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Abstract. A new In-Cloud Aerosol Scavenging Experiment
(In-CASE) has been developed to measure the collection effi-
ciency (CE) of submicron aerosol particles by cloud droplets.
Droplets fall at their terminal velocity through a 1 m high
chamber in a laminar flow containing aerosol particles. At
the bottom of the In-CASE chamber, the droplet train is sep-
arated from the aerosol particles flow, and the droplets are
collected in an impaction cup, whereas aerosol particles are
deposited on a high-efficiency particulate air (HEPA) filter.
The collected droplets and the filter are then analysed by flu-
orescence spectrometry since the aerosol particles are atom-
ised from a sodium fluorescein salt solution (C20H10Na2O5).
In-CASE fully controls all the parameters which affect the
CE – the droplets and aerosol particles size distributions are
monodispersed, the electric charges of droplets and aerosol
particles are known and set, and the relative humidity is indi-
rectly controlled via the chamber’s temperature. This paper
details the In-CASE setup and the dataset of 70 measure-
ments obtained to study the impact of the electric charges on
CE. For this purpose, droplets and particles charges are con-
trolled through two charging systems developed in this work
– both chargers are detailed below. The droplet charge varies
from −3.0× 104

± 1.4× 103 to +9.6× 104
± 4.3× 103 ele-

mentary charges, while the particle charge ranges from zero
to −90± 9 elementary charges depending on the particle ra-
dius. A droplet radius of 48.5± 1.1 µm has been considered
for four particle dry radii between 100 and 250 nm while the
relative humidity level during experiments is 95.1± 0.2 %.
The measurements are then compared to theoretical models
from literature – showing good agreement.

1 Introduction

Aerosol particles (APs) are a fundamental part of the atmo-
sphere since they act on climate and more locally on me-
teorology (Twomey, 1974). They are also a key topic in
human health where APs are known to increase mortality
(Dockery et al., 1992). For these reasons, the processes in-
volved in the removing of the atmospheric AP have been
investigated extensively over the last decades, through the-
oretical works (Slinn and Hales, 1971; Beard, 1974; Slinn,
1974, 1977; Young, 1974; Grover and Beard, 1975; Grover
et al., 1977; Davenport et al., 1978; Wang et al., 1978; Floss-
mann, 1998; Santachiara et al., 2012; Tinsley and Zhou,
2015; Cherrier et al., 2017; Dépée et al., 2019) as well as
experimental measurements in the lab (Kerker and Hampl,
1974; Wang and Pruppacher, 1977; Lai et al., 1978; Barlow
and Latham, 1983; Pranesha and Kamra, 1996; Vohl et al.,
2007; Ladino et al., 2011; Quérel at al., 2014; Ardon-Dryer
et al., 2015; Lemaitre et al., 2017; Dépée et al., 2021) and
the environment (Volken and Schumann, 1993; Laasko et al.,
2003; Chate and Pranesha, 2004; Depuydt, 2013; Laguionie
et al., 2014). Far away from the source, APs are mainly scav-
enged through their collection by clouds and precipitations
(Jaenicke, 1993) – referred to as the wet deposition. Since it
has been reported that the AP collection by clouds is domi-
nated by wet deposition (Flossmann, 1998; Laguionie et al.,
2014), the in-cloud AP collection remains an essential issue
for the atmospheric sciences.

As previously stated in Part I of this work (Dépée et al.,
2021), in most of current AP wet removal models – like
DESCAM (Detailed Scavenging Model, Flossmann, 1985)
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– the AP collection is described through a microphysical pa-
rameter called “collection efficiency” (CE), which quantifies
the ability of a droplet to capture the APs present in its sur-
roundings during its fall. It is the ratio between the AP num-
ber (or mass) collected by the droplet over the AP number (or
mass) within the volume swept by the droplet for a given AP
radius. Another equivalent definition is the ratio of the cross-
sectional area inside which the AP trajectories are collected
by the droplet over the cross-sectional area of the droplet.

Many microphysical effects influence this CE, and their
contribution is mainly dependent on the AP size. To be col-
lected an AP has to deviate from the streamline around the
falling droplet to make contact with it. The nanometric AP’s
trajectory is affected by the collisions with air molecules –
referred to as the Brownian diffusion. It results in random
movement patterns (see Fig. 1a) which tend to increase the
CE when the AP radius decreases. For massive APs, there is
an increase in CE as they retain an inertia strong enough to
deviate significantly from the streamline when it curves and
to move straight toward the droplet surface – known as iner-
tial impaction (see Fig. 1b). When considering intermediate
AP size, the CE goes through a minimum value called the
“Greenfield gap” (Greenfield, 1957) where the AP diffusion
and inertia are weaker. In this gap, other microphysical ef-
fects can be involved to make the droplet encounter the AP,
like the interception for instance. It is the collection of APs
following a streamline that approaches the droplet within a
distance equivalent to the particle radii (a) – see Fig. 1c. Note
that there are also thermophoretic and diffusiophoretic forces
which can have an influence on the CE. These effects prevail
in subsaturated air – as it is the case sometimes in clouds –
and are discussed in Part I (Dépée et al., 2021).

Since droplets are naturally charged in clouds (Takahashi,
1973) as well as the atmospheric APs, there are electrostatic
forces which can influence the AP collection. Numerous nu-
merical studies were dedicated to the influence of the elec-
tric charges on CE – such as Grover et al. (1975), Jaworek et
al. (2002), Tinsley and his group (for instance – Tinsley et al.,
2006 or Tinsley and Zhou, 2015). They suggest an increase
in the CE of several orders of magnitude even when the AP is
weakly charged. However, the AP charge increases when the
APs are radioactive (Clement and Harrison, 1992) – induc-
ing an impact on CE that is even larger (Dépée et al., 2019).
Thus, the AP “electroscavenging” in clouds has to be inves-
tigated, particularly for nuclear safety issues when the AP
removal by clouds results from the discharge of radioactive
materials from a nuclear accident. For this purpose, the mod-
elled CEs with electrostatic forces need to be experimentally
validated before the incorporation in cloud models. In partic-
ular, the analytical expression for electrostatic forces used in
numerical studies (Jaworek et al., 2002; Tinsley et al., 2006;
Tinsley and Zhou, 2015; Dépée et al., 2019) has to be con-
firmed by measurements.

When a droplet with a charge Q approaches an AP of
charge q, the partial influence of the AP electrostatic field on

the droplet leads to the re-orientation of the water dipoles. As
a result, a surface charge distribution on the droplet is created
and supposed to be comparable to the one of a conductive
sphere. In an electrostatic equivalent problem, the droplet can
be replaced by two point charges (Jackson, 1999) – one mod-
elling the charge distribution, inside the droplet and near its
surface, and another for the residual droplet charge located
at the droplet surface. Finally, the analytical expression of
the electrostatic forces is the addition of two Coulomb forces
between the AP and the two-point charges inside the droplet.
The factored expression can be found in Eq. (10), and fur-
ther details can be found in Tinsley et al. (2000). It consists
of two terms. The first one is the Coulomb inverse square
term which prevails in the AP collection for large enough AP
electrical mobilities or electric charge products (q ×Q), at-
tractive (Fig. 1d) or repulsive (Fig. 1e) depending on whether
the AP charge (q) and the droplet charge (Q) have unlike or
like signs. The second term is referred to as the short-range
attractive term and dominates for weak electric charge prod-
ucts or for small AP electrical mobilities (Fig. 1f) and is al-
ways attractive (due to the charge distribution at the droplet
surface with opposite sign to the AP charge). A detailed study
of their contribution can be found in Tinsley and Zhou (2015)
or Dépée et al. (2019).

Several laboratory studies investigated the influence of the
electric charges on the CE (Beard, 1974; Wang and Prup-
pacher, 1977; Lai et al., 1978; Barlow and Latham, 1983;
Wang et al., 1983; Byrne and Jennings, 1993; Lemaitre et
al., 2020) – summarised in Table 1. However, most of these
works have faced difficulties in controlling all parameters
impacting the CE. For instance, Beard (1974) did not mea-
sure the AP charge; Lai et al. (1978) used a polydispersed
AP size distribution – the relative humidity level was not
provided, and the terminal velocity of the droplets was not
reached; Barlow and Latham (1983) used a polydispersed
AP size distribution, and the relative humidity level signif-
icantly varied from 50 % to 70 % in their measurements; in
the work of Byrne and Jeannings (1993) the droplet veloc-
ity does not reach the terminal velocity; the relative humid-
ity measured in Lemaitre et al. (2020) varied from 27 % and
37 %. For these reasons, it is really difficult to find compara-
ble CE measurements in the literature as Barlow and Latham
(1983) concluded after highlighting a discrepancy of a few
orders of magnitude between all these authors. Nevertheless,
Wang and Pruppacher (1977) and Wang et al. (1983) suc-
ceeded in controlling the charges and the sizes (as well as
the relative humidity for Wang and Pruppacher, 1977), but
they considered only unlike signs between droplets and APs.
In their study, Lemaitre et al. (2020) did not observe any in-
fluence of electric charges on CE since for the low relative
humidity level and the large droplet radius considered, the
diffusiophoresis and thermophoresis dominated the AP col-
lection.

Thus, only the Coulomb inverse square term in the analyti-
cal expression of the electrostatic forces can be documented,
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whereas the contribution of the short-range attractive term
has not been experimentally verified until now.

The purpose of this study is to overcome this lack of data
by providing new CE measurements for weak and strong
droplet and AP charges with both negative and positive
charge products to quantify the effect of the short-range at-
tractive term on the CE since its contribution was previously
predicted by modelling (Tinsley and Zhou, 2015; Dépée et
al., 2019).

Thus, a novel experiment has been designed to study the
influence of electric charges on the CE, which is presented in
this paper. Note that this experiment was also used to study
the influence of relative humidity, which is the objective of
the companion paper: Part I (Dépée et al., 2021).

The first part of the paper describes the experimental setup.
Afterwards, the methods to evaluate the CE and the uncer-
tainties are detailed. Then, the measurements are presented
and confronted with the prediction of Kraemer and Johnstone
(1955) and the Lagrangian model of Dépée et al. (2019). Fi-
nally, this work concludes with the experimental validation
of the Dépée et al. (2019) model and a necessary incorpora-
tion of the modelled CEs in cloud models, pollution models,
climate models and so forth to study the electroscavenging.

2 Experimental setup

2.1 Overview

Figure 2 shows the In-Cloud Aerosol Scavenging Experi-
ment (In-CASE) which has been built to study the influence
of the electric charges on the CE. Droplets fall at their ter-
minal velocity (≈ 25 cm s−1) into a chamber through an AP
flow of 1.5 L min−1. The flow velocity is 1.3 cm s−1, and the
AP transfer time in the collision chamber is almost 80 s. The
In-CASE chamber is subdivided into three parts – the injec-
tion head where droplets and APs are inserted, the collision
chamber where droplets and APs interact with each other,
and the aerodynamic separator set at the bottom’s chamber
impacts droplets into an impaction cup while uncollected
APs pass out of the chamber toward a high-efficiency particu-
late air (HEPA) filter. For the latter stage, an Argon updraught
assures that there are no APs that settle into the droplet im-
paction cup. More details on the In-CASE chamber can be
found in Sect. 2.2 of Dépée et al. (2021).

APs are atomised from a sodium fluorescein salt solution
(C20H10Na2O5). This molecule has been used for its sig-
nificant fluorescent properties, detectable at very low con-
centrations (down to 10−10 g L−1). Once generated, the APs
flow through a diffusion dryer, and a portion of the flow is
then directed into a differential mobility analyser (DMA;
TSI 3080) to select APs following their electrical mobili-
ties, whereas the overflow ends in an exhaust (black, Fig. 2).
At the DMA’s outlet, the AP size distribution is assumed to
be monodispersed (discussed in Sect. 3.1). Thereafter, APs

are electrically charged by a custom-designed field charger
(Sect. 2.4). Since the optimised AP flow rate in the charger is
1.5 L min−1 and the maximum AP flow rate in the DMA was
1.2 L min−1, during the experiments, a clean air flow rate is
added at the charger’s inlet. Before the AP injection in the In-
CASE chamber, the flow is humidified to ensure a high rel-
ative humidity level inside the collision chamber (Sect. 2.2).
Thus, the hygroscopicity of the sodium fluorescein salt is
considered during the experiments (see Sect. 3.2). Before the
AP collection on the HEPA filter, the APs flow through a low-
energy X-ray neutraliser (< 9.5 keV, TSI 3088) to eliminate
charge accumulation on this filter, leading to AP deposition
on the metallic walls of the filter holder. Note that the pipes
are anti-static and connected to the ground (as well as the
collision chamber) so there is no accumulation charge before
the HEPA filter due to AP deposition.

Droplets are generated with a piezoelectric injector pro-
vided by Microfab (MJ-ABL-01 model) with an internal di-
ameter of 150 µm – at 25 Hz to prevent droplets from coalesc-
ing. The generator is set in a housing made with a 3D printer
which is located in the injection head (Fig. 5, Right). An
electrostatic inductor is also placed in the housing to charge
droplets (Sect. 2.5). The droplet size is measured during ex-
periments by optical shadowgraphy (with a strobe and a cam-
era, brown colour in Fig. 2) through two opposite windows in
the injection head. Further details can be found in Sect. 2.4 of
Dépée et al. (2021), but note that the size distributions of the
droplets generated by the piezoelectric injector are consid-
ered monodispersed since the droplet size dispersion is very
low (σ ∼ 1 %).

2.2 Thermodynamic conditions in the In-CASE
chamber

Thermodynamic conditions were set as constant as possi-
ble during experiments to get comparable CE measurements.
The pressure in the In-CASE chamber was 1 atm and the
mean temperature for the campaign presented in this paper
was 1.08± 0.12 ◦C. As referred to in Sect. 2.2 of Dépée et
al. (2021), the chamber’s temperature is controlled through
a cooling system which indirectly sets the relative humid-
ity level in the chamber. Here, the temperature of the pure
water in the humidifier placed before the In-CASE chamber
(Fig. 2) was increased to get a mean relative humidity level
in the chamber of 95.1± 0.2 %. Note that this relative hu-
midity level was the maximum which could be reached with
In-CASE. In this way, the contribution of the thermophoretic
and the diffusiophoretic effects in the CE measurements were
reduced as much as possible.

2.3 Droplet evaporation

The droplet evaporation was theoretically evaluated through
the Sect. 13.2 of Pruppacher and Klett (1997). The termi-
nal velocity of the droplet (UA,∞ ≈ 25 cm s−1) is computed
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Table 1. Laboratory studies focused on the influence of electric charges on the CE. Charges are presented in number of elementary charges.

Parameter

Study Droplet radius
(µm)

AP radius
(µm)

Droplet charge
(|e|)

AP charge
(|e|)

Relative humidity
(%)

Terminal
velocity

Beard (1974) 200–425 Monodisperse
0.35–0.44± 0.04

104–106 Not measured 99 Reached

Wang and Pruppacher
(1977)

170–340 Monodisperse
0.25± 0.03

106 9 & 15
±2

23± 2 Reached

Lai et al. (1978) 620 & 820 Polydisperse
0.15–0.45

107–108 Not measured Neither controlled
nor measured

Not
reached

Barlow and Latham
(1983)

270–600 Polydisperse
0.2–1

104–107 Neutralised Uncontrolled but
measured 50–70

Reached

Wang et al. (1983) 69–250 Monodisperse
0.038–0.1

107–108 1–13.5 Uncontrolled Reached

Byrne and Jennings
(1993)

400–500 Monodisperse
0.35–0.88

105–108 360–750 57 Not
reached

Lemaitre et al. (2020) 1275 Polydisperse
0.15 and 0.25

105–108 Neutralised and
measured (0± 0.1)

Uncontrolled but
measured 27–37

Reached

Figure 1. AP trajectories computed with the extended Dépée et al. (2019) model for a 50 µm droplet radius (A) and AP with various radii
(a) and densities (ρAP). The air temperature (Tair) and the air pressure (Pair) are −17 ◦C and 540 hPa, respectively. The panels indicate the
effects of Brownian motion (a), inertial impact (b), interception (c), and electrostatic forces with attractive (d) and repulsive (e, f) Coulomb
forces. Red trajectories result in an AP collection. The droplet (Q) and AP (q) charges are labelled. Panels (b) to (f) – the red trajectories
result in an AP collection. Adapted from Part I (Dépée et al., 2021).
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Figure 2. In-CASE setup to study the electric charges’ influence – adapted from Part I (Dépée et al., 2021). Colours represent different
functions. Red represents upward argon flow against AP pollution in the droplet impaction cup. Purple represents AP (and Argon) evacuation
toward the HEPA filter after neutralisation. Orange represents AP, generation, selection and charging. Black represents surplus evacuation
and differential mobility analyser (DMA) flow rate control. Grey represents clean air adding for a constant flow rate at the AP charger’s inlet.
Brown represents droplet radius measurement.

from Beard (1976), while the droplet residence time in the
collision chamber (≈ 4 s) is deduced from the changes in
droplet radius and terminal velocity. For a relative humidity
level of 95 %, it was found that the droplet radius decreases
by less than 0.3 % from the droplet generation to the bot-
tom of the collision chamber. Thus, the droplet evaporation
in the In-CASE collision chamber was neglected for the dis-
cussions below.

2.4 AP charging

APs are electrically charged by passing through a custom-
designed field charger adapted from Unger et al. (2004). The
scaled geometry is presented in Fig. 3. This charger is based
on a system of electric discharges produced between a high-
potential tungsten wire and a grounded cylinder. A metallic
converging portion is used at the charger’s outlet to trap ions
and ensure only charged APs can leave the charger. A Teflon
ball (Ø= 1 mm) is set at the end of the tungsten wire to en-
sure there is no point effect between the wire and the ion trap.
A large number of ions are then created and migrate between
the 2 cm interelectrode space along the electric field lines.
Finally, the APs flow through them and are charged by ion
attachment.

The charging relationships of the charger used during all
experiments are presented in Fig. 4. They provide the mean
electric AP charge related to the potential at the tungsten
wire for the four AP radii considered here. It results from
ex situ experiments which are detailed in Appendix A. Note
that APs are negatively charged through the discharge regime
used (negative Trichel regime), and there is an electric po-
tential where the AP charge saturates, which is typical for
field chargers (Pauthenier and Moreau-Hanot, 1932). These
results were performed at an AP flow rate of 1.5 L min−1,
which was found to maximise the AP penetration inside the
charger and consequently the AP concentration inside the
In-CASE chamber. Penetration tests – not presented in this
study – were deduced by varying the AP flow rate in the setup
detailed in Appendix A.

2.5 Droplet charging

The droplet charge is controlled through an electrostatic
inductor adapted from Reischl et al. (1977). Two paral-
lel metallic plates are set at the droplet generator’s nozzle
(Fig. 5, left) – one plate connected to the neutral potential
and the other one to a potential referred to as Vind. It in-
duces an electric field (Eind ∼ 102–103 V m−1) at the nozzle.
Since sodium chloride is added to the pure water that feeds
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Figure 3. Geometry of the home-made AP charger based on Unger et al. (2004).

Figure 4. AP charging relationships used during experiments for
the four AP radii (a) considered. Error bars represent the standard
deviations in measurements.

the piezoelectric droplet generator, this electric field can se-
lectively attract negative or positive ions toward the nozzle
where the droplet is formed, according to its sign. If Vind is
negative, the positive sodium ions (Na+) migrate toward the
nozzle and the negative chloride ions (Cl−) are repulsed from
the nozzle and inversely if the potential is positive. Further-
more, the amplitude of the electric field (Eind) sets the ion
quantity in the droplet. Note that the sodium chloride con-
centration has no impact on the induced droplet charge if the
ion number is large enough for the entire experiment time
(Reischl et al., 1977) – 3.3 g L−1 was used here.

Figure 5. (Left) Electrostatic inductor below the piezoelectric
droplet generator. (Centre) Cross section of the housing made with
a 3D printer that holds the droplet generator. (Right) Injection head
at the top of the In-CASE chamber containing the housing made
with a 3D printer.

A method to evaluate the droplet charge was developed
in this study and is detailed in Appendix B. In Fig. 6, the
resulting charging relationship of the electrostatic inductor
is presented. It gives the droplet charge (Q) as a function
of the electrostatic inductor potential (Vind). We note that
the droplet generator produces highly electrically charged
droplets since the droplet charge is evaluated to about−8400
elementary charges, for a zero potential at the inductor plate
(Vind = 0 V). This is in line with Ardon-Dryer et al. (2015),
which used a similar generator and measured up to 104 el-
ementary charges on the generated droplets. Finally, this
charging relationship is used during experiments to posi-
tively or negatively set the droplet charges. The electrostatic
inductor and the droplet generator are placed into a housing
made with a 3D printer (Fig. 5, centre), with the latter be-
ing placed in the injection head at the top of the In-CASE
chamber (Fig. 5, right).
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Figure 6. Droplet charge versus electrostatic inductor voltage. The
colours identify different tests performed to ensure there is no
droplet charge modification over time and manipulations. Error
bars represent the standard deviation of the droplet radii evaluated.
The parameter Vcap is the potential at the capacitor to measure the
droplet charge. Note that the radius of the droplet is deduced from
the reversed Beard (1976) model and its terminal velocity – with
the latter being measured by optical shadowgraphy. See Appendix
B for more further details.

3 Data analysis

3.1 Assumption of a monodispersed AP size
distribution

As a reminder, APs flow through a DMA (Fig. 2) to se-
lect APs following their electrical mobility. As explained in
Sect. 3.2 of Part I (Dépée et al., 2021), several AP radii can
actually be selected depending on their elementary charges
given that they have the same electrical mobility. For exam-
ple, with a selected AP radius of 100 nm at the DMA (con-
sidering one elementary charge on it), the doubly charged AP
radii of 161.8 nm will also be selected.

Sometimes, the multiple charged APs cannot be neglected
in the AP flow at the DMA’s outlet. The CE deduction is then
more difficult (Dépée et al., 2021). Here, the aerodynamic
impactor at the DMA’s inlet and the AP flow rate in the DMA
were optimised to prevent double (and greater) charged AP
from being selected by the DMA. Indeed, the cut-off radius
of the impactor at the DMA’s inlet (referred to as D50 %/2)
– which is the radius where 50 % of the APs are impacted
– is small enough compared to the double charged AP ra-
dius. This is summarised in Table 2 for all selected AP radii
used in the experiments. Thus, the AP size distribution at the
DMA’s outlet is assumed to be monodispersed, and the CE is
deduced as follows.

3.2 Collection efficiency definition

The collection efficiency (CE) is calculated from Eq. (1):

CE(a,A,q,Q,HR)=
mAP,d

mAP,available
, (1)

where mAP,d is the AP mass collected by all droplets which
is directly measured by fluorescence spectrometry analysis of
the droplets collected in the impaction cup, which is located
at the bottom of the In-CASE chamber (Fig. 4 of Dépée et al.,
2021).mAP,available is the mass of available APs in the volume
swept by all droplets – evaluated with Eq. (2):

mAP,available = π(A+GroF(RH)× a)2×Fd×1t

×Heff×Cm,AP, (2)

with A the droplet radius, Fd the droplet generation fre-
quency, 1t the experiment duration (from 3 to 6 h), a the
AP dry radius, Cm,AP the mean AP mass concentration in
the In-CASE collision chamber, and GroF the growth factor
of AP depending on the relative humidity (RH). The latter
characterises the hygroscopicity of the sodium fluorescein
salt – further details related to its evaluation can be found
in Sect. 2.2.3 of Dépée et al. (2021). Heff is the effective
height of interaction between APs and droplets calculated
with Eq. (3):

Heff =
UA,∞

UA,∞+VQ
HIn-CASE, (3)

with the AP flow velocity (VQ) equal to 1.3 cm s−1 (for an
AP flow rate of 1.5 L min−1), the droplet terminal velocity
(UA,∞) assumed to be equal to 25 cm s−1 and the In-CASE
collision chamber’s height (HIn-CASE) equal to 1 m.

In Eq. (2), the mean AP mass concentration (Cm,AP) in
the In-CASE collision chamber is evaluated from the fluores-
cence spectrometry analysis of the HEPA filter. It is given by
Eq. (4), where QIn-CASE,c is the AP flow rate going through
the In-CASE collision chamber and mAP,tot is the total AP
mass on the HEPA filter at the end of the experiment.

Cm,AP =

(
1+

1−PIn-CASE,a,q

2

)
mAP,tot

1t ×QIn-CASE,c
(4)

The mean AP mass concentration is corrected considering
the penetration (PIn-CASE,a,q ) in the collision chamber which
depends on the AP radius (a) and charge (q). This parame-
ter was estimated during ex situ experiments where the setup
was the same as Fig. 2, the only difference being a conden-
sation particle counter (CPC) positioned behind the AP neu-
traliser and the AP charger to measure two AP number con-
centrations, n1 and n2, respectively. The penetration is then
defined as concentration n1 over concentration n2. Thus, the
measured penetration accounts for the AP deposition due to
electrostatic forces on the wall of the collision chamber as
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Table 2. AP selection parameters.

Selected dry AP Double charged AP flow rate in Cut-off radius of the
radius by the DMA dry AP radius the DMA impactor at the
(single charged) with the same DMA’s inlet

electrical mobility (D50 %/2)

100 nm 161.8 nm 1.2 L min−1 140 nm
150 nm 253.7 nm 1.0 L min−1 157 nm
200 nm 348.3 nm 0.6 L min−1 213 nm
250 nm 444.3 nm 0.4 L min−1 268.5 nm

Table 3. Measured penetration for the experimental conditions.

Dry AP AP charge Penetration
radius (a) (q) (PIn-CASE,a,q )

100 nm −10± 1|e| 94.7 %
−20± 2|e| 86.0 %

150 nm −11± 1|e| 96.5 %
−30± 3|e| 86.2 %

200 nm −10± 1|e| 97.0 %
−34± 3|e| 88.8 %
−71± 7|e| 78.2 %

250 nm −22± 2|e| 94.1 %
−52± 5|e| 89.6 %
−90± 9|e| 81.8 %

well as in the pipes from the AP charger to the HEPA filter
and the humidifier (Fig. 2). The measured penetrations are
presented in Table 3. It is observed that the penetration de-
creases when the AP charges (q) increase and the AP radius
(a) decreases since the electrical mobility of APs is larger.
During experiments, the AP number concentration ranged
from 3× 104 cm−3 (for a = 100 nm and =−10± 1|e|) to
2×103 cm−3 (for a = 250 nm and q =−90±9|e|). As a re-
minder, the pipes are anti-static and connected to the ground
(as well as the collision chamber) so there is no charge accu-
mulation due to AP deposition during experiments. Thus, the
penetrations presented in Table 3 are assumed to be constant
over time. Note that the AP deposition was neglected in Part
I (Dépée et al., 2021) since the penetration was almost 100 %
when the APs are neutralised.

3.3 Uncertainties

The relative CE uncertainty (uCE) is calculated following
Lira (2002) and presented in Eq. (5):

uCE =
√
u2
A+ u

2
Heff
+ u2

Nd
+ u2

mAP,d
+ u2

Cm,AP
, (5)

where the relative uncertainties are related to the droplet
radius (uA ≈ 1 %), the effective height of interaction be-
tween droplets and APs (uHeff ≈ 4 %), the number of injected

droplets during the experiment (uNd ≈ 2 %), the measured
AP mass in the droplet impaction cup (umAP,d ), and the mean
AP mass concentration in the In-CASE collision chamber
during the experiment (uCm,AP ).

The relative uncertainty umAP,d is evaluated through
Eq. (6):

umAP,d =

√
u2

fluorimeter+ u
2
dilution, (6)

where udilution is the relative uncertainty of the dilution per-
formed during the spectrometry analysis, assumed to be
equal to 1 %, and ufluorimeter is the relative uncertainty of the
fluorimeter, which can be up to 30 % when the measured AP
mass is close to the detection limit. The relative uncertainty
of the mean AP mass concentration in the In-CASE collision
chamber (uCm,AP ) is calculated through Eq. (7):

uCm,AP =

√
u2
mAP,tot

+ u2
QIn-CASE,c

+ u2
1t + u

2
P

≈

√
u2
mAP,tot

+ u2
QIn-CASE,c

+ u2
P ,

umAP,tot =

√
u2

fluorimeter+ u
2
dilutionumAP,tot . (7)

umAP,tot is the relative uncertainty of the measured AP mass
on the HEPA filter, which depends on the relative uncer-
tainties of the dilution (udilution ≈ 1 %) and the fluorimeter
(ufluorimeter ≤ 30 %) – uQIn-CASE,c is the relative uncertainty
of the AP flow rate in the collision chamber equal to 1 %,
and u1t is the relative uncertainty of the experiment duration
which is neglected here. More details are addressed in Part I,
Sect. 3.3 (Dépée et al., 2021), where the same definitions are
used, except the relative uncertainty of the AP penetration in
the collision chamber (uP) is added here (Eq. 8).

uP =
1−PIn-CASE,a,q

2
(8)

As mentioned in Sect. 4.2.3 (“Dépée et al. (2019) extended
model”), an AP pollution independent from the experiment
(pollution during the spectrometry analysis, when the droplet
impaction cup is extracted at the end of experiments, etc.) re-
mains and should be considered in Eq. (5). Indeed, it can
significantly increase the CE measurement, especially when
the measured AP mass is close to the detection limit of the
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fluorescence spectrometer. Considering the experiment dura-
tion (< 6 h), this pollution is not totally negligible for CEs
below 1×10−4. Rather than discarding these measurements,
there low uncertainty were extended down to the lower limit
of the axis in Figs. 7 and 10.

Also, we assume that APs have the same charge (q). Even
if an AP charge distribution exists, this contribution is negli-
gible. Nevertheless, the AP charge distribution was not mea-
sured here.

4 Results and discussions

4.1 Extension of the Dépée et al. (2019) model

CE measurements are compared to the model of Dépée et
al. (2019), which models the electrostatic forces (F elec) be-
tween droplets and APs in the CE calculation. Since all ex-
periments were performed in subsaturated air (RH= 95.1±
0.2 %), the thermophoretic (F th) and the diffusiophoretic
(F df) forces were also considered for the comparison with
the model. Indeed, Dépée et al. (2021) showed that the contri-
bution of these two effects is significant even though the rela-
tive humidity is close to 100 %. Thus, the Dépée et al. (2019)
model is extended here by replacing the resulting velocity at
the AP location (U∗

f @ap in their Eq. 6) by Eq. (9):

Uf @AP
∗(t)= Uf @AP(t)+

τAP

mAP

(
F buoy+F df+F elec+F th

)
, (9)

where Uf @AP is the fluid velocity at the AP location, τAP the
AP relaxation time and mAP the AP mass. The expression of
the buoyancy force (F buoy) is detailed in Eq. (B1), and F df
and F th are detailed in Eq. (12) of Dépée et al. (2021). F elec
is defined in Eq. (10):

F elec =
q2

4πε0A2
Short-range attractive term︷ ︸︸ ︷(
−

r∗

(r∗2− 1)2
+

1
r∗3

)
+

1
r∗2
×
Q

q︸ ︷︷ ︸
Coulomb inverse square term

ur,

(10)

with ε0 the permittivity of the free space, ur the unit vector
in the radial direction from the droplet centre to the AP cen-
tre, and r∗ the distance between the AP and droplet centres,
normalised by the droplet radius A.

Note that radioactive APs are known to get positively
charged (Clement and Harrison, 1992), whereas the APs
were negatively charged in this work (Fig. 4), through the
charging regime used in the AP charger (for integrity of the
tungsten wire over time). Nevertheless, since we have the
relation F elec (q,−Q)= F elec (−q,Q) in Eq. (10), the CE
measurements with the same q

Q
ratios are equivalent, assum-

ing this analytical expression is validated by the measure-
ments (see Sect. 4.2.3).

4.2 Collection efficiency measurements

The CE measurements for various charges are presented in
Table 4 for the four wet AP radii (awet) considered in this
study. Note that the wet AP radii are the ones of the APs
which grew in the collision chamber due to their hygro-
scopicity. During experiments, the AP radius increases by a
growth factor (GroF) between 1.73 and 1.75 (since we actu-
ally considered the four mean levels of relative humidity for
the four AP radii used in the experiments). Further details re-
lated to the calculation of the growth factor can be found in
Sect. 2.2.3 of Dépée et al. (2021). In Table 4, the droplet (Q)
and AP (q) charges are also informed by number of elemen-
tary charges. The mean temperature was 1.08± 0.12 ◦C, and
the mean relative humidity was 95.1±0.2 %, for a droplet ra-
dius of 48.5± 1.1 µm. Note that the wet AP density depends
on the one of sodium fluorescein salt and water. Equation (1)
of Dépée et al. (2021) yielded a density of 1110 kg m−3. The
key features of the experiments are summarised in Table 5.

4.2.1 Effect of the product of the droplet and AP
charges on the collection efficiency

The CE measurements for a wet AP radius of 432 nm are
presented in Fig. 7 as a function of the product of the droplet
(Q) and AP (q) charges. The measurements are compared to
the Dépée et al. (2019) extended model (solid line) for the
four AP charges, considering the AP and droplet charge un-
certainties. There is a good agreement between model and
measurements, which indicates that the analytical expression
of the electrostatic forces (Eq. 10) reliably describes the ob-
servations.

Indeed, an important charge influence is measured, in-
creasing or decreasing the CE up to 2 orders of magni-
tude for large negative or positive charge products, respec-
tively, compared to the theoretical CE value disregarding the
electrostatic effects (dashed line in Fig. 7). This is due to
the Coulomb inverse square term in the electrostatic forces’
Eq. (10) which dominates – attracting or repelling the APs
from the droplet depending on whether the AP and droplet
charges have unlike or like signs.

For small positive charge products (approximately 0≤
q×Q≤ 106

|e|×|e|), an increase in CE with a factor of more
than 3 is measured compared to the theoretical CE value
without electrostatic forces. This fact truly emphasises the
contribution of the short-range attractive term in Eq. (10),
which attracts the APs toward the droplet even though the
droplet and AP charges have like signs. Indeed, as previously
stated, this term prevails for small charge products (Dépée et
al., 2019).
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Table 4. CE measurements.

Q(|e|)

awet (nm) q(|e|) 9.6× 104 3.0× 104 5.0× 103 0± 6.0× 102
−5.0× 103

−1.0× 104
−3.0× 104

±4.3× 103
±1.9× 103

±8.4× 102
±7.7× 102

±8.7× 102
±1.4× 103

175± 3 −10± 1 3.91× 10−2 2.44× 10−2 3.47× 10−3 4.17× 10−3 5.58× 10−3 9.81× 10−4 2.55× 10−4

−20± 2 6.77× 10−2 3.47× 10−2 6.99× 10−3 5.07× 10−3 4.25× 10−3 9.17× 10−4 4.12× 10−5

260± 3 −11± 1 2.41× 10−2 1.30× 10−2 3.25× 10−3 2.97× 10−3 2.14× 10−3 1.34× 10−3 1.93× 10−4

−30± 3 7.91× 10−2 2.31× 10−2 7.96× 10−3 5.75× 10−3 3.47× 10−3 2.57× 10−3 4.97× 10−5

346± 4 −10± 1 2.24× 10−2 8.98× 10−3 3.03× 10−3 1.86× 10−3 1.84× 10−3 1.05× 10−3 5.20× 10−4

−34± 3 4.58× 10−2 1.40× 10−2 5.39× 10−3 3.91× 10−3 2.90× 10−3 2.23× 10−3 3.60× 10−5

−71± 7 9.17× 10−2 3.25× 10−2 1.70× 10−2 7.33× 10−3 5.51× 10−3 2.88× 10−3 2.21× 10−5

432± 5 −22± 2 3.74× 10−2 1.49× 10−2 3.22× 10−3 2.49× 10−3 1.85× 10−3 2.44× 10−3 1.25× 10−4

−52± 5 7.62× 10−2 4.13× 10−2 1.13× 10−2 3.23× 10−3 3.23× 10−3 4.17× 10−3 1.06× 10−4

−90± 9 1.77× 10−1 3.55× 10−2 1.83× 10−2 6.90× 10−3 4.75× 10−3 4.56× 10−3 2.43× 10−5

Figure 7. CE measurement as a function of the product of the
droplet (Q) and AP (q) charges for the wet AP radius of 432 nm and
a droplet radius of 48.5± 1.1 µm. The experimental conditions are
summarised in Table 5. Colour code informs about the AP charge.
The dashed line represents the theoretical CE value disregarding
the electrostatic forces (given the air parameters 1 ◦C, 1 atm, 95 %
of relative humidity). The solid line is the interpolation of the Dépée
et al. (2019) extended model (with the charge uncertainty range) for
the respective CE measurements at a given AP charge.

Note that the same influence of the charge product on the
CE is observed for the other three wet AP radii – the CE
varies up to 4 orders of magnitude.

4.2.2 Effect of the AP charge on the collection
efficiency for a neutral droplet

In Fig. 8, the CE measurements (circle) for a neutral droplet
(Q= 0±600 |e|) are presented for the four wet AP radii – re-
ferred to by the colour code – with the respective theoretical
CE values (triangle). The dashed line represents the theoret-
ical CE value without electrostatic forces.

Note that the contribution of the electrostatic forces seems
insignificant for an AP charge of about ∼−10 elementary
charges and an AP radius of 346 and 260 nm as well as an
AP of 432 nm with −20 elementary charges. Indeed, these
measurements are very close to the theoretical ones with no
consideration of electrostatic forces. Several microphysical
effects have probably an equivalent contribution on the CE
measurements such as electrostatic, thermophoretic and dif-
fusiophoretic forces, in addition to AP diffusion, weight and
inertia.

However, at a given AP radius, an increase in the CE is ob-
served when the number of elementary charges on the APs is
larger. Note that this increase appears even though the droplet
is neutral (or poorly charged considering the charge uncer-
tainty of 600 elementary charges). For example, given an AP
radius of 346 nm, the CE is multiplied by almost a factor of
4 when the AP charge increases from −10 to −71 elemen-
tary charges. It highlights the contribution of the short-range
attractive term in Eq. (10), showing the presence of a surface
charge distribution on the droplet formed by the partial influ-
ence of the AP electrostatic field on it. In the current case,
this is the only contribution since the droplet is neutral and
the Coulomb inverse square term is zero in Eq. (10). This is
an important result since, to our knowledge, there is no exper-
imental observation of the short-range attractive term on the
CE in the previous studies of the literature. Here, the good
agreement between measured (circle) and modelled (trian-
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Table 5. Key features of the In-CASE setup.

Feature Numerical value

Collision chamber’s parameters

Height of the collision chamber (HIn-CASE) 1 m

Distance between droplet injection and AP injection ≈ 10 cm

Diameter of the collision chamber 5 cm

Impaction cup diameter 2.5 cm

AP flow rate in the DMA Between 0.4 and 1.2 L min−1 (following the selected AP radius)

Clean air adding at the inlet of the aerosol charger Between 0.3 and 1.1 L min−1 (following the selected AP radius)

AP flow rate in the aerosol charger 1.5 L min−1

AP flow rate in the collision chamber (QIn-CASE, c) 1.5 L min−1

Flow velocity in the collision chamber (VQ) 1.3 cm s−1

Flow rate of the upward Argon at the inlet of AP/droplet separator 0.4 L min−1

Flow rate of the upward Argon in the impaction cup 1.4 cm s−1

AP and Argon flow rate at the outlet of In-CASE chamber
(toward the HEPA filter)

1.9 L min−1

Air pressure in the collision chamber (Pair) 1 atm

Temperature in the collision chamber (Tair) 1.08± 0.12 ◦C

Relative humidity in the collision chamber (RH) 95.1± 0.2 %

Duration of experiments (1t) From 3 to 6 h (related to the expected APs mass in droplets)

AP parameters

Selected dry AP radius during experiment (a) 100, 150, 200 or 250 nm

Growth factor of the APs (GroF) Between 1.73 and 1.75 (following the mean levels of relative humidity
for the four separated AP radii)

Density of sodium fluorescein (ρfluorescein) 1580 kg m−3

Density of the wet APs (ρAP) ≈ 1110 kg m−3

AP terminal velocity ≤ 10−3 cm s−1 (equal to 8×10−4 cm s−1 for the larger selected dry AP
radius 250 nm)

AP residence time in the collision chamber ≈ 80 s

Total AP concentration (single and multiple charged
at the DMA’s outlet)

From 3×104 cm−3 (for a = 100 nm and q =−10±1|e|) to 2×103 cm−3

(for a = 250 nm and q =−90± 9|e|)

AP charge (q) From−10±1 to−90±9 elementary charges (following the selected AP
radius)

Droplet parameters

Droplet radius (A) 48.5± 1.1 µm

Droplet generation frequency (Fd) 25 Hz

Droplet terminal velocity (UA,∞) ≈ 25 cm s−1

Number of injected droplets during experiments (Nd) From 270 000 to 540 000 (related to the expected APs mass in droplets)

Observed distance between two successive droplets ≈ 9 mm≈ 180 droplet radii

Droplet residence time in the collision chamber ≈ 4 s

Droplet charge (Q) From−3.0×104
±1.4×103 to 9.6×104

±4.3×103 elementary charges

Droplet charge after neutralisation (Q) 0± 600 elementary charges

Droplet evaporation between the injection and the end
of the collision chamber

≈ 0.3 %

Sodium chloride concentration in the pure water 3.3 g L−1
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Figure 8. CE measurement (circle) as a function of the AP charge
(q) for the four wet AP radii (colour code). The respective mod-
elled CEs are also presented (triangle). The droplet is neutral with
a radius of 48.5± 1.1 µm. The experimental conditions are sum-
marised in Table 5. The dashed line represents the theoretical CE
value disregarding the electrostatic forces (given the air parameters
1 ◦C, 1 atm, 95 % of relative humidity). The vertical error bars for
the modelled CEs consider the AP and droplet charges uncertain-
ties.

gle) CEs confirms that the analytical expression of the short-
range attractive term in Eq. (10) is reliable.

For a given AP charge, an increase in the CE is measured
when the AP radius decreases, probably due to the increase in
the electrical mobility of APs. This is in line with the numer-
ical results of Dépée et al. (2019) even though electrostatic
effects are not the only contribution involved in this CE in-
crease. Indeed, the Brownian motion of the APs increases for
smaller APs and enhances the collision between the droplet
and APs.

Moreover, the curve slope could be increased for a de-
crease in the AP radius since the electrical mobility increases,
but this trend is not visible in Fig. 8. It can be due to the un-
certainties on the CE measurements, the droplet neutralisa-
tion and the AP charge.

4.2.3 Comparison with existing models

Kraemer and Johnstone (1955) prediction

To describe the impact of the electric charge on the CE,
there is the well-known prediction of Kraemer and Johnstone
(1955), summarised in Eq. (11):

ECKJ =

(
Q

πε0A21U

)(
q ×Cu

6πηaira

)
, (11)

with ηair the dynamic viscosity of air, Cu the Stokes–
Cunningham slip correction factor (defined in Appendix A
of Dépée et al., 2019) and 1U the droplet fall velocity rela-

Figure 9. Modelled CE from the prediction of Kraemer and John-
stone (1955) as a function of the measured CE. The droplet radius
is 48.5±1.1 µm. Only the negative charge products for the four AP
radii are considered here, represented by the colour code. The ex-
perimental conditions are summarised in Table 5.

tive to the AP fall velocity. The latter is assumed to be equal
to |UA,∞−Ua,∞|, where Ua,∞ is the AP settling velocity.

Since this prediction models the contribution of the at-
tractive Coulomb forces on the CE, only the CE measure-
ments with a negative charge product for the four AP radii
are compared. In Fig. 9, the modelled CE from the predic-
tion of Kraemer and Johnstone (1955) as a function of the
measured CE is presented. The horizontal error bars are the
measurement uncertainties, while the vertical ones are the ex-
treme theoretical CE values considering the extreme droplet
and AP charges (by adding or subtracting the charge un-
certainties). It is shown that the prediction of Kramer and
Johnstone (1955) accurately describes the observation for
the large charge products (red colour), but the discrepancies
between model and measurement increase when the charge
product decreases. Indeed, the less AP and droplet are elec-
trically charged, the more the model underestimates the CE
compared to the observations. This is due to the formula
which only models the attractive Coulomb forces and dis-
regards the other effects like the AP weight, the AP inertia
and the AP diffusion, which tend to increase the CE as well
as the diffusiophoretic and the thermophoretic forces (Dépée
et al., 2021). Consequently, the prediction gives better agree-
ment for large charge products where the attractive Coulomb
forces dominate the other effects on the AP collection. This
case illustrates the strong interest of using Lagrangian mod-
els like the one of Dépée et al. (2019), which considers all
microphysical effects involved in the in-cloud AP collection
and especially their coupling.

Note that Wang et al. (1983) also compared their CE mea-
surements with this prediction, finding good agreement since
they considered between−107 and−108 elementary charges
on droplets and between 1 and 13.5 elementary charges on
APs. So, their charge products were larger than the ones used
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in the present study, and they had no combined effect – the
attractive Coulomb force was by far the only significant con-
tribution. It can explain why their comparison with the pre-
diction of Kraemer and Johnstone (1955) is better than the
ones presented in Fig. 9. Since most of the measurements of
Wang et al. (1983) are for a droplet radius of 250 µm, they are
not comparable to the present ones, which are significantly
much smaller (A= 48.5± 1.1 µm).

Dépée et al. (2019) extended model

In Fig. 10, the modelled CE from the extended model of
Dépée et al. (2019) as a function of the measured CE is
presented. The modelled CEs are calculated from the exper-
imental parameters (AP density, air temperature, pressure,
and relative humidity as well as the sizes and charges), and
the CE values less than 10−5 are set to 10−5 to avoid an ex-
cessive computation time (Dépée et al., 2019). The horizontal
error bars are the measurement uncertainties, while the ver-
tical ones are the extreme theoretical CE values considering
the extreme droplet and AP charges (by adding or subtracting
the charge uncertainties). The colour code corresponds to the
different droplet radii studied.

A good accordance between the model and the CE mea-
surements is shown. Indeed, it appears that there are as many
data points above the “Model=Measurement” line as below,
meaning that the model overestimates as much as underesti-
mates the observations. Thus, it can be assumed that there
are no missing or unnecessary microphysics effects in the
CE modelling. Moreover, the mean difference between the
modelled CEs and the 70 measured CEs is 66 %. This is a
reasonable value for a microphysics parameter such as the
collection efficiency which varies on several orders of mag-
nitude, especially since the value was calculated disregarding
the different uncertainties (error bars in Fig. 10) and was as
a result over-evaluated.

Nevertheless, six data points seem inconsistent with dis-
crepancies between model and measurements from 150 %
to 1000 %, occurring for the smallest CE values in Fig. 10
(lower left). Note that the discrepancies should be even worse
since the modelled CEs, set to 10−5, are actually much lower.
By examining these data points, it appears that the measured
AP masses in the droplet impaction cup – mAP,d in Eq. (1) –
are very close to the detection limit of the spectrometer used.
Moreover, for the experimental conditions, the model pre-
dicts AP masses in the droplets lower than the detection limit
since the Coulomb inverse square term in Eq. (10) was very
repulsive. So, the assumption can be made that a pollution
occurred during the various steps of the protocol (end of ex-
periment, disassembly of the chamber’s bottom to reach the
droplet impaction cup, change of room for the analysis, etc.).
Note that the detection limit of the spectrometer is 10−15 kg
(for the nominal analysis volume considered), which only
represents 10 APs with a dry radius of 250 nm deposited on
the droplet impaction cup. Thus, there exists an important

uncertainty in these CE measurements related to a possible
contamination. This is difficult to quantify, but the low uncer-
tainties of the CE measurements below 10−4 were increased
in Fig. 10. To reduce this potential pollution, it would be nec-
essary to work in a clean room or increase the experiment
duration to avoid detection problem. However, for these data
points the experiment duration was almost 6 h, and beyond
this duration, stability problems of the piezoelectric droplet
generator were frequent.

However, a reasonable agreement between the extended
model of Dépée et al. (2019) and the CE measurements is
observed. As a reminder, the mean discrepancy was over-
evaluated at 66 %, which is suitable to describe a microphys-
ical parameter varying on several orders of magnitude for the
collection efficiency. Furthermore, if the six inconsistent val-
ues are removed, the mean discrepancy on the 63 remaining
CE measurements decreases from 66 % to 38 %.

The 38 % of discrepancy between the Dépée et al. (2019)
extended model and the measurements can be attributed to
the dispersion of the AP charge distribution. Indeed, it was
not possible to characterise the AP charge distribution, which
remains an important uncertainty. Moreover, the AP size dis-
tribution was assumed to be monodispersed, but a disper-
sion exists, even if very small, which depends on the spectral
bandwidth of the DMA. This one can induce some larger (or
smaller) APs inside the AP charger which can get an elec-
tric charge significantly larger (or smaller) than the predicted
one since the charging process is roughly proportional to the
AP surface. Then, in the In-CASE chamber, some larger (or
smaller) APs with a larger (or smaller) electric charge can in-
teract with the droplets and notably change the final AP mass
collected by the droplets during an experiment (mAP,d). An-
other possible explanation is the differences in temperature
and relative humidity between the top and the bottom cham-
ber, respectively less than 1 ◦C and 4 % (addressed in Dépée
et al., 2021). It could induce local discrepancies during the
AP travel time in the chamber in terms of AP density and ra-
dius (through the hygroscopicity) or thermophoretic and dif-
fusiophoretic forces which can change the likelihood of be-
ing collected by the droplets and then slightly change mAP,d.
See Dépée et al. (2021) for a discussion of the influence of
these two latter forces on the CE.

5 Conclusions

In-CASE (In-Cloud Aerosol Scavenging Experiment) was
developed to conduct a series of experiments evaluating the
contribution of microphysical effects on the AP collection
by falling cloud droplets. For this purpose, all the parame-
ters influencing the collection efficiency (CE) are controlled
– i.e. the AP and droplet sizes, the AP and droplet elec-
tric charges, and the relative humidity. A first campaign was
performed to study the influence of the relative humidity,
which is the topic of Part I (Dépée et al., 2021). This cur-
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Figure 10. Modelled CE from the extended model of Dépée et
al. (2019) as a function of the measured CE. The droplet radius
is 48.5± 1.1 µm. The colour code referrers to the AP radius. The
experimental conditions are summarised in Table 5.

rent study was dedicated to a second topic – aiming the im-
pact of the electric charge on the CE. Furthermore, the CE
measurements allow us to validate existing models like the
Lagrangian one of Dépée et al. (2019) which considers all
microphysical effects involved in the AP collection by cloud
droplets. Indeed, the literature lacks baseline data to get a
suitable comparison with the modelling since most of the
previous studies failed to control all parameters influencing
the CE like the AP and droplet sizes and charges as well as
the relative humidity (Beard, 1974; Lai et al., 1978; Barlow
and Latham, 1983; Byrne and Jennings, 1993). Even though
some studies stand out (Wang and Pruppacher, 1977; Wang
et al., 1983), no one examined the influence of the electro-
static forces when the droplet and AP charges had like signs.
Thus, the short-range attractive term from the analytical ex-
pression of the electrostatic forces – Eq. (10) – used in the
current Lagrangian models (Tinsley and Zhou, 2015; Dépée
et al., 2019) has never been experimentally validated or at
least emphasised.

In the new CE dataset, the APs and droplets are accu-
rately charged through custom-made droplet and AP charg-
ers detailed above. Since both charge polarities are found
in clouds (Takahashi, 1973), the droplets were negatively
as well as positively charged during experiments. More-
over, several amounts of elementary charges on the droplet
were considered to represent a neutral droplet but also the
weakly and strongly charged droplets respectively found in
stratiform and convective clouds (Takahashi, 1973). The AP
charge varied from zero to −90± 9 elementary charges de-
pending on the AP size to represent different amounts of ele-
mentary charges encountered in the atmosphere, particularly
the ones of radioactive APs. The relative humidity was max-
imised in this experimental work (95.1±0.2 %) with a mean
temperature in the collision chamber (1.08± 0.12 ◦C) stable

and comparable with the other study in the companion pa-
per: Part I (Dépée et al., 2021). Thus, the thermophoretic
and diffusiophoretic contributions on the CE measurements
were reduced as much as possible. Nevertheless, since Dépée
et al. (2021) measured a significant contribution for a com-
parable relative humidity level, these two forces were still
added to the Dépée et al. (2019) model for a reliable model–
measurement comparison. Finally, the droplet radius was
48.5±1.1 µm, and four wet AP radii were used – from 175±3
to 432±5 nm. Note that the hygroscopicity of the sodium flu-
orescein salt was considered in the calculation of the wet AP
radius and the AP density.

From the 70 measurements obtained, an influence of the
electric charges of 4 orders of magnitude on the CE was ob-
served, strongly increasing or decreasing the CE for large
charge products, respectively negative or positive. An in-
crease in the CE was also measured by considering more el-
ementary charges on the APs even though the droplets were
neutral (within uncertainties). This observation is an impor-
tant result since it emphasises the contribution of the short-
range attractive term in the electrostatic forces, Eq. (10). It
validates a surface charge distribution on the droplet, formed
by the partial influence of the AP electric field on it, which
has never been experimentally shown, to our knowledge, in
the literature before.

The CE measurements with opposite signs on the droplet
and AP were compared to the prediction of Kraemer and
Johnstone (1955), giving good agreements for large negative
charge products where the Coulomb attractive forces pre-
vail over the other dynamic effects. This is in line with the
work of Wang et al. (1983), who also obtained good agree-
ment, considering another droplet radius (250 µm) and larger
negative charge products. However, in the present study, an
increase in the discrepancies between the prediction and
the measurement was measured when reducing the num-
ber of elementary charges. This is due to the electrostatic
forces not being the only effect involved in the AP collec-
tion. There is actually a coupling of electrostatic, diffusio-
phoretic, and thermophoretic forces as well as the AP diffu-
sion, weight and inertia. Thus, when the charge product is not
strong enough (gets significantly smaller than 107

|e| × |e|),
Lagrangian models such as the one of Dépée et al. (2019)
remain the best estimation of the CE.

Finally, the CE measurements were also compared to the
extended model of Dépée et al. (2019), showing a really good
description of the observed effects. Indeed, the mean discrep-
ancy of the modelling and the 70 measurements was 66 %,
which is suitable for a microphysical effect varying on sev-
eral orders of magnitude like the collection efficiency. This
value was even better when six inconsistent measurements,
probably contaminated, were disregarded – as it decreases
from 66 % to 38 %. Moreover, note that the model overesti-
mates as much as underestimates the observations so that the
discrepancies probably result from remaining uncertainties
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(like the dispersion of the AP charge distribution) instead of
a missing microphysical effect in the CE modelling.

To conclude, 70 new CE measurements are now avail-
able that include the influence of the electric charges, show-
ing significant differences with the previous CE measure-
ments and theoretical values from the literature which dis-
regard the electrostatic forces. Thus, it appears to be essen-
tial to study the impact of the new baseline data in a cloud
model like DESCAM (Detailed Scavenging Model, Floss-
mann et al., 1985) to examine the influence of the electric
charges on the total wet AP removal in the atmosphere. This
could strongly affect the atmospheric AP removal because
the cloud droplets are known to be charged (Takahashi, 1973)
as well as the atmospheric APs, especially when those APs
are radioactive (Clement and Harrison, 1992). Indeed, Dépée
et al. (2019) estimated that the electric charge of the radioac-
tive APs emitted after the Fukushima accident in 2011 was up
to 600 elementary charges. Thus, AP removal could be sub-
stantially affected by the electrostatic forces in cloud and sig-
nificantly change the ground contamination after a discharge
of radioactive materials from a nuclear accident. Since the
new Lagrangian model of Dépée et al. (2019) showed an
accurate description of the influence of the electric charges
(and also of the relative humidity, studied in Part I, Dépée
et al., 2021) on the CE, the latter constitutes a simple, con-
venient and rapid manner to obtain a CE evaluation for its
incorporation in cloud models.
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Appendix A: AP charger

A1 AP charging relationship’s acquisition

The AP charging relationships were obtained by performing
ex situ experiments with the setup presented in Fig. A1. A
nominal AP flow goes through the charger with a monodis-
persed AP size distribution. At the charger’s outlet, the flow
of charged AP is subdivided – 0.6 L min−1 is directed to a
condensation particle counter (CPC; TSI 3787) to deduce the
concentration number of AP in the charger (CN,AP), while
the other part goes toward an electrometer (TSI 3068A) to
measure the current (Ielect) due to the charge evacuation. Be-
fore entering the CPC, APs are neutralised to avoid any depo-
sition on the metallic walls of the CPC, and then the AP flow
passes through a diffusion battery to filter the fine particles
produced during the discharges inside the charger. The mean
AP charge (〈q〉) was then calculated from Eq. (A1) with the
elementary charge (e) and the AP flow rate in the electrome-
ter (Qelect):

〈q〉 =
Ielect

e×CN,AP×Qelect
. (A1)

Several AP flow rates in the charger (Qcharger) were con-
sidered to study the AP penetration. When Qcharger was less
than 0.7 L min−1, clean air was added before the CPC to
maintain a CPC flow rate of 0.6 L min−1 – this part is pre-
sented in red in Fig. A1. From these experiments, it was
found that Qcharger = 1.5 L min−1 maximises the AP pene-
tration through the charger. Note that the AP penetration is
defined, at the charger’s outlet, as the AP number concen-
tration when the charger is switched on over the AP number
concentration when the latter is switched off.

A2 Validation

The setup (Fig. A1) was conducted with the charger turned
off to measure the mean AP charge after the DMA. One el-
ementary charge was found on APs, which validates the fact
that the multiple charged APs are stopped at the DMA’s in-
let by the aerodynamic impactor. Thus, the assumption made
that the AP size distribution is monodispersed after the DMA

Figure A1. Setup to obtain the AP charging relationship. The red dashed rectangle is the part added to study the AP penetration through the
charger.

is justified. The AP charge was also analysed during 5 h –
no AP charge modification was measured over time. More-
over, the saturated AP charges visible in Fig. 4 for a tungsten
wire potential less than −12.5 kV were also compared to the
theoretical values of Pauthenier and Moreau-Hanot (1932) –
giving a good agreement.

Note that two other characterisations were made during
these ex situ experiments, like the determination of the ion
current between the grounded cylinder and the tungsten wire
(Fig. 3) or the discharge frequencies – both of these param-
eters are related to the tungsten wire potential. These curves
were used to precisely identify the discharge regime of the
charger (Unger, 2001) – the negative Trichel regime which
provides a large discharge frequency and then a spatially ho-
mogeneous particle charging around the tungsten wires.
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Figure B1. Setup to obtain the droplet charging relationship – (left and centre) 3D view and (right) schema (not to scale).

Appendix B: Droplet charging relationship obtention

B1 Overview

Figure B1 presents the setup used in ex situ experiments to
measure the droplet charge where the charging relationship
in Fig. 6 comes from. The housing made with a 3D printer –
containing the droplet injector and the charging system (de-
tailed in Sect. 2.5) – is set above a capacitor composed of one
neutral potential plate and another plate connected to a high
potential (Vcap). In the latter, pictures are obtained by opti-
cal shadowgraphy to get the droplet trajectories. The electric
field (Ecap) induced in the capacitor disturbs the droplet mo-
tion according to its electric charge. Thus, the droplet charge
is evaluated by finding the one which fits the best with the
theoretical droplet trajectory – deduced from the Newton’s
second law – and the measured droplet trajectories. A Fara-
day cage ensures the electric field at the capacitor (Ecap)
has no effect on the electric field at the electrostatic induc-
tor (Eind). Since this is not a proper Faraday cage because of
the holes for droplets and the camera, a horizontal metallic
perforated plate is added below the droplet generator housing
and connected to the neutral potential to prevent the electric
field (Ecap) from changing the droplet charge.

B2 Droplet charge evaluation

A series of 200 pictures pairs, with each one dephased from
the other by a known time step (1t), are obtained by optical
shadowgraphy at the level of the capacitor. A circle Hough
transform is then applied to evaluate the droplet centres in
every picture – an example is given in Fig. B2 (left), where
the two droplets from a picture are represented by two black
crosses, while the blue cross is the detected droplet from the
coupled picture dephased by 1t .

Then, the instantaneous droplet velocity UD0 ( t )=

UD0,x ux+U∞,Auy at the first detected droplet position (D0)
of coordinates (xD0yD0) is calculated, and the vertical veloc-
ity component (U∞,A) determines the droplet radius (A) by
reversing the Beard (1976) model. Here, the circle Hough
transform is not used to calculate the droplet radius like dur-
ing CE experiments – see Fig. 8 (right) from Part I, Dépée et
al. (2021). Indeed, for these experiments the magnification of
the camera is the lowest in order to extend the field of view.
As a consequence, the uncertainty on the droplet size would
be too large.

Finally, the theoretical droplet trajectories at the capaci-
tor are deduced by solving Newton’s second law where the
buoyancy force (F buoy), the drag force (F Drag) and the elec-
trostatic force (FEcap ) related to the electric field (Ecap) at
the capacitor are considered, summarised in Eq. (B1):
mD

dUD(t)
dt = F buoy+F Drag+FEcap

F buoy =−mD
ρwater−ρair
ρwater

guy

F Drag =−
CDπρairU

2
DA

2

2
UD(t)
‖UD(t)‖

FEcap =QEcapux,

(B1)

with uD the instantaneous droplet velocity vector at the com-
putational time t , ρair and ρwater the air and water densi-
ties, g the acceleration of gravity, mD the droplet mass, Q
the droplet charge, CD the drag coefficient, and ux and uy
the unit vectors in the cartesian coordinate system visible in
Fig. B2 (Left).

By projecting on the corresponding axis, the system of
Eq. (B2) is obtained to solve mD

dUD,x (t)
dt =QEcap−

CD,xπρairU
2
D,xA

2

2

mD
dUD,y (t)

dt =−mD
ρwater−ρair
ρwater

g−
CD,yπρairU

2
D,yA

2

2 ,
(B2)
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where CD,x and CD,y are the drag coefficient projections de-
pending on the Reynolds number projections Rex and Rey in
the cartesian coordinate system. Since Rex � 1 and Rey < 2
in the study, the drag coefficient projections are calculated
from the analytical expression given by Hinds (2012) and
summarised in Eq. (B3):

CD,x =
24
Rex
=

12 ηair
AUD,xρair

CD,y =
24
Rey

(
1− 0.15Re0.687

y

)
︸ ︷︷ ︸

(1)

≈
12ηair

AUD,yρair

(
1+ 0.15

(
2AU∞,Aρair

ηair

)0.687
)

︸ ︷︷ ︸
=K1

.

(B3)

Note that the term (1) in Eq. (B3) is assumed to be constant
to simplify the resolution of Eq. (B1) – giving second-order
differential equations. This assumption is justified since Rey
is close to the unity and then CT ,y = 24

Rey
remains suitable.

The equation system to solve becomes (Eq. B4)
mD

dUD,x (t)
dt = QEcap−

=K2︷ ︸︸ ︷
6πAηairUD,x

mD
dUD,y (t)

dt =−mD
ρwater−ρair
ρwater

g− 6πAηairK1︸ ︷︷ ︸
=K3

UD,y .
(B4)

After two consecutive integrations with the initial
conditions – UD,x(t = 0)= UD0,x , UD,y (t = 0)= U∞,A,
(xD (t = 0)yD (t = 0))= (xD0yD0 ), the analytical equations
of the horizontal and vertical droplet positions, respectively
referred to as xth and yth, are given in Eq. (B5):
xth(t)=

QEcap
K2

t + mD
K2

(
UD0,x −

QEcap
K2

)[
1− e−

K2
mD

t

]
+ xD0

yth(t)=−
mD(ρwater−ρair)

K3ρwater
gt

+
mD
K3

(
U∞,A+

mD(ρwater−ρair)
K3ρwater

g
)[

1− e−
K3
mD

t

]
+ yD0 ,

(B5)

where Ecap =−grad(V )=− Vcap
0,01 V m−1.

As presented in Fig. B2 (Left), for every pair of pictures,
the droplet charge (Q) is then evaluated by looking for the
theoretical droplet trajectory from Eq. (B5), which fits the
best with the observed droplet positions. In the given ex-
ample (Fig. B2, Left), the fitted theoretical trajectory – for
Vind =−32.25 V, Vcap =−629.5 V, A= 49.5 µm and the air
temperature Tair = 292.55 K – illustrated by the red line is
obtained for a droplet charge (Q) of +9.10×104

|e|. Finally,
this method is applied for the 200 picture pairs to get the
mean droplet charge value – visible in Fig. B2 (Right). Note
that the standard deviation of the 200Q values gives the error
bars in Fig. 6.
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Figure B2. (a) Determination of the theoretical droplet trajectory which fits the best with the observed droplet positions – red line – and de-
duction of the droplet charge (Q). In this example, Vind =−32.25 V, Vcap =−629.5 V,A= 49.5 µm and the air temperature Tair = 292.55 K.
(b) Terminal velocity measurement, (c) droplet radius evaluation by reversing the Beard (1976) model and (d) droplet charge deduction for
a series of 200 pictures pairs. Mean and standard deviations for the corresponding parameters are presented.
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B3 Validation

The method presented in the previous section is possible as
long as the droplet has reached its terminal velocity. As men-
tioned in Dépée et al. (2021) and visible in Fig. 8 (Left) of
the same paper, droplets are generated at a velocity larger
than their terminal velocity. It has been found that a distance
between the droplet generator and the capacitor of 15 cm was
large enough to allow droplets to reach their terminal veloc-
ity. In the setup in Fig. B1, this requirement prevails.

An experiment was performed to ensure that reversing the
Beard (1976) model was a suitable method to evaluate the
droplet radius. For this purpose, the same droplet train was
recorded in optical shadowgraphy with a camera zoom at the
lowest and at the highest setting to respectively apply the
Beard (1976) model inversion and the circle Hough trans-
form. In all tests, a discrepancy of less than 2 % was found
between the two methods, giving overvaluations as well as
undervaluations when comparing one to the other.

Also, the disturbance of the electric field at the capacitor
(Ecap) on the vertical droplet velocity was studied. Ecap was
then turned on and off to investigate the change in vertical
droplet velocity. It was found that during tests, Ecap reduced
the vertical velocity up to 1.3 %. This situation was for a
droplet charge (Q) and a capacitor potential (Vcap) both neg-
ative. Some other tests also showed that the droplet vertical
velocity was increased up to 0.3 %, for a droplet charge and
a capacitor potential of unlike sign. Since these two extreme
cases respectively represent an undervaluation of less than
0.7 % and an overestimation of less than 0.2 % of the droplet
radius – this effect was neglected.

Finally, two other validations can be formulated by exam-
ining Fig. 6. First, several capacitor potentials (Vcap) were
used in the tests – from −629.5 to −477.4 V – giving the
same charging relationship. The Faraday Cage is conse-
quently reliable; there is no impact of the electric field (Ecap)
on the droplet charge. Secondly, in the four tests the droplet
radius varies from 47.0 to 51.2 µm. Thus, the droplet charg-
ing system is independent of the droplet size and droplet
evaporation.
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