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Abstract 

During the course of a severe accident in a nuclear Pressurized Water Reactor (PWR), containment reactor 
is pressurized by steam and hydrogen released from a primary circuit breach and distributed into the 
containment according to convective flows and steam wall condensation. In addition, core degradation leads 
to fission product release into the containment. Water spraying is used in the containment as mitigation 
means in order to reduce pressure, to remove fission products and to enhance the gas mixing in case of 
presence of hydrogen. This paper presents the synthesis of the results of the TOSQAN aerosol program 
undertaken by the Institut de Radioprotection et de Surete Nucleaire (IRSN) devoted to study the aerosol 
removal by a spray, for typical accidental thermal hydraulic conditions in PWR containment. 

1. Introduction 
During the course of a severe accident in a Pressurized Water Reactor (PWR), hydrogen may be produced by 
the reactor core oxidation and distributed into the reactor containment by convection flows and steam 
condensation on walls. In addition, core degradation leads to fission product release into the containment. 
The most important part of the fission products is emitted in the aerosol form (size close to 1 gm [1], [2]). 
They are mixed with aerosols resulting from degradation of structural materials such as control rods, whose 
size distribution is less than 100 µm, with a material average density of 3 g.cm-3. Only a fraction of the 
formed aerosol with a granulometry ranging below 5 gm may migrate from the primary circuit towards the 
containment atmosphere. Water spraying is used in the containment as a mitigation mean in order to reduce 
pressure, to remove fission products and to enhance the gas mixing in case of the presence of hydrogen [3]. 
The TOSQAN experimental program has been created to simulate typical thermal hydraulic conditions 
representative of a severe accident in the reactor containment. The specificity of the TOSQAN facility is 
characterized by a high level of instrumentation that provides detailed information on local and non-intrusive 
characterization of the multiphase flow for CFD codes validation [4]. The present work is devoted to study 
the effect of water spray activation on aerosol washout. In order to have a better understanding of physical 
phenomena, a detailed characterization of the spray, the gas and the aerosol population is needed. In this 
paper, the analysis of water spray interaction with gaseous mixtures composed of air and steam, seeded with 
aerosol, is presented in order to study the aerosol removal processes by a spray. In the first part of the paper, 
we present a recall about the modeling of aerosol collection by droplets. In the second part, we give a short 
description of the TOSQAN facility and its instrumentation. In the third part, we present the influence of 
different spray parameters on aerosol removal dynamic and efficiency based on the realized test matrix. In 
particular, we analyze the effect of the spray water mass flow rate and droplet temperature on the aerosol 
removal rate and aerosol collection efficiency. In the last part, experimental droplet collection efficiencies are 
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the reactor core oxidation and distributed into the reactor containment by convection flows and steam 
condensation on walls. In addition, core degradation leads to fission product release into the containment. 
The most important part of the fission products is emitted in the aerosol form (size close to 1 µm [1], [2]). 
They are mixed with aerosols resulting from degradation of structural materials such as control rods, whose 
size distribution is less than 100 µm, with a material average density of 3 g.cm-3. Only a fraction of the 
formed aerosol with a granulometry ranging below 5 µm may migrate from the primary circuit towards the 
containment atmosphere. Water spraying is used in the containment as a mitigation mean in order to reduce 
pressure, to remove fission products and to enhance the gas mixing in case of the presence of hydrogen [3]. 
The TOSQAN experimental program has been created to simulate typical thermal hydraulic conditions 
representative of a severe accident in the reactor containment. The specificity of the TOSQAN facility is 
characterized by a high level of instrumentation that provides detailed information on local and non-intrusive 
characterization of the multiphase flow for CFD codes validation [4]. The present work is devoted to study 
the effect of water spray activation on aerosol washout. In order to have a better understanding of physical 
phenomena, a detailed characterization of the spray, the gas and the aerosol population is needed. In this 
paper, the analysis of water spray interaction with gaseous mixtures composed of air and steam, seeded with 
aerosol, is presented in order to study the aerosol removal processes by a spray. In the first part of the paper, 
we present a recall about the modeling of aerosol collection by droplets. In the second part, we give a short 
description of the TOSQAN facility and its instrumentation. In the third part, we present the influence of 
different spray parameters on aerosol removal dynamic and efficiency based on the realized test matrix. In 
particular, we analyze the effect of the spray water mass flow rate and droplet temperature on the aerosol 
removal rate and aerosol collection efficiency. In the last part, experimental droplet collection efficiencies are 
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compared to numerical simulations performed with the integral severe accident ASTEC code, jointly 
developed by IRSN and GRS [5]. 

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

The aerosol consists of particles of various sizes and may be composed of more than one species. The 
mechanisms involved in the removal of particles from the containment atmosphere will include at least the 
following phenomena: agglomeration, settling, wall impaction, and collision with the spray droplets. 
The elementary mechanisms involved in the collision of aerosol with droplets are: inertial impaction, 
interception, Brownian diffusion, droplet nucleation, thermophoresis and diffusiophoresis Stefan flow. 
Diffusiophoresis is an important process which becomes significant when steam condensation on droplet or 
droplet vaporization occurs. 

2.1 Aerosol collection 

Five mechanisms involved in the removal of particles collected 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 water droplets are based on semi-empirical correlations to 
calculate, for these different mechanisms, the collection efficiencies. Mathematical models have been 
developed for each individual mechanism, and solutions are generally obtained by numerical methods in 
several codes. Removal of particles by a spray is properly described by a separate droplet collection efficiency 
model. The spray removal rate for aerosols can be related to the single droplet collection efficiency taking 
into account the spray as an assembly of independent droplets. Indeed, droplet removal is assumed to be 
related to the particle number present in the volume swept out by the falling droplets, and to the particle 
collection efficiency (E) within this volume. For a whole spray system, the removal rate X, may be expressed 
according to the characteristics of the spray and the thermal-hydraulic conditions present in the vessel [8]: 

3Qm,h E • (1) 
2V d 

The most difficult parameter to determine in Eq. (1) is the single droplet collection efficiency. It is defined as 
the ratio between the aerosol mass collected by a droplet and the aerosol mass present in the swept out 
volume. 

2.2 Calculation of collection efficiency 

The overall single droplet collection efficiency may be regarded as the sum of the five efficiencies due to the 
contribution of particle removal processes related to the five previous elementary mechanisms. These 
mechanisms will be described briefly in the next part. The overall collection efficiency (Etoka), for a given 
droplet and particle sizes, may be expressed as [9]: 

E = eimp eint e db e diph e thermph oal 
(2) 
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The most difficult parameter to determine in Eq. (1) is the single droplet collection efficiency. It is defined as 
the ratio between the aerosol mass collected by a droplet and the aerosol mass present in the swept out 
volume. 

2.2 Calculation of collection efficiency 

The overall single droplet collection efficiency may be regarded as the sum of the five efficiencies due to the 
contribution of particle removal processes related to the five previous elementary mechanisms. These 
mechanisms will be described briefly in the next part. The overall collection efficiency (Etotal), for a given 
droplet and particle sizes, may be expressed as [9]: 

 inttotal imp db diph thermphE e e e e e= + + + +  (2) 
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This Eq. (2) supposes that the collection elementary mechanisms are fully independent, which is not 
completely true. So, one has to take into account the coupling of the various mechanisms on aerosol 
collection. As a first approximation for the aerosol of size corresponding to the lowest efficiency (typically 
between 0.1 gm and 0.5 gm), mechanisms should be described in a coupled way (Eq. (3), but this case would 
be excessively complex to describe. 

Etc:: = 1- (1- e,„0(1- eint)(1- e„)(1- ed,h)(1- e„„„) (3) 

Improvements of the collection efficiency expression have been made from recent numerical simulations [5] 
implemented in the ASTEC code. The latter is expressed in the following form: 

E iow = 1- (1- e,.,p)(1- ej(1- eth.p„)(1- eih_ph)-F eab 

2.3 Mechanical effects 

(4) 

Inertial impaction: Droplet fall induces flow entrainment. High inertia particles may cross gas streamlines and 
collide with the droplets rather than following them. The efficiency can be expressed as the ratio of the 
effective collision cross-section to the droplet cross-section area. This efficiency depends on the flow regime 
and increases with the droplet velocity and particle mass. Postma [8] suggests that potential flow (pot) may 
be assumed for Loss of coolant accident (LOCA) conditions, so efficiency is defined with the Stokes number 
(Stk 17 0.2) as: 

r  Stk  12

ein"°t  LStk + 0.51] 
(5) 

Interception: This mechanism is only based on geometric effects such as the particle size. All the particles 
present in the volume swept out by falling droplets will not collide with the droplets by impaction. It's 
possible that they touch a droplet even though its centerline remains in the air streamlines. Parsly [10] has 
shown that for di, « dw the collection efficiency by interception could be reduced to: 

d 
emt 3[ P

dw
(6) 

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

1 2 

edb • = 3 02Re3w Pe3 (7) 

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

2.4 Phoretic effects 

Thermophoresis: This collection mechanism results from a temperature gradient within gas around the 
droplet and it occurs when particles set in this temperature gradient. The asymmetrical shocks of the gas 
molecules on the aerosols induce a thermophoretic force. This force is applied on the particle and is more 
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The limit of Eq. (7) is assuming large Reynolds number (Rew > 500) and boundary layer flow around the 
droplet. 
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molecules on the aerosols induce a thermophoretic force. This force is applied on the particle and is more 
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important on the warmer side. This imbalance creates the force that drags along particles towards cold drops. 
Then, the collection efficiency could be written as a function of the temperature parameter and of two 
coefficients depending of the Knudsen number ([11], [12], and [13]): 

=41CrAf h (Tg —T.,)  f i g

pgTgvehamiphd., 
(8) 

Diffusiophoresis: In presence of concentration gradient, aerosols (specie i) move in the diffusion flux 
direction of the heavier gas component. Steam condensation that occurs on cold water induces a steam flow 
towards the droplets. This flow drags particles with a velocity known as diffusiophoretic velocity which is 
associated with the Stefan flow velocity to give, if the droplet is not falling in pure vapor, the equation below 
[11] (9): 

ediph = 4fh 
+ X 

Psap j

wA I

 D 

M,„ vwd,„ Pair
(9) 

This effect is primarily a function of the saturation rate in the containment, which depends on steam 
condensation on droplets and droplet vaporization. For the aerosol size range and aerosol concentration 
expected in a PWR containment atmosphere for LOCA conditions, only diffusion, interception, 
diffusiophoresis associated to Stefan flow, and thermophoresis have a significant contribution to the overall 
particle removal rate. The collection efficiency for interception is inversely proportional to the droplet size. 
Diffusiophoresis-Stefan flow is linked to the droplet size and depends on the amount of steam condensation 
and droplet vaporization. The major parameter for collection efficiency is droplet size, gas temperature and 
steam condensation or droplet vaporization. 

3. The TOSQAN experimental facility 
3.1. The TOSQAN vessel 

The TOSQAN facility presented in Figure 1 consists of a closed cylindrical vessel (7 m3 volume, 4 m height 
1.5 m internal diameter) into which steam, air and aerosol can be injected. The walls of the vessel are 
thermally controlled by heated oil circulation. Optical accesses are provided by 14 pressure resistant viewing 
windows permitting non-intrusive optical measurements (see Figure 2). 
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TOSQAN vessel 

Steam can be injected by a vertical pipe located in the center part of the TOSQAN enclosure at level Z7. The 
inner spray system, located at the top of the dome of the enclosure (level Z16) on the vertical axis, is 
composed of a single nozzle producing a full cone water spray. The water spray falling into the sump is 
automatically removed from the vessel in order to avoid accumulation and to limit re-evaporation. Aerosols, 
which are used to simulate fission product release, are dispersed by a powder spreader and injected under 
pressure into the top of the dome of the vessel. 

3.2 Instrumentation 
Both intrusive and non-intrusive techniques are implemented on the TOSQAN facility in order to achieve a 
detailed characterization of spray droplet, aerosol and gas. Those measurements are used to analyze locally 
the physical phenomena, such as heat and mass transfers between spray droplet and gas and aerosol removal 
by spray. There is also a need of detailed measurements in order to determine initial and boundary conditions 
used for CFD computation. 

3.2.1  Description of intrusive techniques 

More than 100 thermocouples are used to measure the gas temperature in the whole vessel. Thermocouples 
are located along the vessel diameter at 6 different levels distributed along the TOSQAN height (see Figure 
2). Other thermocouples are located in the sump and dome regions, and near the heated walls. Aerosol mass 
concentration (Caeroso0 and size distribution (d emsoi) in the gas phase are measured, during the test, using an 
optical granulometer (WELAS 2100 [17]). Aerosol sampling is performed at level Z5 on half radius of the 
TOSQAN vessel. According to the spray expansion angle, this position is inside the spray region. In order to 
perform real time aerosol characterization with the WELAS granulometer, the gas is sampled with a volume 
flow rate fixed at 5 1.min-1 all along the test. The measurement of the aerosol mass collected by spray droplets 
is performed using a prototype online turbidimeter. Water resulting from falling droplets is analyzed in real 
time at level ZO (see Figure 1, Figure 2) in order to determine the aerosol mass concentration. The aerosol 
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More than 100 thermocouples are used to measure the gas temperature in the whole vessel. Thermocouples 
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optical granulometer (WELAS 2100 [17]). Aerosol sampling is performed at level Z5 on half radius of the 
TOSQAN vessel. According to the spray expansion angle, this position is inside the spray region. In order to 
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flow rate fixed at 5 l.min-1 all along the test. The measurement of the aerosol mass collected by spray droplets 
is performed using a prototype online turbidimeter. Water resulting from falling droplets is analyzed in real 
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mass collected at each time step by droplets during their fall (Maerosol_collected(0) is then deducted from the 
aerosol mass concentration of the drained water (Figure 1). 

3.2.2  Description of non-intrusive techniques 

Droplet velocity measurements are performed with the Particle Image Velocimetry technique (PIV). The PIV 
technique provides instantaneous or mean velocity fields of the flow (Table 1). Various kinds of measurement 
techniques are available for analyzing the spray droplet size distribution, such as the Phase Doppler 
Anemometry (PDA). The PDA technique cannot be used in the TOSQAN facility because of optical access 
constraints. Therefore, we decided to use the Interferometrics Laser Imaging for Droplet Sizing (ILIDS, [18]). 
For gas volume fraction measurements, we use the Spontaneous Raman Scattering spectroscopy [16]. The 
accuracy of the instrumentation used on the TOSQAN facility is summarized in Table 1. 

Table 1 TOSQAN instrumentation accuracy 

Techniques 
Physical 

magnitude 
Accuracy 

Droplet 

PIV V, U (m.s-1) 2% to 10% 

ILIDS dw (nn) 5% 

Gas 

SRS Xsteam, Xair
(%) 

+/- 1 Vol% 

Thermocouple T (°C) +/- 1°C 

Aerosol 

Optical 
spectrometer 

dp (gm) 

CP 
(mg.m-3) 

+/- 0.01 
g m 

5% 

Turbidimeter Maerosot_ mass_ 

collected (mg.s-1) 

7 % 

3.3 Spray system and aerosol 
The inner spray system, located in the dome of the enclosure on the vertical axis, is composed of a single 
nozzle producing a full cone water spray which produces droplets of an almost uniform size. This nozzle is 
mobile along the vertical axis so that measurements can be made at different distances from the nozzle in 
order to be able to precisely mesh the close field of the spray injection. Two kinds of nozzles from spraying 
systems were used in this study in order to cover a large range of water mass flow rates. For the largest mass 
flow rate (30 g/s for 101 test) the TG3_5 nozzle is used while the D1_35 nozzle is used for smaller mass flow 
rates (5 g/s to 18 g/s, for AG tests). Spray characterization has been performed by the means of optical 
diagnostics in order to determine the initial droplets velocity, droplets size and spray angle. The spray 
characterization examples presented in this paper are only relative to the 101 test for the 30 g/s mass flow 
rate. The spray angle was determined using the laser visualization technique as shown in Figure 3 or the 101 
test. The spray angle is an important parameter because we have to check that droplets do not reach the 
vertical heated wall of the TOSQAN vessel, in order to prevent droplets vaporization. An example of droplets 
size measurement performed by ILIDS technique is presented in Figure 4. ILIDS measurements were not 
performed close to the nozzle exit because of the high droplets density which causes multi-scattering 
phenomena and droplets overlapping. In order to avoid ILIDS measurement degradation, ILIDS 
measurements were performed on 101 spray test with thermal hydraulics conditions defined in Table 3 and 
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constraints. Therefore, we decided to use the Interferometrics Laser Imaging for Droplet Sizing (ILIDS, [18]). 
For gas volume fraction measurements, we use the Spontaneous Raman Scattering spectroscopy [16]. The 
accuracy of the instrumentation used on the TOSQAN facility is summarized in Table 1. 

Table 1    TOSQAN instrumentation accuracy 

 Techniques 
Physical 

magnitude 
Accuracy 

PIV V, U (m.s-1) 2% to 10%  
 

Droplet ILIDS dw (µm) 
5% 

SRS Xsteam, Xair 

(%) 

+/- 1 Vol%  
 

Gas Thermocouple T (°C) +/- 1°C 
Optical 

spectrometer 
dp (µm) 

 
Cp 

(mg.m-3) 

+/- 0.01 
µm 

 
5% 

 

 
 

Aerosol 

Turbidimeter Maerosol_mass_ 

collected (mg.s-1) 
7 % 

 
3.3 Spray system and aerosol 
The inner spray system, located in the dome of the enclosure on the vertical axis, is composed of a single 
nozzle producing a full cone water spray which produces droplets of an almost uniform size. This nozzle is 
mobile along the vertical axis so that measurements can be made at different distances from the nozzle in 
order to be able to precisely mesh the close field of the spray injection. Two kinds of nozzles from spraying 
systems were used in this study in order to cover a large range of water mass flow rates. For the largest mass 
flow rate (30 g/s for 101 test) the TG3_5 nozzle is used while the D1_35 nozzle is used for smaller mass flow 
rates (5 g/s to 18 g/s, for AG tests). Spray characterization has been performed by the means of optical 
diagnostics in order to determine the initial droplets velocity, droplets size and spray angle. The spray 
characterization examples presented in this paper are only relative to the 101 test for the 30 g/s mass flow 
rate. The spray angle was determined using the laser visualization technique as shown in Figure 3 or the 101 
test. The spray angle is an important parameter because we have to check that droplets do not reach the 
vertical heated wall of the TOSQAN vessel, in order to prevent droplets vaporization. An example of droplets 
size measurement performed by ILIDS technique is presented in Figure 4. ILIDS measurements were not 
performed close to the nozzle exit because of the high droplets density which causes multi-scattering 
phenomena and droplets overlapping. In order to avoid ILIDS measurement degradation, ILIDS 
measurements were performed on 101 spray test with thermal hydraulics conditions defined in Table 3 and 



The 14th International Topical Meeting on Nuclear Reactor Thermalhydraulics, NURETH-14 
Toronto, Ontario, Canada, September 25-30, 2011 

Table 4, but without aerosol injection. Both spray nozzles used for 101 test and AG tests produce similar fill 
cone spray geometry but for different water mass flow rates. 
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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 products, are injected into the top of the dome of the vessel at 
level Z16 (see Figure 2) by the means of a powder spreader RBG from Palas company, after being heated to 
avoid steam condensation. A seeding procedure was developed to obtain a high particle concentration with 
good homogeneity in TOSQAN enclosure and good aerosol concentration reproducibility [16]. Aerosols are 
composed of silicon carbide particles (SiC) whose aerodynamic diameter is close to the diameter of fission 
products [2]. Particle size distribution is presented in the Figure 5. The aerosol mass injected in the vessel is 
equal to 1200 mg for AG tests and 1500 mg for 101 test 
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Figure 5 Size distribution of SiC particles 

3.4 Test procedure and matrix 
The general test scenario consists in water spray injection in the TOSQAN vessel which is initially seeded 
with aerosol simulating fission product release (see Table 2), and after, pressurized with steam, simulating the 
primary circuit breach (see Table 3 for pressure and temperature conditions). Before aerosol and steam 
injection, the vessel is initially at the atmospheric pressure and contains 1 bar of air with a thermal 
equilibrium imposed by the heated vessel wall. The heated wall temperature of the TOSQAN vessel is fixed 
at 90°C for AG tests and at 120°C for 101 test (see Table 3). During the aerosol seeding phase, an injection of 
0.2 bar of air is performed. Aerosol concentration in suspension in the vessel is measured in real time by 
using the WELAS granulometer that allows good reproducibility of the initial test conditions. This 
measurement is also used to determine the total aerosol mass present in the gas of the vessel all along the test 
and particularly just before the spray activation. From the time when the aerosol injection is completed, an 
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composed of silicon carbide particles (SiC) whose aerodynamic diameter is close to the diameter of fission 
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injection of 0.3 bar of steam is performed for AG tests, 1.5 bar of steam in the case of 101 test. The spray 
nozzle used is fed with a controlled water mass flow rate and temperature depending on spray test (see Table 
4). The spray test matrix which is presented in the Table 4 shows the investigated parameters such as the 
spray mass flow rate (and the droplet size which depends on the spray mass flow rate), the injection spray 
temperature and the spray angle. One can observe that for some tests, the injected water temperature is equal 
to the gas temperature of the vessel (tests AG10, AG11, AG12) while for other tests, the injected water 
temperature is cold, equal to 30°C (tests 101, AGO, AG51, AG52). The purpose is to uncouple aerosol 
collection mechanisms in order to improve their analysis. Therefore for hot spray, phoretic effects are 
minimized and aerosol collection is mainly due to mechanical effects. For cold spray, mechanical and 
phoretic effects are both involved in aerosol collection. 

Table 2 Aerosol specifications 
Aerosol 

type 
Aerodynamic 

diameter 

(gm) 

Arithmetic 
mean 

diameter 
(Dio en 

µ m) 

Initial 
aerosol 
standard 
deviation 

SiC 3.5 1.11 1.5 

Table 3 Gas characteristics before spraying 

Test Gas mixture 
composition 

before spraying 

Wall 
temperature 

(°C) 

Spray 
angle 

(°) 

Air 

(bar) 

Steam 

(bar) 
101 1.2 1.5 120 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 
AG11 1.2 0.3 90 20 
AG12 1.2 0.3 90 20 

Table 4 Snrav test matrix 
Test Spray 

mass 
flow 
rate 
(g/s) 

Droplet 
diameter 
d10 (µm) 

Injection 
droplet 

temperature 
(°C) 

Spray 
angle 

(°) 

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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(bar) 

Steam 
(bar) 

Wall 
temperature 

(°C) 

Spray 
angle 
(°) 

101 1.2 1.5 120 27 
AG0 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 
AG11 1.2 0.3 90 20 
AG12 1.2 0.3 90 20 

 
Table 4    Spray test matrix 

Test Spray 
mass 
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rate 
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The time evolutions of the vessel relative pressure, mean gas temperature, injection water temperature and 
aerosol arithmetic mean diameter (dio) in the gas are presented in the Figure 6 for the AGO test. The spray 
activation occurs at time t = 0 s. The mean gas temperature is the spatial average of gas temperatures 
measured with thermocouples located along the whole vessel diameter at 6 different levels distributed along 
the TOSQAN height. According to the Figure 6, spray activation is followed by an initial vessel 
pressurization coupled with a strong decrease of the mean gas temperature, during about 500 s, due to droplet 
vaporization. After this initial transient state, the AGO test is characterized by a steady state with no 
significant evolution of the mean gas temperature (t > 1000 s). Concerning the vessel pressure evolution 
during this last phase, its decrease is only due to the vessel gas leak used for the continuous aerosol sampling. 
The pressure and the temperature evolutions is function of each test conditions (injected water mass flow 
rate, initial saturation ratio of the gas mixture, wall temperature). The heat and mass transfer phenomena 
occurring in the TOSQAN vessel during spray test have been extensively studied. One can refer to [3, 14, and 
15]. 
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Figure 6 Test AGO - Time evolution of the vessel relative pressure, mean gas and injection water 
temperature and aerosol arithmetic diameter (Dio) in the gas 

4. Aerosol removal by spray: results for the AGO test 
In this section, the focus is on the aerosol behaviour during the water spray injection. During the entire test, 
the mass concentration and the size of aerosol present in the gas are measured in real time using optical 
granulometer [17], [19]. From the time when the spray is activated, the aerosol mass collected by the spray 
droplets is also measured in real time. As mentioned before, droplets don't impact the vertical walls of the 
vessel. The aerosol mass issued from the water drained along the vertical walls is negligible. On the other 
hand, the water drained at the bottom of the sump contains 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 curves, the spray activation corresponds to the time t = 0 s. In 
Figure 7 is presented the time evolution of aerosol number for different ranges of aerosol size. 
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The time evolutions of the vessel relative pressure, mean gas temperature, injection water temperature and 
aerosol arithmetic mean diameter (d10) in the gas are presented in the Figure 6 for the AG0 test. The spray 
activation occurs at time t = 0 s. The mean gas temperature is the spatial average of gas temperatures 
measured with thermocouples located along the whole vessel diameter at 6 different levels distributed along 
the TOSQAN height. According to the Figure 6, spray activation is followed by an initial vessel 
pressurization coupled with a strong decrease of the mean gas temperature, during about 500 s, due to droplet 
vaporization. After this initial transient state, the AG0 test is characterized by a steady state with no 
significant evolution of the mean gas temperature (t > 1000 s). Concerning the vessel pressure evolution 
during this last phase, its decrease is only due to the vessel gas leak used for the continuous aerosol sampling. 
The pressure and the temperature evolutions is function of each test conditions (injected water mass flow 
rate, initial saturation ratio of the gas mixture, wall temperature). The heat and mass transfer phenomena 
occurring in the TOSQAN vessel during spray test have been extensively studied. One can refer to [3, 14, and 
15]. 
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Figure   6 Test AG0 - Time evolution of the vessel relative pressure, mean gas and injection water 

temperature and aerosol arithmetic diameter (D10) in the gas 
 

4. Aerosol removal by spray: results for the AG0 test  
In this section, the focus is on the aerosol behaviour during the water spray injection. During the entire test, 
the mass concentration and the size of aerosol present in the gas are measured in real time using optical 
granulometer [17], [19]. From the time when the spray is activated, the aerosol mass collected by the spray 
droplets is also measured in real time. As mentioned before, droplets don’t impact the vertical walls of the 
vessel. The aerosol mass issued from the water drained along the vertical walls is negligible. On the other 
hand, the water drained at the bottom of the sump contains 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 curves, the spray activation corresponds to the time t = 0 s. In 
Figure 7 is presented the time evolution of aerosol number for different ranges of aerosol size.  
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Figure 7 Test AGO - Time evolution of the aerosol number by ranges of size 
Spray activation induces a strong decrease of the aerosol mean diameter according to both mechanical [6] and 
phoretic effects [7] involved in the aerosol removal mechanisms from the containment atmosphere. Thus, for 
t > 2500 s, aerosol collection by the droplets is primarily due to mechanical effects, and particles with 
diameters greater than 2 gm are completely removed. Phoretic effects such as diffusiophoresis are relative to 
steam concentration gradient around the droplet. Diffusiophoresis will play a part in the removal process 
during the phase of the test where heat and mass transfers between droplet and gas, such as steam 
condensation on droplet, are strong. So, at t = 2500 s, according to sedimentation and aerosol collection by 
droplet, aerosols larger than 2 gm are not present in the gas anymore. In order to analyze the Global Spray 
system collection Efficiency (GSE) as a function of aerosol size distribution, aerosol size histograms are 
obtained at different times, before and during spraying, and are presented in Figure 8. GSE defined as the 
ratio between the difference of the particle number present in the gas before spraying and at different time, 
with the particle number present before spraying, is also plotted in Figure 8. The global spray collection 
efficiency quickly tends towards 1 for aerosol size larger than 1 gm. 
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Figure   7 Test AG0 - Time evolution of the aerosol number by ranges of size 

Spray activation induces a strong decrease of the aerosol mean diameter according to both mechanical [6] and 
phoretic effects [7] involved in the aerosol removal mechanisms from the containment atmosphere. Thus, for 
t > 2500 s, aerosol collection by the droplets is primarily due to mechanical effects, and particles with 
diameters greater than 2 µm are completely removed. Phoretic effects such as diffusiophoresis are relative to 
steam concentration gradient around the droplet. Diffusiophoresis will play a part in the removal process 
during the phase of the test where heat and mass transfers between droplet and gas, such as steam 
condensation on droplet, are strong. So, at t = 2500 s, according to sedimentation and aerosol collection by 
droplet, aerosols larger than 2 µm are not present in the gas anymore. In order to analyze the Global Spray 
system collection Efficiency (GSE) as a function of aerosol size distribution, aerosol size histograms are 
obtained at different times, before and during spraying, and are presented in Figure 8. GSE defined as the 
ratio between the difference of the particle number present in the gas before spraying and at different time, 
with the particle number present before spraying, is also plotted in Figure 8. The global spray collection 
efficiency quickly tends towards 1 for aerosol size larger than 1 µm.  
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4.2 Aerosol removal rate 

In order to determine the removal rate value during the test, let's consider the following general equation 
which describes the aerosol mass decrease in the gas. 

dm (t) dmsource  d i  n deposition P  = +  (10) 
dt 

Im 
'i pk dt dt 

Where: 
: Aerosol removal rate by spray [s-1] 

m p (t) : Airborne aerosol mass in the vessel as a function of time [g] 

dmsource : Aerosol production term per time unit [g.s 1] 
dt 

dmdeposWon 
: Aerosol loss term per time unit (sedimentation, deposition on vertical walls) [g.s 1] 

dt 

During the TOSQAN test, the aerosol source term is equal to zero during spray activation. The aerosol 
deposition on walls occurs during the phase of aerosol injection before spray activation, but from the time 
when the spray is injected, this source of aerosol deposition is negligible comparatively to aerosol washout 
process by spray. We need to measure the global aerosol mass collected by spray droplets at each time step. 
Because optical granulometer measurements are performed using local aerosol sampling, we developed the 
online turbidimeter technique to reach the measurement of the total aerosol mass collected by the whole 
spray. The aerosol mass concentration present in the gas just before spray activation [C(0)] is determined 
using WELAS granulometer measurement. Before spray activation, the aerosol mass concentration is 
homogeneous in the vessel due to mixing induced by steam injection, one can extrapolate the total aerosol 
mass in the vessel [mp(0)] (Eq. 11) from the local measurement performed with the WELAS granulometer. 
During spray activation, the global aerosol mass collected by the whole spray droplet at each time step 
[Mp_collected(0] is measured by the online turbidimeter. As aerosol concentration is expected to be different in 
the spray region and in the dry region, during spray injection, the WELAS granulometer local measurement 
can not be used to determine the total aerosol mass in the vessel. 

mp (0) = C(0).VwsQAN _VESSEL (11) 

During spraying, the aerosol mass evolution in the vessel can be described using Eq. 12 and Eq. 13. 

mp (t) = mp (0).exp— t) 

mp(t)= m p (0) — mp collected (t) 

(12) 

(13) 

Where n p collected (t) is the total aerosol mass collected by spray droplet at the instant t and measured by the 

turbidimeter. 

At spray activation (t = 0 s), the initial aerosol total mass in suspension in the vessel equals 890 mg which is 
less than the aerosol mass injected in the vessel before steam injection (m=1200 mg). This difference may be 
related to aerosol deposition in the injection pipe and on vertical vessel walls. The total aerosol mass present 
in the gas during spraying is computed by making the difference between the initial aerosol mass present at t 
= 0 s (890 mg) and the aerosol mass collected by the spray at the time t ( mp collected (t)) which is measured by 

the turbidimeter. This measurement takes into account the aerosol mass collected by the spray droplets and 
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4.2 Aerosol removal rate  

In order to determine the removal rate value during the test, let’s consider the following general equation 
which describes the aerosol mass decrease in the gas. 

( )
dt

dm

dt

dm
tm

dt

tdm depositionsource
p

p −+−= )(λ  (10) 

Where: 
λ : Aerosol removal rate by spray [s-1] 

)(tmp : Airborne aerosol mass in the vessel as a function of time [g] 

sourcedm

dt
 : Aerosol production term per time unit [g.s-1] 

depositiondm

dt
 : Aerosol loss term per time unit (sedimentation, deposition on vertical walls) [g.s-1] 

During the TOSQAN test, the aerosol source term is equal to zero during spray activation. The aerosol 
deposition on walls occurs during the phase of aerosol injection before spray activation, but from the time 
when the spray is injected, this source of aerosol deposition is negligible comparatively to aerosol washout 
process by spray. We need to measure the global aerosol mass collected by spray droplets at each time step. 
Because optical granulometer measurements are performed using local aerosol sampling, we developed the 
online turbidimeter technique to reach the measurement of the total aerosol mass collected by the whole 
spray. The aerosol mass concentration present in the gas just before spray activation [C(0)] is determined 
using WELAS granulometer measurement. Before spray activation, the aerosol mass concentration is 
homogeneous in the vessel due to mixing induced by steam injection, one can extrapolate the total aerosol 
mass in the vessel [mp(0)] (Eq. 11) from the local measurement performed with the WELAS granulometer. 
During spray activation, the global aerosol mass collected by the whole spray droplet at each time step 
[mp_collected(t)] is measured by the online turbidimeter. As aerosol concentration is expected to be different in 
the spray region and in the dry region, during spray injection, the WELAS granulometer local measurement 
can not be used to determine the total aerosol mass in the vessel. 

VESSELTOSQANp VCm _).0()0( =  (11) 

During spraying, the aerosol mass evolution in the vessel can be described using Eq. 12 and Eq. 13. 

   )(exp).0()( tmtm pp λ−=  (12) 

   )()0()( collected tmmtm ppp −=  (13) 

Where )(collected tmp  is the total aerosol mass collected by spray droplet at the instant t and measured by the 

turbidimeter. 

At spray activation (t = 0 s), the initial aerosol total mass in suspension in the vessel equals 890 mg which is 
less than the aerosol mass injected in the vessel before steam injection (m=1200 mg). This difference may be 
related to aerosol deposition in the injection pipe and on vertical vessel walls. The total aerosol mass present 
in the gas during spraying is computed by making the difference between the initial aerosol mass present at t 
= 0 s (890 mg) and the aerosol mass collected by the spray at the time t ( )(collected tmp ) which is measured by 

the turbidimeter. This measurement takes into account the aerosol mass collected by the spray droplets and 
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also a part of the aerosol mass deposited on the bottom of the sump before spray activation, due to the action 
of the draining water. At the time of the spray activation, the water draining phase occurs in the sump bottom 
but the online turbidimeter measurement can not be directly related to the aerosol mass collected by spray 
droplet. The duration of the draining phase was determined to be 300 s, and measurements taken during this 
time period are discarded. At the same time, measurements obtained for t > 2300 s are not considered due to 
the increase of the online turbidimeter accuracy observed for lower aerosol mass concentration present in 
draining water. The evolution of the total aerosol mass present in the gas inside the vessel is presented in 
Figure 9. This evolution curve is then fitted from time equal to 300 s to time equal to 2300 s to determine the 
aerosol removal rate (A ). According to the results presented in the Figure 9, the aerosol removal rate is equal 
to 0.0011 s-1. 
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4.3 Droplet collection efficiency 

In this part, we investigate the single droplet collection efficiency (E) during the test. The single droplet 
efficiency is defined as the ratio between the aerosol mass collected by a droplet and the aerosol mass present 
in the swept out volume. Two kinds of approach can be used to determine the droplet collection efficiency 
(E). For the global one, the Postma relation can be used ([8], see Eq. 1). This relation allows computing E at 
each time step from the aerosol removal rate (A ). The Postma relation links the droplet collection efficiency 
to spray and vessel parameters such as droplet size (d,), droplet falling height (h), vessel volume 
(VTOSQAN vessel) and water spray mass flow rate (Qspray volumie). Some assumptions are necessary to use the 
Postma relation, such as that the whole vessel volume is covered by monodispersed spray droplets, and that 
the aerosol mass concentration is homogeneous in the spray region. In the case of the TOSQAN vessel, the 
Postma relation (Eq. 1) takes the following form (Eq. 14): 

= 3  apray 

2 dw.V7,0SQAN _vessel 

(14) 

For the AGO test: 
h = 4 m, VTOSQAN_vessel = 7 m3, dW = 100 gm, Qspray volumie=1 -51113S-1

For A =0.0011 s-1 (See Figure 9), E=0.013 

According to the results presented on the Figure 9, the aerosol removal rate is equal to 0.0011 s-1 between the 
period t = 300 s to t = 2300 s. In this condition, the droplet collection efficiency computed with the relation 
(14) is equal to 0.013 which is in good agreement with Powers's results [9] for droplet size of 200 g m 
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4.3 Droplet collection efficiency 

In this part, we investigate the single droplet collection efficiency (E) during the test. The single droplet 
efficiency is defined as the ratio between the aerosol mass collected by a droplet and the aerosol mass present 
in the swept out volume. Two kinds of approach can be used to determine the droplet collection efficiency 
(E). For the global one, the Postma relation can be used ([8], see Eq. 1). This relation allows computing E at 
each time step from the aerosol removal rate (λ ). The Postma relation links the droplet collection efficiency 
to spray and vessel parameters such as droplet size (dw), droplet falling height (h), vessel volume 
(VTOSQAN_vessel) and water spray mass flow rate (Qspray_volumic). Some assumptions are necessary to use the 
Postma relation, such as that the whole vessel volume is covered by monodispersed spray droplets, and that 
the aerosol mass concentration is homogeneous in the spray region. In the case of the TOSQAN vessel, the 
Postma relation (Eq. 1) takes the following form (Eq. 14): 
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For the AG0 test: 
h = 4 m, VTOSQAN_vessel = 7 m3, dw = 100 µm, Qspray_volumic=10-5m3s-1 
For λ =0.0011 s-1 (See Figure 9), E=0.013 
 
According to the results presented on the Figure 9, the aerosol removal rate is equal to 0.0011 s-1 between the 
period t = 300 s to t = 2300 s. In this condition, the droplet collection efficiency computed with the relation 
(14) is equal to 0.013 which is in good agreement with Powers’s results [9] for droplet size of 200 µm 
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(Powers, 1993) and Ducret's results [11] for monodisperse droplet size of 280 gm. For the 101 test, according 
to [23], the removal rate (2) is equal to 0.002 s-1 and the droplet collection efficiency computed with (14) is 
equal to 0.012 which result is very similar to AGO test result. This result is difficult to analyse because of the 
difference between both tests (spray droplet diameter, difference of phoretic mechanisms such as 
diffusiophoresis due to the modification of the initial saturation ratio). 

5. Influence of spray parameters on droplet collection efficiency 
In this section, we investigate the influence of the spray parameters such as the size, the density and the 
temperature of falling droplets. The spray nozzle characteristics used for the TOSQAN tests induce a 
coupling between the spray mass flow rate and the droplet size (see Table 4). The increase of the spray mass 
flow rate is obtained by the increase of the nozzle upstream pressure that conducts to a decrease of the droplet 
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 efficiency in addition to that used in the section 4.3 is to apply a 
local approach using the aerosol local measurements performed in the gas of the vessel, in the spray region. 
The method allows determining the droplet collection efficiency at different times for each aerosol range of 
size. First, as the experimental aerosol size distributions are log-normal, theoretical log-normality curve is 
substituted to experimental one for this approximation. Moreover, we supposed that the mass loss is only due 
to collection by droplet and transfer between the measurement volume and the gas surrounding. The droplets 
are supposed to be also monodispersed. The elementary collection efficiency is defined as: 

Eelem 
Amaerosol _captation 

Am aerosol _in _swept _volume 

(15) 

5.2 Influence of water mass flow rate and droplet size 
5.2.1  Cold spray 
Droplet collection efficiencies determined at different times are presented in the Figure 10 for the AGO test 
and in the Figure 11 for the 101 test. Droplet collection efficiencies are determined at the same location 
(Level Z5, see Figure 2) for each different test condition, during the steady state (t > 1000 s). Globally, 
efficiency curves present a minimum of efficiency obtained for aerosol diameter of 0.4 gm to 0.6 gm fir AG 
tests and between 0.7 gm and 0.9 gm for 101 test. Indeed, for this aerosol range of size, collection 
predominant mechanisms have a minimum of intensity. Only the diffusiophoreris mechanism which is 
independent of the aerosol size and the interception mechanism are predominant. For smaller and larger 
aerosols, the droplet collection efficiency increases due, respectively, to Brownian diffusion, interception and 
impaction effects. The evolution of the droplet collection efficiency versus time is not significant except for 
t=150 s for which the value of the minimum of efficiency is larger and reached for bigger aerosols. This 
tendency can be explained by the fact that during the initial phase of the AGO test (0 < t < 500 s), droplet 
evaporation occurs that leads to droplet size reduction. Therefore, for smaller droplets, droplet efficiency 
value increases for smallest aerosols (Brownian diffusion) and decreases for largest aerosols (inertial 
impaction and interception mechanisms). In addition, as seen in [9], the minimum of efficiency is translated 
towards large aerosols. For the 101 test, the initial phase of the test during which droplet vaporization occurs, 
is shorter than for AGO test, less than 200 s. So we can consider that droplet efficiencies presented in the 
Figure 11 are obtained during the steady state. The comparison between the spectral efficiencies presented in 
Figure 10 and Figure 11 and the efficiencies computed with the relation (14) shows some discrepancies due to 
the different approaches used. Indeed, in the relation (14), the single value of E is determined from the global 
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removal rate (2 ). That is to say that the result for E is weighted by the aerosol size distribution (see Figure 
8). One can see in the Figure 8 that the aerosol population which smaller diameter than 1 gm is majority. It is 
why the E value deducted from the relation (14) has the same order of magnitude than the droplet efficiencies 
determined for aerosols smaller than 1 gm. In addition, the relation (14) considers some assumptions which 
are not completely satisfied in the experiment (monodisperse droplets condition in particular, see Figure 4). 
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Figure 11 Test 101 — Droplet collection efficiency at different times versus aerosol range of size 

The comparison of efficiencies is presented in the Figure 12 for different mass flow rates. We can notice a 
global increase of the droplet collection efficiency with the spray mass flow rate for the whole aerosol range 
of size. This result is partially in agreement with Powers and Burson model that showed that the decrease of 
the droplet size induces an increase of the droplet collection efficiency for aerosol under 1 µm. However, 
Powers and Burson fmd a reverse behaviour for larger aerosol for which the collection mechanisms are 
driven by impaction and interception effects. In addition, according to the results presented in the Figure 8, 
the droplet size decrease induces a reduction of the aerosol diameter corresponding to the minimum of 
efficiency. 
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The comparison of efficiencies is presented in the Figure 12 for different mass flow rates. We can notice a 
global increase of the droplet collection efficiency with the spray mass flow rate for the whole aerosol range 
of size. This result is partially in agreement with Powers and Burson model that showed that the decrease of 
the droplet size induces an increase of the droplet collection efficiency for aerosol under 1 µm. However, 
Powers and Burson find a reverse behaviour for larger aerosol for which the collection mechanisms are 
driven by impaction and interception effects. In addition, according to the results presented in the Figure 8, 
the droplet size decrease induces a reduction of the aerosol diameter corresponding to the minimum of 
efficiency. 
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Figure 12 Droplet collection efficiency for different cold spray mass flow rates (AG51 — 5g/s, AGO — 10g/s, 
AG52 — 18g/s) 
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5.2.2  Spray temperature effect 
The initial droplet temperature influence is now investigated. Spray droplets are injected at a temperature 
similar to the gas one in order to minimize the phoretic effect mechanisms such as thermophoresis and 
diffusiophoresis. In this case, collection mechanisms are driven by interception and impaction for aerosols 
larger than 1 gm and by Brownian diffusion effect for smaller aerosols. Droplet characteristics at the injection 
such as size and velocity are similar to cold spray tests. Globally, the same tendency observed for cold spray 
is underlined in the results presented in the Figure 13. The increase of the hot water mass flow rate induces an 
increase of the droplet collection efficiency for all the range of aerosol size. The droplet collection 
efficiencies obtained for hot spray (Figure 13) are similar to those obtained for cold spray (Figure 12) except 
for the test AG10 with the smallest mass flow rate (5 g/s). Indeed, for this test with the largest droplets 
(150 gm), an increase of the droplet collection efficiency is observed for the cold case comparatively to the 
hot case, for the range of aerosol size corresponding to the minimum of efficiency as showed in the Figure 
14. This result is attributed to the fact that the increase of the cold spray mass flow rate induces an increase of 
the gas cooling dynamic. Consequently, the contribution of the phorectic effects based on temperature 
gradient between droplets and gas is less important when the mass flow rate increases. It is why the 
comparison between tests with phoretic effects (cold spray) and tests with only mechanical effects (hot spray) 
shows a significant difference for the test with the smallest mass flow rate and the largest droplets. 
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Figure   12 Droplet collection efficiency for different cold spray mass flow rates (AG51 – 5g/s, AG0 – 10g/s, 

AG52 – 18g/s) 
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Figure 14 Droplet collection efficiency for hot (AG10 test) and cold (AG51 test) spray test - mass flow rates 
equal to 5g/s 

6. Comparison between experimental and numerical results 
The French-German integral code ASTEC (Accident Source Term Evaluation Code [21]) was developed 
commonly by IRSN and GRS as a fast-running code for the simulation of the complete sequences of severe 
accidents in LWR (Light Water Reactors), from the initiating event up to the possible fission product release 
to the environment. The code can be applied to accidental sequence studies, probabilistic safety assessments, 
investigations on accident management procedures and support to tests. ASTEC is the European software of 
reference in the network of excellence SARNET (Severe Accident Research NETwork). For this study, the 
module of interest for the aerosol collection by droplet of the spray is the CPA module (Containment Part of 
ASTEC: Thermal hydraulic & Aerosol behaviour in Containment [5]). The TOSQAN vessel mesh is 
composed of 2 coaxial cylinders. The compartment located at the centre of the vessel defines the spray 
region. The coaxial cylinder which defines the gas region is divided in two parts, the upper and the lower 
region. This mesh organization allows representing aerosol transfer from the gas region to the spray region, 
due to spray entrainment. The aerosol mass collected by spray droplet and also the total aerosol mass 
deposited on the walls is calculated with ASTEC code for the 101 test. For ASTEC calculation, the vessel 
initially pressurized with steam is seeded with aerosol from t = -300 s to t = -250 s. From t = - 300 s to spray 
activation at t = 0 s, ASTEC calculation shows the evolution of the aerosol mass which is deposited on the 
vertical walls and on the bottom of the vessel (Figure 15). ASTEC results show that about more than 10 % of 
the initial aerosol mass injected in the vessel is deposited on vessel wall. This deposited aerosol mass will not 
be drained to the sump during spraying. From the time where the spray is activated, the deposited aerosol 
mass becomes negligible comparatively to spray droplet wash out processes because of the higher transport 
coefficient due to the falling droplet [22]. The comparison between ASTEC calculation and experimental 
results relatively to the aerosol mass loss of the gas are also presented in the Figure 15. The comparison is 
based on the aerosol mass collected by the spray in the central compartment including the aerosol mass which 
has been settled on the sump bottom. Globally, results show a good agreement between experimental and 
numerical approaches especially concerning the dynamic of aerosol mass evolution from the beginning of the 
test to t = 1500 s which corresponds to the phase where the largest aerosols have been collected by spray 
droplet. This results show that mechanisms of aerosol collection by droplet and of aerosol transfer to spray 
region are well described in ASTEC code. We can notice that there is difference between the experimental 
and numerical values of the total aerosol mass collected by spray droplet. But this difference (almost 8 %) is 
the same order of magnitude as the turbidimeter experimental uncertainty (see Table 1). Another explanation 
may be linked to the calculation of the aerosol mass deposited on wall by the ASTEC code. We can conclude 
that the ASTEC code is efficient to predict quantitatively the aerosol collection mechanisms. 
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Figure   14 Droplet collection efficiency for hot (AG10 test) and cold (AG51 test) spray test - mass flow rates 

equal to 5g/s 
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The French-German integral code ASTEC (Accident Source Term Evaluation Code [21]) was developed 
commonly by IRSN and GRS as a fast-running code for the simulation of the complete sequences of severe 
accidents in LWR (Light Water Reactors), from the initiating event up to the possible fission product release 
to the environment. The code can be applied to accidental sequence studies, probabilistic safety assessments, 
investigations on accident management procedures and support to tests. ASTEC is the European software of 
reference in the network of excellence SARNET (Severe Accident Research NETwork). For this study, the 
module of interest for the aerosol collection by droplet of the spray is the CPA module (Containment Part of 
ASTEC: Thermal hydraulic & Aerosol behaviour in Containment [5]). The TOSQAN vessel mesh is 
composed of 2 coaxial cylinders. The compartment located at the centre of the vessel defines the spray 
region. The coaxial cylinder which defines the gas region is divided in two parts, the upper and the lower 
region. This mesh organization allows representing aerosol transfer from the gas region to the spray region, 
due to spray entrainment. The aerosol mass collected by spray droplet and also the total aerosol mass 
deposited on the walls is calculated with ASTEC code for the 101 test. For ASTEC calculation, the vessel 
initially pressurized with steam is seeded with aerosol from t = -300 s to t = -250 s. From t = - 300 s to spray 
activation at t = 0 s, ASTEC calculation shows the evolution of the aerosol mass which is deposited on the 
vertical walls and on the bottom of the vessel (Figure 15). ASTEC results show that about more than 10 % of 
the initial aerosol mass injected in the vessel is deposited on vessel wall. This deposited aerosol mass will not 
be drained to the sump during spraying. From the time where the spray is activated, the deposited aerosol 
mass becomes negligible comparatively to spray droplet wash out processes because of the higher transport 
coefficient due to the falling droplet [22]. The comparison between ASTEC calculation and experimental 
results relatively to the aerosol mass loss of the gas are also presented in the Figure 15. The comparison is 
based on the aerosol mass collected by the spray in the central compartment including the aerosol mass which 
has been settled on the sump bottom. Globally, results show a good agreement between experimental and 
numerical approaches especially concerning the dynamic of aerosol mass evolution from the beginning of the 
test to t = 1500 s which corresponds to the phase where the largest aerosols have been collected by spray 
droplet. This results show that mechanisms of aerosol collection by droplet and of aerosol transfer to spray 
region are well described in ASTEC code. We can notice that there is difference between the experimental 
and numerical values of the total aerosol mass collected by spray droplet. But this difference (almost 8 %) is 
the same order of magnitude as the turbidimeter experimental uncertainty (see Table 1). Another explanation 
may be linked to the calculation of the aerosol mass deposited on wall by the ASTEC code. We can conclude 
that the ASTEC code is efficient to predict quantitatively the aerosol collection mechanisms. 
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Figure 15 Comparison between experimental and ASTEC numerical results: case of the 101 test 

The droplet collection efficiency is calculated with the ASTEC code for cold and hot spray tests, respectively 
AGO and AG11 tests (Figure 16). The comparison between experimental and numerical results shows 
globally a satisfactory agreement. Firstly, the ASTEC code find the same tendency as experimental one, 
concerning the non-influence of the water spray temperature on the droplet collection efficiencies. Secondly, 
one can notice the good agreement between efficiencies obtained by the code and by the experiment 
particularly for the aerosol range of size corresponding to the minimum of efficiency. From the point of view 
of the safety, this result is important in order to predict precisely the aerosol source term that can be present in 
the containment after a certain time during spraying. For aerosol around li.t m, a difference between code and 
experiment appears. It seems that impaction and interception effects are underestimated by the code. This 
result may be explained by the intrinsic characteristics of the ASTEC code for which the momentum transfer 
between the injected droplet and the gas is not calculated. The gas is not accelerated, that leads to 
underestimate the relative velocity between droplet and aerosol, and consequently to minimize the 
mechanical collection effect. 
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Figure 16 Comparison between experimental and numerical droplet collection efficiencies: Cold spray test 
(AGO test) and hot spray test (AG11 test) - mass flow rates equal to 10 g/s 
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Figure   15 Comparison between experimental and ASTEC numerical results: case of the 101 test 

The droplet collection efficiency is calculated with the ASTEC code for cold and hot spray tests, respectively 
AG0 and AG11 tests (Figure 16). The comparison between experimental and numerical results shows 
globally a satisfactory agreement. Firstly, the ASTEC code find the same tendency as experimental one, 
concerning the non-influence of the water spray temperature on the droplet collection efficiencies. Secondly, 
one can notice the good agreement between efficiencies obtained by the code and by the experiment 
particularly for the aerosol range of size corresponding to the minimum of efficiency. From the point of view 
of the safety, this result is important in order to predict precisely the aerosol source term that can be present in 
the containment after a certain time during spraying. For aerosol around 1µm, a difference between code and 
experiment appears. It seems that impaction and interception effects are underestimated by the code. This 
result may be explained by the intrinsic characteristics of the ASTEC code for which the momentum transfer 
between the injected droplet and the gas is not calculated. The gas is not accelerated, that leads to 
underestimate the relative velocity between droplet and aerosol, and consequently to minimize the 
mechanical collection effect.  
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Figure   16 Comparison between experimental and numerical droplet collection efficiencies: Cold spray test 

(AG0 test) and hot spray test (AG11 test) - mass flow rates equal to 10 g/s 
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7. Conclusion 

Spray tests with aerosol were conducted in the TOSQAN large facility devoted to thermal hydraulic 
containment studies. Spray tests performed in hot conditions demonstrate the interaction between spray 
droplet and gaseous mixtures such as air and steam, seeded with aerosol simulating fission products. 
Advanced instrumentation was developed, implemented and qualified on the TOSQAN facility in order to 
characterize the multiphase flows developed in the TOSQAN vessel. Detailed measurements such as the 
droplet velocity, droplet size, aerosol size and concentration, gas volume concentration, gas temperature and 
pressure were taken during the tests. Aerosol removal by spray droplets was studied in order to quantify the 
global variable such as aerosol removal rate and local variable such as droplet collection efficiency. Results 
show aerosols with aerodynamic diameter larger than 2 gm are rapidly washed out by the spray. Sprays are 
less efficient for smaller aerosols for which mechanical effects have a poor efficiency. The droplet collection 
efficiency was determined in using two approaches: a global one in using the Postma relation, a local one in 
using aerosol local measurements. Results show a good agreement with previous literature studies. The 
influence on droplet collection efficiency, of the spray mass flow rate and temperature was also investigated. 
The comparison of numerical and experimental efficiencies shows a quite good agreement for hot and cold 
water sprays, especially in the range of aerosol size corresponding to the minimum of collection efficiency. 
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