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ABSTRACT
Combustion is one of the major contributors to air pollution and Condensation Particle
Counters (CPCs) provide effective monitoring of atmospheric aerosols since they can detect
both charged and neutral materials in low number concentrations. The detection efficiency
of any CPC for materials smaller than 5 nm requires ad-hoc calibrations because it is affected
by the analyte’s size, shape, charge state, composition, and wettability by the condensing
fluid. This study characterizes a Water-based CPC (WCPC) prototype for the detection of the
naturally charged carbonaceous products of an incipiently sooting laminar premixed flame.
The WCPC can activate condensation growth and (50% efficient) detection of hydrophobic
flame-formed carbonaceous materials naturally charged in positive and negative polarities
with mobility diameters as small as 4.3 nm and 4.8 nm, respectively. The addition of a simple
Di-Ethylene Glycol (DEG) saturator inlet enhances the 50% detection cutoff to mobility diam-
eters as small as 1.8 nm or 1.6 nm for materials charged in positive or negative polarity,
respectively. The coupling of the DEG saturator inlet to the WCPC creates a new DEG-WCPC
instrument able to detect efficiently both hydrophobic and hydrophilic sub-5nm aerosols
with a marginal increase in manufacturing cost (<10%), dimensions, and weight (<0.25 kg).
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1. Introduction

Air pollution by aerosols is one of the major environ-
mental concerns in recent years (Manisalidis et al.
2020), and its monitoring, control, and regulation are
the main inspiration for the improvement of particle
counting/detecting technologies (Hinds 1999;
Kulkarni, Baron, and Willeke 2011). Among atmos-
pheric aerosols, nanosized combustion-generated
materials are prevalent in urban areas (R€onkk€o and
Timonen 2019), influence climate change
(Schraufnagel 2020), and are the most worrisome

from the perspective of their health effects, given the
enhancement in toxicity reported for particles of
increasingly smaller sizes (Lighty, Veranth, and
Sarofim 2000; Oberd€orster, Oberd€orster, and
Oberd€orster 2005; Nel et al. 2006; Pedata et al. 2015;
Hewitt, Chappell, and Powell 2020; Moreno-R�ıos,
Tejeda-Ben�ıtez, and Bustillo-Lecompte 2022). As a
result, there is a need for developing instruments able
to detect ever-smaller combustion-generated materials
at ever-lower concentration levels not only to study
the mechanisms of soot nucleation in flames (Smyth
et al. 1985; Basile et al. 2002; Bockhorn, D’Anna, and
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Sarofim 2009; D’Anna 2009; Wang 2011; Carbone,
Attoui, and Gomez 2016; Carbone, Gleason, and
Gomez 2017; Carbone, Moslih, and Gomez 2017;
Carbone et al. 2019, 2021; Johansson et al. 2018;
Commodo et al. 2019; Schulz et al. 2019; Rundel et al.
2022) but also to monitor their fate in the
atmosphere.

From the perspective of measuring aerosols smaller
than 10 nm, Condensation Particle Counters (CPCs)
benefit from several features compared to other diag-
nostics. They are relatively affordable to purchase and
operate, are lightweight and small, and have modest
electric power consumption so that they are easily and
broadly usable for field and altitude studies (e.g.,
McMurry 2000; Cheng 2011; Kangasluoma and Attoui
2019). They benefit from high sensitivity and large
dynamic range being able to detect particle concentra-
tions from a few cm�3 to more than 105 cm�3 (Lewis
and Hering 2013; Avula et al. 2021). Most impor-
tantly, CPCs enable the detection of both charged and
uncharged materials (Seto et al. 1997; Winkler et al.
2008) with sizes above a threshold value settable upon
adjusting the operating parameters. Therefore, CPCs
can be used also for aerosol sizing (Sipil€a et al. 2008;
Barmpounis et al. 2018; Picard, Attoui, and Sellegri
2019) or fundamental condensation studies (Riipinen
et al. 2009; Kuldinow et al. 2022; Attoui et al. 2023).

In a CPC, a working fluid is vaporized and dis-
persed in the aerosol to be analyzed while temperature
conditioning of the flow is implemented to achieve
supersaturation so that a fraction of the particles can
grow via condensation to sizes large enough for
counting them via laser light scattering (McMurry
2000; Gamero-Casta~no and Fernandez de La Mora
2000; Sgro and Fernandez de la Mora 2004; Cheng
2011; Jiang et al. 2011; Kuang et al. 2012; Vanhanen
et al. 2011; Kangasluoma et al. 2014; Lehtipalo et al.
2014; Hering et al. 2017; Attoui 2018; Wlasits et al.
2020). In laminar flow CPCs, as the one investigated
herein, the dispersion of the condensing vapor and
the achievement of supersaturation are implemented
via the diffusive transport of species and heat.
Alternatively, turbulent mixing CPCs have been used
somewhat more broadly for the detection of sub-3nm
aerosols (Gamero-Casta~no and Fernandez de La Mora
2000; Sgro and Fernandez de la Mora 2004; Vanhanen
et al. 2011; Kangasluoma et al. 2014; Lehtipalo et al.
2014).

Regardless of how supersaturation is achieved, con-
densation growth is activated without an energy bar-
rier on condensation nuclei larger than a critical size,
primarily because of the Kelvin effect (Friedlander

2000; Hinds 1999; Seinfeld and Pandis 2016). The crit-
ical size is influenced also by the condensation nuclei’s
charge (Thomson 1903; Seto et al. 1997; Winkler et al.
2008), shape, and wettability by the condensing fluid
(Fletcher 1958; Fernandez de la Mora 2011; Wlasits
et al. 2020; Kuldinow et al. 2022). As a result, the
detection efficiency of a CPC (i.e., the fraction of the
condensation nuclei being counted) as a function of
size and charge state is related not only to the CPC’s
specific design but also to the properties of the analy-
tes and the working fluid (Kangasluoma and Attoui
2019; Kuang et al. 2012; Wlasits et al. 2020). Although
isopropanol has widespread applications (TSI 2023),
the working fluids used most commonly in CPCs able
to detect sub-10nm aerosols are n-butanol (Iida,
Stolzenburg, and McMurry 2009; Brilke et al. 2020;
Sharma et al. 2021) and water (Hering and
Stolzenburg 2005; Iida et al. 2008). In theory, Water-
based CPCs (WCPCs) can detect extremely small
materials thanks to the high surface tension of water,
but their detection efficiency is more sensitive to the
analyte composition and charge state (Hering et al.
2017) compared to that of n-butanol-based ones
(Attoui 2018; Sharma et al. 2021). Indeed, most aero-
sols abundant in urban areas, including carbonaceous
ones, are more wettable by alcohols than water. The
use of bio-compatible water is also advisable com-
pared to n-butanol because the grown nuclei can be
collected directly and concentrated for ensuing toxico-
logical studies (Eiguren-Fernandez, Kreisberg, and
Hering 2017). The technical advantages and short-
comings of a broad variety of condensing fluids have
been considered in the literature (Iida, Stolzenburg,
and McMurry 2009) but the development of devices
has been limited only to a few options. A literature
review of many nontoxic fluids other than water (Iida,
Stolzenburg, and McMurry 2009) pointed to
Diethylene glycol (DEG) as one of the best fluids to
activate the condensation growth of the smallest clus-
ters. As a drawback, DEG condensation may be sensi-
tive to the analyte composition (i.e., its wettability by
DEG) and, importantly in the context of this study,
only grows the droplets to about 100 nm (Winkler
et al. 2008; Vanhanen et al. 2011; Lehtipalo et al.
2014; Ahonen et al. 2017), which is too small for easy
optical counting. Typically DEG-based devices are fol-
lowed by a second conventional n-Butanol CPC to
grow the smallest clusters to detectable sizes (Kuang
et al. 2012; Vanhanen et al. 2011; Lehtipalo et al.
2014; Hering et al. 2017; Ahonen et al. 2017; Attoui
2018; Kangasluoma and Attoui 2019).
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Lastly, diffusion losses which occur before the conden-
sation nuclei grow large enough to hinder their Brownian
motion, also influence the CPCs’ detection efficiency. As
a result, the detection efficiency of a specific CPC design
for several values of its operating parameters is difficult
to be predicted from first principles and requires (charge
state- and material-dependent) ad-hoc calibrations.

The first version of a WCPC introduced by Hering
and Stolzenburg (2005) consists of two temperature-con-
trolled tubular stages of a growth tube with water-wetted
wick walls. A laminar aerosol flow is cooled in the first
(conditioner) stage and heated and humidified in the
second (initiator) stage. Supersaturation is established in
the initiator because the gas mixture thermal diffusivity is
smaller than the molecular diffusivity of water (i.e., the
water vapor Lewis number is smaller than 1). Recently,
Hering, Spielman, and Lewis (2014) and Hering et al.
(2019) improved the two-stage design by adding a third
cold “moderator” stage. The moderator lowers the tem-
perature and dew point of the flow exiting the growth
tube while sustaining its supersaturation. As a result, it
minimizes water consumption, while avoiding both over-
heating and water condensation in the optical counter
and subsequent flow path. Importantly, the moderator
enables the use of temperature differences between the
conditioner and the initiator as high as 99 �C (i.e., the
highest achievable supersaturations) to activate the growth
of the smallest possible condensation nuclei.

As mentioned above, the detection efficiency of any
CPC needs to be calibrated for specific materials and
WCPCs have not been characterized for the detection of
the smallest flame-formed carbonaceous materials. This
study aims at characterizing the detection efficiency of a
WCPC prototype (ADI-2021-1, Aerosol Dynamics Inc.),
operated under several operating conditions, for diluted
aerosols extracted directly from an incipiently sooting
premixed flame of ethylene/air that has been extensively
characterized in the literature (Carbone, Attoui, and
Gomez 2016; Carbone, Gleason, and Gomez 2017;
Carbone, Moslih, and Gomez 2017; Carbone et al. 2019,
2021). Additionally, calibrations have been performed
also upon installing a simple DEG saturator inlet consist-
ing of a tubular DEG wetted wick whose operation con-
cept is somewhat similar to that described by Flagan,
Kaufman, and Sem (2005). Nonetheless in other existing
DEG-based instruments, the flow is passed sequentially
through a hot saturator and a cold condenser which
grows the condensation nuclei to about 100nm before
they can be counted by a separate CPC. In the DEG-
WCPC resulting from the installation of the DEG satura-
tor inlet to the WCPC, the first conditioner stage of the
WCPC acts also as a final DEG condenser stage, resulting

in one of the simplest imaginable designs for a CPC rely-
ing on two separate condensing fluids.

2. Methods

The experimental system consists of several components.
A laminar premixed flame generates carbonaceous mate-
rials including incipient soot particles, molecular clusters,
and gaseous soot precursors all of which have been char-
acterized extensively in the literature (Carbone, Attoui,
and Gomez 2016; Carbone, Gleason, and Gomez 2017;
Carbone, Moslih, and Gomez 2017; Carbone et al. 2019,
2021). A horizontal-tube probe, crossed by pure nitrogen,
is used to sample and dilute the naturally charged flame
products (Carbone, Attoui, and Gomez 2016; Carbone
et al. 2019) while conveying them to the inlet slit of a
Half-Mini High-Resolution Differential Mobility Analyzer
(HR-DMA) (Fernandez de la Mora and Kozlowski 2013;
Fernandez de la Mora 2017). The DMA classifies the
aerosolized materials with the desired mobility diameter
(DDMA) (Larriba-Andaluz and Carbone 2021) selected in
the 1-10nm interval via a control voltage (VDMA). The
prevalently monodisperse charged materials exiting the
HR-DMA are detected by a low noise calibrated Faraday
Cup Electrometer (FCE, model PR-BLK-255, Amperical
Industries) of the type described in (Fernandez de la
Mora et al. 2017), and the ADI-2021-1 WCPC prototype
(with or without the DEG saturator inlet), connected in
parallel to the DMA outlet. The efficiency of the (DEG-)
WCPC in detecting naturally charged flame-generated
materials, extracted under different sampling conditions,
is determined by stepping VDMA and comparing the
(DEG-) WCPC and FCE readings. A schematic of the
experimental system is depicted in Figure 1 and a
detailed description of its main components follows
below.

2.1. Flame and dilution sampling

The source of carbonaceous aerosols for this study is
a laminar premixed flame of ethylene/air with a C/O
ratio of 0.69 and a cold gas velocity of 58.7mm/s sta-
bilized on a honeycomb burner (Carbone, Gleason,
and Gomez 2017; Carbone, Moslih, and Gomez 2017).
The flame is shielded from the surrounding air by 35
lpm of shroud nitrogen, flown through a dedicated
annulus (ID ¼ 48mm, OD ¼ 72mm) of the burner’s
stainless-steel honeycomb, while a brass plate (OD ¼
48mm), installed at a Height Above the Burner
(HAB) of 40mm, suppresses any flame flickering.

A stainless-steel tube (OD ¼ 6.35mm, 305mm long,
and 0.127mm wall thickness) probe is equipped with an
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orifice drilled in its wall which faces the burner outlet to
sample the flame products at either HAB ¼ 7.5mm or
HAB ¼ 10mm (Carbone, Attoui, and Gomez 2016;
Carbone et al. 2019). The sampled flow is diluted quickly
into 30 lpm of pure nitrogen steadily crossing the probe
tube. Dilution minimizes coagulation of the analytes dur-
ing the 47ms necessary to transport the flame products
from the sampling orifice to the HR-DMA inlet slit. The
sampling velocity and flame perturbation is kept constant
in all experiments by using a constant suction pressure in
the probe of about 600Pa (Carbone, Moslih, and Gomez
2017). Experiments are repeated by either up- or down-
stepping VDMA and upon applying a Dilution Ratio (DR)
of 355 or 700 when using the 0.36mm or 0.25mm prob-
ing orifice, respectively (Carbone, Attoui, and Gomez
2016; Carbone, Moslih, and Gomez 2017). The repeated
experiments assess not only the results’ uncertainty but
also if sample coagulation and aging at high temperatures
in the flame or low temperatures in the probe affect the
WCPC detection efficiency in the DDMA interval between
1nm and 10nm.

2.2. High-Resolution Differential Mobility Analysis
(HR-DMA)

A fraction of the diluted sample enters the classification
section through the inlet slit on the electrically grounded
HR-DMA external electrode with the flow rate QDMA �
QFCE þ QCPC, where QFCE and QCPC are extracted at the
outlet of the FCE and WCPC, respectively. The inequality
is due to water evaporation within the WCPC which
causes the flow entering the WCPC to be smaller than

the QCPC monitored at the WCPC outlet. QFCE and QCPC

are kept constant during measurements, in most cases to
QFCE ¼ 5.7 slpm and QCPC ¼ 0.33 lpm except when
investigating the effect of using different QCPC on the
results. The aerosol enters the L¼ 20mm long cylindrical
classification section between the HR-DMA coaxial elec-
trodes whose radiuses are Rin ¼ 4mm and Rout ¼ 7mm,
respectively. When VDMA is applied between the electro-
des, QDMA exits the outlet slit on the HR-DMA internal
electrode, deprived of all charged materials but those with
polarity opposite to VDMA and whose electrical mobility,
Z, satisfies the relationship:

Z �
Qsh þ QDMAð Þ � ln Rout

Rin

� �
2pL � jVDMAj

������
������ � 6DZ (1).

The HR-DMA is operated in a closed loop with a
recirculating sheath flow rate Qsh ¼ 140 slpm crossing
the classification section to achieve a nominal filtering
resolution DZ

Z ¼ Qsh
QDMA

> 20, with a triangular transfer
function established for materials whose Brownian diffu-
sion in the classification section is negligible (Knutson
and Whitby 1975; Stolzenburg and McMurry 2008;
Flagan 1999, 2011). One can estimate that the used HR-
DMA settings make Brownian losses and the decay in
resolution (i.e., the broadening of the transfer function)
negligible for Z at least up to 0.61 cm2s�1V�1 (i.e., DDMA

at least as small as 1.85nm). The HR-DMA flow rates
are monitored with dedicated (3% accurate) mass flow
meters. VDMA is stepped from �5kV to þ5kV using a
high voltage power supply (model HP5, Applied Kilvot)
controlled by a digital Data AcQuisition (DAQ) system
(model PCIe-6353, National Instuments Inc.) and in-
house developed LabView program. The relation between
Z and VDMA in Equation (1) is refined by performing
direct calibrations using Tetra-heptyl-ammonium mono-
mer cations (THAþ) which have known electrical mobil-
ity in air ZTHAþ¼0.9709 cm2s�1V�1 at room temperature
(Ude and Fernandez de La Mora 2005). During the
mobility calibrations, THAþ is seeded in the dilution
nitrogen by electrospraying a 100lmol solution of THA-
Bromide in Ethanol (Carbone, Attoui, and Gomez 2016)
so that one can measure the HR-DMA voltage, VDMA-

THAþ, filtering the THAþ ion.
The mobility diameter, DDMA, of any material clas-

sified by the HR-DMA can be calculated from its elec-
trical mobility by solving implicitly the Stokes
Millikan relation (Larriba-Andaluz and Carbone
2021). Since the materials classified in this study are
smaller than 10 nm, one can assume they carry one
elementary charge (Wiedensohler 1988; Hoppel and
Frick 1986; Carbone, Attoui, and Gomez 2016;

Figure 1. Schematic of the experimental system. List of com-
ponents: WCPC- Water-based CPC ADI-2021-1 prototype with
optional DEG saturator inlet, FCE – Faraday Cup Electrometer,
DAQ – Data AcQuisition Board, HR-DMA – Half Mini High-
Resolution Differential Mobility Analyzer, B – Blower, HE -Heat
Exchanger, HF - HEPA Filter, PT - Pressure Transducer, VBPR
-Vacuum Back Pressure Regulator.

1072 F. KHOSRAVI ET AL.



Carbone et al. 2019) and use a simplified approximate
relationship valid in the free molecular regime
(Carbone, Attoui, and Gomez 2016):

DDMA ¼ DDMA�THAþ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
ZTHAþ
ZDMA

r
¼ DDMA�THAþ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
VDMA

VTHAþ

s

(2).

Equation (2) relies on the literature estimate of
DDMA-THAþ¼1.47 nm performed in air at room tem-
perature (Ude and Fernandez de La Mora 2005) to
directly determine DDMA with 3% accuracy (Carbone,
Attoui, and Gomez 2016).

2.3. Particle counting

The aerosol classified by the HR-DMA is split using a
Swagelok Tee connected to the inlet port of the WCPC
directly and to the FCE through a 127mm long static dis-
sipative tube with ID ¼ 6.35mm (Static Dissipative PU
Tubing, Freelin Wade). Repetitions of the experiments
with the Tee connected to the HR-DMA, FCE, and
WCPC in the three different possible orientations yielded
the same results. The flow through the FCE is monitored
with a calibrated flow sensor (Sensirion AG, SFM4100)
and kept constant at QFCE ¼ 5.7 slpm. The FCE resist-
ance, RFCE ¼ 1.0�1012 X, converts the current generated
by the charged aerosol crossing the FCE to a voltage
VFCE (Fernandez de la Mora et al. 2017) which is
acquired by the DAQ and saved by the LabView program
as a function of DDMA. VFCE is readily converted to the
number concentration of charges in the center of the Tee
upon calculating the penetration efficiency, PFCE (DDMA),
through the connection between the Tee and the FCE, by
using established relationships for diffusion losses in tubes
(Hinds 1999; Friedlander 2000; Kumar et al. 2008):

nFCE DDMAð Þ ¼ VFCðDDMAÞ
e � RFCE:QFCE

� 1
PFCEðDDMAÞ (3).

The remaining fraction of the HR-DMA-classified
aerosol is processed by the WCPC from where it is
extracted with a constant QCPC flow rate. The flow
extracted from the Tee by the WCPC crosses a short
connection before entering the cylindrical growth tube
within the water-wetted wick where water supersaturation
is created by controlling the wick temperature in three
sequential stages. The three stages are built of 42.93mm,
12.70mm, and 53.85mm long aluminum blocks perfo-
rated to be crossed by a continuous tubular (4.76mm ID
and 6.35mm OD) water-wetted wick. The stages’ blocks
are separated by 2.5mm thick insulators and either
heated by cartridge heaters or cooled by Peltier elements.

In this study, the temperature of the first water
stage, the “conditioner,” is kept constant at
Tconditioner ¼ 1 �C. The temperature of the second
water stage, the “initiator” stage, Tinitiator, was set
between 40 �C and 99 �C. The temperature difference
between the conditioner and initiator determines the
maximum water vapor supersaturation and hence
controls the mobility diameter of the materials that
are detected with 50% efficiency, d50%. In all meas-
urements, the temperature of the third “moderator”
stage, Tmoderator, is also set to 1 �C but its actual
value increases when increasing Tinitiator above 50 �C
because of the limited power supplied to the cooling
element of the WCPC prototype. Table 1 lists the
actual values of Tconditioner and Tmoderator for all
investigated values of Tinitiator.

The droplets exiting the growth tube are counted
through the number of pulses, NCPC, generated by the
WCPC optical counter over a time interval of DtCPC ¼
0.5 s. The counts are digitally acquired and saved by the
DAQ and the LabView program as a function of DDMA.
A correction to account for coincidence counting errors
(Collins, Dick, and Romay 2013; Enroth et al. 2018;
Hering, Lewis, and Spielman 2020; Avula et al. 2021) is
applied in all measurements, although it is negligible in
most cases thanks to the small values of NCPC measured
when using high dilutions and HR-DMA resolutions.
The number concentration of the materials detected by
the CPC as a function of DDMA is easily inferred using
established relationships for diffusion losses in the con-
nection between the Tee and the WCPC (Hinds 1999;
Friedlander 2000; Kumar et al. 2008):

nCPC DDMAð Þ ¼ NCPCðDDMAÞ
DtCPC � QCPC

� 1
PCPCðDDMAÞ (4).

The detection efficiency of the WCPC,
EfficiencyCPC, is readily inferred by normalizing the
number concentration of the charged materials it
detects over the total measured by the FCE:

EfficiencyCPC DDMAð Þ ¼ nCPCðDDMAÞ
nFCEðDDMAÞ (5).

2.3.1. DEG saturator inlet
Significant subsets of measurements are performed
upon installing the DEG saturator inlet immediately

Table 1. Tested operating temperatures of the WCPC.
Tinitiator, �C Tconditioner, �C Tmoderator, �C
40 1 1
70 1 2
80 1 5
90 1 6
99 1 9
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upstream of the WCPC, as depicted in Figure 1. In
traditional DEG-nButonal CPCs, there is a hot DEG
“saturator” followed by a cold “condenser.” The small-
est detectable size is limited by the maximum tem-
perature difference between the saturator and the
condenser that can be maintained without causing
homogeneous nucleation of the DEG vapor. In the
system under test, the first cold water “conditioner”
stage, acts as the DEG "condenser.” The two DEG
stages are built of 50.8mm and 25.4mm aluminum
blocks perforated to be crossed by a tubular (9.53mm
OD and 4.76mm ID) wick whose walls are wetted by
DEG. The blocks are separated by a 2.5mm thick
insulator and are heated with independently con-
trolled cartridge heaters. The flow extracted from the
Tee crosses a short connection before entering the
cylindrical region within the wick wetted by DEG
whose temperature is adjusted in two sequential
stages, to achieve the control of both the DEG vapor
concentration and flow temperature at the inlet of the
WCPC.

The ability to control the flow temperature and
DEG vapor concentration with two separate stages
enables the highest DEG supersaturation to be
established at a given Tinitiator while preventing
homogenous nucleation. This is achieved by operat-
ing the second stage at a temperature TDEG2 lower
than that of the first stage, TDEG1, both in the inter-
val between 30 �C and 55 �C. Experimentally, we
investigated the set of DEG-WCPC temperatures
listed in Table 2, all of which avoid DEG homoge-
neous nucleation.

2.3.2. Penetration efficiencies
The operating conditions are chosen to keep laminar
flow (Re < 2300) from the HR-DMA to the FCE and
the CPC and the penetration efficiencies are calculated
as (Kumar et al. 2008):

PFCE=CPC ¼ 1� 5:5b
2
3 þ 3:77b if b < 0:009 (6a)

PFCE=CPC¼0:819�5:5e�11:5bþ0:975e�70:1b if b>0:009

(6b).

In Equations (6a) and (6b), b is a dimensionless
deposition parameter defined as bðDDMAÞ ¼
l � ZðDDMAÞ � kBT=ðe � QFCE=CPCÞ where l is the length
of the tube, kBT is the Boltzmann factor at T¼ 298 K,
e is the elementary charge, and QFCE=CPC is the aerosol
flow rate in connections of the Tee to the detection
devices (either FCE, WCPC, or DEG-WCPC). The
top panel of Figure 2 shows the penetration efficiency
as a function of DDMA calculated for the connections

from the Tee to either the FCE, the WCPC, or the
DEG-WCPC, operated with their typical flowrates
QCPC ¼ 0.33 lpm and QFCE ¼ 5.7 slpm. The bottom
panel of Figure 2 shows the penetration efficiency
through the WCPC connection for several QCPCs from
0.26 lpm to 0.61 lpm. The lengths used in the pene-
tration efficiency calculations are listed in Table 3 and
include the inlet ports of either the FCE, the WCPC,
or the DEG saturator inlet, as well as the dead volume
within the Tee connector.

2.5. COMSOL multiphysics model

A 2D axisymmetric CFD model of the flow within the
WCPC and DEG saturator inlet is implemented using
COMSOL Multiphysics (version 6.1, COMSOL Inc.)
based on previous work of our group (Carbone,

Table 2. Operating temperatures tested with the DEG satura-
tor inlet coupled to the WCPC.
Saturator TDEG, �C
TDEG1/TDEG2

WCPC TH2O, �C
Tconditioner/Tinitiator/Tmoderator

30/30 1/90/6
40/40 1/70/2
55/35 1/40/1

Figure 2. (Top panel) Penetration efficiency in the connections
between the Tee and the WCPC, DEG-WCPC, and the FCE as a
function of DDMA, under typical operating conditions with QCPC

¼ 0.33 lpm and QFCE ¼ 5.7 slpm. (Bottom panel) Penetration
through the WCPC inlet tube operated with different values of
QCPC (see legend).
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Cattaneo, and Gomez 2015). The model leverages the
weakly compressible (Ma < 0.3) laminar flow, the
heat transfer in fluid, the transport of concentrated
species, and the chemistry modules of COMSOL to
account for the temperature dependence of transport
phenomena with a mixture-averaged approach (Kee,
Warnatz, and Miller 1983). The Lennard-Jones poten-
tial characteristic distance, well depth, and the dipole
moment of nitrogen and water vapor molecules are
taken from the literature (Ranzi et al. 2012) whereas
they are estimated for DEG based on the molecule
structure and functional groups (Hirschfelder, Curtiss,
and Bird 1964). The polynomial interpolation parame-
ters of the species’ thermodynamic properties are
imported from the Burcat’s thermodynamic database
(Burcat and Ruscic 2005).

The model is based on first principles, accounts for
the gravitational force, and considers the cylinders (i.e.,
the connection and the interior of the DEG-wet wick if
the DEG saturator is installed, and the connection and
the interior of the water-wet wick) crossed sequentially by
the flow in addition to the conical nozzle accelerating it
toward the counting optics (Hering et al. 2019). The
computational domain is divided into approximately
300,000 elements with the mesh being refined in the
proximity of solid walls (i.e., of wicks, connections, and
nozzle) to resolve the boundary layers. We verified that
the mesh used herein is finer than what is necessary to
obtain mesh-independent results. As boundary condi-
tions, plug flow of pure nitrogen at ambient temperature
is assigned at the inlet of the first connection, zero vel-
ocity and zero diffusive flows are assigned at connections
and nozzle walls, and uniform pressure (965 mbar as in
all experiments) and zero gradients of all other variables
at the nozzle outlet. At the DEG and WCPC wicks’ walls,
dedicated boundary conditions are implemented based on
the assigned stages’ temperatures (as set in the experi-
ments and listed in Tables 1 and 2). The concentrations
of water and DEG at the wick walls are assigned to be
either zero (for water at the DEG wick and for DEG at
the water wick) or equal to the value determined by the
appropriate Antoine equations for either water (NIST
Chemistry WebBook 2023) or DEG (MEGlobal 2023).
The non-zero normal (Stefan) velocity due to vaporiza-
tion and condensation of DEG and Water at the wick
walls is calculated implicitly to balance the diffusive flow

of nitrogen to the wall since its total flow through the
wick must be zero at any location (i.e., because of the
nitrogen mass balance). Condensation of water and DEG
on the aerosol to be detected is not accounted for in the
model since we verified that the mass flow of the droplets
is negligible compared to the mass flow of their vapors at
the WCPC outlet, in all investigated conditions (i.e.,
heterogenous condensation does not affect the concentra-
tion fields of the condensing vapors). The fields of water
and DEG supersaturations are determined by using the
same Antoine equations to calculate the saturation pres-
sure, psat, based on the local temperature. The fields of
the local Kelvin critical diameter for condensation of
water and DEG are inferred as DKelvin ¼ 4cVm

RT � ln psat
p

� �
(Friedlander 2000; Seinfeld and Pandis 2016), based on
the molar volume, Vm, of the condensing fluids as well as
their surface tension, c, calculated at the local tempera-
ture. To account for the effect of the electrostatic energy
of singly charged condensing nuclei, a refined Thomson-
Kelvin critical diameter is calculated by numerically solv-
ing the relationship (Thomson 1903; Seto et al. 1997;
Winkler et al. 2008):

DThomson�Kelvin ¼ DKelvin � 1� e2 1� 1=eð Þ
8p2ce0 � D3

Thomson�Kelvin

" #

(7).

Equation (7) accounts for the vacuum dielectric con-
stant, e0, and the condensation nuclei single elementary
charge, e, as well as the relative dielectric constant, e, and
surface tension, c, of the condensing fluid. One should
note that the Thomson-Kelvin thermodynamic theories
may yield increasingly inaccurate results at increasing
larger supersaturations causing extremely small DKelvin

and DThomson-Kelvin values. This is the case because proper-
ties, such as c and e, may change in value and even lose
meaning for portions of matter approaching that of a few
molecules. Additionally, they may be affected by the pres-
ence of an electric charge and by the chemical affinity of
vapor molecules and the condensation nuclei materials
(e.g., the surface tension of a pure liquid is different from
that of the same liquid solvating an impurity).

3. Results and discussion

3.1. Size distribution functions of naturally
charged carbonaceous flame products

Figure 3 shows the Size Distribution Functions (SDFs)
of naturally charged carbonaceous materials within
the flame as measured after being extracted at either
HAB ¼ 7.5mm or HAB ¼ 10mm with either the
0.36mm (DR ¼ 335 in the left panels) or the 0.25mm

Table 3. Lengths of the connections used in the penetration
efficiency calculation.
From the Tee’s center to: l, mm

Faraday Cup Electrometer (FCE) 127
WCPC 48
DEG saturator inlet 38

AEROSOL SCIENCE AND TECHNOLOGY 1075



(DR ¼ 700 in the right panels) orifice probe. The
orange lines consider all charged materials counted by
the FCE and contrast their SDFs to that of the frac-
tion detectable by the WCPC when it is operated with
Tinitiator ¼ 90 �C and QCPC ¼ 0.33 lpm, shown with
blue lines. The top and bottom panels of Figure 3
show the results for materials carrying either a posi-
tive or a negative charge, respectively. Consistent with
literature results (Carbone, Attoui, and Gomez 2016),
at HAB ¼ 7.5mm all charged carbonaceous materials
sampled from the flame have DDMA smaller than 3 nm
which are too small to be detected by the WCPC even
with the high supersaturations implemented using a
large Tinitiator ¼ 90 �C and small Tconditioner ¼ 1 �C.
The naturally charged carbonaceous materials
extracted at HAB ¼ 10mm encompass a broader
dimensional range extending up to 10 nm after coagu-
lation in the probe at the lowest dilution. Their SDFs
are slightly different in opposite polarities as already
reported in the literature (Carbone, Attoui, and
Gomez 2016) and the WCPC can detect an increas-
ingly larger fraction of them when DDMA increases
above 3 nm. From DDMA larger than 7 nm the SDFs
measured by the FCE and WCPC become almost
identical, indicating that the WCPC detection effi-
ciency approaches 100%.

3.2. Modeled flow within the WCPC (without the
DEG saturator inlet)

Figure 4 shows the results of the 2D axisymmetric
COMSOL Multiphysics model with Tinitiator ¼ 90 �C
and QCPC ¼ 0.33 lpm. The left panel of Figure 4
depicts qualitatively the model results with a colormap
of the water vapor saturation ratio established in the
cylindrical region within the WCPC’s water-wet wick.
A maximum saturation ratio of approximately 7.5 is
established by the initiator whereas a secondary super-
saturated region, with values between 4 and 5.5, is
generated by the downstream moderator as a result of
cooling. The right panels of Figure 4 reports systemat-
ically the advection time history of temperature, satur-
ation ratio, and the resulting Kelvin critical diameter,
DKelvin, for water condensation established within the
device. The history is tracked along six streamlines
radially equispaced (but the axial one) in the inlet
tube (ID ¼ 3.96mm) upstream of the WCPC wick.
The origin of the advection time is set to zero when
water vapor saturation is established first along each
streamline.

The fields of temperature and water saturation ratio
are not uniform within the WCPC but, interestingly,
the device keeps DKelvin constant around 1.2 nm for
more than 90ms along any of the considered

Figure 3. Size Distribution Functions of carbonaceous materials naturally charged within the flame in either positive (top panels)
or negative (bottom panels) polarity as measured after being diluted in nitrogen using Dilution Ratios (DRs) of either 335 (left) or
700 (right). Orange lines include all charged materials, counted by the FCE, whereas the blue lines include only that detectable by
the WCPC operated with Tinitiator ¼ 90 �C (see Table 1) and QCPC ¼ 0.33 lpm.
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streamlines, including that within 0.2mm from the
inlet tube and water wick walls. Therefore, the WCPC
has the potential to activate condensation growth and
enable the detection of materials as small as 1.2 nm
when they are hydrophilic (i.e., water wettable) and
one would expect the detection efficiency to increase
sharply from zero to 100% as a function of DDMA

right before such a threshold (Fernandez de la Mora
2011). Instead, since carbonaceous flame products are
hydrophobic, the water condensation growth is acti-
vated at DDMA significantly larger than DKelvin, as
apparent in Figure 3.

Similar qualitative results are obtained when mod-
eling the WCPC operated with different Tinitiator but
the same QCPC ¼ 0.33 lpm. Of course, the computed
minimum values of DKelvin are very sensitive to the
used Tinitiator and approximately equal to 1.0 nm,
1.2 nm, 1.6 nm, and 4.5 nm when Tinitiator is set to
99 �C, 90 �C, 70 �C, and 40 �C, respectively. The model
also enables us to compute the net flow rate of water

vaporized within the WCPC which exits it as a vapor
contributing to a fraction of QCPC ¼ 0.33 lpm
extracted at the WCPC outlet (as opposed to the DEG
flow at the WCPC outlet which is negligible in all
investigated conditions). The flow rate of water vapor
exiting the WCPC is also sensitive to Tinitiator and
Tmoderator, and is computed to be 85 cm3/min,
23 cm3/min, 8 cm3/min, and 3 cm3/min when Tinitiator

is set to 99 �C, 90 �C, 70 �C, and 40 �C, respectively.
This means that the flow at the WCPC inlet is smaller
than QCPC and their difference increases with increas-
ing Tinitiator. The small difference is accounted for in
the results to obtain a refined estimate of the penetra-
tion efficiency within the connection between the Tee
and the WCPC.

3.3. WCPC detection efficiency and optimized
flowrate

The DDMA-dependent detection efficiency of the
WCPC can be calculated with Equations (3)–(5) from
the results of the type presented in Figure 3. To
obtain results with a good signal-to-noise ratio in the
entire sub-10 nm DDMA interval, we overlapped the
results of several measurements performed with two
different DRs at HAB ¼ 10mm. The overlapping not
only highlights the very small uncertainty of the
experimental results but also reveals that the WCPC
detection efficiency is unaffected by the coagulation of
the naturally charged flame products occurring at low
temperatures in the sampling probe (Carbone, Attoui,
and Gomez 2016; Carbone et al. 2019). Therefore,
coagulation in the probe does not modify the water
wettability of the naturally charged flame products.
Since QCPC is an important parameter affecting the
WCPC detection efficiency, Figure 3 shows the results
when the WCPC is operated with Tinitiator ¼ 90 �C
and different QCPC. The optimal flow rate is a tradeoff
between minimizing the diffusive losses in the growth
tube and allowing enough time at near-maximum
water supersaturation to activate and complete the
condensation growth of the materials to be detected.
Figure 5 demonstrates that QCPC ¼ 0.33 lpm is an
optimal operating value to detect the smallest possible
naturally charged flame-formed materials with the
tested WCPC operated with Tinitiator ¼ 90 �C.

3.4. Sigmoid fitting of the WCPC detection
efficiency at different initiator temperatures

Figure 6 shows the detection efficiency of flame-
formed carbonaceous materials naturally charged in

Figure 4. Results of the COMSOL model of the WCPC operated
with Tinitiator ¼ 90 �C (see Table 1) and QCPC ¼0.33 lpm. The
2D axisymmetric flow is depicted with the colormap of the
water vapor saturation ratio within the water wick (left panel).
The right panels show the profiles of Temperature, water sat-
uration ratio, and critical Kelvin diameter as a function of the
advection time along several streamlines originating at differ-
ent equispaced off-axis positions (see legend) within the inlet
tube (ID ¼ 3.96mm) preceding the water wick.

AEROSOL SCIENCE AND TECHNOLOGY 1077



either positive (top panel) or negative (bottom panel)
polarity. The plots overlap symbols including the
results of several measurements performed with two
different DRs at HAB ¼ 10mm obtained by operating
the WCPC with QCPC ¼ 0.33 lpm and different values
of Tinitiator between 70 �C and 99 �C, right at the onset
of water boiling. The lower limit of 70 �C was set by
the necessity to detect at least a fraction of the natur-
ally charged flame-formed carbonaceous materials
with DDMA smaller than 10 nm whose SDF is depicted
in Figure 3. The horizontal dashed line in Figures 5
and 6 highlights the 50% detection cutoff mobility
diameter, d50%, which is positioned at approximately
9 nm when Tinitiator ¼ 70 �C. Increasingly larger values
of Tinitiator enable the WCPC to activate the condensa-
tion growth and detection of naturally charged car-
bonaceous flame materials with progressively smaller
DDMA since d50% shifts down to approximately 4.5 nm
when Tinitiator ¼ 99 �C. Table 4 summarizes the
experimental results by listing the accurate values of
d50% observed in the measurements with different val-
ues of Tinitiator but constant QCPC ¼ 0.33 lpm. Results
highlight a slight but systematic polarity dependency
of the WCPC in detecting naturally charged carbon-
aceous flame products smaller than 10 nm, with con-
densation growth and detection of positively charged

materials being activated at smaller DDMA compared
to negatively charged ones. Therefore, flame-formed
carbonaceous materials naturally charged in positive
polarity are slightly less hydrophobic than negatively
charged ones. Regardless of hydrophobicity, flame
materials naturally charged in positive polarity have
been observed to be more prone to growth compared
to negatively charged ones (Carbone, Attoui, and
Gomez 2016; Carbone et al. 2019).

The detection efficiency of the WCPC can be fit by
Logarithmic Sigmoid Functions (LSFs) which are also
included as lines in Figure 6. The LSF uses two
parameters and follows the functional expression:

LSF ¼ 1

1þ e�aln
DDMA
d50%

� � ¼ 1

1þ DDMA
d50%

� ��a (8).

In Equation (8), DDMA is the independent variable,
d50% is the 50% detection cutoff diameter identified in
Figure 6 and listed in Table 4, and a is a steepness

Figure 5. Detection efficiency of flame-formed carbonaceous
materials naturally charged in either positive (top panel) or
negative (bottom panel) polarity when the WCPC is operated
with Tinitiator ¼ 90 �C (see Table 1) and extracting different
QCPC at its outlet (see legend).

Figure 6. Detection efficiency of flame-formed carbonaceous
materials naturally charged in either positive (top panel) or nega-
tive (bottom panel) polarity when the WCPC is operated QCPC ¼
0.33 lpm and different Tinitiator (see legend and Table 1).

Table 4. Parameters of the logarithmic sigmoid function of
Equation (6) fitting the WCPC experimental results of Figure 6.
TH2O , 8C dþ50% , nm aþ d�50% , nm a�

1/70 9.0 N/A 9.3 N/A
1/80 6.6 6.0 7.0 6.0
1/90 4.6 6.0 5.1 5.2
1/99 4.3 6.0 4.8 4.5
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factor utilized to fit the experimental results whose
values are also summarized in Table 4. The larger the
a value the sharper the increase of the measured
detection efficiency with increasing DDMA. Since the
changes in Gibbs free energy driving heterogeneous
nucleation (Thomson 1903; Fletcher 1958; Friedlander
2000; Fernandez de la Mora 2011; Seinfeld and Pandis
2016) are affected by both the water-wettability and
the shape/morphology of the condensation nuclei, a
accounts for both the polydispersity relative to these
parameters of naturally charged flame materials with
the same DDMA, as well as in the supersaturation-time
history experienced along different streamlines within
the WCPC, which Figure 4 shows to be minimal.
Therefore, the WCPC experimental results summar-
ized in Table 4 suggest that flame materials with a
negative natural charge are not only overall less
hydrophilic than that with a positive charge but also
have a progressively broader polydispersity in activat-
ing water condensation (e.g., in shape and wettability)
below 5–6 nm. Indeed, when one enables the detection
of smaller flame materials by using a larger Tinitiator, a
decreases noticeably for those carrying a natural nega-
tive charge but does not for that carrying a posi-
tive one.

Finally, the maximum slope, 1
DDDMA

¼ d LSFð Þ
d DDMAð Þjmax, of

the LSF fitting quantifies the ability to distinguish par-
ticles with different DDMAs by adjusting the WCPC
operating parameters (Riipinen et al. 2009; Winkler
and Wagner 2022). The (approximately linear) corres-
pondence between the a steepness factor of the detec-
tion efficiency and the potential size resolution of the
WCPC measurements (Attoui et al. 2023) is listed in
Table 5.

3.5. Model results of the WCPC with the DEG
saturator inlet

An enhancement of the WCPC performance in
detecting hydrophobic combustion-generated carbon-
aceous material can be achieved by installing the DEG
saturator inlet upstream of the WCPC. The device
establishes near saturation of the DEG vapor before
the aerosol enters the cold WCPC conditioner where
high DEG supersaturations are established to activate
the heterogeneous condensation on the materials to
be detected. Subsequently, water condensation on the
just-formed DEG nanodroplets can easily take place
since DEG is completely miscible with (i.e., wettable
by) water (MEGlobal 2023).

The effect of installing the DEG saturator inlet is
depicted in the left panels of Figure 7 showing

colormaps of the DEG saturation ratio field within the
WCPC water wick, as computed by the COMSOL
model for the three investigated operating conditions.
In all cases, DEG saturation achieves its maximum
value downstream the cold WCPC initiator with val-
ues of approximately 10 and over 50 when the DEG
saturator inlet is operated at the lowest, TDEG ¼
30/30 �C, and highest, TDEG ¼ 55/35 �C, investigated
DEG temperatures, respectively. The heating provided
by the WCPC initiator lowers temporarily the DEG
saturation while establishing water supersaturation
whereas both DEG and water supersaturation are re-
boosted in the downstream cold moderator. For a
quantitative comparison of the computational results,
the right panels of Figure 7 report the profiles of tem-
perature and saturation ratio and DThomson-Kelvin of
both DEG (solid line) and water (dashed line) vapors
along the WCPC axial streamline. As in Figure 4, the
profiles in the right panels of Figure 7 are plotted as a
function of the advection time which is set equal to
zero when the DEG vapor saturation ratio equals 2.
Figure 7 does not depict the variability of the histories
along different off-axis streamlines because we want
to highlight the effects of the DEG-WCPC operating
temperatures. Additionally, the advection histories
along different streamlines are quite similar to each
other with the most noticeable difference being caused
by the stretching of the profiles toward longer advec-
tion times along streamlines at increasingly larger off-
axis positions and closer to the walls, similar to what
is depicted in Figure 4 for the WCPC alone.
Importantly, the minimum values of the DEG and
water DThomson-Kelvin are almost the same along any
streamline but for those in very close proximity to the
inlet tube/wick wall (i.e., the DEG DThomson-Kelvin

increases less than 15% or 25% compared to its on-
axis value when considering the streamlines displaced
0.38mm or 0.18mm from the walls, respectively).

A closer inspection of Figure 7 reveals that the
highest DEG supersaturation (solid lines) is estab-
lished right upstream of and overlaps with the water
vapor supersaturated region (dashed lines). For any
given setting, the DEG DThomson-Kelvin is kept near its
minimum value for at least approximately 20ms.
During this time, DEG wettable materials larger than
the DEG DThomson-Kelvin should grow via DEG

Table 5. Relation between the steepness factor, a, of the
logarithmic sigmoid fitting function and the size resolving
power (Attoui et al. 2023), d50%=DDDMA, of the width, DDDMA,
of the WCPC detection efficiency.
a 2.0 3.0 4.0 5.0 6.0

d50%=DDDMA 0.65 0.84 1.06 1.30 1.54
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condensation into droplets able to activate water con-
densation in the ensuing water supersaturated region.
Under all operating conditions, the device establishes
simultaneous supersaturation of DEG and water for a
few tens of milliseconds so that the growth can also
be activated by two-component heterogeneous nucle-
ation (Seinfeld and Pandis 2016). The maximum DEG
saturation ratio increases approximately from 10 up to
65 as TDEG is raised from 30/30 �C to 55/35 �C. As a
result, the minimum DThomson-Kelvin for DEG conden-
sation is quantified to be approximately 3.2 nm,
2.2 nm, and 1.6 nm when the DEG inlet is operated
with TDEG ¼ 30/30 �C, 40/40 �C, and 55/35 �C,
respectively. Since DEG is completely mixable with
water, the growth of the just-formed DEG droplets is
expected to occur always given that DThomson-Kelvin for
water condensation is smaller than 4.5 nm in all

investigated conditions, as also shown in Figure 7.
Consequently the d50% of the DEG-WCPC is mostly
limited by the wettability of the materials to be
detected by DEG. The ensuing experimental results
assess the DEG wettability of flame-formed carbon-
aceous nanoparticles by comparing the experimentally
observed d50% to the DEG critical diameters predicted
by the model.

3.6. Detection efficiency of the DEG-WCPC

Figure 8 compares the results of experiments per-
formed with and without the DEG saturator inlet
operated at TDEG ¼ 30/30 �C installed at the inlet of
the WCPC. The DEG saturator inlet enhances the
detection efficiency of the WCPC and enables the par-
tial detection of materials with DDMA smaller than

Figure 7. COMSOL model of the WCPC operated with QCPC ¼ 0.33 lpm upon installing the DEG saturator inlet and using three
TDEG and TH2O settings (see legend and Table 2). The left panels show 2D colormaps of the DEG vapor saturation ratio and the
right panels the axial profiles of temperature and saturation ratio and critical Thomson-Kelvin diameter of DEG (solid lines) and
water (dashed lines) vapor as a function of the advection residence time along the WCPC axial streamline.
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3 nm, including that sampled from the flame at HAB
¼ 7.5mm, depicted in Figure 3. The detection effi-
ciency as a function of DDMA is obtained by overlap-
ping the results of several measurements performed at
HAB ¼ 7.5mm and HAB ¼ 10mm in the flame and
upon applying either DR¼ 335 or DR ¼ 700. The
smooth overlap quantifies the small uncertainty of the
experimental results and demonstrates not only that
the detection efficiency of the DEG-WCPC is
unaffected by coagulation of the flame products at low
temperatures in the sampling probe, (similar to what
is observed in Figures 5 and 6 for the WCPC alone)
but it is also marginally affected by the charge polarity
and by aging and growth occurring at high tempera-
tures in the flame. The polarity, probe coagulation,
and flame growth/aging approximate independence of
the results suggest that these phenomena affect min-
imally the DEG wettability of the naturally charged
carbonaceous flame products. Additionally, the d50%
from experiments with TDEG ¼ 30/30 �C evidenced in
Figure 8, matches the DEG DThomson-Kelvin ¼ 3.2 nm
predicted by the COMSOL model results in Figure 7.
The matching indicates the complete wettability of the
flame products by DEG so that the model may be

able to predict d50% also in the other experimentally
investigated conditions.

Therefore, one wants to examine experimentally
the effect of increasing TDEG on the detection effi-
ciency of naturally charged flame-formed carbon-
aceous materials. As partially mentioned in the
methods section, an increase in TDEG1 has to be
accompanied by a reduction in Tinitiator (and in one
case of TDEG2) to control the supersaturation and tem-
perature fields and avoid 2-components water-DEG
homogeneous nucleation (Seinfeld and Pandis 2016).
Figure 9 depicts the measured detection efficiency of
the DEG-WCPC operated with TDEG equal to
30/30 �C, 40/40 �C, and 55/35 �C. The increase of
TDEG1 boosts the downstream DEG supersaturation
and enables the detection of ever smaller naturally
charged flame-formed carbonaceous materials. Figure
9 shows also that the experimentally determined val-
ues of d50%, highlighted by the horizontal dashed line
and listed in Table 6, are very close to the DEG
DThomson-Kelvin computed by our COMSOL model (see
Figure 7). This is the case even if d50% is expressed as
a mobility diameter (Larriba-Andaluz and Carbone
2021) whereas the DThomson-Kelvin is a volume/surface
equivalent diameter obtained under the assumption of
a spherical shape for the condensation nuclei
(Friedlander 2000; Seinfeld and Pandis 2016). A visual
comparison of the consistency between computational
and experimental results, regardless of the charge
polarity and sample dilution ratio, is provided as the
graphical abstract of this manuscript. The closeness of
the experimental detection cutoff sizes and the com-
putational DThomson-Kelvin supports the finding that
naturally charged flame-formed carbonaceous materi-
als are completely wettable by DEG and suggests that
most of them have an approximately spherical shape.
The fact that an increasingly larger fraction of materi-
als with DDMA smaller than d50% and DThomson-Kelvin is
detected when increasing TDEG1 and detecting ever
smaller materials, suggests a progressively increasing
departure from the spherical shape for materials
smaller than 2.5 nm, as expected since they are clus-
ters of small aromatics (Carbone et al. 2019; Carbone,
Gleason, and Gomez 2023). Other possibilities to
explain the detection of materials smaller than
DThomson-Kelvin include the non-zero probability of con-
densation growth being activated under a finite free
energy barrier over a finite time interval (Fletcher
1958; Fernandez de la Mora 2011), the presence of an
increasing (but still small) fraction of doubly charged
materials when their sizes decrease (Carbone et al.
2019), and 2-components DEG-water (heterogenous)

Figure 8. Efficiency of the WCPC (Tinitiator ¼ 90 �C) with and
without the DEG saturator inlet operated at TDEG ¼ 30/30 �C
(see Table 2), in detecting carbonaceous materials naturally
charged in either positive (top) or negative (bottom) polarities
sampled from the flame at twoHAB (see legend) and with two
different dilution ratios (DR ¼ 335 or DR ¼ 700).

AEROSOL SCIENCE AND TECHNOLOGY 1081



condensation (Winkler et al. 2011; Seinfeld and
Pandis 2016) being activated at a critical diameter
smaller than that of DEG alone in the zone where
DEG and water supersaturation are established simul-
taneously (see Figure 7).

Figure 9 highlights also that the detection efficiency
of the DEG-WCPC can be well fitted by the
Logarithmic Sigmoid Function shown as solid lines in
Figure 9. The values of d50% and steepness parameter,
a, which allow for the best fitting of the experimental
results in Figure 9 are listed in Table 6 which, there-
fore, provides a concise summary of the experimental
results obtained with the DEG-WCPC. The fittings
are performed either upon considering materials nat-
urally charged in opposite polarities separately or

upon lumping them together regardless of the charge
polarity (as in the graphical abstract) given that the
polarity affects only slightly the detection efficiency.
Table 6 highlights such a small polarity dependence
which may be related to different deviations for ions
of opposite polarities of DDMA (Larriba-Andaluz and
Carbone 2021) from the surface/volume equivalent
diameter which affects condensation (Thomson 1903;
Fletcher 1958; Friedlander 2000; Seinfeld and Pandis
2016). One should note that the polarity dependence
of the DEG-WCPC detection efficiency is small but
opposite compared to that of the WCPC alone.
Results reveal also that the lowering of d50% with
increasing TDEG is accompanied by a reduction in the
steepness factor, a, of the detection efficiency (i.e., an
increase in width of the profiles as listed in Table 6),
as also apparent in Figure 9. The reduction of the a
value is slightly more pronounced for materials carry-
ing a negative rather than a positive charge and may
be a consequence of an increasingly larger shape
and/or charge number polydispersity of the naturally
charged flame-formed carbonaceous materials with
decreasing DDMA smaller than 2.5 nm. A more pro-
nounced polydispersity of materials with negative
rather than positive charge may also explain the dif-
ferent a values observed for the smallest detected
materials with charges of opposite polarity (consistent
with the results of the WCPC alone summarized in
Figure 6 and Table 4).

4. Conclusion

This work focuses on characterizing the detection effi-
ciency of a (DiEthylene Glycol enhanced-, DEG-)
Water-based Condensation Particle Counter, WCPC,
prototype (ADI-2021-01, Aerosol Dynamics Inc.) for
naturally charged carbonaceous materials generated
from an incipiently sooting laminar premixed flame.
The effects of the WCPC operating parameters as well
as that of the installation and operation of a DEG sat-
urator inlet, converting the WCPC into the DEG-
WCPC, are investigated experimentally. The experi-
mental work is complemented by a first principles
COMSOL Multiphysics 2D computational model of
the flow within the WCPC and the DEG-WCPC. The
major findings of the results follow below.

� The WCPC can detect naturally charged flame-
generated carbonaceous materials with a mobility
diameter smaller than 10 nm if operated with an
initiator temperature, Tinitiator, above 70 �C while
keeping the conditioner temperature at 1 �C. An

Figure 9. Detection efficiency of the DEG-WCPC operated
under different temperature conditions (see legend and Table
2) as measured for flame-formed carbonaceous materials nat-
urally charged in either positive (top) or negative (bottom)
polarity. Symbols depict the experimental results and solid
lines show their logarithmic sigmoid fittings (LSF).

Table 6. Parameters of the Logarithmic Sigmoid Function
(LSF) fitting the detection efficiency of the DEG-WCPC meas-
ured for naturally charged flame-formed carbonaceous materi-
als and shown in Figure 9.

Positive Charge Negative Charge Any Charge

TDEG , �C dþ50%, nm aþ d�50%, nm a� d50%, nm a

30/30 3.7 5.4 3.6 4.5 3.6 5.1
40/40 2.7 3.9 2.4 2.8 2.6 3.5
55/35 1.8 3.0 1.6 2.1 1.7 2.4
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increase in Tinitiator from 70 �C to 99 �C enhances
the detection of the smallest materials shifting the
50% detection cutoff diameter, d50%, down to val-
ues at least as small as 4.5 nm.

� The WCPC detection efficiency is noticeably differ-
ent for flame carbonaceous materials carrying nat-
ural charges of opposite polarities, with a lower
detection efficiency of negatively compared to posi-
tively charged materials.

� The (DEG-) WCPC establishes a field of the
Kelvin critical diameter which has approximately
equal minimum values along different streamlines
and the naturally charged flame-formed carbon-
aceous materials activate water condensation
growth only when their sizes are much larger than
that predicted by the Kelvin theory, as a result of
their hydrophobic nature.

� The optimal WCPC flow rate is achieved by mak-
ing a compromise between the minimization of
diffusion losses and the achievement of relatively
long advection times (of the order of 90ms) in the
supersaturated region of the device for water con-
densation to grow the naturally charged flame
products into detectable droplets. The optimal flow
rate is affected not only by the WCPC geometry
but also by Tinitiator (when larger than 80 �C) and
the water wettability of the materials to be
detected.

� The installation of the DEG saturator inlet enhan-
ces the detection efficiency of the smallest flame-
formed naturally charged materials and circum-
vents the limitations related to their low water
wettability so that the d50% can be lowered to
approximately 1.6 nm.

� The measured d50% of the DEG-WCPC is predicted
accurately by the COMSOL model as the critical
Thomson-Kelvin diameter for DEG condensation,
a fact indicating that naturally charged flame-
formed carbonaceous nanoparticles are completely
wettable by DEG.

� Condensation growth and detection are observed
for a fraction of the materials with sizes smaller
than the DEG critical condensation Thomson-
Kelvin diameter. This suggests that two-component
condensation caused by the concurrent supersatur-
ation of DEG and water vapors may be activated
by materials smaller than those activated by DEG
condensation alone. Shape and/or charge number
polydispersity of naturally charged flame-formed
carbonaceous materials with the same mobility
diameter can also contribute to this effect. The pol-
ydispersity broadens for materials of decreasing

mobility diameter and is more evident when their
charge is negative rather than positive.

� The installation of the DEG saturator inlet mini-
mizes (but inverts) the polarity sensitivity of the
WCPC in detecting hydrophobic naturally charged
carbonaceous flame products. Indeed, the DEG-
WCPC detection efficiency is only slightly larger
for negatively compared to positively charged
materials, possibly as a result of their broader
shape and/or charge number polydispersity.

� In all considered cases, the WCPC’s detection effi-
ciency as a function of the mobility diameter can
be fitted with a Logarithmic Sigmoid Function (LS)
parameterized with d50% and a steepness factor,
which greatly simplifies the data inversion of any
measurement results.
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