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Abstract. Aerosol particles play a critical role as cloud condensation nuclei (CCN) in the atmosphere. The 8 

capacity of aerosol particles to activate into cloud droplets is measured experimentally using CCN counters 9 

(CCNC). Recent findings suggest that the co-condensation effect of semi-volatiles can enhance aerosol particle 10 

growth and cloud droplet activation. Conventional CCNCs, such as the streamwise CCNC, heat particles as they 11 

transit the CCNC column and may inadvertently not capture the co-condensation effect leading to an 12 

underestimate in CCN concentrations. Additionally, streamwise CCNC struggle to achieve supersaturations below 13 

0.13%, limiting their applicability for studying hydrophilic particles like (NH₄)₂SO₄ larger than 111 nm. To address 14 

these limitations, we developed the Horizontal Cloud Condensation Nuclei Counter (HCCNC), that can operate 15 

at temperatures below 4°C and supersaturations below 0.05%. This study presents the development of the 16 

HCCNC, providing a detailed technical description of its 3D geometry, computational fluid dynamics simulations 17 

and the key components that demonstrate its performance, showing accurate performance at low temperatures and 18 

SS which the widely used commercially available Droplet Measurement Technologies Inc.(DMT) CCNC cannot 19 

achieve. The main chamber parts were 3D metal printed from an aluminum alloy. Sampling and humidity 20 

generation followed the principle of the previously used continuous flow thermal gradient diffusion chambers. 21 

Particles were detected using a commercially available optical particle counter (OPC, MetOne Instruments, Inc., 22 

Model 804). The instrument's performance is validated by conducting laboratory tests using ammonium sulphate 23 

((NH4)2SO4) particles in the size range between 50 and 200 nm and for temperatures between 30°C and 8°C. 24 

Future work will focus on exploring the co-condensation effect on cloud droplet activation of levoglucosan and 25 

ammonium sulphate particles.   26 

1. Introduction 27 

Aerosol particles serve as CCN for cloud droplet formation in the atmosphere. The key parameters determining 28 

aerosol CCN activity and ultimately cloud droplet formation under atmospheric water saturation include particle 29 

size and composition. Conventional Köhler theory can predict the development of cloud droplets by condensation 30 

of water vapour onto particles (Köhler, 1936), by combining the Kelvin effect and Raoult's law to estimate the 31 

saturation water vapor pressure above a curved aqueous solution surface. The capacity of aerosol particles to 32 

activate into cloud droplets is measured experimentally using CCNCs, which detect the proportion of particles 33 

that develop into cloud droplets when exposed to water vapor at a pre-set supersaturation (SS). Early laboratory 34 

research revealed that common soluble inorganic compounds of atmospheric aerosols, such as ammonium 35 

sulphate and NaCl, satisfy Köhler theory to a considerable degree (Cruz and Pandis, 1997a). However, a poor 36 
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agreement is found between observed versus predicted CCN concentrations in closure studies (i.e., [CCN]observed 37 

 [CCN]predicted) (L. Kammermann et al. 2010;Whitehead et al., 2014; Pajunoja et al., 2015). Potential explanations 38 

for these discrepancies arise from the uncertainty in aerosol composition due to internally mixed complex 39 

in/organic aerosol (Lee et al., 2002; Murphy et al., 2006), the corresponding surface tension deviating from that 40 

of pure water, in particular if surface active species form part of the aerosol (Ovadnevaite et al., 2017). Non-41 

idealities that result from real world aerosol need to be accounted for to accurately predict CCN concentrations 42 

(Renbaum-Wolff et al., 2016; Ovadnevaite et al., 2017). Gas phase partitioning into hygroscopic aerosol increases 43 

its mass (and size) and in turn its propensity to take up more water (or activate at lower SS). This so-called co-44 

condensation effect of gas-phase semi-volatile organic compounds condensing with water vapor is dependent on 45 

relative humidity and temperature of the aerosol and surrounding environment (Topping et al., 2013). 46 

To estimate the critical supersaturation (SScrit) for particles to activate to cloud droplets, two types of CCNCs are 47 

utilized in laboratory studies: streamwise thermal-gradient diffusion chamber and parallel plate thermal-gradient 48 

diffusion chambers (CFDC). The streamwise CCNC designed by Roberts and Nenes (2005) and commercially 49 

available from Droplet Measurement Technologies, Inc., achieves water supersaturation (SS) exploits the faster 50 

water vapour diffusion of water compared to air by maintaining a temperature gradient within the chamber that is 51 

established using thermoelectric heaters. The chamber is made of a cylindrical column with wetted interior 52 

surfaces as a source of water vapor. The aerosol and sheath flow are drawn from the same source at the same 53 

temperature, while the sheath flow is passed through a filter followed by a Nafion membrane to achieve 100% 54 

relative humidity (RH), which keeps the column moist. At the top of the column, where the aerosol enters, the 55 

temperature is typically set to 0-10 K above the sample temperature to be above the dew point of the sampled air. 56 

This elevated temperature is essential to prevent condensation and fog formation, as the sheath air is at 100% RH 57 

(Roberts and Nenes, 2005). In environments with substantial air conditioning, if the ambient temperature falls 58 

below the dew point of the sampled air, condensation can occur, leading to aerosol changes. As heating progresses 59 

down the column, the temperature at the bottom is significantly higher than at the top. The temperature gradient, 60 

aligned with the aerosol stream, exposes particles to elevated temperatures throughout their transit, potentially 61 

altering their composition, particularly for volatile and semi-volatile species which can repartition into the gas 62 

phase (Hu et al., 2018). Additionally, the wet column walls act as a sink for water-soluble semi-volatiles, thereby 63 

removing these compounds from the activation process. As a result, these compounds do not contribute to cloud 64 

droplet formation under the experimental conditions, contrasting with their behavior in ambient environments 65 

(Romakkaniemi et al., 2014). Occurrence of this process has been estimated to induce considerable errors in the 66 

determination of the particle CCN ability (Hu et al., 2018; Topping and McFiggans, 2012). For instance, Hu et 67 

al., (2018) investigated the CCN behavior of (NH₄)₂SO₄ particles after exposure to propylene glycol (PG, PG = 68 

0.1) and water (aw = 0.9). As the temperature difference in the CCNC column increased, the ratio of organics in 69 

the outlet was lower than that in the inlet, indicating the evaporation of organics. Consequently, they observed no 70 

significant changes in the kappa values or SScrit for (NH₄)₂SO₄ particles, whether measured with or without the 71 

presence of organic vapour. Additionally, the operational range of the streamwise CCNC is between 0.13% and 72 

3% SS, with the lower limit constrained by the 1 µm droplet detection threshold, as the DMT CCNC utilizes this 73 

size as the criterion for identifying cloud droplets. Attempting to study the activation lower than the 74 

supersaturation below 0.13% is challenging for two main reasons. According to Köhler theory, as the required 75 

critical supersaturation for activation decreases the dry particle diameter increases. Consequently, operating at 76 
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lower supersaturation levels (than 0.13%) would necessitate a detection threshold greater than 1 µm to 77 

differentiate activated droplets from larger, unactivated particles. For instance, results from the E-AIM (IV) model 78 

indicate that an ammonium sulfate particle with a dry diameter of 191.4 nm would grow to approximately 1.4 µm 79 

at a relative humidity of 99.9% (saturation ratio, Sw = 0.99) (Wexler and Clegg, 2002;Clegg et al., 2013). This 80 

implies that the threshold size must be at least greater than 1.5 µm to classify the particle as a cloud droplet. 81 

Additionally, particles activated at lower supersaturations exhibit slower growth rates, as the supersaturation—82 

the primary driver of post-activation growth—is reduced compared to conditions above 0.13%. As a result, 83 

particles would require extended residence times to surpass the 1 µm detection threshold, with even longer 84 

residence times needed if the detection threshold were set higher than 1 µm. However, since the residence time in 85 

the streamwise CCNC is fixed for a given flow rate, operating below 0.13% supersaturation is impractical and 86 

does not allow for reliable cloud droplet detection. Moreover, according to the DMT CCNC manual, if particle 87 

concentrations exceed 6000 particles/cm³, the supersaturation lower limit considered as 0.2% to avoid counting 88 

biases, which arise from the growth kinetics of the particles. The streamwise CCNC therefore can present 89 

limitations to study atmospherically relevant particle sizes and different compositions. For example, as per the 90 

Köhler theory, the critical SS for 111nm ammonium sulphate particles is 0.13%, while for 84 nm particles it is 91 

0.2%. As a result, studying particles larger than 111 nm in the streamwise CCNC may not be feasible or reliable. 92 

The presence of surfactants and the co-condensation of semi-volatile compounds can reduce the critical 93 

supersaturation required for activation at a given particle size, compared to conditions where these compounds 94 

and processes are absent (Nozière et al., 2014; Gérard et al., 2016; Topping & McFiggans, 2012). This suggests 95 

that a streamwise CCNC may be unable to detect the activation of such particles mixed with surfactants or 96 

processes like co-condensation occurring in the atmosphere. 97 

CFDCs work by keeping two parallel plates at different temperatures, resulting in a linear temperature gradient 98 

between the plates. The inner surfaces of the plates are wetted such that the air near the walls becomes water-99 

saturated, resulting in water SS (SSw) region between the plates (Kumar et al., 2003; Jiusto, 1967). In the CFDCs, 100 

aerosol flow is typically injected into the center between the two plates. If the temperature of both plates is adjusted 101 

simultaneously at a constant rate, the particles experience a consistent mean temperature throughout their transit. 102 

However, in earlier CCNC designs, this mean temperature was generally higher than the ambient temperature. 103 

Kumar et al. (2003) reported that the mean temperature of the chamber was maintained approximately 2°C above 104 

ambient temperature to mitigate evaporative losses of activated droplets before their detection by an Aerosol 105 

Particle Sizer (APS 3321, TSI Inc.). Additionally, the sheath flow was humidified to 100% RH by passing it 106 

through a fritted water bubbler before entering the chamber, which prolonged the wetting of the filter paper. 107 

However, humidifying the sheath flow poses limitations when attempting to achieve supersaturation (SS) at lower 108 

temperatures. Since the sheath flow is fully saturated at room or experimental temperature, cooling the plates 109 

below this level can lead to condensation of the sheath flow on the plates. This condensation will not only disrupt 110 

the established supersaturation profile by introducing excess vapor but may also result in the formation of droplets 111 

that could be sampled by the OPC. These unintended droplets may be mistakenly counted as activated particles, 112 

introducing potential counting biases. Collectively, these factors could compromise the reliability of critical 113 

supersaturation measurements and impact the accuracy of activation determinations. So, far CFDC measurements 114 

are limited to supersaturations larger than 0.1%, given the long growth time required at lower SS, so droplets can 115 

be distinguished from interstitial aerosol (Nenes et al., 2001).  116 
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Dynamic spectrometers utilize a series of parallel warm and cold plates to create a variable supersaturation field, 117 

exposing aerosol samples to this field while inferring the CCN spectrum from the droplet size distribution 118 

measured at the outlet. Dynamic spectrometers have thus far reported measurable SScrit ranges from 0.01% to 1%. 119 

However, compared to CFDCs, dynamic spectrometers employ a fundamentally different design, in terms of 120 

particle activation and size measurement (Hudson, 1989). These instruments generate varying SS profiles through 121 

sequential heating in different sections and infer the CCN spectrum based on the droplet size distribution at the 122 

instrument outlet. A significant challenge arises when calibration curves derived from pure salt aerosols are used 123 

to infer ambient CCN spectra. Matching the calibration curve is often not satisfied for aerosols containing 124 

surfactants or slightly soluble materials, leading to uncertainties in measurement accuracy (Nenes et al., 2001). 125 

In summary, many CCN counters have been developed over the years, as discussed, few examples above, based 126 

on various designs and operating principles, or in some cases, the same operating principle with differing detection 127 

methods. Notably, none of these instruments can generate SS at lower temperatures (<10°C), which are not 128 

representative of natural cloud formation processes that occur at lower temperatures. Addressing these limitations 129 

is critical, as processes like organic repartitioning into the gas phase due to the higher temperature can significantly 130 

underestimate cloud droplet number concentrations compared to scenarios with co-condensation. According to 131 

Topping et al. (2013), the net cooling influence on global albedo, resulting from a 40%, 20%, and 10% 132 

enhancement in cloud droplet number concentration, is estimated to be 1.8 Wm⁻², 0.98 Wm⁻², and 0.51 Wm⁻², 133 

respectively. While some instruments, like CFDCs, can operate slightly above ambient temperature, they often 134 

face difficulties in achieving SS below 0.1%. This limitation restricts their ability to measure CCN activity over 135 

the full range of particle sizes that are relevant for the atmosphere. The limitations of existing CCNCs to generate 136 

supersaturation over a wide range and at lower temperatures reveals a critical gap and underscores the aim of the 137 

work presented in this study.   138 

Here we present the development of the Horizontal Cloud Condensation Nuclei Counter (HCCNC), a novel 139 

instrument designed to address challenges associated with low-temperature and low-supersaturation 140 

measurements. Although the HCCNC operates on the principles of a CFDC, it can generate SS over a wide range 141 

of sample temperatures (from 33°C - 4C) that are more atmospherically relevant for cloud formation, while also 142 

achieving lower SS to sample a larger particle size range. A detailed technical description of the instrument is 143 

given and validation experiments to verify the accuracy of the achieved SS in the HCCNC are presented using 144 

ammonium sulphate aerosol particles.  The results from the validation experiments are compared to existing 145 

literature and evaluated against Köhler Theory to verify accuracy and reliability.  146 

2. Methods 147 

2.1. Working principle 148 

The key components of the HCCNC are two temperature controlled parallel plates separated by a polymer spacer. 149 

The inner walls of the plates are lined with wetted filter paper and sandwich a polymer spacer (see Fig. 1). 150 

Maintaining the two top (warmer) and bottom (cooler) plates at slightly different temperatures establishes a linear 151 

temperature gradient in the spacer region between the plates. Since the inner surfaces of both plates are wetted, a 152 

steady-state linear partial pressure of water develops between the cold and warm plates. As the equilibrium vapor 153 

pressure of water as a function of temperature is nonlinear, this results in a supersaturated environment with 154 
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respect to water in the spacer cavity, with maximum supersaturation (SSmax) occurring near the center of the cavity 155 

(See Fig. 2a).  As a horizontally oriented CCNC, the temperature at the centerline is constant unlike the streamwise 156 

CCNC, where the lower section of the column has higher temperatures, which can drive buoyancy-induced air 157 

movement that opposes the intended downward flow and may create turbulence. This turbulence not only disrupts 158 

the laminar flow but also displaces particles from the centerline and may equalize the temperature and water vapor 159 

profiles, potentially altering the set SS conditions (Rogers, 1988; Stetzer et al., 2008; Brunner and Kanji, 2021). 160 

In the HCCNC, the aerosol sample flow is sandwiched between a particle-free sheath flow, which is typically set 161 

to at least ten times that of the sample flow. The total flow within the cavity is maintained in the laminar regime 162 

to ensure that the aerosol sample remains centred between the particle-free sheath flows, thus experiencing 163 

uniform SS conditions. Since SS cannot be measured directly, the SS experienced by particles is inferred from 164 

temperature measurements and flow rates, with associated uncertainties detailed in Fig. 2b and discussed 165 

extensively in Section 3.2. 166 

Figures A1, A2 and A3 present the results of computational fluid dynamics (CFD) simulations conducted using 167 

ANSYS software FLUENT (ANSYS Inc., 2010). In these simulations, the top plate was maintained at 8°C, the 168 

bottom plate at 5°C, while the sample and sheath flow, composed of dry nitrogen, entered the chamber at 20 °C. 169 

Figure A1a displays the formation of a linear temperature gradient between the two plates in the vertical direction, 170 

with the scale limited to 8 °C; temperatures exceeding this value were clipped. Figure A1b illustrates the mid-171 

plane temperature profile, which shows slight disturbances as aerosols enter but stabilizes shortly thereafter. As a 172 

result of the temperature gradient, a SS profile develops, with the SSmax approximately along the chamber 173 

centerline, as shown in Figure A2. While aerosol inflow initially at 20°C disturbs the SS profile, which quickly 174 

stabilizes. A detailed description of the CFD simulations is provided in Appendix A1. 175 

2.2. Temperature Modulation in the HCCNC 176 

Precise temperature control is a critical aspect of the functionality of CCNCs, particularly of the HCCNC as it 177 

directly influences the SS. The temperature modulation is facilitated by the top (warm) plate and the bottom (cold) 178 

plate (Fig. 1). The design of the HCCNC plates and associated components was developed using the CFD 179 

software, FLUENT (ANSYS Inc., 2010). After extensive simulations of various designs under different 180 

conditions, a plane-cavity-based design was chosen for its efficient coolant distribution and therefore uniform 181 

temperature across the plate (see section A2). The bottom plate differs slightly from the top plate in terms of 182 

design. The top plate features water-wetting ports, while the bottom plate includes a small drainage channel 183 

designed to collect excess water which can be removed via drainage ports (see next section). The cavity design 184 

posed notable challenges for conventional manufacturing methods, therefore 3D printing was utilized for 185 

fabrication. The plates were 3D printed from an aluminum alloy AlSi10Mg, selected for its compatibility with 186 

available 3D printing processes, as pure aluminum or other 3D metal printing options were not accessible during 187 

fabrication (ProtoShape GmbH). AlSi10Mg possess a low density of 2.67 g/cm³, good mechanical, thermal 188 

conductivity of 130-150 Wm-1 K-1, and chemical compatibility with coolants such as ethanol. The plates have the 189 

dimensions of 410 mm (L) x 210 mm (W) x 13 mm (H). Compared to other parallel plate CCN and INP counters 190 

reported in the literature, the HCCNC plates are notably more compact, resulting in a reduced total heat capacity. 191 

This allows the usage of less expensive chillers with low heat load capacities while the temperature of the plates 192 

can still be increased or decreased rapidly which facilitates efficient changes in SS cycles. The plate temperatures 193 
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are regulated using two external recirculating chillers (Lauda Proline RP855 and Lauda Eco RE620) (not shown 194 

in Fig. 1). Each plate is equipped with three thermocouples (Transmetra, TEMI313-K05-200-MS), inserted into 195 

the center of the plate beneath the cavity, which provides temperature readings at one-second intervals. The 196 

cooling fluid is distributed to the plates through a chiller manifold (see Fig. 1). As shown in Fig. A4, the internal 197 

diameter of the manifold gradually decreases along the streamwise direction, ensuring even distribution of the 198 

cooling fluid across all four inlets of the plates.  199 

 200 

Figure 1. Exploded view of the horizontal cloud condensation nuclei counter (HCCNC), showing the entire chamber excluding 201 

the re-circulating chillers. 202 

2.3. Filter paper wetting procedure and water vapor source 203 

The inner surfaces of both walls are lined with a single layer of self-adhering borosilicate glass microfibre filter 204 

paper (PALL 66217, 1 µm, 8×1”) (Fig. 1). The filter paper is wetted using a peristaltic pump operating at a flow 205 

rate of 10 ml min−1, delivering 40 ml of Milli-Q water from a reservoir to each of the three wetting ports located 206 

on the top plate before the experiment. Two of the three ports, supply water to the filter paper on the top plate, 207 

while the third supplies the bottom plate. To ensure complete wetting of the filter paper on both plates, 208 

approximately 150ml of Milli-Q water is pumped into the chamber and the excess (~100 ml) is drained through a 209 

peristaltic pump via a drainage port in the bottom plate. To facilitate uniform water distribution across the width 210 

of the plates, the setup is tilted by 25° parallel to the length axis of the HCCNC using a linear actuator. This 211 

procedure is performed once before initiating a new set of experiments. It has been observed that the wetted filter 212 

paper can consistently act as a water vapor source for up to 12–15 experiments consisting of a SS ramp from 0 to 213 

0.8%, each consisting of 30-minute SS scan cycles with average ammonium sulphate aerosol concentrations from 214 

300 – 900 cm-3. 215 

2.4. Sample injection 216 

The spacer made of polyvinylidene fluoride (PVDF) serves as a physical and thermal barrier between the two 217 

plates. The cavity is created by a cut-out within the spacer. The ogive shape of the spacer was chosen after 218 

evaluating multiple design options through simulations conducted under laboratory boundary conditions in 219 

ANSYS software (see section A1). The sample particles are introduced into the chamber through an injector via 220 
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a slit measuring 75 x 0.40 mm. The injector is made of stainless steel, with an internal diameter of 4.57 mm and 221 

a length of 250 mm. The injector can be mounted in any of the eight available ports of the spacer (see Fig. 1), 222 

enabling precise control over particle residence time within the chamber and mitigating sedimentation issues that 223 

would arise from the horizontal orientation of the CCNC. 224 

 225 

 226 

Figure 2. Supersaturation (SS) profile between the two parallel plates in the HCCNC (panel a).  Example with cold wall at 227 

6.3 °C (average of TC2 = 6.07 and TC3 = 7.41 °C) and warm wall at 8.2 °C (average of TW2 = 8.11 and TW3 = 8.38 °C), 228 

shown by the purple line. The blue solid line represents equilibrium water vapor pressure, while the blue dotted line shows the 229 

steady-state partial pressure across the chamber. The black curve indicates the water SS profile. Schematic illustrating a side 230 

view of the HCCNC including uncertainty values in SS due to aerosol width and temperature measurements (panel b). The 231 

black curve represents the SS profile between the two plates as shown in (a). The sample flow from the injector, with a dilution 232 

factor of 17, is shown as the shaded grey region. The dotted line indicates the increased sample width when the dilution factor 233 
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is reduced to 11. TW and TC denote thermocouples installed on the warm and cold wall, respectively. Position (4) denotes the 234 

SS uncertainty in the central lamina, resulting from a temperature uncertainty of ±0.47 °C. 235 

2.5. Flow control 236 

The total flow rate of 1.5 L min−1 through the HCCNC is apportioned into a sheath-to-sample flow ratio of 10:1. 237 

This ratio is maintained to avoid wall losses and to confine the sample flow to a thin layer minimizing the variation 238 

in SS and temperature that the aerosol is exposed to in the center of the chamber. The sheath flow is controlled 239 

using a mass flow controller (MFC, ALICAT, MC-20SLPM) and is introduced through four ports directed onto 240 

aluminum heat sinks on the bottom wall (see Fig. 1), allowing rapid cooling of the flow to equilibrate with the 241 

chamber temperature. The sheath flow then passes through a mesh that stabilizes the flow and minimizes 242 

turbulence, as described by Brunner & Kanji (2021). Figure A3 presents the turbulence kinetic energy, which is 243 

minimal, confirming laminar flow conditions within the chamber. The plain-weave type-304 stainless steel wire 244 

mesh, with a mesh size of 250 mesh per inch and a wire diameter of 0.04 mm, spans the full width and height of 245 

the spacer cavity. After the mesh, the combined stream of sheath and aerosol, flows horizontally in a laminar 246 

fashion through the chamber, where the SS and temperature profile forms according to Fig 2a. Particles with a 247 

SScrit lower than the SScentreline activate and grow into droplets. A cone shaped exit of the chamber focuses the 248 

sample and sheath flows, directing the airstream into an optical particle counter (OPC, MetOne Instruments, Inc., 249 

Model 804). The cone is angled to ensure that the total flow merges smoothly, avoiding turbulence. A pump (KNF, 250 

N8134ANE) downstream of the OPC maintains the total flow of the instrument which is also controlled by an 251 

MFC (ALICAT, MC-20S L min−1).  252 

2.6. Droplet detection 253 

The OPC used to detect droplets at the outlet of the HCCNC is equipped with a 780 nm, 35 mW photodiode laser. 254 

The onboard electronics processor from MetOne categorizes and sizes detected particles into four selectable size 255 

bins (from >0.3 to >10 μm). Although the OPC is calibrated for a flow rate of 2.83 L min−1  as specified by the 256 

manufacturer, we operated it at a reduced flow rate of 1.5 L min−1. This adjustment was made to ensure adequate 257 

residence time for particles within the HCCNC, as higher flow rates reduce the time particles remain under SS 258 

conditions, impacting their growth. Intercomparisons between two OPC units of the same model, operated at 259 

different flow rates, revealed a 14% lower particle number concentration when the OPC was operated at 1.5 L 260 

min−1  compared to 2.83 L min−1  (See Fig. A5). This observed discrepancy is accounted for when operating the 261 

OPC at 1.5 L min−1. To minimize the exposure of activated droplets to external environmental conditions and to 262 

ensure their rapid entry into the scattering volume, the distance between the HCCNC outlet and OPC inlet is 263 

minimized (17mm). The residence time in this section is also reduced due to an increase in local flow velocity 264 

due to the cone shaped exit.  265 

2.7. Electronic interface 266 

The electronic interface is important to the operation of the HCCNC, designed to control its various features and 267 

processes. The primary components of this interface include National Instruments (NI) modules,  microcontrollers 268 

(Arduino), MFCs, actuators, and relays. These components are housed within a waterproof  plastic enclosure for 269 

protection. Temperature measurements are collected through three analog-to-digital (A/D) input channels of the 270 

NI-9213 module, which offers a 24-bit resolution. The Arduino microcontroller manages the operation of water 271 
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pumps and actuators facilitating the tilting mechanism of the HCCNC during the wetting process. The chillers 272 

and SS cycles are controlled through a self-programmed interface in Python 3.12. In contrast, OPC data is 273 

collected using COMET software provided by the manufacturer. 274 

275 

Figure 3. External components and flow setup for the validation experiment using ammonium sulphate aerosol. 276 

Tc and Tw represent the re-circulating chiller used to control the temperatures of the cold and warm plates, 277 

respectively. The blue and red arrows indicate the direction of the outgoing and incoming fluid to the chillers 278 

2.8. Experimental setup - validation experiments 279 

Figure. 3 shows the external components of the HCCNC and the flow setup used for the validation experiments. 280 

In the current configuration, the temperature of the top plate is regulated by a Lauda Proline RP855 chiller, while 281 

the bottom plate temperature is controlled by a Lauda Eco RE620 chiller.  Ethanol is used as the coolant fluid in 282 

both chillers. The flow of the chilled fluid into the plates and the subsequent outflow of the warmed fluid are 283 

indicated by blue and red arrows in Figure 3. Three peristaltic pumps (only one shown for clarity in Fig. 3) wet 284 

the filter paper before the start of an experiment. Dry, particle-free nitrogen serves as sheath flow for the HCCNC, 285 

controlled by MFC1. An ammonium sulphate solution (0.1 g L−1) is aerosolized using a constant output atomizer 286 

(model 3076). The wet aerosol then passes through a diffusion dryer (filled with a 4 Å molecular sieve) followed 287 

by a differential mobility analyzer (DMA, Model 3082, TSI Inc.) for size selection. The aerosol flow is split by a 288 

Y-connector to a condensation particle counter (CPC, Model 3072, TSI Inc.) and the HCCNC. The OPC was 289 

configured in this experiment to measure particles concentrations in the >0.5, >0.7, >1.0, and >2.5 µm size bins.  290 

Initially, the flow to the HCCNC is directed through a high-efficiency particulate air (HEPA, Model 12144, Pall 291 

Inc.) filter for background measurements. Once a low background was confirmed, the valve was switched to 292 

sample the aerosol particles. The injector was placed at position 8 relative to the OPC to ensure the maximum 293 

residence time of the particles within the chamber (21 seconds) (for more details see section 3.1.2). All unused 294 

positions were securely closed with plugs to seal the chamber. MFC2 downstream of the OPC is set to 1.5 Std L 295 

min−1  and the sample air flow rate of 0.257 Std L min−1  is determined by the difference between the flow exiting 296 

the spacer through the OPC and the sheath air entering the spacer (~10:1 ratio). 297 
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3. Results and discussion 298 

3.1. Validation of the HCCNC  299 

ammonium sulphate was used as the test species for evaluating the performance of the HCCNC due to its well-300 

characterized hygroscopicity and its extensively studied CCN activation properties (Brechtel and Kreidenweis, 301 

2000). Aqueous ammonium sulphate solutions were atomized, dried, and size-selected using a DMA with a sheath 302 

flow rate of 12.5 L min−1,  while the HCCNC aerosol stream flow was maintained at 0.12 L min−1  for the validation 303 

experiments. 304 

3.1.1. Mobility diameter and volume equivalent diameter 305 

Validation experiments were conducted using mobility diameters of 50, 60, 100, and 200 nm. As the DMA 306 

classifies charged particles based on their electrical mobility (Knutson and Whitby, 1975), the mobility diameter 307 

for spherical particles is well-defined and corresponds to the particle's volume-equivalent diameter. However, 308 

since the mobility diameter is a measure of particle behavior rather than an intrinsic property, the relationship 309 

between particle shape and the electric field in the DMA must be considered for aspherical particles. ammonium 310 

sulphate particles exhibit asphericity (Zelenyuk and Imre, 2007), thus necessitating the conversion of mobility 311 

diameter to volume-equivalent diameter (Zelenyuk et al., 2006). To calculate the volume-equivalent diameter, the 312 

shape factors from Kaaden et al., (2009) were used. The conversion, described by Equation (1), neglects the 313 

Cunningham correction, as its influence becomes significant only at the third decimal place.  314 

𝑑𝑣𝑒 =
𝑑𝑚

𝜒
1 315 

 316 

In this equation, 𝑑𝑣𝑒 is the volume-equivalent diameter, 𝑑𝑚 is the mobility diameter, and 𝜒 represents the shape 317 

factor. A shape factor of 1.03 was applied for mobility diameters of 50, 60, and 100 nm, while a factor of 1.045 318 

was used for 200 nm (Zelenyuk et al., 2006). After conversion, the mobility diameters of 50, 60, 100, and 200 nm 319 

corresponded to volume-equivalent diameters of 48.5, 58.3, 97.1, and 191.4 nm, respectively. All results presented 320 

in this study are based on volume-equivalent diameters. In this study, we refer to dry particle sizes < 100 nm as 321 

small particles, and those > 100 nm as larger particles.  322 

3.1.2. Particle activation, growth and sedimentation 323 

Once particles experience SS exceeding the SScrit, they activate and grow. Particles must grow to a size > 1 μm to 324 

be classified as activated droplets, as hygroscopic growth alone cannot achieve such sizes for our selected dry 325 

particle sizes. This growth can be modelled using diffusional growth calculations, as described by Rogers (1988). 326 

Figure A6 illustrates the growth of a 97.1 nm particle after activation at a fixed temperature (30 °C) under different 327 

SS conditions. The plot also shows the particle residence time in the HCCNC relative to different injector positions 328 

(ix, x=1-8). According to the Rogers model, even at the shortest residence time (τ = 7 sec) in the HCCNC (i1, 329 

closest to the OPC), a particle should grow to >2 μm at a SS of 0.1%. However, our experiential results indicate 330 

that these theoretical diffusional growth calculations overestimate the final particle size upon exiting the chamber, 331 

as the model assumes the target constant SS is experienced as soon as the particle enters the chamber and 332 

throughout the particle transit. In practice, the total flow takes some time to equilibrate to the set chamber 333 
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conditions, exposing the particles to lower SS during the initial seconds. This effect is also evident in the 334 

simulation results, where the SS profile is disturbed when the sample and sheath flow were introduced at 20°C 335 

and the warm and cold plates are maintained at 8 °C and 5 °C, respectively. However, the temperature and SS 336 

profile stabilizes after a short distance, as shown in Figure A1 and A2. In our chamber, particles will settle out of 337 

the flow if they fall 9.5 mm from the centerline and hit the bottom plate. For instance, as illustrated in Figure A7, 338 

at injector position 8, which corresponds to a residence time of 21 seconds, a particle with a dry diameter of 97.1 339 

nm, when activated in a supersaturation environment of 0.15%, could grow to a diameter of up to 6 µm according 340 

to Rogers' model. As droplet size increases following activation, so does their fall speed, with droplets of this size 341 

(6 µm) expected to sediment onto the bottom plate at approximately 20 seconds. This suggests that, theoretically, 342 

these particles would not reach the OPC. However, we detect particles and thus we believe due to the time required 343 

for the total flow to equilibrate with the chamber conditions, there is a delay in particle activation and thus growth. 344 

This delay allows particles to be detected by the optical particle counter (OPC) before they settle out of the flow. 345 

During the validation experiments, droplets > 1 µm were classified as cloud droplets for dry particles up to 100 346 

nm in diameter, while droplets exceeding 2.5 µm were classified as cloud droplets for dry particles of 191.4 nm 347 

in diameter (see section 3.1.2). This approach was adopted for two primary reasons: first, activation was not 348 

clearly detectable in the 1 µm OPC channel as the droplets already appear to have grown to 1 µm prior to their 349 

activation. This observation is consistent with predictions from Köhler theory and results from the E-AIM (IV) 350 

model, which suggest that an ammonium sulfate particle with a dry diameter of 191.4 nm grows to approximately 351 

1.4 µm at a relative humidity of 99.9% (saturation ratio, Sw = 0.99) (Wexler and Clegg, 2002; Clegg et al., 2013). 352 

Second, the OPC used in this study has a 2.5 µm channel as the next available size above 1 µm. 353 

3.1.3. Supersaturation Scans and CCN Activation in HCCNC at 30 and 20 °C  354 

All validation experiments were performed by stepping the SS (also known as S-scans) within the chamber. 355 

Initially, both plates of the HCCNC were held at the same temperature, corresponding to a SSw of 0%. 356 

Subsequently, the temperature of the bottom plate was lowered at a rate of 0.2 °C min−1, causing a gradual increase 357 

in SS within the chamber. Although the setup would allow both plates' temperatures to be adjusted, controlling 358 

the temperature of only the bottom plate provided finer control over SS generation (e.g., from 0.05 to 0.1% SS, 359 

the rate of change SS was 0.013 ± 0.008 per minute). For the performance evaluation of the HCCNC, S-scans 360 

were conducted at nominal temperatures of 30°C, 20°C, and 8°C for each particle diameter (48.5, 58.3, 97.1, and 361 

191.4 nm). A minimum of three experiments were performed for each size and temperature, to ensure the 362 

reproducibility of the results. Typical sets of data for the activation of ammonium sulphate particles are shown in 363 

Fig. 4a and 4b for particle diameter, 48.5, 58.3, 97.1 and 191.1 nm at 30 and 20°C. A CPC was used in parallel to 364 

measure particle concentrations and to determine the activated fraction (AF), defined as the ratio of CCN (droplets 365 

measured in the OPC) to condensation nuclei (CN, dry particle concentration in the CPC). The AF values range 366 

from 0 (no activation) to 1 (complete activation), with an AF of 0.5 indicating the SScrit for CCN activation. 367 

Particle concentrations were maintained between 300-900 cm−3 during the experiments.  368 

https://doi.org/10.5194/egusphere-2025-2239
Preprint. Discussion started: 28 May 2025
c© Author(s) 2025. CC BY 4.0 License.



 

12 

 369 

Figure 4. The activated fraction (AF)  plotted as a function of supersaturation (SS, %) for ammonium sulphate 370 

particles with dry diameter of 48.5, 58.3, 97.1 nm and 191.4 nm. The critical supersaturation is indicated in the 371 

legend for each curve shown and the dotted curve represents a double sigmoid fitted to the measurements. The 372 

different panels show SS scans performed at different temperatures indicated. Horizontal error bars represent the 373 

estimated uncertainties in SS, derived from a combination of temperature measurements and aerosol layer 374 

thickness. 375 
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For all particle diameters, there is a clear transition from no activation at lower SS to a plateau region indicative 376 

of full activation. Although theoretically the AF should reach 100%, in practice it is typically observed between 377 

70% and 90% during our experiments. Discrepancies of this magnitude are common in the literature for TGDCs 378 

(Cruz and Pandis, 1997; Corrigan and Novakov, 1999; Kumar et al., 2003). This can arise from various factors, 379 

such as the combined ±14% uncertainty from the OPC and CPC counting and the variation in SS experienced in 380 

the aerosol layer. If the aerosol layer is thicker than calculated, a small fraction of particles will be exposed to 381 

lower SS than calculated (see next section for details). The S-shape of the activation curve and the plateau at 382 

higher SS exhibit typical CCN activation behavior and illustrate the instrument’s ability to detect and measure 383 

droplet activation and growth at low temperatures and supersaturations. A first plateau in the AF indicates the 384 

behavior of doubly charged particles (Lance et al., 2006) (Fig. 4). For example, in experiments involving 97.1 nm 385 

particles at 20°C, activation is observed beginning with a SS of 0.025%, plateauing at 0.12%. The half-rise (critical 386 

supersaturation), of the sigmoidal activation curve was determined to be at 0.07%. This value corresponds to a 387 

particle size of 158 nm, which is characteristic of the activation of doubly charged particles. The measured SScrit 388 

from the HCCNC for ammonium sulphate particles with dry diameters of 48.5, 58.3, 97.1, and 191.4 nm were 389 

0.48, 0.37, 0.18, and 0.05%, respectively, at 30 °C. These values align well with predictions from Köhler theory 390 

(Köhler, 1936), which predicts SSKöhler = 0.47, 0.36, 0.17 and 0.05%, respectively at 30°C (For further details, see 391 

Section 3.4). Similarly, at 20 °C, the measured SScrit values of 0.54, 0.41, 0.20, and 0.06% closely match the 392 

theoretical SSKöhler values of 0.52, 0.39, 0.18, and 0.06%, respectively. The horizontal error bars in Fig. 4 represent 393 

the estimated uncertainties in SS, derived from temperature measurements and aerosol layer thickness as detailed 394 

in the next section.  395 

3.2. Uncertainties in Supersaturation and Activated Fraction 396 

The AF is governed by critical parameters such as particle count and the flow ratio between sheath and sample 397 

flow since the dilution controls the concentrations of CN in the chamber. Since SS cannot be measured directly, 398 

its accuracy within the HCCNC is inferred from temperature measurements, with the wall temperatures defining 399 

the SS field. Temperature readings are obtained from three thermocouples mounted on each HCCNC plate, 400 

ensuring precise determination of the temperature gradient across the chamber and, by extension, the SS profile 401 

(Fig. 2a and 2b). While three thermocouples are installed on each plate, only the two closest to the injector 402 

(TW2/TC2) and the chamber outlet (TW3/TC3) are used to calculate the mean wall temperature, as particles are 403 

exposed to cavity conditions only after the injector. From the experimental data, we determined that the 404 

thermocouples have an uncertainty of ±0.07 °C within the 30°C – 20 °C range. This uncertainty increases to ±0.27 405 

°C at 8 °C and ±0.38 °C at 6 °C. In Fig. 2b, TW1/2/3 and TC1/2/3 show the temperature readings of the warm 406 

and cold plates, respectively, from one of the validation experiments. In this experiment, the sample flow (depicted 407 

as grey shading) enters the cavity through the injector, with a dilution factor of 17 (sheath: sample = 16:1, 16+1 408 

=17). The particles are exposed to a SS profile (thick black curve) representing the values of the S-curve from 409 

Fig. 2a, where the SSmax is 0.203%. However, due to the uncertainties in the warm and cold plate thermocouples, 410 

±0.27 and ±0.38 °C respectively, a combined uncertainty of ±0.47 °C = (±ξ0.272 + 0.382)  is introduced at the 411 

center of the chamber (Fig. 3, point 4). This temperature uncertainty translates into a SS uncertainty ±0.093 % 412 

that particles may experience (i.e., SScenter  ±0.093 %) (Fig. 2b, point 2). Also, as detailed in Section 2.1, the sample 413 

flow is sandwiched between the sheath flow. Originating from a narrow slit, the aerosol particles are exposed to 414 
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a relatively consistent and narrow range of SS. However, altering the flow ratio causes the aerosol stream to 415 

broaden or narrow vertically, thereby subjecting particles to a wider or narrower SS. This effect is illustrated in 416 

Fig. 2b, where a reduction in the dilution factor from 17 to 11 (dotted line) leads to a shift in the SS experienced 417 

by the outermost aerosol particles, from 0.203  ±0.001 % (point 4) to 0.203  ±0.002 % (point 3) which could lead 418 

to a lower AF. The largest source of SS uncertainty, whether from temperature or aerosol stream width, has been 419 

accounted for and is incorporated into the results presented in Figure 4. As shown in Figure 2b, the uncertainty 420 

arising from temperature is greater than that associated with aerosol stream width. Therefore, temperature-induced 421 

SS uncertainty has been used to represent the SS variability experienced by particles (see Fig. 4). The OPC and 422 

CPC used in the validation experiments have a counting uncertainty of ±10% each, resulting in a relative 423 

uncertainty of ±14% in the reported AF. 424 

3.3. Particle Activation at Lower Temperature and Lower Supersaturation  425 

Figure 4(c) presents the activation curves for 97.1 nm and 191.4 nm ammonium sulphate particles at 8 °C. The 426 

sharp activation curves validate the ability of the HCCNC to generate a supersaturation at lower temperatures. 427 

Most conventional CCNC designs, such as the DMT CCNC and the CCNC from Kumar et al. (2003), employ a 428 

humidified sheath flow to maintain a moist filter paper. This approach requires heating the column or plates to 429 

avoid fog formation upon aerosol introduction or to prevent condensation within the chamber. The HCCNC 430 

addresses these limitations by employing a dry sheath flow, enabling experiments to be conducted at lower 431 

temperatures while still avoiding condensation and spurious supersaturation generation when humidified sheath 432 

flow enters the chamber at lower temperatures. Furthermore, the peristaltic pump system efficiently wets the filter 433 

paper on-demand, eliminating the need for continuous humidification and allowing broader operational 434 

temperature ranges. The measured SScrit from the HCCNC for ammonium sulfate particles with dry diameters of 435 

48.5, 58.3, 97.1, and 191.4 nm were 058, 0.46, 0.20, and 0.1%, respectively, at 8 °C. These measurements align 436 

well with the predictions from Köhler theory - 0.57, 0.43, 0.17 and 0.07%, respectively, given the experimental 437 

uncertainties.  438 

Besides the low temperature operation, another novelty of the HCCNC is its ability to operate at very low 439 

supersaturation levels. The DMT CCNC and old CFDC’s typically operate above 0.13 and 0.1 % SS respectively 440 

(Roberts and Nenes, 2005; Nenes et al., 2001). Figure 4 demonstrates the activation curve for 191.4 nm particles, 441 

which necessitate very low SS for activation (0.05%). The HCCNC precisely maintains the required temperature 442 

gradient to achieve these low SS conditions. For instance, to achieve a SS of 0.05% at warmer temperatures, a 443 

temperature difference of just 1.2°C between the two plates is required. The HCCNC's ability to operate at lower 444 

temperatures and to achieve low SS levels is largely attributed to its cavity-based plate and spacer design. The 445 

metal thickness separating the filter paper from the cooling fluid is only 3 mm, which ensures precise temperature 446 

control and, consequently, accurate regulation of supersaturation. Also, the steep activation observed in the 447 

particles indicates that most of the particles were exposed to a consistent supersaturation, suggesting minimal 448 

turbulence within the chamber. This is supported by the calculated Reynolds number for the HCCNC, derived 449 

from turbulent kinetic energy (TKE) (Fig. A3) values obtained from CFD simulation results. The Reynolds 450 

number ranges from 0.009 to 395 in HCCNC, well below the turbulent flow regime threshold of 4000. 451 
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3.4. Validation of Köhler Theory and Non-Ideal Behaviour of Ammonium Sulphate 452 

To validate the HCCNC, CCN activation experiments were conducted in the temperature range from 30°C - 8 °C 453 

to measure the SScrit for size selected ammonium sulphate particles. To verify accuracy, the SScrit measured was 454 

compared to the predicted SScrit calculated with standard Köhler theory and data from Davies et al. (2019). The 455 

SS values used for comparison (SSKöhler) were calculated using Eq. (2) as discussed in Kumar et al., (2003).  456 

𝑆𝐶 = (4𝐴3/27𝐵)1 2Τ 2 457 

 458 

where 𝑆𝐶  is the critical supersaturation. The values of A and B calculated using Eq. (3) and (4): 459 

𝐴 = (2𝜎𝑠𝑜𝑙𝑀𝑤)/(𝜌𝑠𝑜𝑙𝑅𝑇) 3 460 

and  461 

𝐵 = (3𝑣𝑚𝑠𝑀𝑤)/(4𝜋𝜌𝑠𝑜𝑙𝑀𝑠) 4 462 

Where σsol is the surface tension of the solution and it is set to that of water for temperatures of 30 °C, 20 °C, and 463 

8 °C, with values taken from Vargaftik et al., (1983) which are 0.071, 0.073 and 0.075 Nm-1 respectively. Mw is 464 

the molecular weight of water (18.02 g mol-1), the density of the solution (water) ρsol is taken as 997 kg m-3 and R 465 

is the ideal gas constant. The temperature (T) used is Tactivation (i.e., temperature at which particle activation is 466 

observed during experiments) was 29.10, 18.90 and 7.20 °C corresponding to experiments conducted at 30, 20, 467 

and 8 °C respectively. The effective van’t Hoff factor, ν is 2.04 for non-ideal behavior or 3 for complete 468 

dissociation, ms is the mass of ammonium sulphate in the dry particle based on its radius, Ms is the molecular 469 

weight of ammonium sulphate (132.1 g mol-1).  470 

Figure 5(a) shows a systematic discrepancy between the calculated and experimentally measured SScrit (SSmeasured) 471 

using both HCCNC and DMT CCNC values, with the measured SScrit generally being higher than the theoretical 472 

predictions. This difference may stem from uncertainties previously discussed arising from the temperature, SS 473 

variation in the aerosol layer. Additionally, the potential non-ideal behaviour of ammonium sulphate may 474 

contribute to the discrepancy. To explore this further, SScrit was calculated using two effective van’t Hoff factors: 475 

complete dissociation (ν = 3) in Figure 5(a) and non-ideal behaviour (ν = 2.04) (Wu et al., 2011) in Figure 5(b). 476 

When non-ideal behaviour is accounted for, the agreement between measured and theoretical SScrit improves 477 

significantly.  We note that that Figure 5 also validates that Köhler theory requires a higher SScrit for same sized 478 

particle at lower temperature (Eqns. 2, 3 and 4) and this outcome underscores the capability of the HCCNC to 479 

perform highly controlled CCN measurements under lower temperature conditions, providing valuable insights 480 

that to the best of our knowledge have not been shown in previous studies. 481 
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 482 

Figure 5. Comparison between experimental critical supersaturation (SScrit) values and theoretical SScrit (SSKöhler) 483 

predictions for ammonium sulphate, calculated using standard Köhler theory as outlined in Eq. (2), (3), and (4). 484 

Each symbol represents a fixed-diameter experiment, with the colour coding (red, green, and blue) indicating 485 

measurements performed at the depicted temperatures, also including results from literature. (a) shows the Köhler 486 

theory calculation assuming full dissociation (ν = 3), while (b) accounts for non-ideality with an effective van’t 487 

Hoff factor of ν = 2.04. 488 

3.5. Applications and Limitations  489 

Unlike conventional CCN instruments, which generate SS at higher temperatures, the HCCNC can achieve SS at 490 

lower temperatures, which is more representative of atmospheric conditions. This capability enables  opportunities 491 

to investigate phenomena such as co-condensation of organic vapours that would partition out of the particle phase 492 

at higher temperatures. Additionally, the HCCNC’s ability to operate at very low SS levels enables the analysis of 493 

larger particles of any compound (less hygroscopic than ammonium sulphate) than those that can be studied with 494 

the DMT CCNC, which is only reliable down to a supersaturation of 0.13%. This feature also facilitates 495 

investigations into surface tension reduction of the droplet, where the required critical supersaturation can be 496 

exceedingly low. In HCCNC, the largest OPC channel utilized for validation experiments to quantify droplets is 497 

2.5 µm. To estimate the maximum particle concentration at which we can operate before water vapor competition 498 

becomes significant for 2.5 µm droplets, we calculate a particle concentration of 7400 cm⁻³, assuming a 499 

temperature of 30°C and supersaturation (SS) of 0.2%. This value is subject to variation with changes in SS and 500 

temperature, with further details provided in Section A5, which accompanies Fig. A8. The HCCNC is lightweight 501 

and compact, indicating its potential suitability for future field campaigns. However, two high-capacity chillers, 502 

which are both heavy and costly, were used primarily due to availability rather than necessity. While effective, 503 

these chillers are not essential for CCN measurements, as more affordable and lightweight options with lower 504 

cooling capacities could be sufficient for this application. This suggests that future iterations of the HCCNC could 505 

leverage alternative, more practical cooling solutions without compromising performance, thus enhancing the 506 

instrument's portability and cost-effectiveness for field deployments. The sample and sheath flow system in the 507 

HCCNC is simpler compared to vertical geometry setups. The total material costs of the HCCNC, excluding the 508 
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chillers, is approximately 20’000 CHF, with the plates representing the most significant expense at 4’000 CHF 509 

each. The plates were fabricated using 3D metal printing, a technology that is becoming increasingly widespread 510 

and accessible, suggesting that the cost is likely to decrease in the future. Another advantage of the HCCNC is its 511 

ability to operate with dry sheath flow, eliminating the need for nafion humidifiers and allowing operation at 512 

cooler temperatures. The wetting of the filter paper is managed on-demand by pumps, simplifying the setup and 513 

making it more adaptable for field use.  514 

4. Conclusions and outlook 515 

In this study we have shown the development of the Horizontal Cloud Condensation Nuclei Counter (HCCNC), 516 

an in-house built parallel plate cloud condensation nuclei (CCN) counter designed to study CCN activity at low 517 

temperatures and supersaturations, while conventional CCN instruments typically operate under warmer 518 

conditions. The HCCNC follows the general operating principles of other CFDC instruments and was designed 519 

based on CFD simulations to achieve a better temperature uniformity and flow laminarity. The HCCNC operates 520 

with a dry sheath flow, enabling it to function across a wide range of temperatures without issues of condensation. 521 

The chamber is compact, lightweight and performs well over a wide range of temperatures when verified against 522 

SScrit for ammonium sulphate particles. Furthermore, its precise temperature control allows it to operate at very 523 

low SS levels. Multiple injector positions provide flexibility in selecting particle residence time, which helps 524 

mitigate sedimentation issues that could be encountered for experiments conducted at higher SScrit in the future, 525 

for example with less hygroscopic species. To validate the performance of the HCCNC, monodisperse ammonium 526 

sulphate  particles were used. The resulting activation curves from the supersaturation scan experiments were 527 

within experimental uncertainties, aligning with Köhler theory, and demonstrated reproducibility. Besides, this 528 

study also provides support for Köhler theory, which predicts that the critical supersaturation SScrit required for 529 

activation increases for particles of the same size as temperature decreases. Future experiments with the HCCNC 530 

will be conducted on organic/inorganic mixtures where the HCCNC will be operated in parallel with a streamwise 531 

CCNC during a measurement campaign sampling ammonium sulphate and levoglucosan mixtures at varying wet 532 

particle diameter assessing impacts of co-condensation on CCN activation.     533 
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Appendix A:   534 

A1  CFD simulations 535 

The CFD simulations were conducted using the ANSYS software, Inc. products 2021 R2, with the Fluent module. 536 

The simulation process followed a standard workflow: geometry creation, meshing, boundary condition setup, 537 

running the simulation, and analyzing the results. A 3D design of the HCCNC plates and components was 538 

developed using the geometry component system. The mesh consisted of 737,604 total elements and 206,471 539 

nodes, with an orthogonal quality. The minimum, maximum, average, and standard deviation of mesh sizes were 540 

0.11, 1.0, 0.7, and 0.15 mm, respectively. To facilitate a smooth transition of meshing from the flat surface to the 541 

edges and back to the flat surface, five prism layers with a growth ratio of 1.2 were applied along the edges. The 542 

physics model comprises the 3D Reynolds-Averaged Navier-Stokes (RANS) equations, utilizing the realizable k-543 

ε model along with the energy equation, steady-state conditions, and gravity effects. RANS equations are 544 

commonly used to compute time-dependent flows with external unsteadiness. The realizable k-ε model is an 545 

extension of the standard k-ε model and is an empirical framework based on transport equations for turbulence 546 

kinetic energy (k) and the specific dissipation rate (ε). 547 

Figure A1, A2 and A3 presents the results obtained from the simulations, using the mesh and physics model 548 

described above. The boundary conditions applied included temperatures of 8°C for the top plate, 5°C for the 549 

bottom plate, and 20°C for the sheath and sample flow. The heat sink was set to the same temperature as the lower 550 

plate as it is screwed into the lower plate. The sheath flow was introduced at 1.3 L min−1, while the sample flow 551 

was set at 0.13 L min−1. The walls and injector material were set to AlSi10Mg and stainless steel, respectively. 552 

Convergence was achieved after approximately 60 iterations, with energy residuals below 10-6 as the convergence 553 

criterion. Although there appears to be a slight disturbance in the supersaturation profile away from the centerline 554 

(Fig. A2), the turbulent kinetic energy is shown to be very low (Fig. A3), indicating that this is not due to 555 

turbulence. This disturbance likely arises from the limitations of the education version of ANSYS used in this 556 

study, which restricts the number of mesh grids, preventing higher-resolution simulations. A total of 17 different 557 

spacer and plate designs were simulated under the same boundary conditions, and the most optimal design—558 

evaluated based on parameters such as laminar flow and temperature uniformity—was selected and is presented 559 

in this study, as discussed above. 560 
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 561 

Figure A1: Temperature simulation results of the HCCNC with the top (warm) plate placed at 8°C and the bottom (cold) plate 562 

at 5°C, while the sheath and sample flows enter the chamber at 20°C via the spacer and injector respectively. Temperatures 563 

exceeding 8°C have been clipped. (a) Displays the temperature gradient in the vertical mid-plane between the two plates. (b) 564 

Shows the temperature profile along the horizontal plane and at the middle of the chamber.  565 

 566 

Figure A2. Supersaturation (SS) generated within the HCCNC when the top (warm) plate is at 8°C and the bottom (cold) plate 567 

at 5°C, while the sheath and sample flows enter the chamber at 20°C via the spacer and injector respectively. (a) Displays the 568 

supersaturation generated in the vertical mid-plane between the two plates. (b) Shows the supersaturation profile along the 569 

horizontal plane and at the middle of the chamber. 570 

(a) 

(a) 
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 571 

Figure A3. Turbulent Kinetic Energy (TKE) within the HCCNC when the top (warm) plate is at 8°C and the bottom (cold) 572 

plate at 5°C, while the sheath and sample flows enter the chamber at 20°C via the spacer and injector respectively. (a) Displays 573 

the TKE profile in the vertical mid-plane between the two plates. The sky-blue bordered inset presents a magnified view of a 574 

specific sky-blue region from the main figure. (b) Shows the TKE profile along the horizontal plane and at middle of the 575 

chamber. 576 

A2 Cross-section of chiller manifold 577 

The cooling fluid is supplied to the plates through chillers connected via a chiller manifold (see Fig. 1). As shown 578 

in Fig. A4, the internal diameter of the manifold gradually decreases along the streamwise direction. This design 579 

compensates for pressure losses caused by friction over the length of the manifold. By reducing the diameter, the 580 

cross-sectional area decreases, causing the flow velocity to increase as per the continuity equation (Fox & 581 

McDonald, 2004) which helps maintain sufficient pressure to effectively transport the cooling fluid. This ensures 582 

an even distribution of cooling fluid across all four inlets of the plates. 583 

584 

Figure A4. Schematic illustrating the cross-section of the chiller manifold.  585 

A3  Intercomparison between OPC’s at different flow rate 586 

An OPC Model 804 (MetOne Instruments, Inc.) is used to detect droplets at the HCCNC outlet. While the OPC 587 

is calibrated for a flow rate of 2.83 L min−1, it was operated at 1.5 L min−1 to ensure adequate residence time for 588 

(a) 
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particles in the HCCNC, as the higher flow rate (2.83 L min−1) reduces the time particle exposes to supersaturation 589 

conditions, affecting growth and detection. Intercomparisons between the HCCNC OPC and a reference OPC of 590 

the same model operated were conducted using room air. The results (Fig. A5) indicate that the HCCNC OPC 591 

measured a ~14% lower particle number concentration at the reduced flow rate (i.e. at 1.5 L min−1, blue data 592 

points). When both OPCs were operated at the same flow rate of 2.83 L min−1, the average percentage difference 593 

was ~8% (red data points), which falls within the typical manufacturer-reported uncertainty of ±10%. 594 

Consequently, to account for the reduced flow rate, the blue data points require a 15% adjustment to align with 595 

the reference OPC measurements which was also applied to our measurements (see Section 2.6). 596 

 597 

Figure A5. Intercomparison of particle number concentrations measured by the HCCNC OPC and a reference OPC using 598 

room air at ambient temperature. The red data points represent measurements when both OPCs operated at 2.83 L min−1 while 599 

the blue data points correspond to conditions where the HCCNC OPC operated at 1.5 L min−1 and the reference OPC at 2.83 600 

L min−1. The solid blue and red lines represent the fitted trend. The correction factor derived from the regression equation is 601 

given by OPCHCCNC = 0.76*OPCref + 1.13 when the HCCNC OPC was operated at 1.5 L min−1. 602 

A4 Particle activation, diffusional growth and sedimentation  603 

Figure A6 illustrates the growth of a 97.1 nm particle following activation at a fixed temperature of 30 °C under 604 

various supersaturation (SS) conditions. The plot also depicts the particle residence time in the HCCNC relative 605 

to different injector positions (ix, x = 1-8). Figure A7 presents the activation, growth, and settling of a 97.1 nm 606 

ammonium sulfate particle as a function of residence time in a 0.15% supersaturation environment in the HCCNC.  607 
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608 
Figure A6. Growth of a 97.1 nm dry ammonium sulfate particle after activation as a function of supersaturation and residence 609 

time, modeled according to Rogers (1988) at 30 °C. The secondary x-axis (i1-8) represents the injector position at the HCCNC, 610 

corresponding to the residence time on the primary x-axis. Theoretical particle residence time is calculated by assuming a 611 

centerline/particles velocity of 2/3 of the bulk velocity, with a total chamber flow rate of 1.5 L min−1, as the particle stream 612 

flows between two plates. "i8-m" denotes the measured residence time at injector position 8. 613 

614 
Figure A7. Activation, growth, and settling of a 97.1 nm ammonium sulfate particle as a function of residence time in a 615 

supersaturation environment of 0.15% in HCCNC, modeled according to Rogers (1988). The grey strip represents the aerosol 616 

and droplet stream upon immediate activation, while the coloured strip corresponds to delayed activation. The primary y-axis 617 

denotes the vertical position of droplets between parallel plates, with colour indicating fall speed for the delayed activation 618 

case. The secondary y-axis represents droplet growth. The vertical black dashed line marks the measured residence time at 619 

injector position 8 in HCCNC. 620 
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Droplet growth following activation has been modeled based on Rogers (1988). Equations 5, 6, and 7 are 621 

employed to calculate the droplet growth. 622 

𝑟(𝑡) = ඨ𝑟0
2 + 2 ൬

𝑆 − 1

𝐹𝑘 + 𝐹𝑑

൰ 𝑡   (5) 623 

𝐹𝑘 =
𝜌𝑤𝑎𝑡𝑒𝑟𝐿𝑣

2 ⬚

𝐾𝑅𝑣𝑇2
 (6) 624 

𝐹𝑑 =
𝑅𝑣𝑇

𝐷𝑣𝑒𝑠,𝑤(𝑇)
 (7) 625 

 626 

Fk is the thermodynamic term representing latent heat release during condensation, while Fd refers to the vapor 627 

diffusion term associated with the transport of water vapor to the growing droplet. The initial dry particle radius, 628 

𝑟0
⬚, is 48.5 nm, and the time step is denoted by t in seconds. S is showing the saturation ration, starting from 1. 629 

The temperature (T) is 30 °C, and the density of water (ρwater) is taken as 1004 kg m⁻³. The gravitational 630 

acceleration (g) is set to 9.81 m s⁻². The viscosity of air (ηair) is assumed to be 1.81 × 10⁻⁵ Pa·s, while the density 631 

of air (ρair) is taken as 1.1512 kg m⁻³. A dimensionless constant (C) is used, with a value of 1. The thermal 632 

conductivity of air (K) is specified as 0.02597 W m⁻¹ K⁻¹, and the diffusivity of water vapor in air (Dv) is 2.75763 633 

× 10⁻⁵ m² s⁻¹. The saturated vapor pressure of water (es,w) is 4246.81 Pa. The latent heat of vaporization of water 634 

(Lv) is taken as 2,575,000 J kg⁻¹, and the gas constant for water vapor (Rv) is 461.5 J kg⁻¹ K⁻¹. 635 

A5 Relationship between supersaturation, temperature and maximum droplet number concentration  636 

The maximum CCN count rate in the HCCNC varies as a function of supersaturation (SS%), temperature and 637 

particle concentration. When an aerosol particle activates into a cloud droplet, it rapidly grows in the 638 

supersaturated environment. This growth depletes the local water vapor field, which is continuously replenished 639 

by the SS source (wetted filter paper). However, competition for water vapor among growing droplets can set in 640 

if there are a high number of growing drops and affect the droplet growth rate. Figure A8 illustrates the critical 641 

droplet number concentration beyond which water vapor competition sets in a given supersaturation level. This 642 

calculation is based on theoretical considerations, where the available mass of water vapor is determined for a 643 

given supersaturation and temperature (per cm3). The total available water mass is then divided by the mass of an 644 

individual droplet to estimate the particle number concentration threshold. To ensure a realistic assumption, the 645 

droplet size after activation is considered to be 2.5 µm, as this represents the upper limit of the OPC size range 646 

used in this study. As shown in Figure A8, the particle number concentration threshold at which water vapor 647 

competition becomes relevant is lower at lower temperatures. This is attributed to the reduced absolute mass of  648 

water vapor available at colder conditions (approximately 8°C).  649 
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650 

Figure A8. Maximum droplet number concentration as a function of supersaturation at different temperatures before water 651 

vapor competition become relevant. Circular markers represent the theoretically calculated data points, while the dashed line 652 

indicates the linear fit. The red, green, and blue markers correspond to supersaturation calculations at 30°C, 20°C, and 8°C, 653 

respectively.  654 
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