to each other. The CDC
shows a very good correlation with an R? of 0.90. The slope
of the correlation was k = 0.94 and therefore underestimated
the peak height by about 6 % compared to the cumulative PN
concentration. The slightly higher but narrower peak shape
for the concentration measured with CPC indicates that the
response time of the CDC is slightly below that of the refer-
ence counter after time averaging. An averaging of 3 s for the
CPC resulted in a slope of k =0.98, indicating that the real
response time of the CDC is closer to 3 s.

To enable a direct comparison between the two instru-
ments, the CDC was positioned parallel to the CPC, down-
stream of the sampling system. In this configuration, both de-
vices measured the solid PN concentration. As the sampled
carrier gas is identical (assuming adequate mixing before the
flow is split up), a slight improvement in the tracking of the
cumulative PN concentration and a better correlation of the
detected emission peaks was achieved. The increased peak
correlation yielded an R? value of 0.94. The resulting data
are shown in Fig. S5. Further details are found in the Supple-
ment.

7 Conclusion

In this work, we present a new instrument combining a con-
densation growth stage with a DC for PN measurement. The
condensational magnification transforms a polydisperse size
distribution into monodisperse droplets. This addresses key
characteristics associated with DC, such as particle size de-
pendence and lower particle size limit. The increased and
uniform droplet sizes lead to a more uniform charge distribu-

https://doi.org/10.5194/ar-3-521-2025

tion and significantly improved sensitivity. The lower detec-
tion limit was extended down to 2.5 nm, while maintaining
the advantages of electrical detection for high PN concentra-
tions.

Simulations were performed to model the size-dependent
particle activation and subsequent growth dynamics. The
choice of working fluid was found to be critical due to the
direct influence of the final droplet size on the measurement
signal. Furthermore, the lower size threshold, vapor pressure,
and limitations in the dimensions and temperature settings of
the growth stage need to be considered.

The experimental study confirmed the modeled sensor re-
sponse regarding the lower particle detection limit and sig-
nal amplification. The dsy diameter was measured to be at
3.0nm at the chosen temperature settings, with potential to
further decrease the cutoff diameter. The CDC is capable of
measuring concentrations above 10°cm™2 at a flow rate of
0.54Lmin~!. This exceeds the total particle count rate of
a CPC operating in single-count mode at comparable flow
rates by approximately an order of magnitude at the cost of
an introduced lower detection limit due to the noise of the
electrical detection method. This makes it unsuitable for very
low concentration measurements. The 3o limit of detection
was evaluated to below 50 cm™3; however, the use of the ro-
tating disk diluter led to an increased uncertainty during the
linearity measurements in the lower concentration range.

Compared to conventional DC instruments, the CDC sen-
sor shows a reduced size dependence and a lower limit of
detection. This comes at the cost of non-linear behavior re-
garding the particle concentration, which can nonetheless be
calibrated. While CPCs optically detect particles and require
a minimum droplet size threshold for sufficient light scat-
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tering, the CDC measures the total charge acquired by the
droplets. The working fluid selection is therefore widened as
smaller droplet diameters are sufficient. However, a change
in size directly influences the measurement amplitude.

The CDC was compared to a 2.5 nm CPC at a chassis dy-
namometer. The CDC is a suitable candidate to measure real-
world driving emissions with highly transient particle emis-
sion events. As the upper concentration limit is higher than
that of a CPC, dynamic measurements are possible over a
wide concentration range without an extensive dilution sys-
tem. This allows for a more compact instrument potentially
using on-board light-duty vehicles, which are limited in their
weight and are typically high-emitting vehicles.

The sensor principle is open to a range of future improve-
ments, including the potential adoption of an alternative WF
and a refinement of the temperature settings. These modi-
fications could further lower the particle detection limit to
below 2 nm, enhance the instrument’s linearity, and increase
the upper concentration limit. Depending on the target appli-
cation, the FCEM geometry and flow rate can be adapted. A
reduction in FCEM size would result in faster gas exchange
times and, consequently, an improved instrument response
time. Conversely, a larger FCEM would increase sensitivity
and reduce the limit of detection. Moreover, further investi-
gation is required to assess the influence of the condensing
vapor on the corona discharge process, as well as to evaluate
the long-term stability of the sensor.
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