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Abstract

The performance of a small mixing-type condensation particle counter (sSMCPC) was numerically
evaluated. The modeling calculated the fields of turbulent flow and temperature, and species transport in
the particle channel of sMCPC, and the growth of particles included the effects of Kelvin, non-continuum
and latent heat. Upon the validated, the model was applied to investigate the effects of temperature
difference (AT=T—T., where T. and T are the temperature setting for working fluid saturation and
sampled aerosol cooling, respectively), total flow rate (Qg), and vapor fraction (f) on the working-fluid-
governed supersaturation and particle activation in the sMCPC. It is found that the supersaturation ratio
is increased, and the critical activation diameter (Dps0) is lowered by increasing AT; the excessive
increase of Q, reduces the supersaturation ratio and shifts the ratio peak towards the downstream of
carrier flow; both the supersaturation ratio and the D, so-slope are increased by increasing f. Under
specific thermal and flow conditions, minimum activation diameters obtained in the cases with working
fluids of ethylene glycol (EG), diethylene glycol (DEG), and dimethyl phthalate (DMP) is less than that
in the case with n-butanol (B). Because of the particle growth after the activation, final sizes of particles
exiting the particle growth tube are in micrometers in the case with n-butanol (B), and ~700 nm in case
with EG; in contrast, final particle sizes in cases with DEG and DMP generally remain below the

detection limit of typical optical particle counters (OPCs), i.e., ~0.3 um.

Keywords: Condensation particle counter (CPC); Mixing-type condensation particle
counter; CPC modeling; Particle activation; Particle growth.
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1 Introduction

Condensation Particle Counters (CPCs) are widely used for measuring the number/concentration of
aerosol particles, particularly for ultrafine particles defined as those with sizes less than 100 nm (below
the lower detection limit of a typical optical particle counter, OPC). It is because of the "size amplification
(via condensation) and optical counting" in CPCs, which significantly reduces the lower size detection
limit of CPCs although at the expense of losing the original particle size (Heathman & Ensor, 2019).
CPCs have been extensively applied in atmospheric pollution monitoring, environmental exposure
assessment, roadside vehicle emission monitoring and many other applications in addition to scientific
aerosol research (Takegawa et al., 2022; Pradhan et al., 2022; Li et al., 2024a).

Two types of CPCs capable of continuous counting (i.e., laminar flow and mixing types) are available.
For laminar-flow CPCs with n-butanol as working fluid, aerosol particles first pass through a vapor-
saturated chamber containing hot vapor and then transport to the condensation (or particle growth)
channel at a temperature setting less than that of the vapor-saturated chamber (Wlasits et al., 2020). A
stable temperature gradient established in the particle growth channel develops a supersaturated vapor
environment, allowing particles to grow larger in sizes (ideally to optically detectable sizes) (Li et al.,
2024b). Commercial CPCs, e.g., TSI CPC model 3025/3076, are capable of detecting particles in sizes
as small as 3 nm (or even smaller with a particle amplifier, lida et al., 2009). Water-based CPCs, which
exhibit performance comparable to butanol-based CPCs, have also been developed. Note that the
temperature setting for establishing supersaturation conditions and growing the particle size in water-
based CPCs is different from those of butanol-based CPCs (Hering et al., 2005; Mei et al., 2021; Hao et
al., 2023). Recent studies have also demonstrated that the choice of working fluid can significantly
influence the CPC performance, particularly in reducing the composition-dependent counting efficiency
(Wlasits et al., 2024).

MCPCs (Mixing-type CPCs or particle amplifier) amplify the particle size by rapidly mixing saturated
vapor of the working fluid at high temperature with aerosol stream at cold temperature in a chamber
(Fuchs, 1964). The mixing chamber can be small, e.g., a Swagelok cross used in the work of Wang et al.
(2002). The above mixing creates a steep temperature gradient driving the working fluid vapor to the
particle surface that activates the growth of particles in the sizes down to sub-5 nm and increases their
sizes to optically detectable particle size limit (Mavliev, 2002; Kousaka et al., 1982). Vanhanen et al.
(2011) introduced a mixing-type particle size magnifier that generates high supersaturation in a short
channel by combining heated saturated vapor with a cold aerosol flow, achieving sub—3 nm detection.
Wang et al. (2002) introduced a rapid-mixing condensation particle counting technique. Building on the
above principle, Brechtel 9403a MCPC has been demonstrated to be UAV-deployable for in-situ aerosol
monitoring (Bates et al., 2013). Overall, the MCPC development trajectory has been toward
miniaturization while preserving its activation and reliable performance. Compared with laminar flow

CPCs, MCPCs enhance convective mixing between the aerosol and vapor streams, which promotes heat

and mass transfer and facilitates fast establishment of supersaturation conditions required for particle

activation. In addition, the reduced particle residence time prior to growth would minimize the particle

loss due to Brownian diffusion and reduce counting errors associated with wall condensation (Sgro & de
la Mora, 2003). The above features make MCPCs good candidates for applications requiring mobile

particle monitoring.




85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114

Studies have employed COMSOL to calculate the flow and temperature fields, and species transport in
laminar-flow CPCs. Kangasluoma et al. (2015) used COMSOL to quantify how the saturator—condenser
temperature difference shapes the supersaturation field in CPCs, affecting the overall CPC performance.
Building on the above modeling framework, Barmpounis et al. (2017) showed that reducing the operating
temperature window can enhance the detection efficiency for sub-3 nm particles. Thomas et al. (2018)
further employed COMSOL to examine how carrier-gas composition influences the particle activation
in CPCs. Hao et al. (2021) modeled a laminar-flow CPC and identified an operational condition

optimizing the activation efficiency of sub-3 nm ultrafine particles. However, most previous modeling

studies have focused on laminar-flow CPCs, while studies specifically addressing the performance of

mixing-type CPCs remain limited. A related work is on mixed-flow particle magnifiers (Fisenko et al.,

2007). In the work, vapor condensation and heterogeneous droplet growth were analyzed, highlighting

the roles of mixing, supersaturation formation, and transport processes in the determination of instrument

performance

In this modeling of a small MCPC (sMCPC), COMSOL was applied to calculate both flow and

temperature fields, and working fluid vapor concentration distribution in the aerosol flow channel of

sMCPC (Wang et al., 2025). The effect of operational parameters, including the temperature setting, flow
velocity, flowrate ratio, and working fluid type, on the supersaturation establishment and particle
activation efficiency were quantitatively evaluated. Under consideration of the effects of the Kelvin, non-
continuum heat-transfer corrections, and latent heat, the condensational growth of particles in sMCPC
with different working fluids was computed in MATLAB. The result obtained in this modeling provides

a solid foundation for the design and optimization of sMCPC.

2 Material and Methods

2.1 Modeling of Mixing-type CPC

COMSOL was applied to calculate both the flow and temperature fields, and vapor transport in sMCPC
designed in the axisymmetric configuration. Shown in Fig. 1 is the schematic diagram of the model
sMCPC. The governing equations used to calculate the flow and temperature fields, vapor distribution

and particle growth in the SMCPC are described in this section.
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Figure 1. Schematic diagram of the model SMCPC and its 3D solid model for this study

In this study, the total inlet flow rate to the sMCPC is denoted as Q,, which is separated into two streams:
a portion of total inlet flow is used as vapor carrier flow, On, (vapor carrier flow @, = Qg X f) which
carries hot vapor to the mixing chamber after passing through a HEPA filter and a working fluid reservoir;

the other portion of total flow, @, = Qg X (1 — f), which carries aerosol particles to the mixing chamber.

2.1.1 Problem Formulation
a) Governing Equations for Particle Growth
Both the supersaturation ratio and Kelvin diameter play crucial roles in the nucleation and size
enlargement of particles. In a supersaturated vapor environment, vapor molecules condense onto the
surface of particles, resulting in their size enlargement. Supersaturation ratio is the key factor governing
the saturation rate (S,), defined as the ratio of the partial pressure of the condensing vapor (p) to the
saturated vapor pressure (p;) at the flow temperature (T):
Sy = o D

For the condensation growth of particles, the Kelvin diameter D, defines as the smallest particle size that
can be activated to start the growth of particles under a specific supersaturation ratio, S,.. Equation 2 is
derived from the Kelvin equation, which relates the equilibrium vapor pressure over a curved droplet
surface to that over a flat surface,

Ppiet = k:;;";r

where o is the liquid’s surface tension, v, its molecular volume, k; the Boltzmann constant, 7 the

(2)
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absolute temperature.

To quantify the particle activation of a CPC, the activation efficiency (n,.t) Was introduced as a key
performance metric, defined as the ratio of particles which are successfully activated, and their sizes are
grown to an optically detectable size, to the total number of particles entering the CPC. The activation
efficiency can thus be calculated as:
_ fOR““ 2mrw(r)N(r)dr @)
QalNo

where r is the radial coordinate, w(r) is the axial velocity profile, and M) is the local number

concentration of activated particles with the radius r. Q, denotes the sampled aerosol flowrate; N, is the
number concentration of sampled particles; and R, represents the maximal radius of the activation zone

in the growth tube.

The counting efficiency was derived from the COMSOL-resolved fields ny the flux-based method. In

the method, the local supersaturation distribution was first obtained from the calculated temperature and

vapor concentration fields. The corresponding minimum activation diameter D, .;was then calculated

using Eq. (2). The activation region for the particle growth was identified as the region, defined by the

outermost radius, R, ., in which the growth of particles in a given size can be activated. Assuming that
particles entering this region undergo condensational growth, the activation efficiency was calculated by

integrating the particle number flux over the activated region by Eq. (3). Note that local particle flux,

which is the product of the axial velocity profile w(r)and the local particle concentration N (7). is used

in Eq. (3).

While the supersaturation ratio is the key driver for condensation growth of particles in a CPC,
excessively high supersaturation levels may increase the chance of new particle generation via the
homogeneous nucleation of working fluid vapor. The formation of new particles can result in false counts
in the CPC reading. It is therefore necessary to quantitatively assess whether the operational
supersaturation leads to homogeneous nucleation or not through the evaluation of homogeneous
nucleation rate (based on classical nucleation theory). By limiting the contribution of homogeneously
nucleated particles to less than one particle per second, the maximal supersaturation avoiding the
homogeneous nucleation can be determined. This provides a basis for determining the optimal CPC
temperature in the modeling (lida et al, 2009). The nucleation rate / can be calculated by (Friedlander,
2000)

1

272
2 3 3,2
p 3 av lémo vy,
I=2X[————| % TlU3 X —m X ex [_—] (4)
I(ank,,r)%l < ’”) ey T P73k, 13 (ins)?

where m is the molecular mass of working fluid and  is the molecular concentration of the condensing

vapor. [ is the local homogeneous nucleation rate to evaluate the risk of homogeneous nucleation under

different temperature settings. Note that the homogeneous nucleation analysis in this modeling is used

as the reference for the selection of the temperature setting for sSMCPC operation, not to accurately predict

the nucleation rate.

Once particles are activated in a vapor-supersaturated environment, their subsequent condensational

6
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growth can be described by the diffusion-driven mass transport of vapor molecules to the particle surface.
With the assumption of a spherical particle, and neglecting both the particle coalescence and curvature-
dependent effects beyond the Kelvin correction, the temporal growth of particle diameter D), can be
estimated by:
ab, _ ADyvmx(p — pa)
dt k,TD,,

where D, is the diffusion coefficient of the condensing vapor in air, v, is the molecular volume of the

)

condensable vapor, y is the Fuchs—Sutugin correction factor accounting for non-continuum effects, p is

the condensing vapor pressure away from the droplet surface, and p, is the equilibrium vapor pressure

at the droplet surface. The value of p,; is computed as a function of the droplet surface temperature T;:
4ov,,

Pa = ps(Tq) exp ( T, Dp) (6)
as proposed by Butt et al. (2013), incorporating the Kelvin effect for curved interfaces. The correction
factor y depends on the Knudsen number (K,, = 24/D,) and is given by (Hegg & Larson, 1990):
_ 1+K,

" 14 171K, + 1.33K,?

To account for heat transfer during condensational growth, the droplet surface temperature (T,) is

X @)

introduced herein and calculated together with the particle growth, Eq. (5). Because the latent heat is

released during vapor condensation and exchanged between the droplet surface and the surrounding gas

(7). the droplet surface temperature, T, would not be equal to the local gas temperature (away from the

droplet surface). The evolution of T, is therefore described by an energy conservation equation that

considers both the latent heat of condensation and conductive heat transfer between the droplet and the

surrounding gas:

®)

T, 3 ab, (Ta — Txn
dt  cppyDp

——4k
vap g
dt D,
where ¢, is the specific heat capacity of the droplet,p, is the droplet density, H,,g,, is the latent heat of
vaporization, and kg is the thermal conductivity of the surrounding gas. yj corrects for the non-

continuum effects in heat-transfer, calculated as

111
2k 2mmg\2

e ) 9
Xn +aTDppgcp,g kT )

where mg, pg, and ¢, 4 are the molecular weight, density, and heat capacity of air, respectively. ar is the
thermal accommodation coefficient and assumed to be unity for simplicity (Seinfeld and Pandis, 2016).
Eq. (8) captures the dynamic interplay between heat and mass transfer during the particle growth for

accurately predicting the droplet evolution under transient supersaturation conditions.

The above-outlined framework provides the basis for calculating the particle activation and
condensational growth under vapor-supersaturated conditions in a CPC. However, the local values of
supersaturation and vapor concentration are highly dependent on the flow and temperature fields in the
mixing chamber of sMCPC. Therefore, axisymmetric modeling was conducted in solving the governing

equations for turbulent flow, heat transfer, and vapor transport in the model sMCPC.

In this study, COMSOL Multiphysics and MATLAB were used to calculate the activation and

condensational growth of particles in SMCPC. COMSOL was first employed to obtain the steady-state

7
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velocity, temperature, and vapor concentration fields in the flow channels of SMCPC, from which the

local thermodynamic and transport conditions can be obtained for the particle growth. With the resolved

fields, MATLAB was then used to solve the particle growth equations (Egs. 5-9). The adoption of this

combined approach was primarily to save computational time for efficiency calculation.

b) Governing Equations for Transport Phenomena in Mixing Chamber

This section describes the formulation used in the modeling of transport phenomena in the sMCPC. It
includes the SST k- model for turbulent flow, energy equation for heat transfer, and dilute species
transport equations for vapor distribution. All these equations are fully coupled in the modeling to

calculate the local thermodynamic and fluid dynamics in the mixing chamber.

The SST (Shear Stress Transport) turbulent flow model combines the advantages of both the k&~ model
(providing improved accuracy near walls and in boundary layers) and the #— model (offering robustness
in free-shear flows, i.e., better performance in fully developed turbulence regions) (Menter, 1993; Menter
et al., 2003). By using a blending function to transition between two models based on distance from the
wall, the SST model effectively captures the flow characteristics in both near-wall and core flow regions.
This feature makes the flow model well-suited for calculating turbulent flows with strong shear stress
and separation, such as that in the mixing chamber of sMCPC. Accurate prediction of velocity variation,
shear layer, and recirculation zone is essential for the calculation of vapor transport and supersaturation
distribution. The governing equations for mass and momentum conservation under the Reynolds-
Averaged Navier—Stokes (RANS) framework are expressed as:
pV-u=0 (10)
p(u-V)u=-Vp+V-[(u+pu)Vu+vu")] +pg (11
where p, is the turbulent viscosity derived from the SST model, and pg represents the buoyancy force,

which could be important due to the thermal gradients in the mixing chamber.

The transport of turbulence quantities in the SST model is governed by the following two additional
partial differential equations: one for the turbulent kinetic energy &, and one for the specific dissipation
rate w:

p(u-V)k =V-[(u+ oxpu)Vkl+P, — B pkw (12)

POy
w

p(u-Vw=V-[(u+0,u)Vw] +MlpP —pBow? +2(1 —F) Vk - Vo (13)
t

where P, = u,S?is the turbulence production term, S is the mean strain-rate magnitude, and y, =

pk /w is the eddy viscosity. F; is the blending function of the SST model. The parameters o,,. g,,. ¥. and

B, are calculated as

¢ =Fp, + (1- F1)¢2 (14)
while f*is a constant. The default COMSOL values used in this study are g, = 0.85, g, = 1.00,
0,1 = 0.50.l 0,2 = 0.856, Vi = 5/9, Vo = 0.4’4’, 8(\1 = 0.075, Bn') = 0.0828, al’ld B* = 0.09.

The temperature distribution in the mixing chamber significantly influences the local saturation vapor

pressure, thereby affecting the supersaturation field. The heat transfer in the flow is modeled using the

steady-state energy conservation equation:
pcp(VT) =V (kegVT) + Quq (15)
where p is the fluid density, ¢, is the specific heat capacity at constant pressure, 7 is the absolute

8
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temperature, ko = k +
Pr¢

is the effective thermal conductivity, incorporating both molecular and

turbulent heat conduction, Q,q = 7: VU + g4, accounts for viscous and turbulent dissipation. The
inclusion of turbulent thermal diffusivity via the turbulent viscosity u, is crucial for capturing enhanced

convective heat transport in the mixing chamber.

The transport of the working fluid vapor is modeled using the dilute species transport equation, which
governs the convection and diffusion of vapor molecules:
u- Ve = Dy V2c (16)

where c is the vapor molar concentration, Deg = D +p“TZ is the effective diffusivity, Sc, is the
t

turbulent Schmidt number.

¢) Boundary Conditions

Appropriate boundary conditions are required to solve the above governing equations for modeling the
flow mixing, temperature distribution, and vapor concentration in the sMCPC. The computational
domain for modeling the sMCPC is shown in Fig. 2. The no-slip and specific temperature conditions
(i.e., either saturator temperature T, or cooling temperature 7.) were set for all the solid walls for the
flow and temperature fields, respectively. The vapor concentration of working fluid was set to the
saturated concentration cs at the inlet and to ¢, on the walls of the growth tube. From the operation
viewpoint, the temperature setting for the working fluid vapor and the growth tube determines the
achievable supersaturation ratio in the growth tube, which is one of the key driving parameters. The
sMCPC performance with different working fluids were further compared to investigate their effects on

hygroscopic particle growth. Detailed boundary conditions are summarized in Tab. 1 for reference.

Tab. 1 - Boundary conditions used in the modeling of a sMCPC

Region/Surface Condition Description Parameter(s) Value
Fully developed flow; Qq (0.1~0.4) LPM
Inlet ) .
parabolic velocity profile f 0.8~0.95
All solid walls No-slip condition — —
Saturator walls Fixed hlgh'temp erature T, (35~50) °C
(saturation zone)
Cooling and Growth tube Fixed lovy temperature T. (5~15) °C
walls (cooling zone)
. Saturation vapor sat
Vapor stream inlet concentration at 7, Cs C5*(Ty)
Saturation vapor sat
Growth tube walls concentration at T, Cy G5 (T,)
Reference zero pressure,
Outlet convective flux (as — —

applicable)

2.1.2 Computational Domain and Its Meshing
Fig. 2 shows the used computational domain including the aerosol inlet, saturated vapor inlet, turbulent
mixing zone, particle growth tube, and outlet. The overall length of the domain is approximately 75 mm

and an inner diameter of 4 mm. The mixing and growth tubes are 4 and 55 mm in length, respectively.
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Figure 2. Computational domain for modeling the SMCPC performance and a typical distribution of

the equilibrium Kelvin-diameter.

Structured meshes with local refinement in the regions near the walls, in the mixing zone, and in the
particle growth region were used. The thickness of the first layer meshes near solid walls was set to 0.002
mm to ensure the dimensionless wall distance y* < 1, (where y* = 22 1::3/’ y is the distance from the wall,
u, is friction velocity, p is density and p is dynamic viscosity) in accordance with the requirement for
using the SST k-w turbulence flow model. In regions where saturated vapor and aerosol flows intersect,
and within the mixing zone, the mesh size was refined to 0.03 mm. A total of approximately 24366
elements were used in the computational domain, with average element quality greater than 0.98 and a

maximum mesh aspect ratio less than 10 (shown in Fig. 3).

0 15 20 75 Z{mm)

Figure 3. Computational domain for modeling the sMCPC performance and a typical mesh layout near

walls and in the mixing/growth zones.

To ensure the mesh independence of calculation results, a mesh sensitivity analysis was conducted by
comparing the axial temperature profiles obtained using medium and fine meshes. As shown in Fig. 4,
the temperature distributions along the centerline (» = 0) and near the wall (» = 1 mm) show excellent
agreement between the two meshing schemes. The fine-meshed results closely overlap the medium-
meshed results, with negligible deviation throughout the domain, including regions with steep thermal

gradients in the region where two streams are first encountered. The above comparison confirms that the

10



309 medium meshing offers sufficient resolution to capture the key features of temperature. Medium meshing
310 was therefore adopted for all subsequent modeling to save computational time.
311
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313 Figure 4. Comparison of axial temperature profiles along the centerline of the sMCPC (calculated
314 using medium and fine meshes)

315

316  2.1.3 Model Validation

317 To validate the modeling of the sMCPC, supplementary experiment measuring the temperature profile
318 along the axis of the sSMCPC was conducted by inserting a thermocouple probe into the growth tube from

319 its outlet. The probe was moved step by step along the axial direction to measure the temperature at
320  different locations along the tube axis.Under the operational conditions (7. = 10 °C, T = 40 °C, Q, =
321 0.3LPM, f'= 0.9), the axial temperature distribution along the centerline of the particle growth region
322  was measured and compared with the calculated result. As shown in Fig. 5, reasonable agreement
323 between the experimental and calculated temperature profiles along the MCPC centerline was observed
324 (R*> = 0.927). Overall, the modeling reproduces the temperature gradient and its spatial distribution.
325  Minor discrepancies between two results could be attributed to the slight misalignment of measurement

326 locations with the centerline when probing the thermocouples into the sMCPC.

11
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3 Results and Discussion

3.1 Effect of temperature setting

The differential temperature between 7. (for cooling section and growth tube) and T (vapor saturation
chamber) is one of key factors influencing the performance of the sMCPC. The maximal supersaturation
threshold to prevent working fluid vapor from homogeneous nucleation in the sMCPC is calculated using
Eq. (4). Accordingly, the temperature setting for satuation vapor, T, is 35, 40, 45, and 50 °C; and the
setting for both cooling section and growth tube, 7. , is 5, 10, and 15 °C, when using n-butanol as the

working fluid. Fig. 6 shows the temperature profile and supersatuartion ratio along the axis of the sMCPC.

As evidenced in Fig. 6, significant variation was observed in both temperature (Fig. 6a) and
supersaturation profile, S;, (Fig. 6b) along the SMCPC axis. The increase of S; was pronounced between
z =20 mm and z = 60 mm, peaked at z = ~ 65 mm for all the studied temperature settings. Note that,
although the setting with the largest temperature difference (i.e., 7. = 15 °C, Ts = 50 °C) resulted in the
highest thermal peak, its maximal supersaturation was actually lower than that observed in the setting of
T.=5°C, Ts=40 °C. For the cases with the same temperature difference (AT = 35°C), increasing both

T. and T, leads to a reduction in the maximum supersaturation. This is because, although the local vapor

pressure p was increased by increasing the temperature setting, it significantly increased the saturation
vapor p.(T) at the same time. The increase in p.(T) outweighs the increase in p. resulting in the decrease

of supersaturation ratio. The calculated result indicates that S;max reaches approximately 3.2 for the
setting of 7. = 5°C and T = 40 °C, compared to ~2.8 for the setting of 7. = 15°C and 7 = 50 °C,

suggesting that simultaneous increase in both 75 and 7. actually limits the achievable max.

supersaturation in the SMCPC. Moreover, under minimal temperature differentials (e.g., 7c = 5 °C, Ts =
35 °C), the rate of increase in the supersaturation ratio was significantly low, and peaked at a relatively
low value (compared with other settings), indicating weak driving force for the activation of ultrafine
particles in SMCPC. The observed trend is qualitatively consistent with that reported in previous studies
on laminar flow CPCs (Barmpounis et al., 2017; Wlasits et al., 2020) although the studied sMCPC

involves convective mixing processes, which is different from that in laminar CPCs.

12
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Figure 6. Temperature distribution (a) and Supersaturation ratio distribution (b) along the axis of the

sMCPC under different temperature settings for 7¢ and 7.

Fig. 7 shows the calculated activation efficiency for ultrafine particles in the SMCPC under different
temperature settings. Under the condition of 75 =40 °C and 7. = 5 °C, the particle diameter corresponding
to 50% activation efficiency (D 50) is ~3.55 nm. In contrast, under the setting of 75 = 35 °C and 7. =
5°C, this value increased to ~4.25 nm, indicating a notable difference in the activation performance

between two temperature settings.
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Figure 7. Effect of temperature settings (7. and 7s) on the calculated activation efficiency and

critical activation diameter of particles in sSMCPC

The above result further confirms that the temperature difference between T.and T, is a key parameter

governing both the intensity and spatial distribution of supersaturation in the SMCPC, strongly affecting

the particle activation behavior. As shown in Fig. 8, by increasing the temperature difference from 7, =

35°Cand I, =5°Cto Ts = 40 °C and T, = 5 °C, the activation region for particles in the same size was

enlarged. The above indicates that not only does a large temperature difference promote the formation of

a high supersaturation field in the growth tube, but also enlarge the size of effective activation zone,

thereby improving the activated probability of sub-4 nm particles (Kuang et al., 2012; Barmpounis et al.,
2017). Based on this finding, the condition of 7s = 40 °C and 7. = 5 °C was selected for the subsequent

simulations.
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3.2 Effect of total flowrate

Fig. 9 shows the effect of total flowrate, Q,, on the temperature, saturation ratio, and activation efficiency
of the sMCPC under a fixed vapor flow fraction of f'= 0.9. As shown in the temperature profiles (Fig.
9a), the increase Q, from 0.1 LPM to 0.4 LPM results in a noticeable decrease in the peak temperature
and the peak location is moved downstream. This observation indicates that at a high flowrate, the
residence time for mixing saturated vapor and cool air in the SMCPC is reduced, thereby diminishing

heat-transfer efficiency.

The saturation distribution (Fig. 9b) exhibits similar trend as observed in the temperature distribution.
At either a low total flowrate or high vapor fractions, sSMCPC can rapidly establish a high supersaturation
environment over a short axial distance. However, when Q, increases from 0.1 to 0.3 LPM, the value of
the maximal supersaturation ratio does not vary significantly. The notable change was observed for the
donwstream location shift of peaked supersatuartion ratio in the growth tube. It is also noteworthy that,
when the aerosol flow rate Q, is very low, the diffusional loss of particles in the cooling sectioin is
significant (Balendra et al., 2023). In the consideration of both activation performance and diffusion losse,
0.3 LPM is thus selected as the operational total flow rate for the sMCPC.

Furthermore, the activation efficiency curves (Fig. 9¢) reveal that the Dy, 5, remains approximately 3.55
nm for O, between 0.1 and 0.3 LPM. When (; increases to 0.4 LPM, Dy, 5, increased to above 3.60 nm,

indicating that excessively high total flow rates hinder the effective activation of sub-4 nm particles.
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Figure 9. Effect of O, (at fixed /= 0.9) on (a) temperature, T; (b) supersaturation ratio, Sy; and (c)
activation efficiency, #ac, in the sMCPC
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Fig. 10 shows the effect of f (the fraction of total flowrate used as the vapor carrier flowrate) on the
temperature, supersaturation ratio, and activation efficiency of the sMCPC, at a fixed total flowrate of
Qg = 0.3 LPM. From Fig. 10a, it is evident that the increase of fresulted in a significant elevation of the
temperature peak in the mixing zone. It indicates that a high f value facilitates the formation of strong

temperature difference over a short axial distance, which is conductive to enhance the supersaturation.

The corresponding supersaturation distribution (Fig. 10b) shows that at f=0.95, a higher supersaturation
region was established closer to the inlet, and the maximal Sr is greater than that under low f value
condition. It indicates that not only does a high vapor fraction increase the vapor concentration but also

enhance the mixing efficiency between hot vapor and cooled aerosol-laden air.
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Figure 10. Effect of /' (Qg =0.3LPM) on (a) temperature, T; (b) supersaturation ratio, S;; and (c)
activation efficiency, nac in the sMCPC

As shown in Fig. 10c, the effect of fon activation efficiency is dramatically pronounced. When the vapor
carrier flowrate ratio, f, increases from 0.80 to 0.95 under a fixed total flow rate (O, = 0.3 LPM), the
Dy, 5o significantly decreased from ~4.2 nm to ~3.4 nm. This observation clearly demonstrates that a high
vapor carrier flow fraction substantially enhances the sMCPC’s sensitivity for ultrafine particles.
Moreover, the steepness of the corresponding activation curves increased as f increased. The observed
steep slope implies the establishment of a stable and well-defined supersaturated environment, enabling
particles with the sizes above the critical size to be effectively activated without going through gradual
transition. Not only does the increase of the vapor carrier flowrate boost the working fluid vapor
concentration and enhance heat and mass transfer in the mixing zone but also leads to more consistent

and sharply defined condensation growth behavior in the growth tube.

3.3 Effect of working fluid

We selected ethylene glycol (EG), diethylene glycol (DEG), dimethyl phthalate (DMP), and n-butanol
(B) to investigate the combinational effect of vapor pressure and surface tension on the Dy, 5o and droplet
growth relative to the detection limit of optical particle counters (OPCs) (Hao et al. 2021). The calculated

result of activation efficiency as a function of particle sizes is shown on Fig. 11.

Under the selected flow and temperature settings (Q; = 0.3LPM, f'=0.95, T. =5 °C and Ts= 40 °C),
activation efficiency—diameter curves for four working fluids exhibit pronounced difference in their
critical activation diameters (Fig. 11). EG exhibited the smallest critical diameter (D}, 59 = 2.5-2.6 nm),
followed by DEG and DMP (D, 50 = 2.9-3.0 nm), while B showed the largest diameter (Dp 50 = 3.3-3.4
nm). The steep transition near Dy 5, in the cases with EG/DEG/DMP indicates sharp discrimination
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between non-activated and fully activated particles. Mechanistically, the minimal activation diameter is
jointly determined by the curvature of the working fluid, governed by its surface tension and molecular
volume, and the maximal supersaturation ratio sustained in the sMCPC. Working fluids capable of
producing high and stable supersaturation level can effectively reduce the Kelvin diameter. Compared
with B, both EG and DEG exhibited lower saturated vapor pressures and greater temperature sensitivity,
making it easier to establish a stable and high supersaturation in the growth tube, thereby resulting in
smaller critical activation diameters. However, the “activation” of particle growth does not always lead

to the growth of particle size to an optically detectable size.
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Figure 11. Caluclated activation efficiency for the four working fluids (B, DEG, EG and DMP)

As shown on Fig. 12, the particle growth through the growth tube (exposure to high supersaturation
environment) differed dramatically among four selected working fluids. The final particle sizes exiting
the growth tube was in micrometers in the case with n-butanol (B); ~700 nm in the case with EG; 200—
300 nm in the case with DEG. The final size was the smallest in the case of DMP. Therefore, in the
sMCPC with limited growth tube length, both DMP and DEG would not be good candidates for working
fluids due to insufficient droplet size growth. In contrast, the final particle sizes in cases with both EG
and B are more likely to exceed the OPC detection limit although the activation diameter in the case with

B is higher (compared with those in the other cases).
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the four selected working fluids (B, DEG, EG and DMP)

3.4 Comparison of nac between the sMCPC and laminar flow CPC
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Figure 13. Comparison of the caluclated activation efficiency curves of the sMCPC and laminar flow
CPC

As shown in Fig. 13, the activation efficiency curves of the SMCPC were compared with the laminar
flow CPC data, reported by Hao et al. (2021), (as a function of D, /D, 55). The SMCPC activation curves

exhibited steeper change in the vicinity of D, /D =~ 1 than the laminar-flow CPC curves, indicatin

that the activation of particle growth in laminar flow CPCs occurred over a wider size range compared

17



481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524

to that of SMCPC and demonstrating the difference in the transition characteristics from non-activated

particles to fully activated particles between the two types of CPCs. By comparison with laminar flow

CPCs, the sSsMCPC showed a narrower activation transition region and a sharper activation cutoff. This

modeling result indicates that the SMCPC can provide a more efficient activation environment near the

critical activation diameter than a laminar flow CPC, which offers a higher size resolution.

4 Conclusion

An axisymmetric model was developed on the COMSOL platform to investigate the performance of a
MCPC (mixing -type CPC) through the calculation of flow, temperature, and working fluid vapor
concentration fields in the device. With the calculated fields, MATLAB was applied to obtain the
activation efficiency and condensational growth of individual particles in the MCPC, in which the effects
of Kelvin, non-continuum heat-transfer and mass-transfer, and latent-heat release were considered in the
calculation of particle trajectories. Once validated by experimental data, the developed model enables us
to numerically study the performance of a MCPC in general. In this study, we applied the developed
model to study the performance of a specific sMCPC.

Two core performance metrics, i.e., Dy so (the activation size of particles for condensational growth) and
the final size after the condensational growth as the functions of the temperature difference between the
temperatures of cooling/growth tube and saturation vapor temperature, A7, total flowrate (Qg), and the
vapor carrier flow fraction (f), and working fluids were systematically evaluated. The result is
summarized in the following:

(i) Temperature setting. Moderate increase of AT with a low 7t enhances the supersaturation ratio
in the sMCPC, resulting in the reduction of Dj, 5o. Under the condition of 7. =5 °C and 75 =40 °C,
both the peak supersaturation along the sSMCPC axis and activation efficiency of the SMCPC are
superior to those at the condition of 7. = 5 °C and T = 35 °C, resulting in the decrease of Dy 50
from 4.25 nm to 3.55 nm.

(i1) Total Flowrate setting. D, 5o remains unchanged as Q, varied from 0.1 to 0.3 LPM but obviously
increases when Q; increased to 0.4 L min™ (> 3.60 nm). Moreover, the location of the maximal
supersaturation shifts downstream (toward the outlet), indicating that excessively high flowrate
weakens the activation and reduces the effective particle growth path.

(iii) Vapor-carrier flow fraction setting. The increase of f strengthens supersaturation and steepens
the activation curve of the sMCPC. When f increased from 0.80 to 0.95 at O, = 0.3 LPM, Dy 50
decreased from 4.2 nm to 3.4 nm, resulting in the reduction of lower detection limit.

(iv) Working-fluid selection. sMCPC with working fluids of EG, DEG, and DMP exhibited lower
activation thresholds than that with B (with the smallest Dy, 50 = 2.5-2.6 nm for EG). However, the
small activation particle size of the sMCPC did not always guarantee the final particle size for
optical detection. It is found that sMCPC with B as working fluid has the fastest droplet growth
rate (with the final size in micrometers). sMCPC with EG grew the size of particles to ~700 nm.
The final size in the cases with DEG/DMP failed to reach the OPC detection threshold (~ 0.3 pm),

leading to the loss of particle detection efficiency because of the activated-but-undetected” events.

The above findings provide general guidance to specify the temperature settings and selection of, Q,/f,
and working fluids in the sSMCPC design to achieve satisfactory performance for the detection of particle

numbers in ambient aerosol monitoring.
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Table of Nomenclature

c¢: Molecular concentration of the water vapor [mol m]

¢p: Heat capacity of the vapor [J K kg!]

¢y Heat capacity of air [J K! kg™!]

cs: Vapor concentration equal to saturation [J K kg!]

¢g: Fixed vapor concentration on surface [J K! kg!]

D: Molecular diffusion coefficient [m?-s™!]

Dy: The Kelvin diameter[m]

D, s0: Size of particle that has a 50% activation efficiency [m]

Dy etz Size of particle that can be activated according to the Kelvin equation [m]

D,: Diffusivity of the vapor [m? s”']

Dy Particle size [m]

D,y Effective diffusivity [m?-s™]

f: Vapor fraction [1]

F: Generic body-force density [N-m™]

F1: The blending function between k-» and k-¢ models near the wall

g: Gravitational acceleration [m-s 2]
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657  Hyp: Heat of vaporization of vapor [J kg™']

658  I: Nucleation rate [m? s!]

659  K,: Knudsen number [1]

660  k: Turbulent kinetic energy [m?-s2]

661 kg Thermal conductivity of air [W m™ K]

662  ks: Boltzmann constant, 1.38 X 1023 [J K]

663 ke Effective thermal conductivity including molecular and turbulent parts [W-m™-K™]
664 k- Molecular thermal conductivity [W-m™-K™!].

665  N: Concentration of the particles [particles m™]

666  No: Concentration of particles at the inlet of the conditioner [particles m™]
667  m: Molecular mass of working fluid [kg]

668  my: Molecular weight of air [kg mol™]

669  n: Molecular concentration of the vapor [molecules m™]

670  p: the partial pressure of the condensing vapor [Pa]

671 py: the equilibrium vapor pressure at the droplet surface [Pa]

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

673 P Production of Turbulent kinetic energy [Pa-s™]

674  pa: Equilibrium condensing vapor pressure at the surface of the droplet [Pa]
675 Qy: The total flow rate through the sMCPC [L min™]

676 O.: The aerosol flow rate [L min™']

677  Op: The vapor flow rate [L min!]

678 QOva: Volumetric heat source/sink [W-m™]

679 Qturp: Turbulent dissipation term [W-m 3]

680  r: Radial coordinate in the sSMCPC [m]

681 Rae: Maximum radius of the contour corresponding to Dpxe = Dp [m]
6382 S;: Saturation ratio [1]

683 S: Mean strain-rate magnitude [s™']

684 Tc: The temperature setting for sampled aerosol cooling [K]

685  Ts: The temperature setting for working fluid saturation [K]
686 T Droplet surface temperature [K]
687  T:Flow temperature in the sSMCPC [K]

688 AT: Temperature difference between working fluid saturation and sampled aerosol cooling [K]

6389 u: Mean velocity vector [m-s™']
690  vm: Molecular volume of the condensable vapor [m3]
691  w: Velocity along the axial direction in the CPC [m s7!]

692 o Surface tension of the vapor [N m'!]

693 oy Diffusion-related model constant in the k equation [1]

694 o, Diffusion-related model constant in the ® equation [1]

695  #a Activation efficiency [1]

696  y: Correction factor for non-continuum effects in particle condensational growth [1]
697  y: Correction factor for non-continuum effects in particle heat transfer [1]

698  ar: Thermal accommodation coefficient of air [1]

699  p.: Density of vapor [kg m™]

700  pg: Density of air [kg m™]
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701
702
703
704
705
706
707
708
709
710
711
712

A: Mean free path [m]

p: The fluid density [kg m™]

1 Molecular dynamic viscosity [Pa-s]

4 Turbulent viscosity from the SST model [Pa-s]

w: Specific dissipation rate [s!]

Ok, 0, B, ¥, and By: Empirical model constants

Pr;: Turbulent Prandtl number [1]

Sc;: Turbulent Schmidt number [1]

7: Viscous stress tensor [Pa]

[B*: Dissipation-related model constant in the k equation [1]
By: Dissipation-related model constant in the ® equation [1]

y: Production-related model constant in the ® equation [1]
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