The 14" Inter national Topical Meeting on Nuclear Reactor Thermalhydraulics, NURETH-14
Toronto, Ontario, Canada, September 25-30, 2011

NURETH14-630

AEROSOL REMOVAL BY EMERGENCY SPRAY IN PWR CONTAINMENT: SYNTHESISOF THE
TOSQAN AEROSOL TESTS

Emmanuel Porcheron, Pascal L emaitre, Denis Marchand
IRSN, BP 68, 91192 GIF SUR YVETTE cedex, France
Emmanuel.porcheron@irsn.fr

Abstract

During the course of a severe accident in a nuéteassurized Water Reactor (PWR), containmentoeact
is pressurized by steam and hydrogen released &opmimary circuit breach and distributed into the
containment according to convective flows and steath condensation. In addition, core degradateadb
to fission product release into the containmenttéVapraying is used in the containment as mitgati
means in order to reduce pressure, to remove figsioducts and to enhance the gas mixing in case of
presence of hydrogen. This paper presents the esistlof the results of the TOSQAN aerosol program
undertaken by the Institut de Radioprotection etSdeeté Nucléaire (IRSN) devoted to study the a@ros
removal by a spray, for typical accidental therimaraulic conditions in PWR containment.

1. Introduction

During the course of a severe accident in a PresslWWater Reactor (PWR), hydrogen may be prodbged
the reactor core oxidation and distributed into teactor containment by convection flows and steam
condensation on walls. In addition, core degradal&ads to fission product release into the containt.
The most important part of the fission productensitted in the aerosol form (size close to 1 pum [2]).
They are mixed with aerosols resulting from degtiadaof structural materials such as control roslspse
size distribution is less than 100 pm, with a mateaverage density of 3 g.6nOnly a fraction of the
formed aerosol with a granulometry ranging belowrd may migrate from the primary circuit towards the
containment atmosphere. Water spraying is usebddrcontainment as a mitigation mean in order toced
pressure, to remove fission products and to enhtimecgas mixing in case of the presence of hydr¢ggn
The TOSQAN experimental program has been createsinboilate typical thermal hydraulic conditions
representative of a severe accident in the readnotainment. The specificity of the TOSQAN facility
characterized by a high level of instrumentaticat frovides detailed information on local and nofmtisive
characterization of the multiphase flow for CFD esdalidation [4]. The present work is devotedttalg
the effect of water spray activation on aerosolheas. In order to have a better understanding gfigchl
phenomena, a detailed characterization of the spinaygas and the aerosol population is needethisn
paper, the analysis of water spray interaction \gabeous mixtures composed of air and steam, seatted
aerosol, is presented in order to study the aeresobval processes by a spray. In the first pathefpaper,
we present a recall about the modeling of aerosiiéation by droplets. In the second part, we gavehort
description of the TOSQAN facility and its instrumation. In the third part, we present the influeraf
different spray parameters on aerosol removal dymamd efficiency based on the realized test matnx
particular, we analyze the effect of the spray watass flow rate and droplet temperature on thesaér
removal rate and aerosol collection efficierlaythe last part, experimental droplet collectidiiceencies are
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compared to numerical simulations performed witk thtegral severe accident ASTEC code, jointly
developed by IRSN and GRS [5].

2. Modédlling of aerosol collection by water droplets and removal efficiency

The aerosol consists of particles of various saed may be composed of more than one species. The
mechanisms involved in the removal of particlesrfrthe containment atmosphere will include at I¢ast
following phenomena: agglomeration, settling, vilmpaction, and collision with the spray droplets.

The elementary mechanisms involved in the collisadnaerosol with droplets are: inertial impaction,
interception, Brownian diffusion, droplet nucleatjahermophoresis and diffusiophoresis Stefan flow.
Diffusiophoresis is an important process which Ipees significant when steam condensation on draplet
droplet vaporization occurs.

2.1 Aerosol collection

Five mechanisms involved in the removal of parct®llected by a water droplet can be listed in two
categories belong the basic phenomena:

Mechanical effects [6]:
* Inertial impaction,
* Interception,
* Brownian diffusion.

Phoretic effects [7]:
* Thermophoresis,
» Diffusiophoresis.

Numerical models for aerosol collection by wateoplets are based on semi-empirical correlations to
calculate, for these different mechanisms, theectbn efficiencies. Mathematical models have been
developed for each individual mechanism, and smhstiare generally obtained by numerical methods in
several codes. Removal of particles by a sprayopasly described by a separate droplet colleaifiniency
model. The spray removal rate for aerosols carelzed to the single droplet collection efficiertaking
into account the spray as an assembly of indepérdteplets. Indeed, droplet removal is assumedeto b
related to the particle number present in the velswept out by the falling droplets, and to thetiplar
collection efficiency E) within this volume. For a whole spray system, theoval rate\ may be expressed
according to the characteristics of the spray hedhermal-hydraulic conditions present in the gek:

1= E (1)

2 d,

The most difficult parameter to determine in EqQ.i§lthe single droplet collection efficiency. $tdefined as
the ratio between the aerosol mass collected byoplet and the aerosol mass present in the swept ou
volume.

2.2 Calculation of collection efficiency

The overall single droplet collection efficiency yriae regarded as the sum of the five efficiencigs t the
contribution of particle removal processes relatedthe five previous elementary mechanisms. These
mechanisms will be described briefly in the nextt.p@he overall collection efficiencyE{,a), for a given
droplet and particle sizes, may be expressed as [9]

Em&al = emp + elnt + eih + ediph + ehermph (2)
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This Eq. (2) supposes that the collection elemgntaechanisms are fully independent, which is not
completely true. So, one has to take into accobat doupling of the various mechanisms on aerosol
collection. As a first approximation for the aerbebsize corresponding to the lowest efficiencypitally
between 0.1 um and 0.5 pm), mechanisms shoulddueilded in a coupled way (Eg. (3), but this casaldio
be excessively complex to describe.

Eca’ = 1- (1- €,)(1- €,)(1- €,)(% €, ) €..) 3)

Improvements of the collection efficiency expressi@mve been made from recent numerical simulafohs
implemented in the ASTEC code. The latter is exg@dsn the following form:

Elclal =1- (1' elmp)(l- e.m )(1' ediph )(1' Qhermph )+ edb (4)

2.3 Mechanical effects

Inertial impaction:Droplet fall induces flow entrainment. High inarparticles may cross gas streamlines and
collide with the droplets rather than following theThe efficiency can be expressed as the ratithef
effective collision cross-section to the dropletiss-section area. This efficiency depends on the fegime
and increases with the droplet velocity and patiolass. Postma [8] suggests that potential flus) (may

be assumed for Loss of coolant accident (LOCA) s, so efficiency is defined with the Stokesnhner
(8k=0.2) as:

Sk } 5)

S e

Interception:This mechanism is only based on geometric effeath as the particle size. All the particles
present in the volume swept out by falling dropleii not collide with the droplets by impactiont’sl
possible that they touch a droplet even thougltetsterline remains in the air streamlines. Parsd} has
shown that ford, <<d,, the collection efficiency by interception could fieeluced to:

ey .

Brownian diffusion:Brownian motion leads to particle diffusion to thgray droplets. Postma [8] suggests
that, for LOCA conditions, the efficiency of colteamn may be estimated as a good approximation by:

1 2

e, = 302Re: Pe? 7)

The limit of Eq. (7) is assuming large Reynolds bem(Rg, > 500) and boundary layer flow around the
droplet.

2.4 Phoretic effects

ThermophoresisThis collection mechanism results from a tempeeatgradient within gas around the
droplet and it occurs when particles set in thiagerature gradient. The asymmetrical shocks ofgtee
molecules on the aerosols induce a thermophoretaef This force is applied on the particle andnzre
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important on the warmer side. This imbalance ceetite force that drags along particles towards dobgps.
Then, the collection efficiency could be written asfunction of the temperature parameter and of two
coefficients depending of the Knudsen number ([[1d], and [13]):

Hq
P, TV, d

g ' g "thermph™w

e[hermph = 4KTA fh (Tg _Tw) (8)

Diffusiophoresis:In presence of concentration gradient, aerosgiec{se i) move in the diffusion flux
direction of the heavier gas component. Steam awat®n that occurs on cold water induces a stéam f
towards the droplets. This flow drags particleshvatvelocity known as diffusiophoretic velocity whiis
associated with the Stefan flow velocity to giviehe droplet is not falling in pure vapor, the ajan below
[11] (9):

_ M, D  (P-P,

ediph 4fh Xi\/M_i"'XW\/MW VWdW In Pajr (9)

This effect is primarily a function of the satuoati rate in the containment, which depends on steam
condensation on droplets and droplet vaporizatfeor. the aerosol size range and aerosol concentratio
expected in a PWR containment atmosphere for LO@Aditions, only diffusion, interception,
diffusiophoresis associated to Stefan flow, andnttophoresis have a significant contribution to dverall
particle removal rate. The collection efficiency foterception is inversely proportional to the jolet size.
Diffusiophoresis-Stefan flow is linked to the drepkize and depends on the amount of steam cortaensa
and droplet vaporization. The major parameter fitection efficiency is droplet size, gas temperatand
steam condensation or droplet vaporization.

3. The TOSQAN experimental facility
3.1. The TOSQAN vessel

The TOSQAN facility presented in Figure 1 consisits closed cylindrical vessel (7°molume, 4 m height
1.5 m internal diameter) into which steam, air a®dosol can be injected. The walls of the vessel ar
thermally controlled by heated oil circulation. @pt accesses are provided by 14 pressure resiseaming
windows permitting non-intrusive optical measuretsdsee Figure 2).
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Figure 1 Overview of the TOSQAN facility Figure 2 Instrumentation locations in the
TOSQAN vessel

Steam can be injected by a vertical pipe locatetiencenter part of the TOSQAN enclosure at levelThe
inner spray system, located at the top of the domée enclosure (level Z16) on the vertical axss,
composed of a single nozzle producing a full corsewspray. The water spray falling into the susp i
automatically removed from the vessel in ordervoiéh accumulation and to limit re-evaporation. Asois,
which are used to simulate fission product release,dispersed by a powder spreader and injectddrun
pressure into the top of the dome of the vessel.

3.2 Instrumentation

Both intrusive and non-intrusive techniques arelam@nted on the TOSQAN facility in order to achieve
detailed characterization of spray droplet, aer@sml gas. Those measurements are used to anatyhy lo
the physical phenomena, such as heat and mastetsahstween spray droplet and gas and aerosovamo
by spray. There is also a need of detailed measmenin order to determine initial and boundaryditons
used for CFD computation.

3.2.1 Description of intrusive techniques

More than 100 thermocouples are used to measurgathéemperature in the whole vessel. Thermocouples
are located along the vessel diameter at 6 diftdexels distributed along the TOSQAN height (segufe

2). Other thermocouples are located in the sumpdance regions, and near the heated walls. Aeroasbm
concentration (Gerosq) and size distribution {goso) in the gas phase are measured, during the w8t an
optical granulometer (WELAS 2100 [17]). Aerosol sdimg is performed at level Z5 on half radius oé th
TOSQAN vessel. According to the spray expansiorieariis position is inside the spray region. Idearto
perform real time aerosol characterization withWELAS granulometer, the gas is sampled with a mau
flow rate fixed at 5 |.mift all along the test. The measurement of the aernask collected by spray droplets
is performed using a prototype online turbidimeWater resulting from falling droplets is analyzedreal

time at level ZO (see Figure 1, Figure 2) in ortedetermine the aerosol mass concentration. Thesale
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mass collected at each time step by droplets duhiag fall (Maerosol_collectdd)) iS then deducted from the
aerosol mass concentration of the drained watgu(gil).

3.2.2 Description of non-intrusive techniques

Droplet velocity measurements are performed withRiarticle Image Velocimetry technique (PIV). THe P
technique provides instantaneous or mean velaoeiys of the flow (Table 1). Various kinds of messuent
techniques are available for analyzing the spragplét size distribution, such as the Phase Doppler
Anemometry (PDA). The PDA technique cannot be usethe TOSQAN facility because of optical access
constraints. Therefore, we decided to use theféranetrics Laser Imaging for Droplet Sizing (ILID&8]).

For gas volume fraction measurements, we use tbhet&peous Raman Scattering spectroscopy [16]. The
accuracy of the instrumentation used on the TOS@¥#Mity is summarized in Table 1.

Table 1 TOSQAN instrumentation accuracy

Techniques Physical Accuracy
magnitude
PIV V,U(m.sY) | 2% to 10%
Droplet
ILIDS A (um) 5%
SRS Xsteam Xair | /-1 Vol%
(%)
Gas i _
Thermocouple T (°C) +/-1°C
Optical dp (um) +-  0.01
spectrometer Hm
Aerosol Cp
(mg.ni®) 5%
Turbidimeter Iv&erosol_mass 7%
collected(mg-s__l)

3.3 Spray system and aer osol

The inner spray system, located in the dome ofeti@osure on the vertical axis, is composed oihglsi
nozzle producing a full cone water spray which pices droplets of an almost uniform size. This n@zz|
mobile along the vertical axis so that measuremeaitsbe made at different distances from the nomnzle
order to be able to precisely mesh the close fiélhe spray injection. Two kinds of nozzles frgpnaying
systems were used in this study in order to cover a lasgge of water mass flow rates. For the largessmas
flow rate (30 g/s for 101 test) the TG3_5 nozzlased while the D1_35 nozzle is used for smallessiilw
rates (5 g/s to 18 g/s, for AG tests). Spray chareation has been performed by the means of aptic
diagnostics in order to determine the initial dedplvelocity, droplets size and spray angle. Thaysp
characterization examples presented in this pameomly relative to the 101 test for the 30 g/s snidew
rate. The spray angle was determined using the \ése@alization technique as shown in Figure 3har 101
test. The spray angle is an important parameteausecwe have to check that droplets do not reazh th
vertical heated wall of the TOSQAN vessel, in orbeprevent droplets vaporization. An example afpdiets
size measurement performed by ILIDS technique é&sgmted in Figure 4. ILIDS measurements were not
performed close to the nozzle exit because of figh droplets density which causes multi-scattering
phenomena and droplets overlapping. In order toidavibIDS measurement degradation, ILIDS
measurements were performed on 101 spray testtitimal hydraulics conditions defined in Table 8 an
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Table 4, but without aerosol injection. Both spraygzles used for 101 test and AG tests producdasiifuil
cone spray geometry but for different water masw flates.

0 T Tttt ettt T T

QN O A VNP A O OO0 OO O N O N
RN A S S S I L

Diameter (um)

Figure 3 Spray visualization in the TOSQAN vessel  Figure 4 Droplet size distribution (ILIDS
for 101 test measurements) for 101 test

Aerosols, which are used to simulate fission prigluare injected into the top of the dome of theset at
level Z16 (see Figure 2) by the means of a powperagler RBG from Palas company, after being heated
avoid steam condensation. A seeding procedure easlaped to obtain a high particle concentratiothwi
good homogeneity in TOSQAN enclosure and good aéamncentration reproducibility [16]. Aerosols are
composed of silicon carbide particles (SiC) whosedynamic diameter is close to the diameter @idis
products [2]. Particle size distribution is presehin the Figure 5. The aerosol mass injectedenvidssel is
equal to 1200 mg for AG tests and 1500 mg for E3L. t

400

0 1 2 3 4 5 6 7 8
Aerosols diameter (um)

Figure 5 Size distribution of SiC particles

3.4 Test procedure and matrix

The general test scenario consists in water spjagtion in the TOSQAN vessel which is initiallyesked
with aerosol simulating fission product releases (8able 2), and after, pressurized with steam, Isitimg the
primary circuit breach (see Tabg for pressure and temperature conditions). Betm®sol and steam
injection, the vessel is initially at the atmospbepressure and contains 1 bar of air with a thérma
equilibrium imposed by the heated vessel wall. ibated wall temperature of the TOSQAN vessel isdix
at 90°C for AG tests and at 120°C for 101 test {@d#e 3). During the aerosol seeding phase, @ction of
0.2 bar of air is performed. Aerosol concentratiorsuspension in the vessel is measured in rea by
using the WELAS granulometer that allows good rdpodbility of the initial test conditions. This
measurement is also used to determine the totasalemass present in the gas of the vessel algdlmntest
and particularly just before the spray activatibBrom the time when the aerosol injection is conguetn
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injection of 0.3 bar of steam is performed for A&3ts, 1.5 bar of steam in the case of 101 test.sprey
nozzle used is fed with a controlled water masa flate and temperature depending on spray tesiTédae

4). The spray test matrix which is presented inThble 4 shows the investigated parameters sudheas
spray mass flow rate (and the droplet size whighedds on the spray mass flow rate), the injectpmays
temperature and the spray angle. One can obseavéthsome tests, the injected water temperatuegual

to the gas temperature of the vessel (tests AGGILIA AG12) while for other tests, the injected wate
temperature is cold, equal to 30°C (tests 101, AGB51, AG52). The purpose is to uncouple aerosol
collection mechanisms in order to improve their lgsia. Therefore for hot spray, phoretic effecte ar
minimized and aerosol collection is mainly due techmanical effects. For cold spray, mechanical and

phoretic effects are both involved in aerosol atitn.

Table 2 Aerosol specifications

Aerosol| Aerodynamic| Arithmetic | Initial
type diameter mean aerosol
(um) diameter | standard
(Dipen | deviation
Km)
SiC 3.5 1.11 1.5
Table 3 Gas characteristics before spraying
Test Gas mixture Wall Spray
composition | temperature angle
before spraying (°C) ®)
Air | Steam
(bar) | (bar)
101 1.2 15 120 27
AGO 1.2 0.3 90 20
AG51 | 1.2 0.3 90 20
AG52 | 1.2 0.3 90 20
AG10 | 1.2 0.3 90 20
AGl11 | 1.2 0.3 90 20
AGl12 | 1.2 0.3 90 20
Table 4 Spray test matrix
Test Spray Droplet | Injection | Spray
mass| diameter| droplet | angle
flow | dio(um) | temperature (°)
rate (°C)
(9fs)
101 | Cold| 30 140 30 27
AGO | Cold| 10 100 30 20
AG51|Cold| 5 150 30 20
AG52 | Cold| 18 80 30 20
AG10| Hot 5 150 90 20
AG11| Hot | 10 100 90 20
AG12| Hot | 18 80 90 20
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The time evolutions of the vessel relative pressorean gas temperature, injection water temperatonde
aerosol arithmetic mean diametegofdn the gas are presented in the Figure 6 forAiGB8 test. The spray
activation occurs at time t = 0 s. The mean gagézature is the spatial average of gas temperatures
measured with thermocouples located along the wiedeel diameter at 6 different levels distribuaémhg
the TOSQAN height. According to the Figure 6, spmgtivation is followed by an initial vessel
pressurization coupled with a strong decreaseeofrtban gas temperature, during about 500 s, di®pdet
vaporization. After this initial transient statdjet AGO test is characterized by a steady state with
significant evolution of the mean gas temperateire (000 s). Concerning the vessel pressure ewoluti
during this last phase, its decrease is only dukdwessel gas leak used for the continuous desastling.
The pressure and the temperature evolutions igimof each test conditions (injected water mdew f
rate, initial saturation ratio of the gas mixtuvegll temperature). The heat and mass transfer phena
occurring in the TOSQAN vessel during spray tesehaeen extensively studied. One can refer to43ahd
15].
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Figure 6 Test AGO - Time evolution of the vessdtive pressure, mean gas and injection water
temperature and aerosol arithmetic diameteg)(iD the gas

4. Aerosol removal by spray: resultsfor the AGO test

In this section, the focus is on the aerosol behaviluring the water spray injection. During theirentest,

the mass concentration and the size of aerosokmpres the gas are measured in real time usingalpti
granulometer [17], [19]. From the time when theagpis activated, the aerosol mass collected bysginay
droplets is also measured in real time. As mentdoefore, droplets don’t impact the vertical walfsthe
vessel. The aerosol mass issued from the watenattalong the vertical walls is negligible. On titber
hand, the water drained at the bottom of the suomgains a fraction of the aerosol mass which was
deposited on the sump wall before spray activation.

4.1 Analysis of aerosol size evolution during spraying
For all the results presented on the following esnthe spray activation corresponds to the timéts. In
Figure 7 is presented the time evolution of aerasohber for different ranges of aerosol size.
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Figure 7 Test AGO - Time evolution of the aerasmmber by ranges of size
Spray activation induces a strong decrease ofdhmsal mean diameter according to both mecharé¢ard
phoretic effects [7] involved in the aerosol remaveechanisms from the containment atmosphere. Tbus,
t > 2500 s, aerosol collection by the droplets lisnprily due to mechanical effects, and particlashw
diameters greater than 2 um are completely remd®iedretic effects such as diffusiophoresis ardiveldo
steam concentration gradient around the dropldfugdophoresis will play a part in the removal pees
during the phase of the test where heat and massférs between droplet and gas, such as steam
condensation on droplet, are strong. So, at t H25Gccording to sedimentation and aerosol cadlediy
droplet, aerosols larger than 2 um are not pregetiite gas anymore. In order to analyze the Gl&mhy
system collection Efficiency (GSE) as a functionaafrosol size distribution, aerosol size histogrames
obtained at different times, before and during Wp@ and are presented in Figure 8. GSE definethas
ratio between the difference of the particle numtmeisent in the gas before spraying and at differere,
with the particle number present before sprayisgalso plotted in Figure 8. The global spray caitec
efficiency quickly tends towards 1 for aerosol demgier than 1 pum.
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Figure 8 Test AGO - Aerosol size distribution dldbal Spray Efficiency (GSE) at different times
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4.2 Aerosol removal rate

In order to determine the removal rate value duthm test, let’s consider the following general agn
which describes the aerosol mass decrease in the ga
dm, (t)
dt

d% drnd osition
= —Am, (1) +——uce — X 10
o (1) ot ot (10)
Where:

A : Aerosol removal rate by spray'js

m, (t) : Airborne aerosol mass in the vessel as a functfdime [g]

—dm;“m : Aerosol production term per time unit [g}s

drndepositi on

ot : Aerosol loss term per time unit (sedimentatideposition on vertical walls) [g'%

During the TOSQAN test, the aerosol source ternegeal to zero during spray activation. The aerosol
deposition on walls occurs during the phase of s@rimjection before spray activation, but from timae
when the spray is injected, this source of aerdspbsition is negligible comparatively to aerosalstvout
process by spray. We need to measure the globad@enass collected by spray droplets at each siee.
Because optical granulometer measurements arerpedousing local aerosol sampling, we developed the
online turbidimeter technique to reach the measarg¢nof the total aerosol mass collected by the &hol
spray. The aerosol mass concentration presenteirgéls just before spray activation [C(0)] is detred
using WELAS granulometer measurement. Before spm@etyation, the aerosol mass concentration is
homogeneous in the vessel due to mixing inducedté&gm injection, one can extrapolate the totalsamro
mass in the vessel pi®)] (Eq. 11) from the local measurement performeith the WELAS granulometer.
During spray activation, the global aerosol masdected by the whole spray droplet at each time ste
[Mp_collectedt)] is measured by the online turbidimeter. Asoget concentration is expected to be different in
the spray region and in the dry region, during ypngection, the WELAS granulometer local measurete
can not be used to determine the total aerosol mdke vessel.

m, (0)=C(0) -VTOSQAN _ VESSEL (11)
During spraying, the aerosol mass evolution inb&sel can be described using Eq. 12 and Eq. 13.
m, (t) =m, (0).exp- (A1) (12)
m, (1) = M, (0) = My cgeciedt) (13)
Where m,;...t) is the total aerosol mass collected by spray eétogil the instant t and measured by the

turbidimeter.

At spray activation (t = 0 s), the initial aerosofal mass in suspension in the vessel equals &8@mth is
less than the aerosol mass injected in the ves$etdosteam injection (m=1200 mg). This differentay be
related to aerosol deposition in the injection papel on vertical vessel walls. The total aerosa@sy@esent
in the gas during spraying is computed by makirggdifference between the initial aerosol mass pitestet
= 0 s (890 mg) and the aerosol mass collected dgphay at the time f, .yeqeq(t)) Which is measured by

the turbidimeter. This measurement takes into aticthe aerosol mass collected by the spray dropletis
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also a part of the aerosol mass deposited on tttenb@f the sump before spray activation, due &dttion

of the draining water. At the time of the sprayiation, the water draining phase occurs in thesbotitom
but the online turbidimeter measurement can nodlitectly related to the aerosol mass collected frgys
droplet. The duration of the draining phase wasmened to be 300 s, and measurements taken dinigg
time period are discarded. At the same time, measemts obtained for t > 2300 s are not considevedal
the increase of the online turbidimeter accuracyeoled for lower aerosol mass concentration present
draining water. The evolution of the total aeros@ss present in the gas inside the vessel is pessan
Figure 9. This evolution curve is then fitted fréime equal to 300 s to time equal to 2300 s tordstee the
aerosol rergnoval rateld(). According to the results presented in the Figyrine aerosol removal rate is equal
to 0.0011 s.
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Figure 9 Test AGO - Time evolution of the aerasalss in the gas of the vessel

4.3 Droplet collection efficiency

In this part, we investigate the single dropletlexiion efficiency (E) during the test. The singleoplet
efficiency is defined as the ratio between the s@rmass collected by a droplet and the aeroso$ prEsent

in the swept out volume. Two kinds of approach barused to determine the droplet collection efficie

(E). For the global one, the Postma relation candasl ([8], see Eq. 1). This relation allows conmmuE at
each time step from the aerosol removal rdte The Postma relation links the droplet collectedficiency

to spray and vessel parameters such as droplet (dige droplet falling height (h), vessel volume
(Vtosoan_vessgt and water spray mass flow ratesf@ voumig- Some assumptions are necessary to use the
Postma relation, such as that the whole vesselnmlis covered by monodispersed spray dropletstlaatd

the aerosol mass concentration is homogeneousisptay region. In the case of the TOSQAN veskel, t
Postma relation (Eq. 1) takes the following forng.(E4):

...h
A =§ Qspray_volum|c E (14)

2 dw'\/TOSQAN _vessel
For the AGO test:
h=4m, \A'OSQAN_vesseF 7 n’i dy =100 pm, Q:)ray_volumic_':I-Osm:as_1
For A1=0.0011 & (See Figure 9), E=0.013

According to the results presented on the Figute®aerosol removal rate is equal to 0.001between the
period t = 300 s to t = 2300 s. In this condititime droplet collection efficiency computed with ttedation
(14) is equal to 0.013 which is in good agreemeith \Rowers’s results [9] for droplet size of 200 um
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(Powers, 1993) and Ducret’s results [11] for mospdrse droplet size of 280 um. For the 101 tesgrding

to [23], the removal rateX() is equal to 0.002 sand the droplet collection efficiency computedha(it4) is
equal to 0.012 which result is very similar to A@8t result. This result is difficult to analysechase of the
difference between both tests (spray droplet diametlifference of phoretic mechanisms such as
diffusiophoresis due to the modification of thetiadi saturation ratio).

5. Influence of spray parameterson droplet collection efficiency

In this section, we investigate the influence of #pray parameters such as the size, the densltyhan
temperature of falling droplets. The spray nozzaracteristics used for the TOSQAN tests induce a
coupling between the spray mass flow rate and tbplet size (see Table 4). The increase of theysmiass
flow rate is obtained by the increase of the nompistream pressure that conducts to a decreabe dfdplet
size coupled to an increase of the droplet density.

5.1 Determination of the evolution of the droplet collection efficiency versus aerosol size

The second way to determine the droplet efficiemcgddition to that used in the section 4.3 is pplya a
local approach using the aerosol local measurenpanfermed in the gas of the vessel, in the spegjon.
The method allows determining the droplet collattaficiency at different times for each aerosaiga of
size. First, as the experimental aerosol sizeibigtons are log-normal, theoretical log-normalityrve is
substituted to experimental one for this approxiamatMoreover, we supposed that the mass losslysdoure
to collection by droplet and transfer between tleasurement volume and the gas surrounding. Théetisop
are supposed to be also monodispersed. The elementkection efficiency is defined as:

Amaerosol _ captation
Amaerosol _in_swept _volume

dem

(15)

5.2 Influence of water mass flow rate and droplet size

5.2.1 Cold spray

Droplet collection efficiencies determined at diffiet times are presented in the Figure 10 for tG® Aest
and in the Figure 11 for the 101 test. Droplet exilbn efficiencies are determined at the sametitmta
(Level Z5, see Figure 2) for each different teshditon, during the steady state (t > 1000 s). @ligh
efficiency curves present a minimum of efficiendtaned for aerosol diameter of 0.4 um to 0.6 uMAB
tests and between 0.7 um and 0.9 um for 101 tedeet, for this aerosol range of size, collection
predominant mechanisms have a minimum of intenskyly the diffusiophoreris mechanism which is
independent of the aerosol size and the interceptiechanism are predominant. For smaller and larger
aerosols, the droplet collection efficiency incesadue, respectively, to Brownian diffusion, inggtion and
impaction effects. The evolution of the dropletlediion efficiency versus time is not significatcept for
t=150 s for which the value of the minimum of effiacy is larger and reached for bigger aerosolss Th
tendency can be explained by the fact that dutieginitial phase of the AGO test (0 <t < 500 sppdet
evaporation occurs that leads to droplet size mgalucTherefore, for smaller droplets, droplet @éncy
value increases for smallest aerosols (Browniafugldn) and decreases for largest aerosols (ithertia
impaction and interception mechanisms). In addjtemseen in [9], the minimum of efficiency is skated
towards large aerosols. For the 101 test, thealptiase of the test during which droplet vapolaabccurs,

is shorter than for AGO test, less than 200 s. ocan consider that droplet efficiencies preseirieithe
Figure 11 are obtained during the steady state.cbhgarison between the spectral efficiencies ptesgen
Figure 10 and Figure 11 and the efficiencies comgbutith the relation (14) shows some discrepardiesto
the different approaches used. Indeed, in theioel&l4), the single value of E is determined fritra global
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removal rate 4 ). That is to say that the result for E is weighibgydthe aerosol size distribution (see Figure
8). One can see in the Figure 8 that the aerogmilpton which smaller diameter than 1 pm is m&ott is
why the E value deducted from the relation (14)thassame order of magnitude than the dropletieff@es
determined for aerosols smaller than 1 pum. In amdithe relation (14) considers some assumptidmsiw
are not completely satisfied in the experiment (othsperse droplets condition in particular, seaifggh).
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Figure 10 Test AGO — Droplet collection efficigrat different times versus aerosol range of size
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Figure 11 Test 101 — Droplet collection efficigrat different times versus aerosol range of size

The comparison of efficiencies is presented inRigare 12 for different mass flow rates. We canigeot
global increase of the droplet collection efficigneith the spray mass flow rate for the whole aefroange

of size. This result is partially in agreement witbwers and Burson model that showed that the aeeref
the droplet size induces an increase of the draqaiection efficiency for aerosol under 1 um. Howe
Powers and Burson find a reverse behaviour forelaegrosol for which the collection mechanisms are
driven by impaction and interception effects. Idi&idn, according to the results presented in tigrife 8,

the droplet size decrease induces a reduction efatirosol diameter corresponding to the minimum of
efficiency.
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Figure 12 Droplet collection efficiency for difent cold spray mass flow rates (AG51 — 5¢g/s, AGQQg/s,
AG52 — 18g/s)

5.2.2 Spray temperature effect

The initial droplet temperature influence is nowastigated. Spray droplets are injected at a teabyer
similar to the gas one in order to minimize the ngltio effect mechanisms such as thermophoresis and
diffusiophoresis. In this case, collection mecharsisare driven by interception and impaction foroaels
larger than 1 pm and by Brownian diffusion effemt$maller aerosols. Droplet characteristics airifeztion
such as size and velocity are similar to cold speays. Globally, the same tendency observed fior saray

is underlined in the results presented in the [eidw8. The increase of the hot water mass flowinaleces an
increase of the droplet collection efficiency fot the range of aerosol size. The droplet collattio
efficiencies obtained for hot spray (Figure 13) sirgilar to those obtained for cold spray (Figug éxcept

for the test AG10 with the smallest mass flow réieg/s). Indeed, for this test with the largestpliets
(150 um), an increase of the droplet collectiomcifhcy is observed for the cold case comparatitelithe

hot case, for the range of aerosol size correspgnidi the minimum of efficiency as showed in thgure

14. This result is attributed to the fact that itth@ease of the cold spray mass flow rate indunda@ease of
the gas cooling dynamic. Consequently, the contibbuof the phorectic effects based on temperature
gradient between droplets and gas is less impomdm#n the mass flow rate increases. It is why the
comparison between tests with phoretic effectsd(spray) and tests with only mechanical effects gpoay)
shows a significant difference for the test with #mallest mass flow rate and the largest droplets.
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Figure 13 Droplet collection efficiency for difent hot spray mass flow rates (AG10 — 5g/s, AG1Dg/s,
AG12 - 18g/s)
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equal to 5g/s

6. Comparison between experimental and numerical results

The French-German integral code ASTEC (Accidentr@erm Evaluation Code [21]) was developed
commonly by IRSN and GRS as a fast-running codehersimulation of the complete sequences of severe
accidents in LWR (Light Water Reactors), from thaiating event up to the possible fission prodwiease

to the environment. The code can be applied tadaotal sequence studies, probabilistic safety assads,
investigations on accident management procedurgs@pport to tests. ASTEC is the European softwére
reference in the network of excellence SARNET ($eveccident Research NETwork). For this study, the
module of interest for the aerosol collection bgpdet of the spray is the CPA module (Containmeart Bf
ASTEC: Thermal hydraulic & Aerosol behaviour in G@nment [5]). The TOSQAN vessel mesh is
composed of 2 coaxial cylinders. The compartmenatled at the centre of the vessel defines the spray
region. The coaxial cylinder which defines the gagion is divided in two parts, the upper and thedr
region. This mesh organization allows represenéiagsol transfer from the gas region to the spegjon,

due to spray entrainment. The aerosol mass callelsyespray droplet and also the total aerosol mass
deposited on the walls is calculated with ASTECecéar the 101 test. For ASTEC calculation, the gkss
initially pressurized with steam is seeded withoael from t = -300 sto t = -250 s. From t = - 30 spray
activation at t = 0 s, ASTEC calculation shows ¢welution of the aerosol mass which is depositedhen
vertical walls and on the bottom of the vessel ({Fégl5). ASTEC results show that about more tha®odd

the initial aerosol mass injected in the vessdegosited on vessel wall. This deposited aerosesmall not

be drained to the sump during spraying. From thee twhere the spray is activated, the depositedsakro
mass becomes negligible comparatively to spraylerapash out processes because of the higher wetnsp
coefficient due to the falling droplet [22]. Thengparison between ASTEC calculation and experimental
results relatively to the aerosol mass loss ofghae are also presented in the Figure 15. The casopais
based on the aerosol mass collected by the spthg icentral compartment including the aerosol nadgsh

has been settled on the sump bottom. Globally,lteeshow a good agreement between experimental and
numerical approaches especially concerning therdimaf aerosol mass evolution from the beginninghef
test to t = 1500 s which corresponds to the phaseravthe largest aerosols have been collected fay sp
droplet. This results show that mechanisms of atroslection by droplet and of aerosol transfeispmay
region are well described in ASTEC code. We caricadhat there is difference between the experiaient
and numerical values of the total aerosol masectat by spray droplet. But this difference (alnth8b) is

the same order of magnitude as the turbidimeteerx@ntal uncertainty (see Table 1). Another exgtiam

may be linked to the calculation of the aerosol sraeposited on wall by the ASTEC code. We can cmiecl
that the ASTEC code is efficient to predict quantiviely the aerosol collection mechanisms.
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Figure 15 Comparison between experimental andESmumerical results: case of the 101 test

The droplet collection efficiency is calculated lwihe ASTEC code for cold and hot spray tests,eesgely
AGO and AG11 tests (Figure 16). The comparison betwexperimental and numerical results shows
globally a satisfactory agreement. Firstly, the A€Tcode find the same tendency as experimental one,
concerning the non-influence of the water spraypterature on the droplet collection efficienciesc@ally,

one can notice the good agreement between effieenabtained by the code and by the experiment
particularly for the aerosol range of size corregfiog to the minimum of efficiency. From the poaitview

of the safety, this result is important in ordeptedict precisely the aerosol source term thatoeapresent in

the containment after a certain time during spigyior aerosol around 1um, a difference between code a
experiment appears. It seems that impaction arception effects are underestimated by the cobls. T
result may be explained by the intrinsic charasties of the ASTEC code for which the momentumsfain
between the injected droplet and the gas is natutsted. The gas is not accelerated, that leads to
underestimate the relative velocity between dro@atl aerosol, and consequently to minimize the
mechanical collection effect.
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7. Conclusion

Spray tests with aerosol were conducted in the TAQarge facility devoted to thermal hydraulic
containment studies. Spray tests performed in loditions demonstrate the interaction between spray
droplet and gaseous mixtures such as air and steaeded with aerosol simulating fission products.
Advanced instrumentation was developed, implemeatet] qualified on the TOSQAN facility in order to
characterize the multiphase flows developed in TS QAN vessel. Detailed measurements such as the
droplet velocity, droplet size, aerosol size andcemtration, gas volume concentration, gas temperatnd
pressure were taken during the tests. Aerosol raiMmyspray droplets was studied in order to qdathie
global variable such as aerosol removal rate acal leariable such as droplet collection efficieniRgsults
show aerosols with aerodynamic diameter larger tBamnm are rapidly washed out by the spray. Spasg's
less efficient for smaller aerosols for which mathbal effects have a poor efficiency. The droplatection
efficiency was determined in using two approaclaegtobal one in using the Postma relation, a loocal in
using aerosol local measurements. Results showod ggreement with previous literature studies. The
influence on droplet collection efficiency, of tepray mass flow rate and temperature was alsotigassd.

The comparison of numerical and experimental &fficies shows a quite good agreement for hot ardd col
water sprays, especially in the range of aerozel sdrresponding to the minimum of collection éficy.

NOMENCLATURE
C concentration [g.F
d diameter [m]
D diffusion coefficient  [M.s”]
E droplet collection efficiency
[]
e droplet elementary collection
efficiency [-]
fh ventilation coefficient [-]
h containment height [m]
Kra thermophoresis coefficient
[-]
M molecular weight [kg.mal
m aerosol mass [0]
P pressure [bar]
Pe Peclet number Pe:%
Q flow rate [9.81]
R TOSQAN radius [m]
Reynolds number
R e Pt
Hy
Stokes number
Sk
SOELAN
u,d,
T temperature [°C]

v velocity [m.s']
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Y, containment volume [

X mole fraction [-]

Z TOSQAN Z-axis [m]
Greek letters

A removal rate [4]

u dynamic viscosity [kg.m.s™]
D density [kg.nT]
n Kinematic viscositv
Subscripts/Superscripts

0 initial before spray

collected collected

db Brownian diffusion

diph diffusiophoresis

imp inertial impaction

int interception

p particle

pot potential

sat saturation

thermph thermophoresis

total total

w water
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