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Abstract. In the case of severe accident with loss of con- uncertainties in forecasting the future climate. In addition,
tainment in a nuclear plant, radionuclides are released intgarticulate matter and its physical properties (size of parti-
the atmosphere in the form of both gases and aerosol partiles, affinity with water, etc.) are key parameters in defining
cles (Baklanov and Sgrensen, 2001). The analysis of radioaair composition and quality, and are of great importance in
tive aerosol scavenged by rain after the Chernobyl accidenterms of health hazard.
highlights certain differences between the modelling stud- Aerosol particles originate in many ways. The primary
ies and the environmental measurements. Part of these disratural sources are sea spray, wind-driven dust, volcanic
crepancies can probably be attributed to uncertainties in theruptions, and a secondary source is the condensation from
efficiencies used to calculate aerosol particle collection bythe vapour phase. The size of these particles greatly varies
raindrops, particularly drops with a diameter larger than oneand ranges from one nanometre to several hundred microns.
millimetre. In order to address the issue of these uncertain©One major origin of particulate matter is from anthropogenic
ties, an experimental study was performed to close the gapsources. Of all man-made pollution, one type is particularly
still existing for this key microphysical parameter. In this pa- dangerous to human health and the quality of the environ-
per, attention is first focused on the efficiency with which ment: the radioactive releases from a nuclear accident.
aerosol particles in the accumulation mode are collected by Just like all other particles, once emitted, radioactive parti-
raindrops with a diameter of 2mm. The collection efficien- cles undergo physical processes that drastically change their
cies measured for aerosol particle in the sub-micron rangesize distribution during their transport in the atmosphere.
are quantitatively consistent with previous theoretical modelSmall particles disappear by coagulation and large particles
developed by Beard (1974) and thus highlight the major roleare large enough to sediment to the ground. However, there is
of rear capture in the submicron range. a significant range of particle sizes in the atmosphere, mostly
unaffected by these removal mechanisms, called the accumu-
lation mode (Whitby, 1973). This mode is made up of aerosol
particles with diameters between 0.1 um and 1um. These
1 Introduction particles may remain in the atmosphere for several months
(Pruppacher and Klett, 1997), and this particulate matter can
Aerosol particles are an important component of the atmo+e transported over long distances, crossing the continents.
sphere. They significantly contribute to the Earth’s energyHowever, even this particulate matter does not accumulate
budget, by directly interacting with radiation as well as serv- endlessly in the atmosphere, as clouds and their precipita-

called the indirect effect, is currently the main source of
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accumulation mode will be taken out of the atmosphere byrange, e.g. Kerker and Hampl (1974), Grover et al. (1977);
what is called “wet removal”. This includes many processesWang and Pruppacher (1977); Lai et al. (1978); Pranesha and
such as their activation in cloud droplets or ice crystals, andKamra (1996); Vohl et al. (1999). However, these measure-
their collection by falling hydrometeors either inside or be- ments only provide a patchy inside on the drop/particle col-
low the clouds during precipitation. lection process, as in particular for particles larger than 1 pm
Different physical processes need to be taken into accounéind drops between 0.2 and 3 mm diameter almost no obser-
to understand how the atmospheric concentration of particvations exist (see Fig. 1 of Quérel et al., 2014).
ulate matter changes with size in the accumulation mode, For the current study, thus, we designed an experiment
how particles are removed, and how they can contaminatéo lower the collection efficiency uncertainties in these un-
the ground. Certain aspects of these processes are still nexplored regions. In the next section we present a theoreti-
well understood. While in-cloud processes and their inter-cal study to assess which size range of falling raindrops has
action with aerosol particles have been studied extensivelyhe largest impact for below-cloud scavenging and needs,
(e.g. Flossmann and Wobrock, 2010), the processes takinthus, the most accurate values. Then we present the design
place below the cloud in the precipitation region have re-of the experimental facility. Measurements and uncertainties
ceived less attention. In this study, however, we will focus are discussed in the result section before the final conclusion.
on the below-cloud removal of particles by precipitation, the
so-called wash-out process. Volken and Schumann (1993)
and Laakso et al. (2003) showed that considerable differ-
ences appeared between their environmental scavenging c@- Design of the experiment to determine
efficients and those calculated using the model described by collection efficiency
Slinn (1977). A crucial parameter for these calculations is the
collection efficiency that appears in the calculation of parti- DESCAM (DEtailed SCavenging Model) is a bin-resolved
cle collection by a falling hydrometeor, i.e. how many parti- cloud microphysics model (see Flossmann and Wobrock,
cles are collected by a falling drop compared to the particle2010, Flossmann, 1998, or Quérel et al., 2014, for details).
in the volume that the drop has swept. Following stream-It follows at each grid point number size distributions for lig-
lines around the drop prevents particles from being caughtuid droplets, ice crystals and aerosol particles in the ambient
For small ones, Brownian motion allows them to leave theair, as well the aerosol mass taken up into the drops and ice
streamlines and, for large particles, their inertia induces theircrystals. This model is, thus, designed to study aerosol par-
impaction or interception by the drop. In the intermediate ticle scavenging. For the current study, DESCAM has been
size range, collection efficiencies are low and these mini-adapted to be used in a vertical column to identify for which
mum values are known as the Greenfield gap (Greenfieldraindrop sizes an accurate value for collection efficiencies
1957), contributing to the creation of an accumulation mode.by raindrops is most important. Sensitivity studies have been
Scavenging models similar to the Slinn (1977) model use paperformed for precipitation, prescribed by a raindrop size
rameterisation to account for Brownian motion, inertial im- distribution according to Marshall and Palmer (1948), falling
paction and interception. Several hypotheses have been ptitrough a kilometre of atmosphere loaded with aerosol par-
forward to explain why these modelled scavenging coeffi-ticles log-normally distributed in size according to the conti-
cients still differ from measurements. Skibin et al. (1986) nental case of Jaenicke (1988) (see also Quérel et al., 2014).
emphasised the effect of downdraft or updraft on the vari-The temperature profile of the atmosphere is assumed to re-
ation of aerosol concentrations. Davenport and Peters (1978ult from an adiabatic cooling of rising air, with a surface
and Flossmann (1991) highlighted the influence of aerosotemperature of 20C. The relative humidity (RH) is set to
hygroscopicity on their washout. Wang et al. (1978) dis- 70 % throughout the entire layer. The only microphysical
cussed the influence of electric effects that can increase thprocess considered for this study is the scavenging of aerosol
collection efficiencies up to an order of magnitude in the particles, while the collection efficiencies used are described
Greenfield gap. Finally, an additional uncertainty, accordingin Flossmann (1986). Figure 1 shows the raindrop mass dis-
to Wang and Pruppacher (1977), involves the lack of knowl-tribution reaching the ground, for one of these tests (rainfall
edge on the collection efficiencies of large raindrops (with arate of 10 mm h! at the cloud base), as well as the mass of
diameter larger than 1 mm). First, large drops oscillate dur-particulate matter taken up within the raindrops. In Fig. 1,
ing their fall (Szakall et al., 2009, 2010); additionally, eddies we note that while the 1 mm diameter drops contribute the
develop downstream of large drops allowing small aerosolmost to the water mass reaching the ground, the 2 mm rain-
to be embedded in that secondary circulation and be capdrops are the ones that contain the most aerosol particle ma-
tured at the rear of the drops or shed with the eddies (Beardgrial. From the compilation of all sensitivity cases with dif-
1974). These two phenomena are the reason why modellinferent rainfall rates, we concluded that droplets of 2-3mm
of the flow around a large drop is not feasible and thatdiameter are essential for deposition of the maximum partic-
those collection efficiencies cannot be theoretically deter-ulate matter. Uncertainties in the collection efficiencies are,
mined. Experiments have provided efficiencies for this sizethus, likely to have the largest impacts in these size regions.
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However, as was mentioned above, in these size ranges afigure 2. BERGAME setup.
most no measurements have been reported in the literature.

Consequently, this study is dedicated to measuring the col- . . - ,
lection efficiencies of raindrops with a diameter larger than KNOWn. To determine the collection efficiency as precisely as

2 mm, for aerosol particles in a wide size range represempossible, concentrations of aerosol both in suspension in the

ing the atmospheric particles the most affected by washouf€'0s0l chamber as well as collected by the drops are mea-
in terms of mass (Hobbs, 1993). sured in mass quantities. The three parts of the facility are

The collection efficiencyE (dap, Da, RH) is convention- described below, and details can be found in Quérel (2012).

ally defined as the ratio between the actual cross section 05
the drop (area through which an aerosol particle must enter”

the trajectory of the drop) and the geometrical collision crossth. BERGAME drop generator was developed following
section of a drop of the same diameter. This is equivalent tq o ot g1. (1978). It consists of a 30cm high vertical tube
defining the collection efficiency as the ratio of the mass of\\iih a 5cm internal diameter. It is equipped with a hypo-
aerosol particles collected by the drop during its fall to the yormjc needle at its base and overflows at different heights.
mass of aerosol particles in the volume geometrically Sweptryis cylinder is fed at constant water flow rate. Thus, the
out by a drop of the same diameter: water height inside the cylinder remains constant and the in-
jection pressure inside the needle remains very stable. There-
. fore, the generator can produce drop after drop with a diame-
mAP swept(daP) ter monodispersedly distributed ranging from 2 mm to 4 mm
This efficiency is a function of the diameter of the falling &t @ stable frequency. To avoid any electric charging of the
drop(Dg), the diameter of the aerosol particlep) andthe ~ drop, the generator is grounded. In this study, we focus on
relative humidity (RH), since phoretic effects are known to drops with a diameter between 2 and 2.6 mm in diameter.
play an important role (Wang and Pruppacher, 1977) due to Both drop diameters and axis ratios of _each drop cross-
the phoretic forces. Therefore, we aim to reproduce the fall ofifd the BERGAME aerosol chamber are directly measured
hydrometeors in the atmosphere and to accurately ascertaiftSide the chamber by processing the shadow images of the
the mass of aerosol particles encountered during their patdrop- The drop velocity of each drop is also directly mea-

and the mass of particles they collected to determine value§ured inside the aerosol chamber. This measurement is per-
of the collection efficiencies. formed by taking a second picture of the shadow of the same

For this purpose, we have built an experimental facility droP with a controlled time between these two images. The
at IRSN called BERGAME (French acronym for facility to d_rop velocity is finally deduced from the rat|p between the
study aerosol scavenging and measure the collection effidiSplacement of the centre drop on the two images and the
ciency). This experimental setup is composed of three part§me between these two images. Unfortunately, the experi-
(Fig. 2): a drop generator, a free-fall shaft and an aeroso[Mental precision of the velocity measurement is low, which
chamber. The generator is designed to produce a popuIatioﬁXpla'”?' the significant uncertainties of the velocities pre-
of millimetre-sized drops with a monodisperse size distribu-Sented in Table 1.
tion as close as possible. The free-fall shaft is required to
allow the drops to reach their terminal velocity, oscillate and
obtain a shape similar to atmospheric raindrops. The collec-
tion will then occur in the aerosol chamber in which aerosol
particle concentration and the volume swept by the drop are

1 Drop generator

d
E (dap., Dy, RH) = "AP-collected(dAP) 0

www.atmos-meas-tech.net/7/1321/2014/ Atmos. Meas. Tech., 7, 138B9 2014
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2.2 Free-fall shaft D,=2.6 mm D =2mm
20 d 25 d

The free-fall shaft is ten metres high and has a square crosi-
section of 045x 0.45n?. According to Wang and Prup-
pacher (1977), it is tall enough for drops with a diameter of
around 2 mm to reach 99 % of their terminal velocity. This
shaft is equipped with windows at three levels in order to en-
able the probing of inside airflows. In this way, the use of a
Particle Imaging Velocity technique (P1V, Quérel, 2012) ver- 86 07 05 0o 1 85055 09 005 1

- . L Axis ratio (-) Axis ratio (-)

ified that no convective flow occurred inside the shaft. Rela-

tive humidity within the shaft is monitored but not controlled. Figure 3. Distribution of axis ratio of drops measured in the
To account for any evaporation during the fall, measurement8ERGAME aerosol chamber over a sample of 200 drops.

of the drop size are performed after the fall shaft, directly in-

side the aerosol chamber.

20

W

Frequency (%
s
Frequency (%)

2.3  Aerosol chamber particles does not disturb the drops in terms of velocity and
axis ratio.
The aerosol chamber is a stainless steel rectangular cube Temperature and relative humidity inside the chamber are
of 1 m height @, in Eq. 5) and with a cross section of monitored continuously during the experiments using a ther-
0.8 x 0.8 2. The chamber is equipped with two apertures: mocouple and a capacitive hygrometer. To measure the mass
an inlet at the top to allow the drops, coming from the free- density of aerosol particles inside the chamber, a known vol-
fall shaft, to fall through the chamber; an outlet at the bottomume is pumped through a HEPA filter, and analysed with a
to allow the collection of the drops after their path through fluorimetric method. Finally, the Particle Size Distribution
the chamber. Dynamic containment systems (Mocho, 1996JPSD) is measured inside the chamber in terms of aero-
ensure the non-contamination of the shaft and the laboratorgynamic diameters, by simultaneously using an Electrical
with aerosol particles. Low Pressure Impactor (ELPI, Marjamaki et al., 2000) and
The in situ characterisation of the drops during their fall an Aerodynamic Particle Sizer (APS, TSI-3321). These two
inside the chamber is performed through three existing win-particle sizers are used for their complementary size ranges
dows, allowing non-intrusive measurements by optical tech{500 nm—20 pm for the APS, 7 nm—10 um for the ELPI). The
nigues. The shadowgraphy technique provides the distribuaerosol chamber is furnished with monodisperse aerosol par-
tion and axis ratio of drops, and the PIV technique givesticles generated with ultrasonic nebulisers.
drop velocity. The complete optical setup is detailed by

Querel (2012). Figure 3 presents the axis ratio distributions 4 aerosol generator and particle characterisation
measured in the BERGAME aerosol chamber for drops with

aqllggstler cr);szer::g.the mean and standard deviations of droThe aerosol particles studied in this work consist of pure
P fuorescein (@oH10N&0s), successively generated with the

velocities(Vy) anq axis ratios measured in the aeroso_l cham-hello of two ultrasonic nebulisers (Sinaptec GA 2400, GA
ber, compared with the Beard (1976) model for terminal ve- ' : :
500, Bemer and Tierce, 1996) producing monodisperse

locity (Vo) and the Beard and Chuang (1987) model for axis .
ratio. These models have been supported by both wind tunneaferosOI particles between 300nm and 4 pum. These aerosol

, ) icl I f thei [ fluo-
measurements (Szakall et al., 2009; Thurai et al., 2009) angartIC €s are se epted pecause oft eir very Important fluo
L . _ rescence properties which are essential for the spectroscopy
in situ environmental measurements (Bringi et al., 2003).

. . technique used later to measure their concentrations inside
In Table 1 the drop Reynolds number is calculated usin d

Eq. (2) in whichvgj, is the kinematic viscosity of the gas Sthe drops. The principle .Of this at(_)m|ser IS S|mple.. Ultra-
N sounds, produced by a piezoelectric ceramic, nebulise a so-
around the drop (fs1):

lution of fluorescein (dissolved in distilled water at various
VgDy concentrations) and thus generate droplets. These droplets
Re= var (2) are dried and the produced aerosol particles are carried in
the aerosol chamber by a monitored airflow.
The agreement of these measurements with the literature The diameters of the particles in the aerosol chamber are
models ensures the representativeness of the BERGAMmEneasured with both APS and ELPI in terms of their aero-
setup, in the drop size range investigated. However, beyondynamic diamete(dae). This aerodynamic diameter is then
the drop diameter size of 2.7 mm, the velocity allowed by thisconverted into a physical diametéy, using Eqg. (3) (Baron
shaft is no more satisfying. and Willeke, 2001). According to Motzkus (2007) the shape
Moreover, this proves that the dynamic containment wefactor of fluorescein aerosol particles is close to unity, thus
added to avoid contamination of the shaft with aerosolthe physical diameteaf,p also corresponds to the equivalent

Atmos. Meas. Tech., 7, 1321133Q 2014 www.atmos-meas-tech.net/7/1321/2014/
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Table 1. Comparison between drop velocities and axis ratios measured in the BERGAME aerosol chamber with models to determine drop
velocity (Beard, 1976) and axis ratio at equilibrium (Beard and Chuang, 1987).

Terminal velocity  Equilibrium axis ratio

Drop Drop Reynolds Axis (Beard model, (Beard and Chuang
diameter velocity number ratio 1976) model, 1987)
20401mm 62+11ms? 818 093+0.04 6.4ms?t 0.93
26+01mm 74+09ms?t 1314 087+0.09 75ms?t 0.87
2 ; drop size (2 or 2.6 mm in this set of experiments). The drops
d =30 ' generated are characterised inside the aerosol chamber after
° ap nm their acceleration inside the free-fall shaft (Fig. 3 and Ta-
3 1.8 e d =50nmm ble 1). This characterisation consists of measuring the droplet
= ap diameters, axis ratios, and velocities inside the aerosol cham-
151 ° da =100 nm ber.
& 1.6[ d P — 150 Then, the aerosol chamber is filled with fluorescein aerosol
= ¢ Y nm particles, and their size is measured continuously with both
= 141 o d =165nm - APS and ELPI. Figure 5 presents a characteristic aerosol par-
e ap ticle size distribution measured in the aerosol chamber by
@) means of the APS; the geometric standard deviation of the
1.2 TR | — . aerosol particle size distribution is of the order of 1.3. Fi-
nally, we start the aerosol sampling on the HEPA filter at
‘ + + a flow rate of 1L mirm! and the drop collection. For each
1 i .
0 20 40 60 30 measurement, a sample of 1.2 g of drops is collected (300

Relative humidity(%)

Figure 4. Growth factor (GF) of fluorescein aerosol particles mea-
sured using an HTDMA (according to Villani et al., 2008, the RH
and GF uncertainties are respectively less than 1% and 0.07).

volume diameter:
<Po)
— ],

wherepg andpp are respectively the standard density of lig-
uid water (1000 kg m3) and aerosol particles, ar@; is the

Cc, dae

dap - da CC B
»dap

®3)

Cunningham slip correction factor (Hinds, 1982). The ratio

drops with a diameter of 2 mm). The mass of fluorescein col-
lected on the filter and by the drops are both measured with
fluorescence spectroscopy, making it possible to determine
respectively the mass concentration of fluorescein particles
in suspension inside the aerosol chamiptnoAC]), and the
concentration of fluorescein inside the drdfuoDrop]).
Since temperature and relative humidity are both monitored
inside the aerosol chamber, the combination of all these mea-
surements enables us to calculate the collection efficiency:

2Dy [fluoDrop]

E(dnp. Do RH) = =0 Tiioad] -

®)

This entire procedure was conducted 399 times and provided
measurements of the collection efficiencies of aerosol par-

CC. ae\ i 1 H
(_cc,;iap) is considered equal to 1. The density of the aerosoljcies petween 0.3 pm and 3.5 pum in diameter by drops be-

particles is determined with the help of

_ PCyoH10N&05 + pWater(G (= - l)
GF

: (4)

Pp

where the growth factor (GF) of fluorescein aerosol particles

is measured with a Hygroscopic Tandem Differential Mobil-
ity Analyser (HTDMA, Villani et al., 2008). The measured
growth factors as a function of relative humidity are pre-
sented in Fig. 4.

2.5 Experimental procedure

tween 2 and 2.6 mm in diameter.

3 Preventing sources of error and assessment
of uncertainties

A careful assessment of all uncertainties revealed that the
main source of error results from a potential fluorescein con-
tamination of any item in the BERGAME setup (free-fall
shaft, aerosol chamber or laboratory). This contamination is
assessed before each experiment. A sample of 300 drops is
collected just above the aerosol chamber after their acceler-

Each experiment starts by flushing the aerosol chamber witlation in the free fall shaft. This sample is analysed by fluo-
dry filtered air. Then the drop generator is set to the desiredescence spectroscopy. If the fluorescein mass concentration

www.atmos-meas-tech.net/7/1321/2014/ Atmos. Meas. Tech., 7, 138B9 2014



1326 A. Quérel et al.: An experiment to measure raindrop collection efficiencies

20 ! = —=F
-
T
~ T
o 1
S5 0 st
- < — TR, am
z 2 T iy _ﬁV?
= e n v‘Iﬂﬂ ‘
< 10 =
< 5 % 4
Ra) e B I P ‘ ¥
8 .2 |
- 3|
~ 5 g DESCAM original data
= f =D =2.05 mm
d
o ik Slinn model (1977)
O 107 ‘ ? — Limit of detection
O 1 2 3 - % Lai et al. (1978) measurements
. . o Present measurements Dn =2mm
Aerodynamic diameter ® Present measurements Dy = 2.6 mm
L L L L L L L1

of particles (um) 10,

10° 10
Aerosol physical diameter (um)

Figure 5. Characteristic size distribution of aerosol particles mea-

. . . . ._—_Figure 6. Collection efficiencies measured in the BERGAME ex-
sured in the aerosol chamber, with the Aerodynamic Particle Sizer. ~. - . ;
periment for 2 and 2.6 mm drop diameter as a function of particle

diameter.

in this sample is not at least one order of magnitude lower

than the mass concentration sampled in the drops that crossedIn Eq. (1), collection efficiencies are given as a function
the aerosol chambd(ffluoDrop]), the measurement is dis- of drop size, aerosol particle size and relative humidity. This
carded, and the experimental device completely cleaned. section will discuss the results and their dependence to these

Furthermore, we retained only measurements in whichthree parameters.
the: In the raindrop size range considered in this paper, no ma-

. o ) . jorinfluence of the drop diameter on the collection efficien-

— fluorescein concentration in the drOPSﬁS at 'e"lm WiC€(ies is identified. The measurements obtained for drop diam-

the fluorometer’s detection limit (& 107*>gmL™), eters of 2 and 2.6 mm are almost identical.

For aerosol particle diameter between 0.3 and 3 um, the
collection efficiency varies a lot with aerosol particle size.
The collection efficiency curve has a V-shape, in double log-

arithmic scale, with a minimum for an aerosol diameter close

— aerosol concentrations in the aerosol chamber deduceff 0-85HM: As sFated in the introduction this minimum 1

from filter sampling and from aerosol spectrometersc"’,‘"ed th.e Greenfield gap. The measurements for the particles
agreed in a range of 50 %. (Discrepancies between thos@”th a diameter smaller than 0.85 pm (left branch of the V-
two measurements are a signature that aerosol particlegmpec_I curve) are gompared o the only measurements found
are not composed of fluorescein.) in the literature (Lai et al.,_1978). The_se results are clqse to
present measurements (Fig. 6). The increased collection ef-
This selection reduced the amount of reliable data to 16Jiciency observed for aerosol particles larger than 0.85um
events. For those events, the remaining uncertainties are ca¢an be attributed to impaction mechanisms on the “leading
culated by evaluating the errors due to each instrument. ~ €dge” of the raindrop. The increase in aerosol inertia with in-

The main source of uncertainty of the collection efficiency creasing size no longer allows them to follow the streamline
is associated with the precision of the fluorescein concenaround the drop.
tration measurement in the drops. These uncertainties range In order to test the validity of the Slinn model, it is com-
from about 20 % for most of the measurements, but theyPared to the present measurements. Figure 7 highlights that
reach up to 45 % for 0.6 pm aerosol particles. this model underestimates the collection efficiency by at

least one order of magnitude. This difference might be at-
tributed to difficulties in correctly modelling the fall of super-
4 Results and discussion millimetric raindrops. In fact, 2 mm drops at terminal veloc-
ities are slightly oblate (see Fig. 3) and thus offer a greater
Experiments are carried out for two drop sizé€x& 2mm  cross section to the flow. However, the Slinn model was de-
and Dg=2.6mm) and aerosol particles from 300nm to veloped for spherical drops:
3.5um. Allthese measurements are performed in air at a tem-
perature of 24 3°C and for a relative humidity between 23 [ St— St ]3/2

— relative humidity is below 90 % in the aerosol chamber,
to match the operating ranges of both the aerosol spe
trometers,

and 80 %. Figure 6 presents all the collection efficiencies cal-Eimp =

2 o
E t—
culated from measurements, with the associated experimen- 3 +St=St
tal uncertainties evaluated with the propagation of the unceryiin s¢ — 12+1/12In(1 + Raﬁ and St= 2Vdf, (6)
tainty of each term of Eq. (5). 1+In(1+Re Dy

Atmos. Meas. Tech., 7, 1321133Q 2014 www.atmos-meas-tech.net/7/1321/2014/
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10° particles are trapped by the vortices on the trailing side of
the drop, which induce rear capture of these aerosols. A lin-
— — ear extrapolation of Beard (1974) calculations to our drop
10" ? o size is presented in Fig. 8. With regard to our experimental
‘ Reynolds numbers (Table 1), this extrapolation might seem
e daring because, in his theoretical study, Beard (1974) pre-
10 L = dicted that eddy shedding should start at Reynolds numbers

i
1

Collection efficiency

extrapolation is in line with our measurements in the sub-
— Modified impaction micron range. However, Beard (1974) proposed this transi-
= Global collection efficiency tion for perfectly spherical drops, and the experiments high-
Ls 2 25 3 35 4 45 5 light that 2 mm drops falling at terminal velocity are slightly

Acrosol particle diameter (um) oblate (Fig. 3), and moreover oscillate at high frequencies

Figure 7. Different parameterisations of the Slinn (1977) model for (Szakall et al., 2009, 2010_)‘ AS a consequence, it _can be ex-
impaction scavenging; blue curve: classical Slinn model for inter-PECted from current experiments that eddy shedding should
ception: green curve: modified Slinn model for impaction (Eg. 7); Start only at Reynolds numbers greater than 800. This ex-
red curve: global inertial contributions to collection efficiency. pectation is confirmed by flow characterisations performed
by Quérel (2012) with the help of PIV technigues (Adrian,
1986; see also Quérel et al., 2014; Fig. 4). These measure-
wherer is the relaxation time of the patrticle; it is the time ments highlight that at a Reynolds number of 800 the vor-
needed for a particle to reacf—} of its terminal velocity tices behind the drop could be still be stuck to the drop. In
in a gravitational field and exposed to the drag forces-(  order to validate the mechanism of rear capture predicted
pdPZCe ; : ; ; - by Beard (1974), it is planned to perform measurements of
18ug wherepq is the particle density/ap is the particle the collection efficiency of 1 mm raindrops, and thus a di-

d|e|1:me';(re]r andL? |s|the dg?s dy?amlc V|s§:95|'[|y). . fh rect comparison with Bear calculations could be performed
or this particular data set, an empirical correction of the, .., J . any extrapolation.

Slinn impaction term (Eq. 7) is proposed to better fit these From this measurement, no manifest influence of the rela-

measurements (green curve in Fig. 7). tive humidity is noticed, for 2mm drops (Fig. 9). Indeed, ac-
3/2 cording to the experimental uncertainties presented in Fig. 6,
Eimp = 0.2+ St— St 7y Fig. 9 shows no significant effect of the relative humidity on
§+St— St the collection efficiency. In order to understand this result,
a comparison of this measurement with the semi-empirical
This correction depends on the drop collection cross sectiongorrelation introduced by Davenport and Peters (1978) to cal-
in other words the drop axis ratio. If other experiments areculate the elementary collection efficiency due to diffusio-
performed in BERGAME, it would be interesting to relate phoresis (Eq. 8), was performed and is presented in Fig. 9:
this correction to drop axis ratio. AT Do
The increase in collection efficiency for aerosol diametersgyp, = —o —w—>ar <2+ 0.6Re1/28c1/3)
smaller than 0.85 um is less evident. Neither the Slinn model PVaDyq
nor DESCAM represent this sharp increase in collection ef- Psatair  PsatairRHY | My,
ficiency. This leads to an underestimation of the collection ( Ty Tar ) M
efficiency, for 0.3 um particles, of one order of magnitude for
the DESCAM model and two orders of magnitude for the where Psatair is the water vapour saturation pressure (Pa),
Slinn model. In DESCAM the collection efficiencies are a Dy, ajr is the diffusion coefficient of water vapour in air
compilation of measurements from publications without ob- (m?s~1), M,, and My are respectively the molar masses of
servations in that drop size range. For a discussion on howater and air (kgmoll), P the atmosphere pressure (Pa),
this underestimation can impact the total mass of aerosol parand finally 7y and 75, are the respective temperatures of the
ticles washed out by rain, see Quérel et al. (2014). drop and the air (K). Current measurements do not reveal any
Concerning the Slinn model, it lacks the increase becausenajor inconsistency with that correlation. Indeed, for larger
the hypothesis of potential flow is not valid, especially in the aerosol particles (diameter greater than 1.5 um) the collec-
wake of the drop, where recirculating eddies seem to developion efficiencies measured are at least one order of magnitude
at Reynolds numbers larger than 20 (a drop of 280 um diamgreater than the diffusiophoretic elementary collection effi-
eter falling at terminal velocity has a Reynolds numbers ofciency of Eq. (8). Thus, in that aerosol particle size range, the
20). Beard (1974) calculated the influence of these eddies oaerosol collection is totally driven by inertial impaction, and
the collection efficiencies. He found that the smallest aerosoho contribution of phoretic forces should be observed. Below

> -

y 4

A

close to 450, leading to a decrease in aerosol particle col-
R o | — : lection efficiency in the submicron range. Nevertheless, this
— Interception

0.5

®)
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.E’ 2 i t“’ ;’? ‘ K e Present measurement (D, =2 mm)
&:2 10 Wiy M 'AV' ==*Extrapolated from Beard (1974) D, =2 mm
o ‘ ‘ “ ..'? "y Extracted from Beard (1974) D = 1.24 mm
g ‘ ‘ ‘ ' “dart’ Extracted from Beard (1974) D, = 0.87 mm
g 10" | 17 Extracted from Beard (1974) D, = 0.61 mm
= ‘ ‘ | LA Extracted from Beard (1974) D = 0.28 mm
O ‘ ‘ ‘H % Lai et al. (1978)

10°

10" 10°
Aerosol physical diameter (Lm)

Figure 8. Comparison of present experimental results (blue dots) to the Beard (1974) rear capture model; solid and dashed curves are
respectively extracted and extrapolated from Beard (1974).

that this size range is the one that collects the most particle

=3
(=}

- Edph(RH =25%)

> 10" | | 3 mass, and thus is the most important in terms of ground con-
1) =
5 T EgpnRH=85%) 70 tamination in the case of potential severe accident, e.g. in a
2 2
2 | o 603 nuclear installation resulting in radiological release. Second,
= ¢ e 5 g in this drop size range available publications offer almost no
210 — E measurements. Third, the collection efficiencies for millimet-
o >
=2 = 402 ric raindrops are particularly difficult to calculate analytically
3 o L2 30 2 because such large drops at terminal velocity oscillate and
4 ‘ leave turbulence in their wake. Thus, a new facility called
Tos 10 s 2 25 3 a5 2 BERGAME was designed, built and used to experimentally
Aerosol Particle Diameter (pm) determine collection efficiencies for these drop size ranges.

Figure 9. Collection efficiencies measured for drops of 2mm in These measurements were initially compared to the few

diameter as a function of relative humidity, and comparison with the Méasurements given in the publications in that drop size
model of Davenport and Peters (1978), a semi-empirical correlatiofange. The Lai et al. (1978) measurements correlate perfectly

to evaluate diffusiophoretic elementary collection efficiency. with ours; however, for 2mm drops, they only performed
two collection efficiency measurements: for aerosol parti-

cle diameters of 0.3 and 0.5um. As a consequence, Lai et
0.5um, it is observed that the collection efficiencies mea-al. (1978) did not cover the minimum collection efficiency
sured are still one order of magnitude greater than the diffuthat our measurements revealed close to 0.85 um.
siophoretic elementary collection efficiency. The Davenport The Slinn model is also unable to predict this sharp in-
and Peters (1978) equation is, thus, consistent with the measrease in collection efficiency. It underestimates the efficien-
surements presented for both these size ranges. cies for 0.3 um particles by two orders of magnitude. In fact,
It seems that, close to the minimum in efficiency (betweenthe hypothesis of potential flow used in the Slinn model is
0.6 and 1.2 um), diffusiophoretic effects are overestimatedhot correct, especially in the wake of the drops, since recir-
by the Davenport and Peters (1978) equation. To confirmculating eddies develop on the downstream side.
this observation, it would have been very interesting to make Beard (1974) calculated that these vortices induce rear
measurements in that aerosol particle size range but with loveapture and thus lead to the sharp increase in collection
relative humidity (close to 20 %). Unfortunately, this was not efficiency in the submicron range. The extrapolation of
possible in the current study. Beard (1974) simulations to 2 mm drops matches the cur-
rent measurements perfectly. It thus seems that rear capture
of submicron aerosol particles explains this sharp increase in
5 Conclusions collection efficiency.
In the micron range, the global shape of the Slinn model
This study provides 163 measurements of the collection efis in accordance with our measurements; however, it signifi-
ficiency with raindrop and particle sizes controlled and mea-cantly underestimates collection efficiencies. This difference
sured. These measurements have been performed for drag attributable to the oblate shape of the raindrop that in-
sizes of 2 and 2.6 mm. This size range for drops was selectegreases its cross section. A correction to the parameterisation
for different reasons. First, the DESCAM model highlighted
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of the Slinn model is proposed for 2 mm raindrops in order toBeard, K. V.: Experimental and numerical collision efficiencies for
fit the exponential results. It would be interesting to propose submicron particles scavenged by raindrops, J. Atmos. Sci., 31,
a more universal and robust parameterisation of this model. 1595-1603, 1974.

This would be possible with collection efficiencies measuredBeard, K. V.: Terminal veloc_ity and shape of cloud and precipitation
for additional raindrop sizes. We could check whether the in-_ drops aloft, J. Atmos. Sci., 33, 851-864, 1976. o
crease in collection efficiency, compared to the Slinn modelFed: K. V. and Chuang, C.: A new model for the equilibrium

outputs, could be linked to the increase in the hydrometeor. shape of raindrops, J. Atmos. Sci., 44, 1509-1524, 1987,
puts, - . y Bemer, D. and Tierce, P.: Ultrasonic generation of droplets for the
cross section due to deformation.

. L . production of fluorescein aerosol of mass median aerodynamic
Regarding current measurements, the initial collection ef-  gigmeter between 1 and 10 um and geometric standard deviation

ficiency of the DESCAM model is updated, giving some sig-  <1.5, J. Aerosol Sci., 27, 393-394, 1996.

nificant changes in the below-cloud scavenging modellingBringi, V. N., Chandrasekar, V., Hubbert, J., Gorgucci, E., Randeu,

(Quérel, 2012; Quérel et al., 2014). However, as was also W. L., and Schoenhuber, M.: Raindrop size distribution in differ-

concluded in these publications, only drops with diameter be- ent climatic regimes from disdrometer and dual-polarized radar

tween 2 and 2.6 mm have been measured in the BERGAME analysis, J. Atmos. Sci., 60, 354-365, 2003.

experiment, and other drop sizes have yet to be measured. Davenport, H. M. and Peters, L. K.: Field studies of atmospheric
In addition, the range of aerosol particles sizes measured is particulate concentration changes during precipitation, Atmos.

- . - Environ., 12, 997-1008, 1978.
not complete. It would be interesting to extend the COIIectIonFlossmann, A. I.: A theoretical investigation of the removal of at-

gﬁlClency measurements FO the gntlre _range of the r?lccumula- mospheric trace constituents by means of a dynamic model, PhD
tion mode (0.1 to 1 um), Wlth the mtc_antlon to further improve thesis, university Johannes Gutenberg, Mainz, 1986.
the below-cloud scavenging modelling. These measurementsiopssmann, A. I.: The scavenging of two different types of ma-
would be performed with another technique, in order to en-  rine aerosol particles calculated using a two-dimensional detailed
hance the limit of detection (e.g. atomic spectroscopy). cloud model, Tellus B, 43, 301-321, 1991.

In the same way, the range of relative humidity has to beFlossmann, A. I.: Interaction of aerosol particles and clouds, J. At-
extended, even though measurements in the aerosol cham- mos. Sci., 55, 879-887, 1998.
ber become very difficult for relative humidity greater than Flossmann, A. 1. and Wobrock, W.: A review of our understanding
90 %. Above this, the influence of the hygroscopicity of the ~ ©f the aerosol—cloud interaction from the perspective of a bin
particles used here is not known. . resc;!v?dd gloltj/ld sFZ:a_Ie modellmg, At;noz._ Rest_., 97, 4;8—|4?7, 20tt10.

; - reenfield, S. M.: Rain scavenging of radioactive particulate matter

. O'.[he.r experimental parameter; are not eXp“CItly. explored from the atmosphere, J. Meteorol., 14, 115-125, 1957.
in this first approach. Indeed, the influence of electric charge%r

icl lection is K h d over, S. N., Pruppacher, H. R., and Hamielec, A. E.: A numerical
on particle collection is known (e.g. Pranesha and Kamra, determination of the efficiency with which spherical aerosol par-

1996), so all experimental efforts were made to keep these ycies collide with spherical water drops due to inertial impaction

effects to a minimum in this study. At a later date, however, and phoretic and electrical forces, J. Atmos. Sci., 34, 1655-1663,

it will be necessary to explore this parameter in the collection 1977.

efficiencies of aerosol particles by 2 mm drops. Hinds, W. C.: Aerosol technology, Wiley-Interscience, New York,
Finally, from a longer-term point of view, if all these 1982.

recommended experiments on the collection of particlesHobbs, P. V.: Aerosol-Cloud-Climate Interactions (San Diego/New

by raindrops are conducted, it will be necessary to apply York/Boston/London/Sydney/Tokyo/Toronto), 1993.

the same kind of thorough study on collection for the otherJaenicke, R.: Aerosol physics and chemistry, in: Landolt-

hydrometeors (snow, hail, etc.) in order to improve our Boernstein: Zahlenwerte und Funktionen aus Naturwis-

knowledge of below-cloud scavenging, and upgrade the senschaften und Tecknik, edited by: Fischer, G., 4b, 391-457,

modelling process. 1988.
Kerker, M. and Hampl, V.: Scavenging of aerosol particles by a
Edited by: P. Herckes falling water drops and calculation of washout coefficients, J. At-

mos. Sci., 31, 1368-1376, 1974.
Laakso, L., Gronholm, T., Rannik, U., Kosmale, M., Fiedler, V,,
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