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Abstract: 

The measurement of airborne particles with sizes below 3 nm is critical, as it helps the understanding of atmospheric nucleation and 

elucidates important particle synthesis mechanisms in the gas phase. Condensation particle counters (CPCs) have been widely used to 

measure the concentration of aerosols. However, it is challenging for the CPCs to measure particles below 3 nm due to the insufficient 

activation of these particles via vapor condensation. Methods have been proposed to increase the saturation ratio of the condensing 

vapor to promote the detection efficiency of sub-3 nm particles in the CPCs. Different working fluids also make a considerable impact 

on particle detection. Given the various types of parameters and the wide range of values these parameters can take, modeling studies 

are needed in searching for the optimal operating conditions of a CPC.  

 

In this work, we simulated the sub-3 nm particle activation and growth in a laminar flow CPC using COMSOL Multiphysics®, which 

has the advantages of simulating complex flow conditions and interfacing with post-processing software such as MATLAB. Our 

simulation incorporates the influence of temperature-dependent air and working fluid properties on particle activation and the impact 

of latent heat and non-continuum effects on droplet growth. Following the method introduced by Iida, Stolzenburg and McMurry 

(2009), particle activation is optimized for a given working fluid and condenser temperature by adjusting the saturator temperature to 

achieve a homogeneous nucleation rate of 1 s-1. The results, characterized by Dkel,0 (largest particle size that cannot be activated) and 

Dkel,50 (particle size activated with 50% efficiency), were compared against the analytical Graetz model used in Stolzenburg (1988). 

Our COMSOL simulations show that glycerine, diethylene glycol, ethylene glycol, 2-aminoethanol, and dimethyl phthalate are the 



 

best five working fluids achieving the smallest Dkel,50 among 45 commonly used solvents. The Dkel,50 values simulated by COMSOL 

under a condenser temperature of 10 oC for the five working fluids are 1.56, 1.88, 1.92, 1.98, and 2.10 nm, respectively, while the 

values simulated by the analytical Graetz solution differ slightly from 0.4% to 0.7%. The results demonstrate excellent agreement 

between these two simulation methods. For the five best working fluids activating the same 2.1 nm particles, the droplets can grow to 

sizes detectable by a second-stage CPC. The sensitivity of the COMSOL solution to the inlet condition and the form of convective 

diffusion equations is investigated. We also discussed the effect of CPC operating conditions, such as the condenser geometry and 

flow conditions, on particle activation for optimizing the performance of the CPC in detecting sub-3 nm particles. 

 

Keywords: condensation particle counter, sub-3 nm particles, simulation, working fluid, COMSOL 

  



 

1. Introduction 

Aerosol science and technology enable continual advances in material synthesis and atmospheric pollutant control. Among these 

advances, one important frontier is characterizing the initial stages of particle formation by real-time measurement of particles below 

3 nm in size. Sub-3 nm particles play important roles by acting as seeds for particle formation and subsequent growth, ultimately 

determining the final properties of the generated particles. Tailoring nanoparticle properties requires a thorough understanding and 

precise control of the particle formation processes, which in turn requires characterizing nanoparticle formation from the initial stages 

(Becquemin et al. 1991, Biswas et al. 2018, Wang et al. 2015).  

 

Conventional aerosol instruments start to face difficulties in characterizing particles with sizes below 3 nm. For example, commonly 

used condensation particle counters (CPCs, e.g., Model 3776 and 3025A, TSI Inc.) cannot detect particles smaller than 2.5 nm, so the 

early stages of particle formation, such as nucleation and condensation, cannot be observed directly (Jiang et al. 2011). The high 

diffusivity of sub-3 nm particles also causes higher losses and degradation of resolution for mobility sizing techniques, leading to 

challenges in interpreting the measurement data (Jiang et al. 2011; Stolzenburg 1988; Wang et al. 2014). These issues directly led 

researchers to design advanced aerosol instruments that help us uncover the initial stages of aerosol formation in both the atmospheric 

environment and laboratory studies.   

 



 

Among various aerosol properties, aerosol concentration is a critical parameter for evaluating the evolution and impact of aerosols. By 

coupling concentration measurement with size classification, the size distribution of aerosols is obtained. Particle concentrations are 

frequently measured by CPCs (Hermann et al. 2007; Kangasluoma and Attoui 2019; Mordas et al. 2008; Quant et al. 1992; Sem 2002; 

Wiedensohler et al. 1997), which grow a sampled particle by condensing the vapor of a working fluid on the surface of the particle 

until it has an optically detectable size (~ 1 μm) (Stolzenburg 1988). The smallest particle that can be condensationally grown (or 

activated) is determined by the Kelvin equation, which considers the effect of the saturation ratio, surface tension, temperature, and 

molecular volume of the working fluid (Friedlander 2000). The Kelvin equation dictates that the commonly used butanol-based CPCs 

have the smallest detectable size of 2.5 nm. Operational factors that can optimize the detection efficiency of CPCs for sub-3 nm 

particles have been explored in multiple previous studies (Attoui and Kangasluoma 2019; Mertes, Schröder and Wiedensohler 1995; 

Petäjä et al. 2006; Tuch et al. 2016). Although changing the CPCs working conditions, such as the saturator temperature, condenser 

temperature, and flow rates, could further lower the detectable size by changing the spatial distribution of the supersaturation profile, 

the improvement is not significant (Kuang et al. 2012). This is mainly because the onset supersaturation for particle formation by 

homogeneous nucleation is similar to the heterogeneous onset supersaturation for sub-3  nm particles (Barmpounis et al. 2018). 

Homogeneous nucleation in the CPCs will lead to the production of aerosols in the CPCs, which will lead to inaccurate measurement 

of the sampled aerosol concentrations.  

 



 

Another method to improve the CPCs detection efficiency is to use different types of working fluids. A detailed calculation using the 

Kelvin equation and the data of more than 800 organic compounds suggests that working fluids with a higher surface tension and a 

lower vapor pressure could activate smaller particles (Iida, Stolzenburg and McMurry 2009). This study also found that diethylene 

glycol (DEG) is the best candidate working fluid for activating the condensational growth of sub-3 nm particles. However, because of 

the low vapor pressure of the DEG, the grown particles are not large enough to be directly detected by the optical components in the 

CPCs. Hence, two-stage CPCs were developed, where the first stage uses DEG to grow particles to a moderate size, and the second 

stage uses butanol to measure the concentration of the grown particles (Jiang et al. 2011). This design directly led to the manufacture 

of the two newest types of CPC first stages, the particle size magnifier (PSM, Model A11 CNC-system, Airmodus Ltd.) and the Nano 

Enhancer (Model 3777, TSI Inc.). Similar to DEG,  dimethyl phthalate (DMP) was also introduced as a new working fluid, with 

discussions on saturation vapor pressure, false counts and detection efficiency (Iida et al. 2019). A finding of water-based laminar-

flow CPCs shows that the condensation heat release and vapor depletion associated with particle activation and growth lowers the 

peak supersaturation (Lewis et al. 2013). Although the activation of sub-2 nm particles is still strongly dependent on the chemical 

composition of the sampled particles (Iida et al. 2009; Kangasluoma et al. 2014; Thomas et al. 2018), a careful calibration of the 

system with the tested particle composition can effectively extend the detectable size to 1 nm. These modifications greatly facilitate 

the observation of particle formation and growth in the initial stages (Bianchi et al. 2016; Wang et al. 2017; Yao et al. 2018).  

 



 

Due to the complex matrix of parameters in the CPCs and a lack of direct analytical solutions for particle activation, modeling studies 

are necessary for optimizing the detection efficiency of CPCs. Until now, the most widely used model was developed by Stolzenburg 

(1988), which solves the CPC heat and mass transfer problem with an analytical Graetz solution that does not consider the capillary 

inlet geometry and axial diffusion in the CPC. Although this approximation greatly simplifies the solution to the CPC problem, it is 

unknown whether the approximation may lead to different particle activation. COMSOL Multiphysics® has been used extensively in 

simulating coupled heat, mass, and momentum transfer problems associated with complex geometries. But until now, relatively few 

studies examined the CPC performance with COMSOL. Kangasluoma et al. (2015) investigated the effect of temperature difference 

between the saturator and condenser on the CPC performance by examining the supersaturation field simulated by COMSOL. Using 

COMSOL, Barmpounis et al. (2018) showed that the detection efficiency of sub-3 nm particles can be improved by lowering the 

temperature range over which the CPCs operate. Thomas et al. (2018) also used COMSOL to examine how the gas composition 

affects the particle activation in the CPCs. However, these studies have not compared the simulation results with the widely used 

Graetz solution, and it is unclear whether these studies considered the effects of inlet geometry and axial diffusion in the simulation.  

 

In this work, we studied the sub-3 nm particle activation and growth in a laminar flow CPC simulated by COMSOL. The simulation 

incorporated the impact of temperature-dependent fluid properties on particle activation and the effect of latent heat and non-

continuum effects on droplet growth. The detection efficiency of sub-3 nm particles was compared between the approximate analytical 

Graetz solution and the COMSOL model. The effects of the inlet geometry and axial diffusion on particle activation were also 



 

examined. The effects of CPC operating conditions such as saturator and condenser temperature, working fluid conditions, the 

capillary geometry, and flow ratio on particle activation and droplet growth of sub-3 nm particles are also discussed in this study. The 

results of this study will be used for further optimizing the performance of CPCs for detecting sub-3 nm particles.  

 

2. Methods 

2.1. COMSOL setup 

A two-dimensional axisymmetric model has been developed in COMSOL Multiphysics 5.3a simulation software. The heat, 

momentum, and mass transfer equations are solved for incompressible flow. The CPC follows the geometry of Stolzenburg and 

McMurry (1991), which is composed of a laminar flow tube that can be separated into a saturator extension and a condenser operated 

under different wall temperatures (Fig. 1a). At the inlet of the saturator extension, sampled aerosols are delivered by a capillary and 

merged with the particle-free air that is saturated with the vapor of the working fluid. Under the default simulation condition, the 

condenser tube diameter (Dc) is 4 mm, the saturator extension length (Ls) is 20 mm, the condenser length (Lc) is 80 mm, the condenser 

temperature (Tc) is 10 oC, the capillary flow temperature (Ta) is 20 oC, the condenser flow rate (Qc) is 0.3 lpm, and the capillary flow 

rate (Qa) is 0.03 lpm. To study how CPC performance depends on these parameters, we also simulated the CPC geometry and working 

conditions with a wide range of values, as discussed in Section 2.2. Particle activation within the CPC depends on the spatial profile of 

saturation ratio (S) of the condensing vapor, which is calculated by 



 

! = ##! (1) 

where # is the partial pressure of the condensing vapor at any location of the CPC, and #! is the saturation vapor pressure of the 

condensing vapor, which is further a function of temperature as shown in Table 1. The coupled heat transfer and fluid flow is solved 

by the conjugate heat transfer module of COMSOL, while the mass transfer of the condensing vapor, or the convective diffusion 

equation, is solved based on the temperature and flow field solved by the conjugate heat transfer. The particles are introduced from the 

inlet of the capillary, and are also treated as a diluted species that follow convective diffusion equation in the simulation. Here, we 

assume that the partial pressure of the condensing vapor at the inlet of the saturator extension (except in the capillary) and at the wall 

of the saturator extension and condenser is saturated (S = 1).  

 

Although commercial CPCs set saturator temperature at fixed values, in this study, unless stated otherwise, we used an iteration 

method that finds the optimal saturator temperature (Ts) value corresponding to a total homogeneous nucleation rate of one particle per 

second (1 s-1) within the condenser (Iida, Stolzenburg and McMurry 2009). This method would guarantee a highest possible 

supersaturation in the CPC which can optimize the activation efficiency of sub-3 nm particles. According to particle number 

conservation, under steady state, the flux of homogeneously nucleated particles at the exit of the condenser or through the optics 

region of the CPC equals the rate of particles being generated in the condenser. Therefore, under the optimized saturator temperature, 

the contribution of homogeneously nucleated particles to total detected particles will be limited to 1 s-1. Note that similar to the 



 

condensation of vapor species, homogeneous nucleation also depends on fluid properties such as surface tension, vapor pressure, 

molar volume, etc., (as shown in the Section 3.2), meaning that the optimized saturator temperature varies with different working 

fluids. Fig. S1a and S1b show examples of temperature and saturation ratio profiles within the simulated geometry under the default 

condition while Ts = 40 oC.  

 

With the spatial profile of S, we can further calculate the particle activation, homogeneous nucleation, and condensational growth. The 

Kelvin equivalent size (Dp,kel) is the minimum diameter of particles that can be activated for condensation growth. It is determined by 

the surface tension ($), molecular volume (%"), temperature (T), Boltzmann constant (k), and saturation ratio (S),   

&#,%&' = ()*!

+,'-(/)
    (2) 

When particle size (Dp) is above Dp,kel, the particle can be successfully activated and grown by vapor condensation, and when Dp is 

below Dp,kel, the particles cannot be activated. One needs to note that due to the spatial variation of T, $, and S (e.g., Fig. S1a and S1b), 

Dp,kel also varies at different locations of the condenser (Fig. 1b). Particles near the wall of the condenser, where there is a lower S, are 

more difficult to activate due to the larger Dp,kel.  

 

The simulated temperature and concentration fields were then imported into MATLAB and interpolated at any given point in the r-z 

plane. The activation efficiency of particles with a size of Dp is derived using the similar approach in Stolzenburg and McMurry 

(1991), which is briefly introduced as follows. First, the contour line corresponding to Dp,kel = Dp can be drawn from the contour plot 



 

of Dp,kel. Second, the maximum radius (Ract) of the contour is determined, and the axial location corresponding to Ract is denoted as Zact 

(Fig. 1b). Therefore, at z = Zact, particles with radial location of r ≤ Ract can be activated. Third, the activation efficiency is calculated 

by  

'123 = ∫ 2*+,-.+4"#$

5 /6-5  (3) 

where , is the velocity along the axial direction and - is the concentration of particles, both at the axial location of z = Zact. -5 is the 

particle concentration at the outlet of the capillary. '123 therefore depends on Dp, and by calculating and plotting '123 as a function of 

Dp, we can obtain the activation efficiency curve under the operating conditions of the CPC. Note here that the calculation of the 

activation efficiency in Eq. (3) also considers the diffusion loss of the particles in the condenser. On the activation curve, two points 

are of interest. They are Dp,kel,0, which is the largest particle size that cannot be activated in the condenser (0% activation efficiency), 

and Dp,kel,50, which is the size of particle having 50% activation efficiency. Dp,kel,50 is of great importance for the performance of a CPC, 

as it determines the general particle size range in which the CPC can confidently measure. As discussed earlier, the saturator 

temperature setting depends on the homogeneous nucleation rate (I) (Friedlander 2000), which is calculated by  

0	 = 2 × 3 #(2*567)7 8⁄
9 × (:%:8 ;⁄ ) × ;$%:8 ;⁄

67 <
7 8⁄

× exp @− 16*$;%:83(67);(ln!)8G (4) 

where m is the molecular mass of the working fluid and n is the molecular concentration of the condensing vapor. The total nucleation 

rate within the condenser is calculated by integrating I within the volume of the condenser.  



 

 

Once the particles are activated, their condensational growth along their trajectories can be estimated with  

.&#.H = 4&%:J67 (# − #<)&#  (5) 

where & is the diffusivity of the condensing vapor molecule, and #< represents the equilibrium condensing vapor pressure at the 

surface of the droplet, which is calculated by #< = #!(7<)exp	( ()*!+,%=&
) (Butt et al. 2013). J corrects for the non-continuum effect of the 

particles, and is calculated with J = 7>?-

7>7.A7?->7.;;;?-'
 (Hegg and Larson 1990), where Kn is the Knudsen number (Kn = 2L/&#, L is 

the mean free path of vapor molecules in air). To estimate the heat transfer and the droplet surface temperature (Td), we consider the 

temperature difference between the surrounding air (T) and the droplet surface and the latent heat of vaporization. Td is governed by   

.7<.H = 3N#O&# (PB1#O
.&#.H − 46C (7< − 7)JD&# ) (6) 

where N#, O, and PB1# are the heat capacity, density, and heat of vaporization of the working fluild. kg is the thermal conductivity of 

air. JD corrects for the non-continuum effects in heat transfer, and it is given by JD = 31 + 8+(

E)=&F(G&,(
(8H"(

+,
)7/89J7, where 5C, OC, and 

N#,C are the molecular weight, density, and heat capacity of air, respectively. RK is the thermal accommodation coefficient, and was 

assumed to be unity (Seinfeld and Pandis, 2016). For the simulation of droplet growth, we assume that particles move along the axial 



 

direction of the CPC (no movement in the radial direction) with a speed of w. Therefore, Eqs. (5-6) can be converted to a function of 

axial location using , = .S/.H, and the droplet size at the end of the condenser (S = Lc) can be calculated.  

 

The Graetz solution to the heat and mass transfer in the CPC was used as a reference to evaluate the accuracy of the COMSOL 

simulation in particle activation calculation. In the Graetz solution, the flow at the inlet of the saturator extension is assumed to be 

fully developed, meaning that the capillary geometry was neglected. The properties of the working fluids are also evaluated at a 

reference temperature (25 oC) throughout the simulated geometry to simplify the calculation. The Graetz solution does not account for 

axial diffusion, which is usually negligible due to the relatively small gradient of temperature and concentrations along the axial 

direction. Furthermore, the Graetz solution used in Stolzenburg and McMurry (1991) solved the convective diffusion equation using 

vapor partial pressure (p) as the variable, whereas the mass transfer module in COMSOL uses vapor concentration (c) as the variable. 

According to the ideal gas law, these two methods are the same if the temperature is a constant in the simulated geometry. However, 

this assumption does not hold due to the different temperature settings of the saturator and condenser. It is therefore also necessary to 

examine how the use of different variables in the convective diffusion equation may affect the particle activation efficiency. Note that 

the reason for using partial pressure instead of vapor concentration in the Graetz solution is that, for mixtures of gases, one generally 

uses fugacity rather than chemical potential to analyze the mass transport. For an ideal mixture, fugacity is equal to partial pressure 

(Atkins and De Paula 2006; Ewing et al. 1994). 

 



 

2.2. Simulation plan 

Table 2 lists the parameters in each simulation task of this study. Before applying COMSOL for more complex tasks, we first 

compared the COMSOL solution against the Graetz solution (Task 1), which neglects the inlet geometry, axial diffusion, and the 

temperature dependence of the working fluid properties, and uses vapor partial pressure as the variable in the convective diffusion 

equation. Since the mass transfer module in COMSOL considers axial diffusion (while the remaining parameters were tuned to be the 

same as the Graetz model), the comparison between the Graetz and COMSOL solutions also provides an estimate of the effect of axial 

diffusion on particle activation. In Task 2, we include the geometry of the capillary at the inlet of the saturator extension, which has 

inner and outer diameters of 0.50 mm and 1.26 mm, and a length of 1 mm (Stolzenburg, 1988). The presence of the capillary increases 

the average flow velocity at the inlet of the saturator extension, since the wall of the capillary tube reduced the cross sectional area for 

the passage of the saturator flow. Tasks 2 and 3 examine how using different variables for the convective diffusion equation affects the 

particle activation efficiency calculation. Tasks 1 – 3 also assume a constant Ts of 40 oC.  

 

In Task 4, we examined the performance of the CPC using 46 different types of common and affordable solvents as working fluids 

(ACS Division of Organic Chemistry, 2020). These solvents have boiling points above 50 oC and freezing points below -10 oC, which 

suits the usage under general ambient conditions. Here, we considered the influence of the temperature-dependent thermodynamic 

properties, which are obtained from Yaws and Gabbula (2003).  Ts is optimized using the iteration method to ensure a highest 

detection efficiency of sub-3 nm particles. This study selected five working fluids that have the best performance in sub-3 nm particle 



 

detection (as discussed in Section 3.2), which are glycerin, diethylene glycol, ethylene glycol, 2-aminoethanol, and dimethyl phthalate, 

and their thermodynamic properties are listed in Table 1. Tasks 5 – 9 further tested how the CPC working conditions, such as Tc, Qc, 

Qa, Dc, and Lc, affect the performance of the CPC. These calculations reveal optimal working conditions that can further enhance the 

detection of sub-3 nm particles.  

 

3. Results and Discussion 

3.1. Performance of the COMSOL simulation  

A comparison between the COMSOL and Graetz solutions for the profiles of temperature, condensing vapor partial pressure, and 

saturation ratio at two different radial locations (r = 0 mm and 1 mm (50% of the condenser radius)) of the CPC is shown in Fig. 2. 

The two simulation methods showed excellent agreement between each other. Because of the almost identical profiles of temperature, 

partial pressure, and saturation ratio, the activation efficiencies as a function of particle size calculated by the two methods are also 

very similar, as shown in Fig. 2d. Based on the activation efficiency curve, we can further derive that Dp,kel,50 for butanol at Ts = 40 oC 

and Tc = 10 oC are 3.44 nm for both the Graetz and COMSOL solutions. The agreement between these two simulation methods also 

shows that axial diffusion can be neglected due to the relatively low gradient in temperature and concentrations along the axial 

direction of the CPC.  

 



 

Fig. 2 also shows the development of the spatial profiles of the thermodynamic properties in the CPC. In the saturator extension (–

20 mm ≤ S ≤ 0), the temperature is the highest due to the confluence of the particle-free air from the saturator operated at a higher 

temperature. Along the centerline of the CPC, the temperature increases rapidly within the saturator extension from 293 K to 311 K, 

which is close to the temperature at r = 1 mm at the outlet of the saturator extension (S = 0). However, this rapid increase of the 

temperature may be slowed down under higher condenser flow rates or higher aerosol flow fractions. In the condenser, due to the 

colder wall temperature, the temperature away from the centerline cools down more rapidly compared to the centerline. This more 

rapid decrease at the location away from the centerline was also observed in the profile of butanol vapor partial pressure. However, 

because the diffusivity of the butanol vapor is smaller than the heat diffusivity, the decrease of the temperature is more rapid than that 

of the vapor partial pressure. This more rapid diffusion of the temperature, and hence, ps, along with the non-linearity of the ps and T 

relationship, creates saturation ratios higher than 1 in the condenser, as illustrated in Fig. 2c, where the maximum S along the 

centerline is higher compared to that away from the centerline.  

 

Fig. 3 shows how the incorporation of the actual capillary geometry affects the profiles of thermodynamic properties and the 

activation efficiency. The introduction of the capillary geometry causes some flow disturbance in the flow profile and the development 

of the temperature and vapor pressure profiles. However, the disturbances largely dissipate by the end of the saturator extension, 

where the T and p profiles are nearly flat as shown is Figs. 3a and 3b. Therefore, including the capillary geometry would have a 

limited effect on the results in the condenser. Moreover, in the design of the CPC capillary, the diameter of the capillary was designed 



 

so that the aerosol flow rate through the capillary equals that through an imaginary disc with the same diameter as the capillary outer 

diameter under a fully developed parabolic flow profile. Such a design would ensure a minimal flow turbulence and dispersion of the 

aerosols, so that the aerosols can be restricted in regions with a high saturation ratio. For comparison with Fig. 2d, the activation 

efficiency curves for conditions with and without the capillary geometry are shown in Fig. 3d. Size of particle that can be activated in 

the CPC from the axis of the condenser is shown in Fig. S2a. 

 

When c is used as the variable to solve the convective diffusion equation, similar to that in Barmpounis et al. (2018), the profiles of 

the thermodynamic properties and activation efficiency are noticeably different from that using p as the variable (Fig. 4). This large 

difference is due to the large temperature variation in the simulated system. According to the ideal gas law (p = cRT), temperature and 

concentration would both affect the gradient of partial pressure, ultimately affecting the flux of vapor through diffusion. The Dp,kel,0 

derived by using c as the variable is approximately 0.3 nm larger than that using p as the variable in the convective diffusion equation, 

but the axial locations corresponding to Dp,kel,0 are the same. Due to the varying temperature field, solving the convective diffusion 

equation with different variables can result in differences in the simulated activation efficiencies (Fig. 4d). Size of particle that can be 

activated in the CPC from the axis of the condenser is also shown in Fig. S2b. Therefore, results obtained from the COMSOL mass 

transport module (transport of diluted species) should not be directly compared against that obtained from the Graetz solution. For 

consistency, we will use the method of Stolzenburg (1988) with the Graetz solution, which solves the convective diffusion equation 

using p as the variable in the following analysis.  



 

 

3.2. Influence of the working fluid 

Working fluids play a significant role in the CPC performance in measuring sub-3 nm particles. In this work, using the method similar 

to Iida et al. (2009), we examined the dependence of Dp,kel,50 on the thermodynamic properties of working fluids with a focus on 

saturation vapor pressure (ps) and surface tension ($), which directly affect the mass transfer of the vapor and activation of the 

particles (Fig. 5). We examined whether the performance of the CPC would rely on saturator temperature (Ts) (Fig. S3a), which is 

optimized to achieve the highest saturation ratio. Since viscosity (T) will affect the convenience of wetting the wick of the CPCs, we 

also examined the viscosity of the working fluid and plotted the values against Dp,kel,50 (Fig. S3b). The effect of working fluid density 

(O) and vapor molecule diffusivity (D) are also plotted (Figs. S3c and S3d). We identified the five best working fluids that could 

achieve the lowest Dp,kel,50, which, together with butanol, are distinguished with different colors in Fig. 5 and Fig. S3. The scattered 

data was also fitted with 2nd order polynomial equations, which are displayed in each panel of the figure along with the probability of 

the null hypothesis (no correlation) being true. 

 

The results show that the lower Dp,kel,50 correlates with a lower ps and a higher $, a finding that is in agreement with the earlier work by 

Iida et al (2009). According to Eq. (4), a higher $ and a larger molecular volume would enhance the evaporation of the condensing 

vapor from tiny clusters that are smaller than the sampled aerosols, thereby suppressing the rate of homogeneous nucleation. A lower 

ps could reduce the collision rates among the condensing vapor molecules, suppressing the rate of homogeneous nucleation. This 



 

reduced rate means that Ts can be raised further to enhance the saturation ratio in the condenser, leading to a smaller Dp,kel,50. Although 

Ts is a derived parameter in this calculation, and it is not an input or control parameter, the correlation shows in general that working 

fluids with higher Ts can have smaller Dp,kel,50. O and T negatively correlate with Dp,kel,50, resulting from their negative correlation with 

ps. That is, higher O and T correspond to increasing intermolecular forces in the condensed phase and therefore lower ps. Hence, the 

wetting of the CPC wick may be more challenging with working fluids having lower Dp,kel,50. Since D is a property associated with 

transport phenomena, not equilibrium, D does not have a noticeable influence on particle activation (Fig. S3d). Note that, although the 

exact Dp,kel,50 values would rely on other CPC operating conditions such as the condenser temperature and the CPC geometry (Section 

3.3), the general trend shown in Fig. 5 and Fig. S3 would be consistent under different CPC operating conditions. 

 

The five best working fluids were found to be glycerine (G), diethylene glycol (DEG), ethylene glycol (EG), 2-aminoethanol (2AE), 

and dimethyl phthalate (DMP), achieving the smallest Dp,kel,50 of 1.56, 1.88, 1.92, 1.98, and 2.10 nm. The Dp,kel,50 values simulated by 

the Graetz solution are 1.55, 1.87, 1.91, 1.97, and 2.09 nm, which vary between 0.4 to 0.7% lower (potentially due to the size of the 

COMSOL mesh), again demonstrating an excellent agreement between these two simulation methods. The activation efficiency 

curves for the five best working fluids are displayed in Fig. 6. As can be seen, glycerine shows a distinctly smaller Dp,kel,50 value 

compared to the other four working fluids. Future experiments are therefore needed to examine the possibility of using glycerine as 

the working fluid of the CPC, despite its high viscosity. Additional simulation results using c as the variable to solve the convective 



 

diffusion equation are displayed in Fig. S4 and S5. They show that the influences of working fluid saturation vapor pressure (ps) and 

surface tension ($) on Dp,kel,50 are not affected, although the exact values of Dp,kel,50 decrease when c is used as the variable. 

 

Other than calculating Dp,kel,50 values as an indicator for the activation of the sub-3 nm particles, we also need to examine whether the 

activated particles can grow sufficiently to a detectable size so that the particle number can be counted. Using Eqs. (5-6), we 

calculated the growth of the droplets along their trajectory in the condenser (Fig. 7). The condensational growth of 2.1 nm particles 

was simulated along the centerline (r = 0),  r = 0.1R, and r = 0.5R for the five best working fluids. Except for glycerine, all the other 

four working fluids were shown to sufficiently grow the particles to sizes above 1 μm. Due to the lower ps and relatively lower D of 

the glycerine, the condensational growth of the particles using glycerine as the working fluid is significantly slower, yielding a smaller 

grown particle size of around 300 nm. However, a second-stage CPC can conveniently detect them. Since diethylene glycol already 

uses a two-stage CPC, glycerine is a candidate working fluid that can reduce Dp,kel,50 by approximately 0.3 nm. The calculation also 

showed that 2-aminoethanol can grow particles to approximately 5.7 μm, meaning that a single-stage CPC will be sufficient to detect 

the grown sub-3 nm particles.  

 

3.3. Influence of CPC operating condition 

The above simulation results show that the COMSOL simulation can generate consistent results on particle detection in CPC. Here we 

used COMSOL to examine how the CPC operating conditions and geometry may be improved to further enhance the activation of 



 

sub-3 nm particles. Here, we used butanol as the working fluid, and varied the values of Tc, Qc, Qa, Dc, and Lc, respectively. Among 

these parameters, Tc, Qc, and Qa are associated with the CPC operating conditions, and Dc and Lc are associated with the CPC 

geometry. The dependence of '123 on these parameters is displayed in Fig. 8. It can be seen that all of these parameters can effectively 

impact the spectral shape of activation efficiency curves, which are reflected in the change of Dp,kel,0 and Dp,kel,50. Conditions that can 

lead to a lower Dp,kel,50 value are favored for improving the performance of the CPC.  

 

Among these parameters, a lower Tc and a smaller Dc can lead to decreases in both Dp,kel,0 and Dp,kel,50. This is because a lower Tc can 

reduce the homogeneous nucleation rate more significantly than the condensation rate, thus increasing the temperature difference 

between the saturator and condenser. As shown previously in Kuang et al. (2012), a larger temperature difference between the 

saturator and condenser (△T = Ts – Tc) can lead to a better activation of the sub-3 nm particles. Limited by the freezing point of the 

working fluid, Tc cannot be decreased indefinitely. Similarly, by reducing the diameter of the condenser, under the same condenser 

flow rate, the flow speed inside the condenser would increase, reducing the residence time of the condensing vapor. Such a reduction 

of residence time can suppress homogeneous nucleation, also allowing a higher Ts and △T in the saturator. However, the increase of 

the flow speed will also limit the time for droplet growth as discussed later.  

 

Compared to Tc and Dc values, Qa only affects the Dp,kel,50, leaving the Dp,kel,0 value unchanged. This is due to the supersaturation profile 

and the largest particle size that cannot be activated in the condenser mainly being determined by the temperature of the saturator 



 

flow. A smaller Qa can lead to a sharper activation efficiency curve, because most of the particles can be constrained in the region with 

a high supersaturation. This sharper increase of the activation efficiency also leads to a smaller Dp,kel,50, which improves the 

performance of the CPC in detecting sub-3 nm particles. This improvement is also the advantage of ultrafine CPCs compared to CPCs 

with larger cut-off sizes, since in ultrafine CPCs, the aerosol flow through the capillary is shielded by the particle-free air from the 

saturator. The lower boundary of Qa is limited by the counting statistics because fewer particles will be detected by the optics. At the 

same time, a lower Qa will lead to a larger diffusion loss of particles in the capillary. Qc and Lc have limited effects in improving the 

performance of the CPC because the change in Dp,kel,50 is negligible. Increasing Qc or decreasing Lc can both lead to a sharper 

activation efficiency curve by flattening the supersaturation profile around the axis of the condenser (similar supersaturation along the 

radial direction). Increasing Qc leads to an increasing deficit of vapor pressure along the centerline of the condenser due to insufficient 

length of saturator extension. This lower vapor pressure results in an increase of Ts (Fig. 8b) due to the constraint on nucleation rate in 

the condenser. Thus, Dp,kel,50 are similar under different values of Qc because of the balance between vapor pressure and Ts, but particles 

away from the centerline can be activated with higher efficiency under higher Qc. Regarding the influence of Lc, a shorter Lc can clip 

the saturation ratio profile before the peak is achieved along the centerline. Due to the constraint of the nucleation rate in the 

condenser, a higher Ts can be used for a shorter Lc, and due to the clipping of the peak saturation ratio, the radial distribution of 

saturation ratio becomes more uniform, flattening the profile of saturation ratio and sharpening the activation efficiency curve.  

 



 

Although Dc, Lc, and Qc could pose an influence on particle activation, one needs to note that the effective particle detection depends 

both on particle activation and droplet growth. Droplets that are not sufficiently grown to detectable sizes, even if they are activated, 

will not be detected by the optics of the CPCs. The reason for the smaller Dp,kel,50 at a smaller Dc is that the volume for calculating the 

homogeneous nucleation in the condenser is smaller, leading to a higher Ts. In order to understand the effects of Dc, Lc, and Qc on 

particle activation, we also need to consider the time that allows the activated particle to grow in the condenser (HC), and this time can 

be approximated with  

HC~&28V2∗//2 (7) 

where V2∗  represents the length of the condenser beyond the point of activation. Thus, under a same Qc, to guarantee the same HC, if Dc 

is decreased, Lc must be increased, meaning that the nucleation rate will increase accordingly. Moreover, a decreased Dc means an 

increased flow velocity through the region with high saturation ratio, further leading to the insufficient growth of the droplets. 

Therefore, Dc and Lc are not independent variables if we consider the growth of particles for further particle detection. Also according 

to Eq. (7), for a condenser with a fixed geometry, increasing Qc will reduce HC, again leading to insufficient growth of the particles. 

Due to such reasons, to optimize the performance of a single-stage laminar flow CPC, lowering Tc is the most effective approach for 

enhancing the activation and detection of sub-3 nm particles.  

 

4. Conclusions 



 

In this work, we simulated the sub-3 nm particle activation and growth in a laminar flow CPC using COMSOL coupled with 

MATLAB data processing. COMSOL simulation showed excellent agreement with the Graetz solution, which was used for examining 

the performance of ultrafine CPCs in earlier studies. The axial diffusion and incorporation of capillary geometry at the inlet of the 

saturator extension had limited effect on the simulation results, meaning that the simulation of the CPC performance can be simplified. 

Using different variables, (i.e., vapor partial pressure or vapor concentration,) for solving the convective diffusion equation can lead to 

significant differences in the simulated activation efficiencies due to the varying temperature field. However, the general trend found 

in CPC performance is not affected. Our COMSOL simulations show that among 46 commonly used solvents, glycerine, diethylene 

glycol, ethylene glycol, 2-aminoethanol, and dimethyl phthalate are the five best working fluids, achieving the smallest Dp,kel,50 of 1.56, 

1.88, 1.92, 1.98, and 2.10 nm under a condenser temperature of 10 oC and a condenser flow rate of 0.3 lpm. The values simulated by 

the analytical Graetz solution range from 0.4% to 0.7% lower, again demonstrating the agreement between these two simulation 

methods. Particles of 2.1 nm can be effectively grown with these working fluids to a few hundreds of nanometers that can be detected 

by a second-stage CPC with high efficiencies. Our work shows that lowering the condenser temperature, reducing the diameter of the 

condenser tube, and using a lower aerosol flow rate through the capillary can enhance the activation of sub-3 nm particles by reducing 

Dp,kel,50, while the condenser length and flow rate have limited effect in improving the performance of the CPC. However, if particle 

growth is considered, lowering the condenser temperature is the most effective approach for enhancing the detection efficiencies of 

sub-3 nm particles. The use of COMSOL allows for the simulation of CPCs with more complex geometry and flow conditions. Future 

experimental studies will be conducted to optimize the performance of the CPC further.  
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Table of Nomenclature 

c: Molecular concentration of the condensing vapor [mol m-3] 

N#: Heat capacity of the working fluid [J K-1 kg-1] 

N#,C: Heat capacity of air [J K-1 kg-1] 

D: Diffusivity of the condensing vapor [m2 s-1] 

Dc: Diameter of the condenser [m] 

Dp: Particle size [m] 

&#,%&': Size of particle that can be activated according to the Kelvin equation [m] 

&#,%&',5: Smallest size of particle that can be activated in the CPC [m] 

&#,%&',M5: Size of particle that has a 50% activation efficiency [m] 

PB1#: Heat of vaporization of the working fluid [J kg-1] 

I: nucleation rate [m-3 s-1] 

k: Boltzmann constant, 1.38 × 10-23 [J K-1] 

6C: Thermal conductivity of gaseous phase [W m-1 K-1] 

Lc: Length of the condenser [m] 

Ls: Length of the saturator [m] 



 

m: Molecular mass of the working fluid [kg] 

5C: Molecular mass of air [kg] 

n: Molecular concentration of the condensing vapor [molecules m-3] 

N: Concentration of the particles [particles m-3] 

N0: Concentration of the particles at the outlet of the capillary [particles m-3] 

p: Partial pressure of the condensing vapor [Pa] 

pd: Equilibrium condensing vapor pressure at the surface of the droplet [Pa] 

ps: Saturation vapor pressure of the condensing vapor [Pa] 

Qa: Flow rate through the capillary [m3 s-1] 

Qc: Flow rate through the condenser [m3 s-1] 

r: Radial coordinate in the CPC [m or as otherwise explicitly designated] 

W123: Maximum radius of the contour corresponding to Dp,kel = Dp [m] 

S: Saturation ratio [1] 

T: Temperature in the CPC [K] 

Tc: Condenser temperature [K] 

Td: Temperature at the surface of the droplet [K] 

Ts: Saturator temperature [K] 



 

vm: Molecular volume of the condensing vapor [m3] 

w: Velocity along the axial direction in the CPC [m s-1] 

S: Axial coordinate in the CPC [m or as otherwise explicitly designated] 

X123: Axial location corresponding to + = W123 [m] 

RK: Thermal accommodation coefficient [1] 

'123: Activation efficiency [1] 

O: Density of the working fluid [kg m-3] 

OC: Density of air [kg m-3] 

$: Surface tension of the working fluid [N m-1] 

T: Dynamic viscosity of the working fluid [kg m-1 s-1] 

J: Correction factor for non-continuum effects in particle condensational growth [1] 

JD: Correction factor for non-continuum effects in particle heat transfer [1] 

  



 

Table 1. Parameters of the working fluids as determined from Yaw’s handbook. B, G, DEG, EG, 2AE, and DMP stand for 1-butanol, 

glycerine, diethylene glycol, ethylene glycol, 2-aminoethanol, and dimethyl phthalate, respectively. T stands for temperature in K. 

Properties 

 
!! = 101325/760 × 10"#

$
%
#&'((%)#+%#,%!

 

, = -(1 − 0/0-)
./1000 

2 = 1000-3/(0/%/%")
#

 

4 = (- + 30 + 602)/10000 

Type 

!! (Pa) , (N m-1) 2 (kg m-3) 4 (m2 s-1) 

A B C D E A Tc n A B n Tc A B C 

B 3.97×101 -4.00×103 -1.03×101 -3.26×10-10 8.67×10-7 6.45×101 563 1.22 2.69×10-1 2.67×10-1 2.46×10-1 563 -4.65×10-2 2.72×10-4 5.81×10-7 

G 1.55×101 -4.53×103 -1.67×100 0 0 1.25×102 723 1.22 3.49×10-1 2.49×10-1 1.54×10-1 723 -4.62×10-2 2.50×10-4 6.00×10-7 

DEG 6.51×100 -4.61×103 4.63×100 -1.84×10-2 8.29×10-6 9.26×101 745 1.22 3.40×10-1 2.61×10-1 2.42×10-1 745 -4.22×10-2 2.28×10-4 5.31×10-7 

EG 8.24×101 -6.35×103 -2.54×101 -2.37×10-9 8.75×10-6 1.06×102 645 1.22 3.25×10-1 2.55×10-1 1.72×10-1 645 -5.76×10-2 3.17×10-4 7.15×10-7 

2AE 7.29×101 -5.86×103 -2.19×101 -7.15×10-10 5.98×10-6 1.08×102 638 1.22 2.72×10-1 2.24×10-1 2.02×10-1 638 -5.49×10-2 3.14×10-4 6.96×10-7 

DMP 1.27×101 -4.20×103 3.46×10-1 -7.65×10-3 3.35×10-6 7.51×101 766 1.25 3.66×10-1 2.54×10-1 3.07×10-1 766 -3.06×10-2 1.62×10-4 3.88×10-7 



 

Table 2. Parameters of CPC for different simulation tasks. Note: O is for optimal saturator 

temperature (Ts) value corresponding to a total homogeneous nucleation rate of one particle per 

second (1 s-1) within the condenser. B stands for butanol. 

Task Tc (oC) Ts (oC) Qc (lpm) Qa (lpm) Dc (mm) Lc (mm) Fluid Capillary Variable 

1 10 40 0.3 0.03 4 80 B No p 

2 10 40 0.3 0.03 4 80 B Yes p 

3 10 40 0.3 0.03 4 80 B Yes c 

4 10 O 0.3 0.03 4 80 46 types No p 

5 -5 – 15 O 0.3 0.03 4 80 B Yes p 

6 10 O 0.1 - 0.9 0.1Qcon 4 80 B Yes p 

7 10 O 0.3 0.01 - 0.09 4 80 B Yes p 

8 10 O 0.3 0.03 2 - 6 80 B Yes p 

9 10 O 0.3 0.03 4 40 - 120 B Yes p 
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Fig. 2. Comparison between COMSOL and Graetz solutions for (a) temperature (T), (b) vapor 

pressure (p), (c) saturation ratio (S), and (d) activation efficiency as a function of particle 

diameter. Note that the inlet geometry and the temperature dependence of the working fluid 

properties are neglected. Both simulations used vapor partial pressure as the variable in the 

convective diffusion equation.  
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Fig. 6. Simulated activation efficiency curves for the five best working fluids. G, DEG, EG, 

2AE, and DMP stands for glycerine, diethylene glycol, ethylene glycol, 2-aminoethanol, and 

dimethyl phthalate, respectively. 
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Fig. 7. Droplet size as a function of distance along the axis of CPC using the five best working 

fluids simulated by COMSOL. G, DEG, EG, 2AE, and DMP stands for glycerine, diethylene 

glycol, ethylene glycol, 2-aminoethanol, and dimethyl phthalate, respectively. The 

condensational growth of 2.1 nm particles was simulated (a) along the centerline (r = 0), (b) r = 

0.1R, (c) r = 0.5R. Note that DMP particles are not activated effectively at r = 0.5R because of 

the low saturation ratio.  
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Fig. 8. Dependence of particle activation efficiency on CPC operating conditions and geometry. 

(a) condenser temperature (Tc), (b) flow rate through the condenser (Qc, Qa=0.1Qc), (c) flow rate 

through the capillary (Qa, Qc=0.3 lpm), (d) diameter of the condenser (Dc), (e) length of the 

condenser (Lc). 
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Fig. S2. Size of particle that can be activated in the CPC (!!,#$%) at two radial distances (r = 0 

and 1 mm) from the axis of the condenser under the (a) effect of the capillary geometry and (b) 

effect of using c and p as the variable in the convective diffusion equation.  
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Fig. S5. Simulated activation efficiency curves for the five best working fluids using c as the 

variable. G, DEG, EG, 2AE, and DMP stands for glycerine, diethylene glycol, ethylene glycol, 

2-aminoethanol, and dimethyl phthalate, respectively.  

 

 

 

 

 


