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Abstract. The performance of a small mixing-type conden-
sation particle counter (sMCPC) was numerically evaluated.
The modeling calculated the fields of turbulent flow and tem-
perature, and species transport in the particle channel of sM-
CPC, 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 tempera-
ture difference (AT = Ty — T, where T, and T are the tem-
perature setting for working fluid saturation and sampled
aerosol cooling, respectively), total flow rate (Q), and va-
por fraction (f) on the working-fluid-governed supersatura-
tion and particle activation in the SMCPC. It is found that the
supersaturation ratio is increased, and the critical activation
diameter (Dp 50) is lowered by increasing AT'; the excessive
increase of O, reduces the supersaturation ratio and shifts the
ratio peak towards the downstream of carrier flow; both the
supersaturation ratio and the D, 5o-slope are increased by in-
creasing f. Under specific thermal and flow conditions, min-
imum activation diameters obtained in the cases with work-
ing 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 de-
tection limit of typical optical particle counters (OPCs), i.e.,
~ 0.3 ym.

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 am-
plification (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 and Ensor, 2019). CPCs have been exten-
sively applied in atmospheric pollution monitoring, environ-
mental exposure assessment, roadside vehicle emission mon-
itoring 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-
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flow CPCs with n-butanol as working fluid, aerosol parti-
cles first pass through a vapor-saturated chamber containing
hot vapor and then transport to the condensation (or parti-
cle growth) channel at a temperature setting less than that
of the vapor-saturated chamber (Wlasits et al., 2020). A sta-
ble temperature gradient established in the particle growth
channel develops a supersaturated vapor environment, allow-
ing particles to grow larger in sizes (ideally to optically de-
tectable sizes) (Li et al., 2024b). Commercial CPCs, e.g., TSI
CPC model 3025/3076, are capable of detecting particles in
sizes as small as 3nm (or even smaller with a particle am-
plifier, Iida et al., 2009). Water-based CPCs, which exhibit
performance comparable to butanol-based CPCs, have also
been developed. Note that the temperature setting for estab-
lishing 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 perfor-
mance, 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 cham-
ber 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-5nm and increases their sizes to opti-
cally detectable particle size limit (Mavliev, 2002; Kousaka
et al., 1982). Vanhanen et al. (2011) introduced a mixing-
type particle size magnifier that generates high supersatura-
tion in a short channel by combining heated saturated va-
por 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 facil-
itates fast establishment of supersaturation conditions re-
quired 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 and De La Mora,
2003). The above features make MCPCs good candidates for
applications requiring mobile particle monitoring.

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
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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 influ-
ences the particle activation in CPCs. Hao et al. (2021) mod-
eled a laminar-flow CPC and identified an operational con-
dition optimizing the activation efficiency of sub-3 nm ul-
trafine particles. However, most previous modeling studies
have focused on laminar-flow CPCs, while studies specifi-
cally addressing the performance of mixing-type CPCs re-
main limited. A related work is on mixed-flow particle mag-
nifiers (Fisenko et al., 2007). In the work, vapor condensa-
tion and heterogeneous droplet growth were analyzed, high-
lighting the roles of mixing, supersaturation formation, and
transport processes in the determination of instrument per-
formance

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 op-
erational parameters, including the temperature setting, flow
velocity, flowrate ratio, and working fluid type, on the su-
persaturation establishment and particle activation efficiency
were quantitatively evaluated. Under consideration of the ef-
fects of the Kelvin, non-continuum heat-transfer corrections,
and latent heat, the condensational growth of particles in sM-
CPC with different working fluids was computed in MAT-
LAB. The result obtained in this modeling provides a solid
foundation for the design and optimization of sMCPC.

2 Material and Methods

COMSOL was applied to calculate both the flow and tem-
perature fields, and vapor transport in sSMCPC designed in the
axisymmetric configuration. Shown in Fig. 1 is the schematic
diagram of the model sSMCPC. The governing equations used
to calculate the flow and temperature fields, vapor distribu-
tion and particle growth in the sSMCPC are described in this
section.

In this study, the total inlet flow rate to the SMCPC is
denoted as Qg, which is separated into two streams: a por-
tion of total inlet flow is used as vapor carrier flow, Qp
(vapor carrier flow Qp = 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,
Qa = Qg x(1— f), which carries aerosol particles to the mix-
ing chamber.
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Figure 1. Schematic diagram of the model sMCPC and its 3D solid
model for this study.

2.1 Problem Formulation
2.1.1 Governing Equations for Particle Growth

Both the supersaturation ratio and Kelvin diameter play cru-
cial roles in the nucleation and size enlargement of particles.
In a supersaturated vapor environment, vapor molecules con-
dense onto the surface of particles, resulting in their size en-
largement. Supersaturation ratio is the key factor governing
the saturation rate (S;), defined as the ratio of the partial pres-
sure of the condensing vapor (p) to the saturated vapor pres-
sure (ps) at the flow temperature (7'):

s=L (1)

Ps
For the condensation growth of particles, the Kelvin diame-
ter Dy defines as the smallest particle size that can be acti-
vated to start the growth of particles under a specific super-
saturation 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,

40 vy
Dp,kel = m (2)
where o is the liquid’s surface tension, vy, its molecular vol-
ume, ky the Boltzmann constant, T the absolute temperature.
To quantify the particle activation of a CPC, the activation
efficiency (1,ct) was introduced as a key performance met-
ric, defined as the ratio of particles which are successfully
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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:

S 2 rw(r)N (r)dr
QaNO

where r is the radial coordinate, w(r) is the axial velocity
profile, and N(r) is the local number concentration of ac-
tivated particles with the radius . Q, denotes the sampled
aerosol flowrate; Ny is the number concentration of sampled
particles; and R, represents the maximal radius of the acti-
vation 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 Dj ke was then
calculated using Eq. (2). The activation region for the particle
growth was identified as the region, defined by the outermost
radius, Ry, 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 ac-
tivated 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 (), is used in Eq. (3).

While the supersaturation ratio is the key driver for con-
densation growth of particles in a CPC, excessively high su-
persaturation levels may increase the chance of new parti-
cle 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 quanti-
tatively 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 nu-
cleated particles to less than one particle per second, the
maximal supersaturation avoiding the homogeneous nucle-
ation can be determined. This provides a basis for determin-
ing the optimal CPC temperature in the modeling (Iida et al.,
2009). The nucleation rate / can be calculated by (Friedlan-
der, 2000)

2
2 3
I =2x Ll X (nv%) X I Ym
QrmkyT)? ke T
3

o |:_ 1670302 } @
P 3(kyT)?(In S)?

3)

Nact =

where m is the molecular mass of working fluid and n is the
molecular concentration of the condensing vapor. [ is the lo-
cal homogeneous nucleation rate to evaluate the risk of ho-
mogeneous nucleation under different temperature settings.
Note that the homogeneous nucleation analysis in this mod-
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eling is used as the reference for the selection of the temper-
ature setting for SMCPC operation, not to accurately predict
the nucleation rate.

Once particles are activated in a vapor-supersaturated en-
vironment, their subsequent condensational 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 coa-
lescence and curvature-dependent effects beyond the Kelvin
correction, the temporal growth of particle diameter D, can
be estimated by:

de _ 4Dyvmx (p — pa)
dr kT Dp

&)

where Dy, is the diffusion coefficient of the condensing va-
por in air, vy is the molecular volume of the condensable
vapor, x is the Fuchs—Sutugin correction factor accounting
for non-continuum effects, p is the condensing vapor pres-
sure away from the droplet surface, and pgq is the equilibrium
vapor pressure at the droplet surface. The value of pq is com-
puted as a function of the droplet surface temperature Ty:

dovm ©)
kpTaDp

pd = ps (Ta) exp (

as proposed by Butt et al. (2003), incorporating the Kelvin
effect for curved interfaces. The correction factor y depends
on the Knudsen number (Kn = 21/ D) and is given by (Hegg
and Larson, 1990):

_ 1+ Kn
14+ 1.71Kn+ 1.33Kn?

X @)
To account for heat transfer during condensational growth,
the droplet surface temperature (7y) is introduced herein and
calculated together with the particle growth (Eq. 5). Because
the latent heat is released during vapor condensation and ex-
changed between the droplet surface and the surrounding gas
(T), the droplet surface temperature, Ty, would not be equal
to the local gas temperature (away from the droplet surface).
The evolution of Ty is therefore described by an energy con-
servation equation that considers both the latent heat of con-
densation and conductive heat transfer between the droplet
and the surrounding gas:

Ty 3 < dD, ®

(Ta=T)xn
Vap? _4kg—

dt ~ c,pyDp D,

where ¢, is the specific heat capacity of the droplet, py is
the droplet density, Hy,p is the latent heat of vaporization,
and k; is the thermal conductivity of the surrounding gas. xn
corrects for the non-continuum effects in heat-transfer, cal-
culated as

-1
L s <2nmg)% .
Xh =
arDppgcp o \ kT
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where myg, pg, and cp, ¢ are the molecular weight, density, and
heat capacity of air, respectively. ot is the thermal accommo-
dation coefficient and assumed to be unity for simplicity (Se-
infeld and Pandis, 2016). Equation (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 equations require the temperature and vapor
fields of working fluids in the flow channel of sMCPC for the
calculation of particle activation and condensational growth.
An axisymmetric COMSOL model was therefore used to ob-
tain the steady-state velocity, temperature, and vapor fields in
the mixing chamber and growth tube of the sMCPC. Once
calculated by COMSOL Multiphysics, the filed data was
transferred to MATLAB for calculating the particle activa-
tion and growth. Local temperature and vapor partial pres-
sure were obtained from these fields at each time step for the
particle trajectory and growth calculation.

The vapor diffusion coefficient and the non-continuum
mass- and heat-transfer corrections were then evaluated, and
Egs. (5)—(9) were solved simultaneously to update the par-
ticle diameter and droplet temperature. Instead of releasing
and tracking an ensemble of individual particles, the parti-
cle population at the inlet was represented by a continuous
radial distribution. The calculated activation boundary was
subsequently combined with the local particle number flux,
w(r)N (r), and the counting efficiency was obtained through
the flux-weighted integration given in Eq. (3).

Note that the particle Brownian diffusion in the convective
direction was neglected when calculating the advective trans-
port paths. The above assumption was assessed by compar-
ing the characteristic diffusion velocity, Ugisf = Dp/L, with
the axial advective velocity U. Over the investigated particle-
size range (< 100nm) and operating conditions, Ugir/ U <
107%, indicating that particle transport is dominated by ad-
vection. Moreover, the particle-laden flow entering the mix-
ing chamber (along the centerline) is immediately exposed
to the vapor-rich flow (introduced through a series of small
holes arranged annularly), thereby keeping particles away
from the near-wall region. The effect of particle Brownian
diffusion along the transport paths was considered to be lim-
ited.

The present modeling is partially coupled: only the flow,
temperature and vapor fields were solved by COMSOL in a
coupled manner, whereas the COMSOL-resolved fields were
not updated due to the vapor consumption and latent heat re-
lease during the calculation of particle transport and growth.
This is because low concentration of particles are considered
in our study. Under the above assumption, the particle mo-
mentum loading and condensation-induced source terms are
expected to have minor effect on the macroscopic flow, tem-
perature, and vapor fields.

Note that the use of MATLAB for the particle-growth cal-
culation is because it effectively enables the coupling of par-
ticle equations and size-dependent correction factors (i.e.,

https://doi.org/10.5194/amt-19-5815-2026
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particle diameter, droplet temperature, Kelvin correction, va-
por diffusion properties, and non-continuum correction fac-
tors) as well as field data interpolation during the repetitive
calculation of activation-efficiency (compared to performing
the same calculation in COMSOL).

2.1.2 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—w model for turbulent flow, energy equation for heat trans-
fer, and dilute species transport equations for vapor distribu-
tion. These equations were solved by COMSOL in a coupled
manner to obtain the velocity, temperature, and vapor con-
centration fields.

The SST (Shear Stress Transport) turbulent flow model
combines the advantages of both the k—w model (providing
improved accuracy near walls and in boundary layers) and
the k—e 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 tur-
bulent 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 es-
sential for the calculation of vapor transport and supersatura-
tion distribution. The governing equations for mass and mo-
mentum conservation under the Reynolds-Averaged Navier—
Stokes (RANS) framework are expressed as:

pV-u=0 (10)
p-Vyu==Vp+V-[(u+p) (Vu+va)]
+ g an

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 cham-
ber.

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 k, and one for
the specific dissipation rate w:

p(u-V)k =V - [(u+0xpne) VA + P — B* pkeo (12)
p (- V)=V - [(lt+0pm) Vol + MlpP — pPow?
t

POw2
w

+2(1—Fy)

Vk- Vo (13)

where Py = S 2 is the turbulence production term, S is the
mean strain-rate magnitude, and u; = pk/w is the eddy vis-
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cosity. Fj is the blending function of the SST model. The
parameters ok, 0, ¥, and By are calculated as

¢p=Figr+0-F)g (14)

while B* is a constant. The default COMSOL values used
in this study are oy1 = 0.85, o2 = 1.00, 0,1 = 0.50, 0,0 =
0.856, y1 =5/9, y2 = 0.44, Bo1 = 0.075, Bp2 = 0.0828, and
B* =0.09.

The temperature distribution in the mixing chamber signif-
icantly 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 - (kettVT) + Qva 5)

where p is the fluid density, ¢, is the specific heat ca-
pacity at constant pressure, 7 is the absolute temperature,
ket =k + C;’,—Z‘ is the effective thermal conductivity, incorpo-
rating both molecular and turbulent heat conduction, Qvg =
T : Vu + gub accounts for viscous and turbulent dissipation.
The inclusion of turbulent thermal diffusivity via the turbu-
lent viscosity u is crucial for capturing enhanced convective
heat transport in the mixing chamber.

The transport of the working fluid vapor is modeled us-
ing the dilute species transport equation, which governs the
convection and diffusion of vapor molecules:

u-Ve= Deg- Vic (16)

where c is the vapor molar concentration, Degr = D + ﬁ is
the effective diffusivity, Sc is the turbulent Schmidt number.

2.1.3 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 sM-
CPC. The computational domain for modeling the sMCPC
is shown in Fig. 2. The no-slip and specific temperature con-
ditions (i.e., either saturator temperature T, or cooling tem-
perature 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 c; at the
inlet and to ¢, on the walls of the growth tube. From the oper-
ation viewpoint, the temperature setting for the working fluid
vapor and the growth tube determines the achievable super-
saturation 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 ef-
fects on hygroscopic particle growth. Detailed boundary con-
ditions are summarized in Table 1 for reference.

2.2 Computational Domain and Its Meshing

Figure 2 shows the used computational domain including the
aerosol inlet, saturated vapor inlet, turbulent mixing zone,
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Figure 2. Computational domain for modeling the sMCPC performance and a typical distribution of the equilibrium Kelvin-diameter.

Table 1. Boundary conditions used in the modeling of a sMCPC.

Region/Surface Condition Description Parameter(s)  Value

Inlet Fully developed flow; Q¢ 0.1~04)L min~!
parabolic velocity profile f 0.8-0.95

All solid walls No-slip condition - -

Saturator walls Fixed high temperature (saturation zone) T (35-50)°C

Cooling and Growth  Fixed low temperature (cooling zone) T (5-15)°C

tube walls

Vapor stream inlet Saturation vapor concentration at T Cs C\S,at(Ts)

Growth tube walls Saturation vapor concentration at 7¢ Ccg C\S,at(Tc)

Outlet
(as applicable)

Reference zero pressure, convective flux - -

particle growth tube, and outlet. The overall length of the do-
main is approximately 75 mm and an inner diameter of 4 mm.
The mixing and growth tubes are 4 and 55 mm in length, re-
spectively.

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™ = ’O'Zy, y is the distance
from the wall, u, is friction velocity, p is density and u 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 24 366 elements were used in the compu-
tational domain, with average element quality greater than
0.98 and a maximum mesh aspect ratio less than 10 (shown
in Fig. 3).

To ensure the mesh independence of calculation results,
a mesh sensitivity analysis was conducted by comparing

Atmos. Meas. Tech., 19, 5815-5829, 2026

the axial temperature profiles obtained using medium and
fine meshes. As shown in Fig. 4, the temperature dis-
tributions along the centerline (r =0) and near the wall
(r = 1 mm) show excellent agreement between the two mesh-
ing schemes. The fine-meshed results closely overlap the
medium-meshed results, with negligible deviation through-
out the domain, including regions with steep thermal gradi-
ents in the region where two streams are first encountered.
The above comparison confirms that the medium meshing
offers sufficient resolution to capture the key features of tem-
perature. Medium meshing was therefore adopted for all sub-
sequent modeling to save computational time.

2.3 Model Validation

To validate the modeling of the sMCPC, supplementary ex-
periment measuring the temperature profile along the axis
of the sSMCPC was conducted by inserting a thermocouple
probe into the growth tube from its outlet. The probe was
moved step by step along the axial direction to measure

https://doi.org/10.5194/amt-19-5815-2026
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Figure 3. Computational domain for modeling the SMCPC performance and a typical mesh layout near walls and in the mixing/growth
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Figure 4. Comparison of axial temperature profiles along the cen-
terline of the sSMCPC (calculated using medium and fine meshes).

the temperature at different locations along the tube axis.
Under the operational conditions (7. =10°C, T, =40°C,
0,=03 Lmin~!, f£=0.9), the axial temperature distribu-
tion along the centerline of the particle growth region was
measured and compared with the calculated result. As shown
in Fig. 5, reasonable agreement between the experimental
and calculated temperature profiles along the MCPC center-
line was observed (R%=0.927). Overall, the modeling re-
produces the temperature gradient and its spatial distribution.
Minor discrepancies between two results could be attributed
to the slight misalignment of measurement locations with the
centerline when probing the thermocouples into the sMCPC.

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
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Figure 5. Comparison of measured and calculated axial temperature
profile pf the sMCPC.

key factors influencing the performance of the SMCPC. The
maximal supersaturation threshold to prevent working fluid
vapor from homogeneous nucleation in the sMCPC is cal-
culated using Eq. (4). Accordingly, the temperature setting
for satuation vapor, Ty, is 35, 40, 45, and 50 °C; and the set-
ting for both cooling section and growth tube, T, is 5, 10,
and 15 °C, when using n-butanol as the working fluid. Fig-
ure 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 sSMCPC axis. The increase of S, was
pronounced between z =20 mm and z =60 mm, peaked at
z=~65mm for all the studied temperature settings. Note
that, although the setting with the largest temperature dif-
ference (i.e., Tc =15 °C, T3 =50°C) resulted in the highest
thermal peak, its maximal supersaturation was actually lower
than that observed in the setting of 7, =5°C, T, =40°C.
For the cases with the same temperature difference (AT =
35 °C), increasing both Ty and T leads to a reduction in the
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Figure 6. Temperature distribution (a) and Supersaturation ratio distribution (b) along the axis of the sSMCPC under different temperature

settings for 7¢ and Ts.

maximum supersaturation. This is because, although the lo-
cal vapor pressure p was increased by increasing the tem-
perature setting, it significantly increased the saturation va-
por ps(T) at the same time. The increase in ps(7T) out-
weighs the increase in p, resulting in the decrease of super-
saturation ratio. The calculated result indicates that Sy 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 T, = 50 °C, suggesting that simultaneous increase in both
T; and T actually limits the achievable max. supersaturation
in the SMCPC. Moreover, under minimal temperature differ-
entials (e.g., Tc =5°C, Ty =35°C), the rate of increase in
the supersaturation ratio was significantly low, and peaked at
a relatively low value (compared with other settings), indi-
cating weak driving force for the activation of ultrafine parti-
cles 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 sSMCPC involves convective mixing processes, which
is different from that in laminar CPCs.

Figure 7 shows the calculated activation efficiency for ul-
trafine particles in the sMCPC under different temperature
settings. Under the condition of Ty =40°C and T =5 °C,
the particle diameter corresponding to 50 % activation effi-
ciency (Dp 50) is ~ 3.55 nm. In contrast, under the setting of
Ts=35°C and T, =5 °C, this value increased to ~4.25 nm,
indicating a notable difference in the activation performance
between two temperature settings.

The above result further confirms that the temperature dif-
ference 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 T3 =35°C and T =5°C to T;,=40°C and 7, =5°C,
the activation region for particles in the same size was en-
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Figure 7. Effect of temperature settings (7¢ and T) on the calcu-
lated activation efficiency and critical activation diameter of parti-
cles in sMCPC.

larged. The above indicates that not only does a large tem-
perature difference promote the formation of a high super-
saturation 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; Barm-
pounis et al., 2017). Based on this finding, the condition
of Ty=40°C and T, =5 °C was selected for the subsequent
simulations.

3.2 Effect of total flowrate
Figure 9 shows the effect of total flowrate, Qg, on the tem-
perature, saturation ratio, and activation efficiency of the sM-

CPC under a fixed vapor flow fraction of f =0.9. As shown
in the temperature profiles (Fig. 9a), the increase Q from 0.1
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Figure 8. Comparison of activation regions for particles with the
same diameter in the sMCPC under different temperature settings.

to 0.4Lmin~! 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 resi-
dence time for mixing saturated vapor and cool air in the sM-
CPC 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, sMCPC can rapidly
establish a high supersaturation environment over a short
axial distance. However, when Qg increases from 0.1 to
0.3Lmin~!, 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 par-
ticles in the cooling sectioin is significant (Balendra et al.,
2023). In the consideration of both activation performance
and diffusion losse, 0.3 L min~! is thus selected as the oper-
ational total flow rate for the SsMCPC.

Furthermore, the activation efficiency curves (Fig. 9c)
reveal that the D, 50 remains approximately 3.55nm for
Q. between 0.1 and 0.3Lmin~!. When Q, increases to
0.4Lmin~!, Dy 50 increased to above 3.60nm, indicating
that excessively high total flow rates hinder the effective ac-
tivation of sub-4 nm particles.

Figure 10 shows the effect of f (the fraction of total
flowrate used as the vapor carrier flowrate) on the temper-
ature, supersaturation ratio, and activation efficiency of the
sMCPC, at a fixed total flowrate of 0, =0.3L min—!. From
Fig. 10a, it is evident that the increase of f resulted 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 concen-
tration but also enhance the mixing efficiency between hot
vapor and cooled aerosol-laden air.

https://doi.org/10.5194/amt-19-5815-2026

As shown in Fig. 10c, the effect of f on activation ef-
ficiency is dramatically pronounced. When the vapor car-
rier flowrate ratio, f, increases from 0.80 to 0.95 under a
fixed total flow rate (Qg =0.3Lmin""), the Dy 50 signifi-
cantly decreased from ~4.2 to ~3.4nm. This observation
clearly demonstrates that a high vapor carrier flow fraction
substantially enhances the sSMCPC'’s sensitivity for ultrafine
particles. Moreover, the steepness of the corresponding acti-
vation 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 go-
ing through gradual transition. Not only does the increase of
the vapor carrier flowrate boost the working fluid vapor con-
centration 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 ten-
sion on the Dy, 50 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
(Qg=03 Lmin~!, f=0.95,T.=5°Cand Ty = 40 °C), ac-
tivation efficiency—diameter curves for four working fluids
exhibit pronounced difference in their critical activation di-
ameters (Fig. 11). EG exhibited the smallest critical di-
ameter (Dp 50 ~ 2.5-2.6 nm), followed by DEG and DMP
(Dp,50 7~ 2.9-3.0nm), while B showed the largest diameter
(Dp,50 ~ 3.3-3.4nm). The steep transition near Dy, 50 in the
cases with EG/DEG/DMP indicates sharp discrimination be-
tween non-activated and fully activated particles. Mechanis-
tically, 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 supersatu-
ration ratio sustained in the sMCPC. Working fluids capable
of producing high and stable supersaturation level can effec-
tively 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.

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 mi-
crometers in the case with n-butanol (B); ~ 700 nm in the
case with EG; 200-300 nm in the case with DEG. The fi-
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Figure 11. Caluclated activation efficiency for the four working flu-
ids (B, DEG, EG and DMP).

nal size was the smallest in the case of DMP. Therefore, in
the sSMCPC 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
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Figure 12. Growth of the particle size as a function of distance
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ids (B, DEG, EG and DMP).

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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Figure 13. Comparison of the caluclated activation efficiency
curves of the SMCPC and laminar flow CPC.

3.4 Comparison of y,c¢ between the sSMCPC and
laminar flow CPC

As shown in Fig. 13, the activation efficiency curves of the
sMCPC were compared with the laminar flow CPC data, re-
ported by Hao et al. (2021) (as a function of Dp/Dp 50).
The sMCPC activation curves exhibited steeper change in the
vicinity of D,/ Dy 50 ~ 1 than the laminar-flow CPC curves,
indicating that the activation of particle growth in laminar
flow CPCs occurred over a wider size range compared to
that of SMCPC and demonstrating the difference in the tran-
sition characteristics from non-activated particles to fully ac-
tivated particles between the two types of CPCs. By compari-
son with laminar flow CPCs, the SMCPC showed a narrower
activation transition region and a sharper activation cutoff.
This modeling result indicates that the sSMCPC can provide a
more efficient activation environment near the critical activa-
tion 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 (mix-
ing -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 indi-
vidual 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 devel-
oped model enables us to numerically study the performance

https://doi.org/10.5194/amt-19-5815-2026

of a MCPC in general. In this study, we applied the devel-
oped model to study the performance of a specific sSMCPC.

Two core performance metrics, i.e., Dp 50 (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 cool-
ing/growth tube and saturation vapor temperature, A7, total
flowrate (Q,), 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 T¢ enhances the supersaturation ratio in the sMCPC,
resulting in the reduction of Dp 50. Under the condition
of T,=5°C and T, =40 °C, both the peak supersatu-
ration along the SMCPC axis and activation efficiency
of the SsMCPC are superior to those at the condition of
T.=5°C and T; =35 °C, resulting in the decrease of
Dy, 50 from 4.25 to 3.55 nm.

ii. Total Flowrate setting. Dp 50 remains unchanged as Qg
varied from 0.1 to 0.3 Lmin~! but obviously increases
when Q, increased to 0.4Lmin~! (> 3.60 nm). More-
over, the location of the maximal supersaturation shifts
downstream (toward the outlet), indicating that exces-
sively 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
0.95at 9;=0.3 Lmin', Dy, 50 decreased from 4.2 to
3.4nm, resulting in the reduction of lower detection
limit.

iv. Working-fluid selection. sSMCPC with working fluids of
EG, DEG, and DMP exhibited lower activation thresh-
olds than that with B (with the smallest Dy 50 =2.5-
2.6 nm for EG). However, the small activation particle
size of the sSMCPC did not always guarantee the final
particle size for optical detection. It is found that sM-
CPC with B as working fluid has the fastest droplet
growth rate (with the final size in micrometers). sSMCPC
with EG grew the size of particles to ~ 700 nm. The fi-
nal size in the cases with DEG/DMP failed to reach the
OPC detection threshold (~ 0.3 um), 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 work-
ing fluids in the SMCPC design to achieve satisfactory per-
formance for the detection of particle numbers in ambient
aerosol monitoring.
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Appendix A: Nomenclature

c
Cp

Cp.g
Cs

Cg

keff

de

turb

Ract

Nen

1y

AT

Molecular concentration of the water vapor [mol m~3]

Heat capacity of the vapor [J K~ kg™!]

Heat capacity of air [J K~ kg™']

Vapor concentration equal to saturation [J K~ ! kg~!]

Fixed vapor concentration on surface [J K~!kg™!]

Molecular diffusion coefficient [m?s~—!]

Brownian diffusion coefficient of the particle[m2 s

The Kelvin diameter [m]

Size of particle that has a 50 % activation efficiency [m]

Size of particle that can be activated according to the Kelvin equation [m]
Diffusivity of the vapor [m2s~ 1]

Particle size [m]

Effective diffusivity [m*>s~!]

Vapor fraction [1]

Generic body-force density [N m~3]

The blending function between k—w and k—e models near the wall
Gravitational acceleration [m s~2]

Heat of vaporization of vapor [Jkg™!]

Nucleation rate [m3 s™1]
Knudsen number [1]
Turbulent kinetic energy [m” s~
Thermal conductivity of air [Wm~! K~1]

Boltzmann constant, 1.38 x 10~23 [JK

Effective thermal conductivity including molecular and turbulent parts [Wm~! K~!]
Molecular thermal conductivity [W m~ K1

Concentration of the particles [particles m ™3]

Concentration of particles at the inlet of the conditioner [particles m—3]
Characteristic particle transport length [m]

Molecular mass of working fluid [kg]

Molecular weight of air [kg mol~']

Molecular concentration of the vapor [molec. m™3 1

the partial pressure of the condensing vapor [Pa]

the equilibrium vapor pressure at the droplet surface [Pa]

Saturation vapor pressure of the vapor [Pa]

Production of Turbulent kinetic energy [Pas™']

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

The total flow rate through the sMCPC [L min—!]

The aerosol flow rate [L min~!]

The vapor flow rate [L min—!]

Volumetric heat source/sink [W m—3]

Turbulent dissipation term [W m~3]

Radial coordinate in the SMCPC [m]

Maximum radius of the contour corresponding to Dy ke] = Dp [m]

Saturation ratio [1]

Mean strain-rate magnitude [s™1

The temperature setting for sampled aerosol cooling [K]

The temperature setting for working fluid saturation [K]

Droplet surface temperature [K]

Flow temperature in the sSMCPC [K]

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

?]
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u Mean velocity vector [m s

Udite Characteristic diffusion velocity of the particle [m s

U Characteristic axial advective velocity of the carrier gas [ms™!]
Um Molecular volume of the condensable vapor [m?]

w Velocity along the axial direction in the CPC [ms™']

o Surface tension of the vapor [N m~!]

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

o Diffusion-related model constant in the @ equation [1]

Nact Activation efficiency [1]

X Correction factor for non-continuum effects in particle condensational growth [1]
Xh Correction factor for non-continuum effects in particle heat transfer [1]
oT Thermal accommodation coefficient of air [1]

Ov Density of vapor [kgm™]

Pg Density of air [kgm™>]

A Mean free path [m]

0 The fluid density [kg m ™3]

u Molecular dynamic viscosity [Pas]

e Turbulent viscosity from the SST model [Pas]

w Specific dissipation rate [s~!]

Ok, 0w, B*, v, and By  Empirical model constants

Pry Turbulent Prandtl number [1]

Sct Turbulent Schmidt number [1]

T Viscous stress tensor [Pa]

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

Bo Dissipation-related model constant in the w equation [1]

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