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Abstract. Aerosol particles play a critical role as cloud con-
densation nuclei (CCN) in the atmosphere. The capacity of
aerosol particles to activate into cloud droplets is measured
experimentally using CCN counters (CCNCs). Recent find-
ings suggest that the co-condensation effect of semi-volatiles
can enhance aerosol particle growth and cloud droplet activa-
tion. Conventional CCNCs, such as the streamwise CCNC,
heat particles as they transit the CCNC column and may
inadvertently not capture the co-condensation effect, lead-
ing to an underestimate in CCN concentrations. Addition-
ally, streamwise CCNCs struggle to achieve supersaturations
below 0.13 %, limiting their applicability for studying hy-
drophilic particles like (NH4)2SO4 larger than 111 nm. To
address these limitations, we developed the Horizontal Cloud
Condensation Nuclei Counter (HCCNC), which can gener-
ate supersaturation (SS) down to 0.05 % for temperatures
down to 4 °C. This study presents the development of the
HCCNC, providing a detailed technical description of its
3D geometry, computational fluid dynamics simulations and
the key components that demonstrate its performance, show-
ing accurate performance at low temperatures and SS, which
the widely used, commercially available Droplet Measure-
ment Technologies Inc. (DMT) CCNC cannot achieve. The
main chamber parts were 3D-printed from an aluminium al-
loy. Sampling and humidity generation followed the princi-
ple of the previously used continuous-flow thermal-gradient
diffusion chambers. Particles were detected using a commer-
cially available optical particle counter (OPC; MetOne In-
struments, Inc., Model 804). The instrument’s performance
is validated by conducting laboratory tests using ammonium
sulfate ((NHy4)2SO4) particles in the size range between 50
and 200 nm and for temperatures between 30 and 8 °C. Fu-

ture work will focus on exploring the co-condensation effect
on cloud droplet activation of levoglucosan and ammonium
sulfate particles.

1 Introduction

Aerosol particles serve as cloud condensation nuclei (CCN)
for cloud droplet formation in the atmosphere. The key pa-
rameters determining aerosol CCN activity and ultimately
cloud droplet formation under atmospheric water saturation
include particle size and composition. Conventional Koh-
ler theory can predict the development of cloud droplets by
condensation of water vapour onto particles (Kohler, 1936)
by combining the Kelvin effect and Raoult’s law to esti-
mate the saturation water vapour pressure above a curved
aqueous solution surface. The capacity of aerosol particles
to activate into cloud droplets is measured experimentally
using CCN counters (CCNCs), which detect the propor-
tion of particles that develop into cloud droplets when ex-
posed to water vapour at a pre-set supersaturation (SS).
Early laboratory research revealed that common soluble in-
organic compounds of atmospheric aerosols, such as am-
monium sulfate and NaCl, satisfy Kohler theory to a con-
siderable degree, with measured critical supersaturations in
agreement with theoretical predictions based on the Koh-
ler theory such that closure is achieved (Cruz and Pandis,
1997). However, poor agreement is found between observed
versus predicted CCN concentrations in closure studies (i.e.
[CCNlobserved 7 [CCN]predicted) (Kammermann et al., 2010;
Whitehead et al., 2014; Pajunoja et al., 2015). Potential
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explanations for these discrepancies arise from the uncer-
tainty in aerosol composition due to internally mixed com-
plex (in)organic aerosol (Lee et al., 2002; Murphy et al.,
2006) or the corresponding surface tension deviating from
that of pure water, in particular if surface-active species form
part of the aerosol (Ovadnevaite et al., 2017). Non-idealities
that result from real-world aerosol need to be accounted for
to accurately predict CCN concentrations (Renbaum-Wolff
et al., 2016; Ovadnevaite et al., 2017). Gas-phase partition-
ing into hygroscopic aerosol increases its mass (and size)
and in turn its propensity to take up more water (or acti-
vate at lower SS). This so-called co-condensation effect of
gas-phase semi-volatile organic compounds condensing with
water vapour is dependent on relative humidity and tempera-
ture of the aerosol and surrounding environment (Topping et
al., 2013).

To estimate the critical supersaturation (SS;) for parti-
cles to activate to cloud droplets, two types of CCNCs are
utilized in laboratory studies: streamwise thermal-gradient
diffusion chambers and parallel-plate thermal-gradient diffu-
sion chambers (CFDCs). The streamwise CCNC designed by
Roberts and Nenes (2005) and commercially available from
Droplet Measurement Technologies (DMT) LLC achieves
water supersaturation (SS) and exploits the faster water
vapour diffusion of water compared to air by maintaining a
temperature gradient within the chamber that is established
using thermoelectric heaters. The chamber is made of a cylin-
drical column with wetted interior surfaces as a source of wa-
ter vapour. The aerosol and sheath flow are drawn from the
same source at the same temperature, while the sheath flow
is passed through a filter, followed by a Nafion membrane
to achieve 100 % relative humidity (RH), which keeps the
column moist. At the top of the column, where the aerosol
enters, the temperature is typically set to 0—10K above the
sample temperature to be above the dew point of the sam-
pled air. This elevated temperature is essential to prevent con-
densation and fog formation, as the sheath air is at 100 %
RH (Roberts and Nenes, 2005). In environments with sub-
stantial air conditioning, if the ambient temperature falls be-
low the dew point of the sampled air, condensation can oc-
cur, leading to aerosol changes. As heating progresses down
the column, the temperature at the bottom is significantly
higher than at the top. The temperature gradient, aligned with
the aerosol stream, exposes particles to elevated tempera-
tures throughout their transit, potentially altering their com-
position, particularly for volatile and semi-volatile species,
which can repartition into the gas phase (Hu et al., 2018).
Additionally, the wet-column walls act as a sink for water-
soluble semi-volatiles, thereby removing these compounds
from the activation process. As a result, these compounds do
not contribute to cloud droplet formation under the experi-
mental conditions, contrasting with their behaviour in ambi-
ent environments (Romakkaniemi et al., 2014). Occurrence
of this process has been estimated to induce considerable er-
rors in the determination of the particle CCN ability (Hu et
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al., 2018; Topping and McFiggans, 2012). For instance, Hu
et al. (2018) investigated the CCN behaviour of (NH4)2SO4
particles after exposure to propylene glycol (PG, PG=0.1)
and water (aw =0.9). As the temperature difference in the
CCNC column increased, the ratio of organics in the out-
let was lower than that in the inlet, indicating the evapo-
ration of organics. Consequently, they observed no signifi-
cant changes in the kappa values or SS;; for (NH4)2SO4
particles, whether measured with or without the presence of
organic vapour. Additionally, the operational range of the
streamwise CCNC is between 0.13 % and 3 % SS, with the
lower limit constrained by the 1 um droplet detection thresh-
old, as the DMT CCNC utilizes this size as the criterion for
identifying cloud droplets. Attempting to study the activa-
tion lower than the supersaturation below 0.13 % is challeng-
ing for two main reasons. According to Kohler theory, as
the required critical supersaturation for activation decreases
the dry particle diameter increases. Consequently, operating
at lower supersaturation levels (than 0.13 %) would necessi-
tate a detection threshold greater than 1 um to differentiate
activated droplets from larger, unactivated particles. For in-
stance, results from the E-AIM (IV) model indicate that an
ammonium sulfate particle with a dry diameter of 191.4nm
would grow to approximately 1.4 um at a relative humidity
of 99.9 % (saturation ratio, Sw =0.99) (Wexler and Clegg,
2002; Clegg et al., 2013). This implies that the threshold size
must be at least greater than 1.5 um to classify the particle
as a cloud droplet. Additionally, particles activated at lower
supersaturations exhibit slower growth rates, as the super-
saturation — the primary driver of post-activation growth —
is reduced compared to conditions above 0.13 %. As a re-
sult, particles would require extended residence times to sur-
pass the 1 um detection threshold, with even longer residence
times needed if the detection threshold were set higher than
I um. However, since the residence time in the streamwise
CCNC is fixed for a given flow rate, operating below 0.13 %
supersaturation is impractical and does not allow for reli-
able cloud droplet detection (Roberts and Nenes, 2005; Rose
et al., 2008; Tao et al., 2023; DMT CCNC manual). More-
over, according to the DMT CCNC manual, if particle con-
centrations exceed 6000 particles cm 3, the supersaturation
lower limit is considered to be 0.2 % to avoid counting bi-
ases, which arise from the growth kinetics of the particles.
The streamwise CCNC therefore can present limitations to
studying atmospherically relevant particle sizes and differ-
ent compositions (Rose et al., 2008; Tao et al., 2023; DMT
CCNC manual). For example, as per Kohler theory, the crit-
ical SS for 111 nm ammonium sulfate particles is 0.13 %,
while for 84 nm particles it is 0.2 %. As a result, studying
particles larger than 111 nm in the streamwise CCNC may
not be feasible or reliable. The presence of surfactants and
the co-condensation of semi-volatile compounds can reduce
the critical supersaturation required for activation at a given
particle size compared to conditions where these compounds
and processes are absent (Noziere et al., 2014; Gérard et al.,
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2016; Topping and McFiggans, 2012). This suggests that a
streamwise CCNC may be unable to detect the activation of
such particles mixed with surfactants or processes like co-
condensation occurring in the atmosphere.

CFDCs work by keeping two parallel plates at different
temperatures, resulting in a linear temperature gradient be-
tween the plates. The inner surfaces of the plates are wet-
ted such that the air near the walls becomes water-saturated,
resulting in a water SS (SSy) region between the plates
(Pradeep Kumar et al., 2003; Jiusto, 1967). In the CFDCs,
aerosol flow is typically injected into the centre between the
two plates. If the temperature of both plates is adjusted si-
multaneously at a constant rate, the particles experience a
consistent mean temperature throughout their transit. How-
ever, in earlier CCNC designs, this mean temperature was
generally higher than the ambient temperature. Pradeep Ku-
mar et al. (2003) reported that the mean temperature of the
chamber was maintained at approximately 2 °C above am-
bient temperature to mitigate evaporative losses of activated
droplets before their detection by an aerosol particle sizer
(APS 3321, TSI Inc.). Additionally, the sheath flow was hu-
midified to 100 % RH by passing it through a fritted water
bubbler before entering the chamber, which prolonged the
wetting of the filter paper. However, humidifying the sheath
flow poses limitations when attempting to achieve supersat-
uration (SS) at lower temperatures. Since the sheath flow is
fully saturated at room or experimental temperature, cooling
the plates below this level can lead to condensation of the
sheath flow on the plates. This condensation will not only
disrupt the established supersaturation profile by introducing
excess vapour but may also result in the formation of droplets
that could be sampled by the optical particle counter (OPC).
These unintended droplets may be mistakenly counted as ac-
tivated particles, introducing potential counting biases. Col-
lectively, these factors could compromise the reliability of
critical supersaturation measurements and impact the accu-
racy of activation determinations. So far CFDC measure-
ments are limited to supersaturations larger than 0.1 %, given
the long growth time required at lower SS, so droplets can be
distinguished from interstitial aerosol (Nenes et al., 2001).

Dynamic spectrometers utilize a series of parallel warm
and cold plates to create a variable supersaturation field, ex-
posing aerosol samples to this field while inferring the CCN
spectrum from the droplet size distribution measured at the
outlet. Dynamic spectrometers have thus far reported mea-
surable SSi; ranges from 0.01 % to 1 %. However, compared
to CFDCs, dynamic spectrometers employ a fundamentally
different design in terms of particle activation and size mea-
surement (Hudson, 1989). These instruments generate vary-
ing SS profiles through sequential heating in different sec-
tions and infer the CCN spectrum based on the droplet size
distribution at the instrument outlet. A significant challenge
arises when calibration curves derived from pure salt aerosols
are used to infer ambient CCN spectra. Matching the calibra-
tion curve is often not satisfied for aerosols containing sur-
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factants or slightly soluble materials, leading to uncertainties
in measurement accuracy (Nenes et al., 2001).

In summary, several CCN instruments have been devel-
oped over the years, including the DMT streamwise CCNC,
CFDC-based CCNCs as described by Pradeep Kumar et
al. (2003) and the dynamic CCN spectrometer, amongst oth-
ers, as reviewed in Nenes et al. (2001). Notably, none of these
instruments can generate SS at lower temperatures (< 10 °C),
which are not representative of natural cloud formation pro-
cesses that occur at lower temperatures. Addressing these
limitations is critical, as processes like organic repartitioning
into the gas phase due to the higher temperature can signif-
icantly underestimate cloud droplet number concentrations
compared to scenarios with co-condensation. According to
Topping et al. (2013), the net cooling influence on global
albedo, resulting from a 40 %, 20 % and 10 % enhancement
in cloud droplet number concentration, is estimated to be 1.8,
0.98 and 0.51 Wm™2, respectively. While some instruments,
like CFDCs, can operate slightly above ambient temperature,
they often face difficulties in achieving SS below 0.1 %. This
limitation restricts their ability to measure CCN activity over
the full range of particle sizes that are relevant for the atmo-
sphere. The limitations of existing CCNCs to generate su-
persaturation over a wide range and at lower temperatures
reveals a critical gap and underscores the aim of the work
presented in this study.

Here we present the development of the Horizontal
Cloud Condensation Nuclei Counter (HCCNC), a novel in-
strument designed to address challenges associated with
low-temperature and low-supersaturation measurements. Al-
though the HCCNC operates on the principles of a CFDC,
it can generate SS over a wide range of sample temperatures
(from 33 to 4 °C) that are more atmospherically relevant for
cloud formation while also achieving lower SS to sample a
larger particle size range. A detailed technical description of
the instrument is given, and validation experiments to verify
the accuracy of the achieved SS in the HCCNC are presented
using ammonium sulfate aerosol particles. The results from
the validation experiments are compared to the existing liter-
ature and evaluated against Kohler theory to verify accuracy
and reliability.

2 Methods
2.1 Working principle

The key components of the HCCNC are two temperature-
controlled parallel plates separated by a polymer spacer. The
inner walls of the plates are lined with wetted filter paper
and sandwich a polymer spacer (see Fig. 1). Maintaining
the two top (warmer) and bottom (cooler) plates at slightly
different temperatures establishes a linear temperature gradi-
ent in the spacer region between the plates. Since the inner
surfaces of both plates are wetted, a steady-state linear par-
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tial pressure of water develops between the cold and warm
plates. As the equilibrium vapour pressure of water as a func-
tion of temperature is nonlinear, this results in a supersatu-
rated environment with respect to water in the spacer cav-
ity, with maximum supersaturation (SSpax) occurring near
the centre of the cavity (see Fig. 2a). As a horizontally ori-
ented CCNC, the temperature at the centreline is constant,
unlike the streamwise CCNC, where the lower section of the
column has higher temperatures, which can drive buoyancy-
induced air movement that opposes the intended downward
flow and may create turbulence, particularly when the tem-
perature difference within the column exceeds 10 K. This tur-
bulence not only disrupts the laminar flow but also displaces
particles from the centreline and may equalize the temper-
ature and water vapour profiles, potentially altering the set
SS conditions (Rogers, 1988; Stetzer et al., 2008; Brunner
and Kanji, 2021). In the HCCNC, the aerosol sample flow is
sandwiched between a particle-free sheath flow, which is typ-
ically set to at least 10 times that of the sample flow. The to-
tal flow within the cavity is maintained in the laminar regime
to ensure that the aerosol sample remains centred between
the particle-free sheath flows, thus experiencing uniform SS
conditions. Since SS cannot be measured directly, the SS ex-
perienced by particles is inferred from temperature measure-
ments and flow rates, with associated uncertainties detailed
in Fig. 2b and discussed extensively in Sect. 3.2.

Figures Al, A2 and A3 present the results of computa-
tional fluid dynamics (CFD) simulations conducted using the
Ansys software Fluent (Ansys, Inc., 2025). In these simu-
lations, the top plate was maintained at 8 °C and the bot-
tom plate at 5 °C, while the sample and sheath flow, com-
posed of dry nitrogen, entered the chamber at 20 °C. Fig-
ure Ala displays the formation of a linear temperature gra-
dient between the two plates in the vertical direction, with
the scale limited to 8 °C; temperatures exceeding this value
were clipped. Figure A1b illustrates the mid-plane tempera-
ture profile, which shows slight disturbances as aerosols en-
ter but stabilizes shortly thereafter. As a result of the temper-
ature gradient, a SS profile develops, with the SSy,x approx-
imately along the chamber centreline, as shown in Fig. A2.
Aerosol inflow initially disturbs the SS profile at 20 °C but
quickly stabilizes. A detailed description of the CFD simula-
tions is provided in Appendix Al.

2.2 Temperature modulation in the HCCNC

Precise temperature control is a critical aspect of the func-
tionality of CCNCs, particularly of the HCCNC as it directly
influences the SS. The temperature modulation is facilitated
by the top (warm) plate and the bottom (cold) plate (Fig. 1).
The design of the HCCNC plates and associated components
was developed using the CFD software Fluent (Ansys, Inc.,
2025). After extensive simulations of various designs under
different conditions, a plane-cavity-based design was cho-
sen for its efficient coolant distribution and therefore uni-
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form temperature across the plate (see Sect. A2). The bottom
plate differs slightly from the top plate in terms of design.
The top plate features water-wetting ports, while the bottom
plate includes a small drainage channel designed to collect
excess water, which can be removed via drainage ports (see
next section). The cavity design posed notable challenges for
conventional manufacturing methods; therefore 3D printing
was utilized for fabrication. The plates were 3D printed from
an aluminium alloy, AlSi10Mg, selected for its compatibility
with available 3D printing processes, as pure aluminium or
other 3D metal printing options were not accessible during
fabrication (ProtoShape GmbH). AlSil0Mg possess a low
density of 2.67 gecm™3, good mechanical and thermal con-
ductivity of 130-150 Wm™~! K~!, and chemical compatibil-
ity with coolants such as ethanol. The plates have dimen-
sions of 410 mm (L) x 210 mm (W) x 13 mm (H). Compared
to other parallel-plate CCN and ice-nucleating particle (INP)
counters reported in the literature, the HCCNC plates are no-
tably more compact, resulting in a reduced total heat capac-
ity. This allows the usage of less expensive chillers with low
heat load capacities, while the temperature of the plates can
still be increased or decreased rapidly, which facilitates effi-
cient changes in SS cycles. The plate temperatures are reg-
ulated using two external recirculating chillers (Lauda Pro-
line RP855 and Lauda Eco RE620) (not shown in Fig. 1).
Each plate is equipped with three thermocouples (Transme-
tra, TEMI313-K05-200-MS), inserted into the centre of the
plate beneath the cavity, which provides temperature read-
ings at 1s intervals. The cooling fluid is distributed to the
plates through a chiller manifold (see Fig. 1). As shown in
Fig. A4, the internal diameter of the manifold gradually de-
creases along the streamwise direction, ensuring even distri-
bution of the cooling fluid across all four inlets of the plates.

2.3 Filter paper wetting procedure and water vapour
source

The inner surfaces of both walls are lined with a single
layer of self-adhering borosilicate glass microfibre filter pa-
per (PALL 66217, 1 um, 8 x 1in. (20.32 x2.54 cm)) (Fig. 1).
The filter paper is wetted using a peristaltic pump operating
at a flow rate of 10 mL min~!, delivering 40 mL of Milli-Q
water from a reservoir to each of the three wetting ports lo-
cated on the top plate before the experiment. Two of the three
ports supply water to the filter paper on the top plate, while
the third supplies the bottom plate. To ensure complete wet-
ting of the filter paper on both plates, approximately 150 mL
of Milli-Q water is pumped into the chamber, and the ex-
cess (~ 100 mL) is drained through a peristaltic pump via a
drainage port in the bottom plate. To facilitate uniform water
distribution across the width of the plates, the setup is tilted
by 25° parallel to the length axis of the HCCNC using a linear
actuator. This procedure is performed once before initiating a
new set of experiments. It has been observed that the wetted
filter paper can consistently act as a water vapour source for
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Figure 1. Exploded view of the Horizontal Cloud Condensation Nuclei Counter (HCCNC), showing the entire chamber excluding the re-

circulating chillers.

up to 12—15 experiments consisting of a SS ramp from 0 % to
0.8 %, each consisting of 30 min SS scan cycles with average

ammonium sulfate aerosol concentrations of 300-900 cm™3.

2.4 Sample injection

The spacer made of polyvinylidene fluoride (PVDF) serves
as a physical and thermal barrier between the two plates. The
cavity is created by a cut-out within the spacer. The ogival
shape of the spacer was chosen after evaluating multiple de-
sign options through simulations conducted under laboratory
boundary conditions in Ansys software (see Sect. Al). The
sample particles are introduced into the chamber through an
injector via a slit measuring 75 x 0.40 mm. The injector is
made of stainless steel, with an internal diameter of 4.57 mm
and a length of 250 mm. The injector can be mounted in any
of the eight available ports of the spacer (see Fig. 1), enabling
precise control over particle residence time within the cham-
ber and mitigating sedimentation issues that would arise from
the horizontal orientation of the CCNC.

2.5 Flow control

The total flow rate of 1.5L min~! through the HCCNC is ap-
portioned into a sheath-to-sample flow ratio of 10: 1. This
ratio is maintained to avoid wall losses and to confine the
sample flow to a thin layer, minimizing the variation in SS
and temperature that the aerosol is exposed to in the centre
of the chamber. The sheath flow is controlled using a mass
flow controller (MFC; ALICAT, MC-20SLPM) and is intro-
duced through four ports directed onto aluminium heat sinks
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on the bottom wall (see Fig. 1), allowing rapid cooling of
the flow to equilibrate with the chamber temperature. The
sheath flow then passes through a mesh that stabilizes the
flow and minimizes turbulence, as described by Brunner and
Kanji (2021). Figure A3 presents the turbulence kinetic en-
ergy, which is minimal, confirming laminar flow conditions
within the chamber. The plain-weave type 304 stainless steel
wire mesh, with a mesh size of 98.4 meshes per centimetre
and a wire diameter of 0.04 mm, spans the full width and
height of the spacer cavity. After the mesh, the combined
stream of sheath and aerosol flows horizontally in a lami-
nar fashion through the chamber, where the SS and tempera-
ture profile forms according to Fig. 2a. Particles with a SS¢j¢
lower than the SScenreline activate and grow into droplets.
A cone-shaped exit of the chamber focuses the sample and
sheath flows, directing the airstream into an OPC (MetOne
Instruments, Inc., Model 804). The cone is angled to ensure
that the total flow merges smoothly, avoiding turbulence. A
pump (KNF, N8134ANE) downstream of the OPC maintains
the total flow of the instrument, which is also controlled by
an MFC (ALICAT, MC-20S L min~ ).

2.6 Droplet detection

The OPC used to detect droplets at the outlet of the HC-
CNC is equipped with a 780 nm, 35 mW photodiode laser.
The onboard electronics processor from MetOne categorizes
and sizes detected particles into four selectable size bins
(from > 0.3 to > 10pum). Although the OPC is calibrated
for a flow rate of 2.83 L min~!, as specified by the manu-

facturer, we operated it at a reduced flow rate of 1.5L min~—!.
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Figure 2. Supersaturation (SS) profile between the two parallel plates in the HCCNC (a). Example with cold wall at 6.3 °C (average of
TC2=6.07 and TC3 =7.41 °C) and warm wall at 8.2 °C (average of TW2 =28.11 and TW3 = 8.38 °C), shown by the purple line. The solid
blue line represents equilibrium water vapour pressure, while the dotted blue line shows the steady-state partial pressure across the chamber.
The black curve indicates the water SS profile. Schematic illustrating a side view of the HCCNC including uncertainty values of SS due to
aerosol width and temperature measurements (b). The black curve represents the SS profile between the two plates, as shown in panel (a). The
sample flow from the injector, with a dilution factor of 17, is shown as the shaded grey region. The dotted line indicates the increased sample
width when the dilution factor is reduced to 11. TW and TC denote thermocouples installed on the warm and cold wall, respectively. Position
(4) denotes the SS uncertainty of the central lamina, resulting from a temperature uncertainty of £0.47 °C. Corresponding uncertainties at
lower SS are plotted in Fig. 4c.

This adjustment was made to ensure adequate residence time
for particles within the HCCNC, as higher flow rates re-

tions and to ensure their rapid entry into the scattering vol-
ume, the distance between the HCCNC outlet and OPC inlet

duce the time particles remain under SS conditions, impact-
ing their growth. Intercomparisons between two OPC units
of the same model, operated at different flow rates, revealed
a 14 % lower particle number concentration when the OPC
was operated at 1.5L min~! compared to 2.83 L min~! (see
Fig. AS). This observed discrepancy is accounted for when
operating the OPC at 1.5Lmin~!. To minimize the expo-
sure of activated droplets to external environmental condi-
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is minimized (17 mm). The residence time in this section is
also reduced due to an increase in local flow velocity due to
the cone-shaped exit.

2.7 Electronic interface
The electronic interface is important to the operation of the

HCCNC, designed to control its various features and pro-
cesses. The primary components of this interface include Na-
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tional Instruments (NI) modules, microcontrollers (Arduino),
MFCs, actuators and relays. These components are housed
within a waterproof plastic enclosure for protection. Temper-
ature measurements are collected through three analogue-to-
digital (A/D) input channels of the NI-9213 module, which
offers a 24-bit resolution. The Arduino microcontroller man-
ages the operation of water pumps and actuators facilitating
the tilting mechanism of the HCCNC during the wetting pro-
cess. The chillers and SS cycles are controlled through a self-
programmed interface in Python 3.12. In contrast, OPC data
are collected using COMET software provided by the manu-
facturer.

2.8 Experimental setup — validation experiments

Figure 3 shows the external components of the HCCNC and
the flow setup used for the validation experiments. In the cur-
rent configuration, the temperature of the top plate is reg-
ulated by a Lauda Proline RP855 chiller, while the bottom
plate temperature is controlled by a Lauda Eco RE620 chiller.
Ethanol is used as the coolant fluid in both chillers. The flow
of the chilled fluid into the plates and the subsequent out-
flow of the warmed fluid are indicated by blue and red ar-
rows in Fig. 3. Three peristaltic pumps (only one shown for
clarity in Fig. 3) wet the filter paper before the start of an
experiment. Dry, particle-free nitrogen serves as sheath flow
for the HCCNC, controlled by MFC1. An ammonium sulfate
solution (0.1 gL~ 1) is aerosolized using a constant output at-
omizer (model 3076). The wet aerosol then passes through a
diffusion dryer (filled with a 4 A molecular sieve) followed
by a differential mobility analyser (DMA; Model 3082, TSI
Inc.) for size selection. The aerosol flow is split by a Y con-
nector to a condensation particle counter (CPC; Model 3072,
TSI Inc.) and the HCCNC. The OPC was configured in this
experiment to measure particle concentrations in the > 0.5,
> 0.7, > 1.0 and > 2.5 um size bins. Initially, the flow to the
HCCNC is directed through a high-efficiency particulate air
(HEPA; Model 12144, Pall Inc.) filter for background mea-
surements. Once a low background was confirmed, the valve
was switched to sample the aerosol particles. The injector
was placed at position 8 relative to the OPC to ensure the
maximum residence time of the particles within the cham-
ber (21s) (for more details see Sect. 3.1.2). All unused po-
sitions were securely closed with plugs to seal the chamber.
MFC2 downstream of the OPC is set to 1.5 standard L min~!,
and the sample airflow rate of 0.257 standard Lmin~! is
determined by the difference between the flow exiting the
spacer through the OPC and the sheath air entering the spacer
(~10:1 ratio).

https://doi.org/10.5194/amt-18-5649-2025

3 Results and discussion
3.1 Validation of the HCCNC

Ammonium sulfate was used as the test species for eval-
uating the performance of the HCCNC due to its well-
characterized hygroscopicity and its extensively studied
CCN activation properties (Brechtel and Kreidenweis, 2000).
Aqueous ammonium sulfate solutions were atomized, dried
and size-selected using a DMA with a sheath flow rate of
12.5L min~!, while the HCCNC aerosol streamflow was
maintained at 0.12 L min~! for the validation experiments.

3.1.1 Mobility diameter and volume-equivalent
diameter

Validation experiments were conducted using mobility di-
ameters of 50, 60, 100 and 200 nm. As the DMA classifies
charged particles based on their electrical mobility (Knutson
and Whitby, 1975), the mobility diameter for spherical parti-
cles is well defined and corresponds to the particle’s volume-
equivalent diameter. However, since the mobility diameter is
a measure of particle behaviour rather than an intrinsic prop-
erty, the relationship between particle shape and the electric
field in the DMA must be considered for aspherical particles.
Ammonium sulfate particles exhibit asphericity (Zelenyuk
and Imre, 2007), thus necessitating the conversion of mo-
bility diameter to volume-equivalent diameter (Zelenyuk et
al., 2006). To calculate the volume-equivalent diameter, the
shape factors from Kaaden et al. (2009) were used. The con-
version, described by Eq. (1), neglects the Cunningham cor-
rection, as its influence becomes significant only at the third
decimal place.

d
dye = — (1)
X

In this equation, dye is the volume-equivalent diameter, dp,
is the mobility diameter, and x represents the shape fac-
tor. A shape factor of 1.03 was applied for mobility diam-
eters of 50, 60 and 100nm, while a factor of 1.045 was
used for 200 nm (Zelenyuk et al., 2006). After conversion,
the mobility diameters of 50, 60, 100 and 200 nm corre-
sponded to volume-equivalent diameters of 48.5, 58.3, 97.1
and 191.4 nm, respectively. All results presented in this study
are based on volume-equivalent diameters. In this study, we
refer to dry particle sizes < 100nm as small particles and
those > 100 nm as larger particles.

3.1.2 Particle activation, growth and sedimentation

Once particles experience SS exceeding the SS, they ac-
tivate and grow. Particles must grow to a size > 1 um to be
classified as activated droplets, as hygroscopic growth alone
cannot achieve such sizes for our selected dry particle sizes.
This growth can be modelled using diffusional growth cal-
culations, as described by Rogers (1988) and detailed in
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Figure 3. External components and flow setup for the validation experiment using ammonium sulfate aerosol. 7. and Ty represent the re-
circulating chiller used to control the temperatures of the cold and warm plates, respectively. The blue and red arrows indicate the direction

of the outgoing and incoming fluid to the chillers.

Sect. A4. Figure A6a and b illustrate the theoretical growth
trajectory of a 97.1 and 191.4 nm particle after activation at a
fixed temperature (30 °C) under different SS conditions. The
plot also shows the particle residence time in the HCCNC
relative to different injector positions (ix, x = 1-8). Accord-
ing to the Rogers model, even at the shortest residence time
(t =7s) in the HCCNC (i1, closest to the OPC), a parti-
cle should grow to >2um at a SS of 0.1 %. However, our
experiential results indicate that these theoretical diffusional
growth calculations overestimate the final particle size upon
exiting the chamber, as the model assumes the target constant
SS is experienced as soon as the particle enters the cham-
ber and throughout the particle transit. In practice, the to-
tal flow takes some time to equilibrate to the set chamber
conditions, exposing the particles to lower SS during the ini-
tial seconds. This effect is also evident in the simulation re-
sults, where the SS profile is disturbed when the sample and
sheath flow are introduced at 20 °C, and the warm and cold
plates are maintained at 8 and 5 °C, respectively. However,
the temperature and SS profile stabilizes after a short dis-
tance, as shown in Figs. Al and A2. In our chamber, parti-
cles will settle out of the flow if they fall 9.5 mm from the
centreline and hit the bottom plate. For instance, as illus-
trated in Fig. A7, at injector position 8, which corresponds
to a residence time of 21 s, a particle with a dry diameter of
97.1 nm, when activated in a supersaturation environment of
0.15 %, could grow to a diameter of up to 6 um according to
Rogers’ model. As droplet size increases following activa-
tion, so does their fall speed, with droplets of this size (6 um)
expected to sediment onto the bottom plate at approximately
20s. This suggests that, theoretically, these particles would
not reach the OPC. However, we detect particles, and thus
we believe that, due to the time required for the total flow
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to equilibrate with the chamber conditions, there is a delay
in particle activation and thus growth. This delay allows par-
ticles to be detected by the optical particle counter (OPC)
before they settle out of the flow. During the validation ex-
periments, droplets > 1 um were classified as cloud droplets
for dry particles up to 100 nm in diameter, while droplets ex-
ceeding 2.5 pm were classified as cloud droplets for dry parti-
cles of 191.4 nm in diameter (see Sect. 3.1.2). This approach
was adopted for two primary reasons: first, activation was not
clearly detectable in the 1 um OPC channel as the droplets al-
ready appear to have grown to 1 pm prior to their activation.
This observation is consistent with predictions from Kohler
theory and results from the E-AIM (IV) model, which sug-
gest that an ammonium sulfate particle with a dry diameter of
191.4 nm grows to approximately 1.4 ym at a relative humid-
ity of 99.9 % (saturation ratio, Sy, = 0.99) (Wexler and Clegg,
2002; Clegg et al., 2013). Second, the OPC used in this study
has a 2.5 um channel as the next available size above 1 pm.

3.1.3 Supersaturation scans and CCN activation in the
HCCNC at 30 and 20 °C

All validation experiments were performed by stepping the
SS (also known as S scans) within the chamber. Initially,
both plates of the HCCNC were held at the same temper-
ature, corresponding to a SSy, of 0%. Subsequently, the
temperature of the bottom plate was lowered at a rate of
0.2°Cmin~!, causing a gradual increase in SS within the
chamber. Although the setup would allow both plates’ tem-
peratures to be adjusted, controlling the temperature of only
the bottom plate provided finer control over SS generation
(e.g. from 0.05 % to 0.1 % SS, the rate of change in SS was
0.013 & 0.008 min~"). For the performance evaluation of the
HCCNC, S scans were conducted at nominal temperatures of
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30, 20 and 8 °C for each particle diameter (48.5, 58.3, 97.1
and 191.4nm). A minimum of three experiments were per-
formed for each size and temperature to ensure the repro-
ducibility of the results. Typical sets of data for the activa-
tion of ammonium sulfate particles are shown in Fig. 4a and
b for particle diameters of 48.5, 58.3, 97.1 and 191.1 nm at
30 and 20°C. A CPC was used in parallel to measure par-
ticle concentrations and to determine the activated fraction
(AF), defined as the ratio of CCN (droplets measured in the
OPC) to condensation nuclei (CN; dry particle concentration
in the CPC). The AF values range from 0 (no activation) to 1
(complete activation), with an AF of 0.5 indicating the SScyi
for CCN activation. Particle concentrations were maintained
between 300-900 cm ™3 during the experiments.

For all particle diameters, there is a clear transition from
no activation at lower SS to a plateau region indicative of
full activation. Although theoretically the AF should reach
100 %, in practice it is typically observed between 70 % and
90 % during our experiments. Discrepancies of this magni-
tude are common in the literature for thermal gradient dif-
fusion chambers (TGDCs; Cruz and Pandis, 1997; Corrigan
and Novakov, 1999; Pradeep Kumar et al., 2003). This can
arise from various factors, such as the combined +15 % un-
certainty (see Sect. 3.2) from the OPC and CPC counting
and the variation in SS experienced in the aerosol layer. If
the aerosol layer is thicker than calculated, a small fraction
of particles will be exposed to lower SS than calculated (see
next section for details). The S shape of the activation curve
and the plateau at higher SS exhibit typical CCN activation
behaviour and illustrate the instrument’s ability to detect and
measure droplet activation and growth at low temperatures
and supersaturations. A first plateau in the AF indicates the
behaviour of doubly charged particles (Lance et al., 2006)
(Fig. 4). For example, in experiments involving 97.1 nm par-
ticles at 20 °C, activation is observed beginning with a SS
of 0.025 %, plateauing at 0.12 %. The half-rise (critical su-
persaturation) of the sigmoidal activation curve was deter-
mined to be at 0.07 %. This value corresponds to a particle
size of 158 nm, which is characteristic of the activation of
doubly charged particles. The measured SS; from the HC-
CNC for ammonium sulfate particles with dry diameters of
48.5, 58.3, 97.1 and 191.4nm were 0.48 %, 0.37 %, 0.18 %
and 0.05 %, respectively, at 30 °C. These values align well
with predictions from Kohler theory (Kohler, 1936), which
predicts SSkshier =0.47 %, 0.36 %, 0.17 % and 0.05 %, re-
spectively, at 30 °C (for further details, see Sect. 3.4). Simi-
larly, at 20 °C, the measured SS¢ values of 0.54 %, 0.41 %,
0.20 % and 0.06 % closely match the theoretical SSkgher val-
ues of 0.52 %, 0.39 %, 0.18 % and 0.06 %, respectively. The
horizontal error bars in Fig. 4 represent the estimated uncer-
tainties in SS, derived from temperature measurements and
aerosol layer thickness, as detailed in the next section.
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3.2 Uncertainties in supersaturation and activated
fraction

The AF is governed by critical parameters such as particle
count and the flow ratio between sheath and sample flow
since the dilution controls the concentrations of CN in the
chamber. Since SS cannot be measured directly, its accu-
racy within the HCCNC is inferred from temperature mea-
surements, with the wall temperatures defining the SS field.
Temperature readings are obtained from three thermocouples
mounted on each HCCNC plate, ensuring precise determina-
tion of the temperature gradient across the chamber and, by
extension, the SS profile (Fig. 2a and b). While three ther-
mocouples are installed on each plate, only the two closest to
the injector (TW2/TC2) and the chamber outlet (TW3/TC3)
are used to calculate the mean wall temperature, as particles
are exposed to cavity conditions only after the injector. From
the experimental data, we determined that the thermocouples
have an uncertainty of +0.07 °C within the 30-20 °C range.
This uncertainty increases to £0.27 °C at 8 °C and £0.38 °C
at 6 °C. In Fig. 2b, TW1/2/3 and TC1/2/3 show the tempera-
ture readings of the warm and cold plates, respectively, from
one of the validation experiments.

In these experiments, the sample flow (depicted as grey
shading) enters the cavity through the injector, with a dilution
factor of 17 (sheath: sample=16:1, 16 + 1 = 17). The parti-
cles are exposed to a SS profile (thick black curve) represent-
ing the values of the S curve from Fig. 2a, where the SSpax is
0.203 %. However, due to the uncertainties in the warm- and
cold-plate thermocouples, £0.27 and £0.38 °C, respectively,

a combined uncertainty of +0.47 °C = (£v/0.27% 4 0.38%)
is introduced at the centre of the chamber (Fig. 3, point
4). This temperature uncertainty translates into a SS uncer-
tainty £0.093 % that particles may experience (i.e. SScenter
40.093 %) (Fig. 2b, point 2). Also, as detailed in Sect. 2.1,
the sample flow is sandwiched between the sheath flow. Orig-
inating from a narrow slit, the aerosol particles are exposed
to a relatively consistent and narrow range of SS. How-
ever, altering the flow ratio causes the aerosol stream to
broaden or narrow vertically, thereby subjecting particles to
a wider or narrower SS. This effect is illustrated in Fig. 2b,
where a reduction in the dilution factor from 17 to 11 (dot-
ted line) leads to a shift in the SS experienced by the out-
ermost aerosol particles, from 0.203 +0.001 % (point 4) to
0.203 £ 0.002 % (point 3), which could lead to a lower AF.
The largest source of SS uncertainty, whether from temper-
ature or aerosol stream width, has been accounted for and is
incorporated into the results presented in Fig. 4. As shown in
Fig. 2b, the uncertainty arising from temperature is greater
than that associated with aerosol stream width. Therefore,
temperature-induced SS uncertainty has been used to repre-
sent the SS variability experienced by particles (see Fig. 4).
It is also evident that the error bars in Fig. 4c, correspond-
ing to experiments conducted at 8 °C, are more pronounced
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Figure 4. The activated fraction (AF) plotted as a function of supersaturation (SS; %) for ammonium sulfate particles with dry diameters of
48.5,58.3,97.1 and 191.4 nm. The critical supersaturation & uncertainty is indicated in the legend for each curve shown, and the dotted curve
represents a double sigmoid fitted to the measurements. The different panels show SS scans performed at different temperatures indicated.
Horizontal error bars represent the estimated uncertainties in SS, derived from a combination of temperature measurements and aerosol layer
thickness. Panels (a) and (b) have very small uncertainties which do not show up in the data but are provided for the SS.;; in the legend.

compared to those at 20 and 30 °C (Fig. 4a and b). This trend
is attributed to reduced accuracy of the thermocouples used
in this study at lower temperatures. This limitation and the
necessary improvements have been discussed in Sect. 3.4.
The OPC and CPC used in the validation experiments have
a counting uncertainty of +10 % each, resulting in a relative

uncertainty of +/ (102 +10%) =+15% (rounded up) in the
reported AF.
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3.3 Particle activation at lower temperature and lower
supersaturation

Figure 4c presents the activation curves for 97.1 and
191.4 nm ammonium sulfate particles at 8 °C. The sharp ac-
tivation curves validate the ability of the HCCNC to generate
a supersaturation at lower temperatures. Most conventional
CCNC designs, such as the DMT CCNC and the CCNC from
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Pradeep Kumar et al. (2003), employ a humidified sheath
flow to maintain a moist filter paper. This approach requires
heating the column or plates to avoid fog formation upon
aerosol introduction or to prevent condensation within the
chamber. The HCCNC addresses these limitations by em-
ploying a dry sheath flow, enabling experiments to be con-
ducted at lower temperatures while still avoiding condensa-
tion and spurious supersaturation generation when humidi-
fied sheath flow enters the chamber at lower temperatures.
Furthermore, the peristaltic pump system efficiently wets the
filter paper on demand, eliminating the need for continuous
humidification and allowing broader operational temperature
ranges. The measured SS; from the HCCNC for ammo-
nium sulfate particles with dry diameters of 48.5, 58.3, 97.1
and 191.4 nm was 0.58 %, 0.46 %, 0.20 % and 0.1 %, respec-
tively, at 8 °C. These measurements align well with the pre-
dictions from Kohler theory — 0.57 %, 0.43 %, 0.17 % and
0.07 %, respectively — given the experimental uncertainties.

Besides the low-temperature operation, another novelty of
the HCCNC is its ability to operate at very low supersat-
uration levels. The DMT CCNC and old CFDCs typically
operate above 0.13% and 0.1 % SS, respectively (Roberts
and Nenes, 2005; Nenes et al., 2001). Figure 4 demonstrates
the activation curve for 191.4 nm particles, which necessitate
very low SS for activation (0.05 %). The HCCNC precisely
maintains the required temperature gradient to achieve these
low-SS conditions. For instance, to achieve a SS of 0.05 % at
warmer temperatures, a temperature difference of just 1.2 °C
between the two plates is required. The HCCNC'’s ability to
operate at lower temperatures and to achieve low SS levels
is largely attributed to its cavity-based plate and spacer de-
sign. The metal thickness separating the filter paper from the
cooling fluid is only 3 mm, which ensures precise tempera-
ture control and, consequently, accurate regulation of super-
saturation. Also, the steep activation observed in the particles
indicates that most of the particles were exposed to a consis-
tent supersaturation, suggesting minimal turbulence within
the chamber. This is supported by the calculated Reynolds
number for the HCCNC, derived from turbulent kinetic en-
ergy (TKE) (Fig. A3) values obtained from CFD simulation
results. The Reynolds number ranges from 0.009 to 395 in
the HCCNC, well below the turbulent flow regime threshold
of 4000.

3.4 Validation of Kohler theory and non-ideal
behaviour of ammonium sulfate

To validate the HCCNC, CCN activation experiments were
conducted in the temperature range 30-8 °C to measure the
SS¢rit for size-selected ammonium sulfate particles. To ver-
ify accuracy, the SS.;; measured was compared to the pre-
dicted SSci; calculated with standard Kohler theory and data
from Davies et al. (2019). The SS values used for compari-
son (SSkehler) Were calculated using Eq. (2), as discussed in
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Pradeep Kumar et al. (2003).
Sc = (4A°/27B)!/2, 2

where Sc is the critical supersaturation. The values of A and
B are calculated using Eqs. (3) and (4):

A = 2osoiMy) [ (psol RT) 3)
and
B = (BumsMy,) / (41 pso1 M) , 4

where o is the surface tension of the solution, and it is set
to that of water for temperatures of 30, 20 and 8 °C, with
values taken from Vargaftik et al. (1983), which are 0.071,
0.073 and 0.075Nm™!, respectively. My, is the molecular
weight of water (18.02 gmol™!), the density of the solution
(water) pgo) 1S taken as 997 kg m—3, and R is the ideal gas
constant. The temperature (7') used, Tycgvation (i-€. tempera-
ture at which particle activation is observed during experi-
ments), was 29.10, 18.90 and 7.20 °C, corresponding to ex-
periments conducted at 30, 20 and 8 °C, respectively. The
effective van’t Hoff factor, v, is 2.04 (Wu et al., 2011) and
1.94 (Rose et al., 2008; Frank et al., 2007; details follow in
the next paragraph) for non-ideal behaviour or 3 for complete
dissociation; mg is the mass of ammonium sulfate in the dry
particle based on its radius, and M is the molecular weight
of ammonium sulfate (132.1 g mol~1).

Figure 5a shows a systematic discrepancy between the cal-
culated and experimentally measured SScrit (SSmeasured) US-
ing both HCCNC and DMT CCNC values, with the mea-
sured SS;ir generally being higher than the theoretical pre-
dictions. This difference may stem from uncertainties pre-
viously discussed arising from the temperature or SS varia-
tion in the aerosol layer. Additionally, the potential non-ideal
behaviour of ammonium sulfate may contribute to the dis-
crepancy. To explore this further, SS;i; was calculated using
three effective van’t Hoff factors (v) (Fig. 5a—c): assuming
complete dissociation (v = 3), accounting for non-ideal be-
haviour (v =2.04) recommended by Wu et al. (2011) and
v =1.94 calculated using the parameterization in Rose et
al. (2008; Eq. A25) and Frank et al. (2007). When non-ideal
behaviour is accounted for, the agreement between measured
and theoretical SS¢; improves significantly. We note that
Fig. 5 also validates that Kohler theory requires a higher
SScrit for same-sized particles at lower temperatures (Egs. 2,
3 and 4), and this outcome underscores the capability of the
HCCNC to perform highly controlled CCN measurements
under lower-temperature conditions, providing valuable in-
sights that, to the best of our knowledge, have not been shown
in any previous studies. Furthermore, the kappa (x) value
derived from HCCNC measurements at 8 °C is 0.42 +0.37.
This result is comparable to the « of 0.49 measured at 10 °C
by Cheng and Kuwata (2023) using a low-temperature hygro-
scopicity tandem differential mobility analyser (low-T HT-
DMA). Similarly, HCCNC-derived « at 20 °C is 0.47 & 0.03,
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Figure 5. Comparison between experimental critical supersaturation (SSci¢) values and theoretical SS.rit (SSkghler) predictions for ammo-
nium sulfate, calculated using standard Kohler theory as outlined in Egs. (2), (3) and (4). Each symbol represents a fixed-diameter experiment,
with the colour coding (red, green and blue) indicating measurements performed at the depicted temperatures, also including results from the
literature. Panel (a) shows the Kohler theory calculation assuming full dissociation (v = 3), while panels (b) and (¢) account for non-ideality
with an effective van’t Hoff factor of v =2.04 (Wu et al., 2011) and v = 1.94 (Rose et al., 2008; Frank et al., 2007).

which agrees with the value of 0.46 £ 0.01 reported by Gysel
et al. (2002) at the same temperature. The larger uncertainty
in « at 8 °C is attributed to the larger SS uncertainty at lower
temperatures, as discussed in Sect. 3.4.

3.5 Applications and limitations

Unlike conventional CCN instruments, which generate SS at
higher temperatures, the HCCNC can achieve SS at lower
temperatures, which is more representative of atmospheric
conditions. This capability enables new opportunities to in-
vestigate phenomena such as co-condensation of organic
vapours that would partition out of the particle phase at
higher temperatures and allows for temperature-dependent
CCN analysis of ambient aerosols. Additionally, the HC-
CNC’s ability to operate at very low SS levels enables the
analysis of larger particles that are as hygroscopic as am-
monium sulfate (requiring low SSi), such as those in the
marine environment or of internally mixed in/organic com-
pounds that have a lower hygroscopicity than pure ammo-
nium sulfate but are larger than 200 nm. This extends the
experimental range possible compared to the DMT CCNC,
which is only reliable down to a supersaturation of 0.13 %.
This feature also facilitates investigations into surface ten-
sion reduction of the droplet, where the required critical su-
persaturation can be exceedingly low. In the HCCNC, the
largest OPC channel utilized for validation experiments to
quantify droplets is 2.5 um. To estimate the maximum par-
ticle concentration at which we can operate before water
vapour competition becomes significant for 2.5 um droplets,
we calculate a particle concentration of 7400 cm™3, assum-
ing a temperature of 30°C and SS of 0.2 %. This value is
subject to variation with changes in SS and temperature,
with further details provided in Sect. AS, which accompa-
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nies Fig. A8. The HCCNC is lightweight and compact, in-
dicating its potential suitability for future field campaigns.
However, two high-capacity chillers, which are both heavy
and costly, were used primarily due to availability rather than
necessity. While effective, these chillers are not essential for
CCN measurements, as more affordable and lightweight op-
tions with lower cooling capacities could be sufficient for this
application. This suggests that future iterations of the HC-
CNC could leverage alternative, more practical cooling so-
lutions without compromising performance, thus enhancing
the instrument’s portability and cost-effectiveness for field
deployments. The sample and sheath flow system in the HC-
CNC is simpler compared to vertical geometry setups. The
plates were fabricated using 3D metal printing, a technol-
ogy that is becoming increasingly widespread and accessible,
suggesting that the cost is likely to decrease in the future. An-
other advantage of the HCCNC is its ability to operate with
dry sheath flow, eliminating the need for Nafion humidifiers
and allowing operation at cooler temperatures. This not only
reduces the complexity of the device/system but also min-
imizes the number of components, leading to lower mainte-
nance requirements, reduced downtime and enhanced overall
user-friendliness. The wetting of the filter paper is managed
on demand by pumps, simplifying the setup and making it
more adaptable for field use. Additionally, an OPC with more
size bins or different size resolution can be deployed as well
if longer droplet growth times or different flow rates are de-
sired.

4 Conclusions and outlook

In this study we have shown the development of the Hori-
zontal Cloud Condensation Nuclei Counter (HCCNC), an in-
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house-built parallel-plate cloud condensation nuclei (CCN)
counter designed to study CCN activity at low temperatures
and supersaturations, while conventional CCN instruments
typically operate under warmer conditions. The HCCNC fol-
lows the general operating principles of other CFDC in-
struments and was designed based on CFD simulations to
achieve a better temperature uniformity and flow laminarity.
The HCCNC operates with a dry sheath flow, enabling it to
function across a wide range of temperatures without issues
of condensation. The chamber is compact and lightweight
and performs well over a wide range of temperatures when
verified against SS¢yj; for ammonium sulfate particles. Fur-
thermore, its precise temperature control allows it to generate
and operate at very low SS levels. Multiple injector positions
provide flexibility in selecting particle residence time, which
helps mitigate sedimentation issues that could be encoun-
tered for experiments conducted at higher SSyj in the future,
for example with less hygroscopic species. To validate the
performance of the HCCNC, monodisperse ammonium sul-
fate particles were used. The resulting activation curves from
the supersaturation scan experiments were within experimen-
tal uncertainties, aligning with Kohler theory, and demon-
strated reproducibility. Furthermore, this study also provides
support for Kohler theory, which predicts that the critical su-
persaturation SS.¢ required for activation increases for par-
ticles of the same size as temperature decreases.

These features and technological advancements in the HC-
CNC have been filed as a patent. Commercialization efforts
are already underway to make this instrument widely avail-
able, enabling the atmospheric research community to fully
leverage its potential. Future experiments with the HCCNC
will be conducted on organic—inorganic mixtures, where
the HCCNC will be operated in parallel with a streamwise
CCNC during a measurement campaign sampling ammo-
nium sulfate and levoglucosan mixtures at varying wet par-
ticle diameters and assessing impacts of co-condensation on
CCN activation. Further development of the HCCNC with
a focus on extending particle residence time to enable op-
eration at even lower supersaturation levels is planned. Ad-
ditionally, the thermocouples employed in this study exhib-
ited reduced accuracy at lower temperatures, which con-
tributed to higher uncertainty in supersaturation measure-
ments. Future iterations of the instrument will address this
limitation by incorporating high-precision thermocouples to
improve temperature control and measurement accuracy.
Lastly, future upgrades will include the integration of a
high-resolution OPC to achieve higher-size-resolved mea-
surements of droplets. This improvement will provide more
accurate droplet size binning, enabling better quantification
of droplet growth and differentiation from interstitial parti-
cles of sizes larger than 200 nm.
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Appendix A
Al CFD simulations

The CFD simulations were conducted using the Ansys, Inc.
product 2021 R2, with the Fluent module. The simulation
process followed a standard workflow: geometry creation,
meshing, boundary condition setup, running the simulation
and analysing the results. A 3D design of the HCCNC plates
and components was developed using the geometry compo-
nent system. The mesh consisted of 737 604 total elements
and 206471 nodes, with an orthogonal quality. The mini-
mum, maximum, average and standard deviation of the mesh
sizes were 0.11, 1.0, 0.7 and 0.15 mm, respectively. To facil-
itate a smooth transition of meshing from the flat surface to
the edges and back to the flat surface, five prism layers with a
growth ratio of 1.2 were applied along the edges. The physics
model comprises the 3D Reynolds-averaged Navier—Stokes
(RANS) equations, utilizing the realizable k—e model along
with the energy equation, steady-state conditions and grav-
ity effects. RANS equations are commonly used to compute
time-dependent flows with external unsteadiness. The real-
izable k—e model is an extension of the standard k—s model
and is an empirical framework based on transport equations
for turbulence kinetic energy (k) and the specific dissipation
rate (¢).

Figures A1, A2 and A3 present the results obtained from
the simulations using the mesh and physics model described
above. The boundary conditions applied included tempera-
tures of 8 °C for the top plate, 5°C for the bottom plate,
and 20 °C for the sheath and sample flow. The heat sink
was set to the same temperature as the lower plate as it
is screwed into the lower plate. The sheath flow was in-
troduced at 1.3 L min~!, while the sample flow was set at
0.13Lmin~!. The walls and injector material were set to
AlSi10Mg and stainless steel, respectively. Convergence was
achieved after approximately 60 iterations, with energy resid-
uals below 107° as the convergence criterion. Although there
appears to be a slight disturbance in the supersaturation pro-
file away from the centreline (Fig. A2), the turbulent kinetic
energy is shown to be very low (Fig. A3), indicating that this
is not due to turbulence. This disturbance likely arises from
the limitations of the education version of Ansys used in this
study, which restricts the number of mesh grids, preventing
higher-resolution simulations. A total of 17 different spacer
and plate designs were simulated under the same boundary
conditions, and the most optimal design — evaluated based on
parameters such as laminar flow and temperature uniformity
— was selected and is presented in this study, as discussed
above.

A2 Cross-section of chiller manifold

The cooling fluid is supplied to the plates through chillers
connected via a chiller manifold (see Fig. 1). As shown in
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(a) The temperature gradient in the vertical mid-plane between the two plates

o F ——
Temperature (°C) )

(b) The temperature gradient in the horizontal mid-plane between the two plates

Figure A1l. Temperature simulation results of the HCCNC with the top (warm) plate placed at 8 °C and the bottom (cold) plate at 5 °C, while
the sheath and sample flows enter the chamber at 20 °C via the spacer and injector, respectively. Temperatures exceeding 8 °C have been
clipped. Panel (a) displays the temperature gradient in the vertical mid-plane between the two plates. Panel (b) shows the temperature profile

along the horizontal plane and at the middle of the chamber.

(a) The supersaturation generated in the vertical mid-plane between the two plates
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(b) The supersaturation generated in the horizontal mid-plane between the two plates
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Figure A2. Supersaturation (SS) generated within the HCCNC when the top (warm) plate is at 8 °C and the bottom (cold) plate at 5 °C,
while the sheath and sample flows enter the chamber at 20 °C via the spacer and injector, respectively. Panel (a) displays the supersaturation
generated in the vertical mid-plane between the two plates. Panel (b) shows the supersaturation profile along the horizontal plane and at the

middle of the chamber.

Fig. A4, the internal diameter of the manifold gradually de-
creases along the streamwise direction. This design compen-
sates for pressure losses caused by friction over the length of
the manifold. By reducing the diameter, the cross-sectional
area decreases, causing the flow velocity to increase as per
the continuity equation (Fox et al., 2020), which helps main-
tain sufficient pressure to effectively transport the cooling
fluid. This ensures an even distribution of cooling fluid across
all four inlets of the plates.

A3 Intercomparison between OPCs at different flow
rates

An OPC Model 804 (MetOne Instruments, Inc.) is used to

detect droplets at the HCCNC outlet. While the OPC is cal-
ibrated for a flow rate of 2.83 L min~!, it was operated at

Atmos. Meas. Tech., 18, 5649-5667, 2025

1.5Lmin~! to ensure adequate residence time for particles
in the HCCNC, as the higher flow rate (2.83Lmin"!) re-
duces the time particles are exposed to supersaturation con-
ditions, affecting growth and detection. Intercomparisons be-
tween the HCCNC OPC and a reference OPC of the same
model operated were conducted using room air. The results
(Fig. AS) indicate that the HCCNC OPC measured a ~ 14 %
lower particle number concentration at the reduced flow rate
(i.e.at1.5L min~—!, blue data points). When both OPCs were
operated at the same flow rate of 2.83Lmin~!, the aver-
age percentage difference was ~ 8 % (red data points), which
falls within the typical manufacturer-reported uncertainty of
+10 %. Consequently, to account for the reduced flow rate,
the blue data points require a 15 % adjustment to align with
the reference OPC measurements, which was also applied to
our measurements (see Sect. 2.6).

https://doi.org/10.5194/amt-18-5649-2025



M. G. Sapkal et al.: Development of the Horizontal Cloud Condensation Nuclei Counter (HCCNC)

TKE (m? s2)
0.08
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(a) Turbulent Kinetic energy in the vertical mid-plane between the two
plates

Figure A3. Turbulent kinetic energy (TKE) within the HCCNC when the top (warm) plate is at 8 °C and the bottom (cold) plate at 5 °C,
while the sheath and sample flows enter the chamber at 20 °C via the spacer and injector, respectively. Panel (a) displays the TKE profile in
the vertical mid-plane between the two plates. The sky-blue bordered inset presents a magnified view of a specific sky-blue region from the
main figure. Panel (b) shows the TKE profile along the horizontal plane and at middle of the chamber.

-~ cooling fluid

y Y Y Y

HCCNC plate

Figure A4. Schematic illustrating the cross-section of the chiller
manifold.

A4 Particle activation, diffusional growth and
sedimentation

Figure A6 illustrates the theoretical growth of a 97.1 nm par-
ticle following activation at a fixed temperature of 30 °C un-
der various supersaturation (SS) conditions. The plot also de-
picts the particle residence time in the HCCNC relative to
different injector positions (ix, x = 1-8). Figure A7 presents
the activation, growth and settling of a 97.1 nm ammonium
sulfate particle as a function of residence time in a 0.15 %
supersaturation environment in the HCCNC.

Droplet growth following activation has been modelled
based on Rogers (1988). Equations (A1), (A2) and (A3) are
employed to calculate the droplet growth.

(1) 2+2(—S_1 )t (A1)
r(t)=.|[r
0 Fx+ Fyq
pwaterL%
F ="V A2
k= TR, (A2)
F, _&T (A3)
d =
Dves,w (T)

Fx is the thermodynamic term representing latent heat re-
lease during condensation, while Fq refers to the vapour dif-
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16 Both OPC at 2.8 L min—!
®  Avg. percentage diff: 7.52
HCCNC (Ref.) OPC at 1.5 (2.8) L min~t
Avg. percentage diff: 14.39
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6 8 10 e 1 16

Concentration in reference OPC (/cc)
Figure AS. Intercomparison of particle number concentrations
measured by the HCCNC OPC and a reference OPC using room
air at ambient temperature. The red data points represent mea-
surements when both OPCs operated at 2.83Lmin~!, while the
blue data points correspond to conditions where the HCCNC OPC
operated at 1.5 Lmin~! and the reference OPC at 2.83L min~!.
The solid blue and red lines represent the fitted trend. The cor-
rection factor derived from the regression equation is given by
OPChcene =0.76 x OPCyer 4 1.13 when the HCCNC OPC was
operated at 1.5L min~!.

fusion term associated with the transport of water vapour
to the growing droplet. The initial dry particle radius, ro,
is 48.5nm, and the time step is denoted by ¢ in seconds.
S shows the saturation ratio, starting from 1. The tempera-
ture (7') is 30 °C, and the density of water (Owater) is taken
as 1004kgm™3. The gravitational acceleration (g) is set
to 9.81 ms—2. The viscosity of air (1,;;) is assumed to be
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Figure A6. Theoretical growth of activated ammonium sulfate particles with dry diameters of (a) 97.1 nm and (b) 191.4 nm, modelled as
a function of supersaturation and residence time based on the growth equation from Rogers (1988) at 30 °C. The secondary x axis (i1—
8) represents the injector position at the HCCNC, corresponding to the particle residence time on the primary x axis. Theoretical particle
residence time is calculated by assuming a centreline particle velocity is 3/2 of the bulk velocity (parabolic velocity profile), with a total
chamber flow rate of 1.5Lmin~!, as the particle stream flows between two parallel plates; “i8-m” denotes the experimentally measured
residence time at injector position 8.
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Figure A7. Activation, growth and settling of a 97.1 nm ammonium sulfate particle as a function of residence time in a supersaturation
environment of 0.15 % in the HCCNC, modelled according to Rogers (1988). The grey strip represents the aerosol and droplet stream upon
immediate activation, while the coloured strip corresponds to delayed activation. The primary y axis denotes the vertical position of droplets
between parallel plates, with colour indicating fall speed for the delayed activation case. The secondary y axis represents droplet growth. The
vertical dashed black line marks the measured residence time at injector position 8 in the HCCNC.

1.81 x 10° Pass, while the density of air (pair) is taken as
1.1512kg m—3. A dimensionless constant (C) is used, with
a value of 1. The thermal conductivity of air (K) is specified
as 0.02597 Wm~! K~!, and the diffusivity of water vapour
in air (Dy) is 2.75763 x 105 m?s~!. The saturated vapour
pressure of water (e ) is 4246.81 Pa. The latent heat of va-
porization of water (Ly) is taken as 2575000 J kg™, and the
gas constant for water vapour (Ry) is 461.5Tkg~! K~

A5 Relationship between supersaturation, temperature
and maximum droplet number concentration

The maximum CCN count rate in the HCCNC varies as a
function of supersaturation (SS %), temperature and particle
concentration. When an aerosol particle activates into a cloud
droplet, it rapidly grows in the supersaturated environment.
This growth depletes the local water vapour field, which is
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Figure A8. Maximum droplet number concentration as a function
of supersaturation at different temperatures before water vapour
competition becomes relevant. Circular markers represent the theo-
retically calculated data points, while the dashed line indicates the
linear fit. The red, green and blue markers correspond to supersatu-
ration calculations at 30, 20 and 8 °C, respectively.

continuously replenished by the SS source (wetted filter pa-
per). However, competition for water vapour among grow-
ing droplets can set in if there is a high number of growing
drops and affect the droplet growth rate. Figure A8 illustrates
the critical droplet number concentration beyond which wa-
ter vapour competition sets in at a given supersaturation level.
This calculation is based on theoretical considerations, where
the available mass of water vapour is determined for a given
supersaturation and temperature (per cubic centimetre). The
total available water mass is then divided by the mass of an
individual droplet to estimate the particle number concentra-
tion threshold. To ensure a realistic assumption, the droplet
size after activation is considered to be 2.5 um, as this rep-
resents the upper limit of the OPC size range used in this
study. As shown in Fig. A8, the particle number concentra-
tion threshold at which water vapour competition becomes
relevant is lower at lower temperatures. This is attributed to
the reduced absolute mass of water vapour available under
colder conditions (approximately 8 °C).
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