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A B S T R A C T   

Particulate corrosion products are generated in the primary system of pressurized water reactors (PWRs) by 
volume precipitation and by erosion of oxides formed on metal surfaces through their uniform corrosion. The 
activation of corrosion products, mainly 58Co and 60Co (respectively coming from the activation of 58Ni and 
59Co) leads to radiation field growth around the primary system, directly impacting system integrity and the 
radioprotection of nuclear workers. In order to understand and mitigate contamination by activated corrosion 
products, contamination predictions can be performed using the OSCAR code, which relies on the development 
of models to describe the numerous and complex interactions at stake. Particulate corrosion products account for 
a significant portion of corrosion products, as such the deposition/erosion mechanisms have their importance for 
the overall computation of surface or volume contamination. The aim of this article is to present an updated and 
inclusive deposition model for particulate corrosion products by taking into account surface interactions. The 
impact of the new deposition model on contamination predictions is then evaluated and has enabled to repro-
duce, for the first time using the OSCAR code, the preferential contamination in 58Co in the cold side of the 
circuit, measured by gamma spectrometry with the EMECC device on commercially PWRs.   

1. Introduction 

In pressurized water reactors (PWRs), uniform corrosion of metals 
(mainly stainless steels and nickel based alloys) in contact with the 
primary coolant (light water conditioned with a coordinated boron/ 
lithium chemistry, between 280 and 320 ◦C) leads to the formation of a 
double layer oxide at the interface metal/coolant and to the release of 
ionic species in the solution (Carrette, 2002; Gardey, 1998; Lister, 2012; 
Marchetti-Sillans, 2007; Millett, 1999). The erosion of oxides as well as 
local solubility differences result in the presence of particles in the 
coolant, which are commonly referred to as particulate corrosion 
products (CPs). Should CPs deposit in a zone under neutron flux, they 
might be activated and form activated corrosion products (ACPs), 
inducing volume contamination (if they remain suspended or dissolved) 
or surface contamination (if they deposit or precipitate on an out-of-flux 
surface). 

The prediction of activity transfer by ACPs in the primary system of 
PWRs is of the utmost importance as ACPs are responsible for 85 % of the 
collective dose received by workers during maintenance operations 
(Anthoni and Ridoux, 1996). In addition to having detrimental 

consequences for the radioprotection of nuclear operators, ACPs are also 
unfavourable for system integrity as their deposition on fuel rods sur-
faces causes Crud induced Power Shift (CIPS) (Deshon et al., 2011), 
forcing plants to reduce power (Lister, 2012), sometimes to as low as 70 
%, or even causing higher corrosion rates on fuel cladding through Crud 
Induced Localized Corrosion (CILC). Among the main ACPs found in the 
primary system, 58Co (activation of 58Ni) and 60Co (activation of 59Co) 
are the most troublesome from a radioprotection standpoint as they 
account for over 90 % of the average dose emitted by ACPs around the 
primary system (Dacquait et al., 2004). 

Corrosion products are transported in the primary system either as 
ions (coming from the release term due to the corrosion of the base metal 
or from the dissolution of oxides) or as particles (coming from the 
erosion of oxides and from volume precipitation). General trends con-
cerning the proportion of corrosion products under particulate form in 
the primary system are difficult to establish as each plant has its speci-
ficities. Nonetheless, a filtration campaign performed during operation 
on a 1300 MWe PWR NPPs (Dacquait et al., 2008) has shown that 
respectively 85 % and 70 % of 58Co and 60Co volume activity is carried 
as particles with a size above 0.45 µm. This justifies that mechanisms 
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describing particulate transfer are essential to model and predict activity 
transfer and contamination around the reactor coolant system (RCS) 
(Cherpin, 2022). In particular, particle deposition is a key mechanism as 
it is directly linked to the source term in ACPs, as ACPs are generated by 
CPs deposition on in-flux regions, and to surface contamination, 
generated by the deposition of ACPs on out-of-flux surfaces. 

The deposition of particles onto a surface, under isothermal condi-
tions, is usually described as the succession of two independent steps in 
series (Epstein, 1988a): a transport step and an attachment step, each 
described by their coefficient Kt and Ka respectively so that the depo-
sition coefficient KD (m.s− 1) is: 

1
KD

=
1

KT
+

1
KA

(1)  

The transport step corresponds to the transport of the particle from the 
bulk of the fluid to the wall (surface) considered and the attachment step 
corresponds to the attachment of the particles on this wall. The deter-
mination of the deposition coefficient therefore requires the knowledge 
of the transport and of the attachment coefficient. 

As particle size ranges from below 1 µm to several micrometers 
(Briddle, 1989; Dacquait et al., 2002; Frattini, 1999; Strasser, 1996; 
Wen, 1998), it is essential to take into account characteristics pertaining 
to both inertial and colloidal particles when modelling their transport 
and attachment (Rodliffe, 1985). Therefore, when modeling deposition, 
surface interactions (predominant for colloids deposition) as well as 
volume interactions (predominant for inertial particles) have to be 
considered. 

This paper presents the OSCAR tool, for which an inclusive deposi-
tion model is developed. It then focuses on the updated deposition 
model and presents simulation results obtained with the new deposition 
model, with which a preferential contamination in 58Co in the cold part 
of the circuit was reproduced for the first time ever using the OSCAR 
code, confirming measurements performed on operating PWRs. 

2. Theory 

2.1. The OSCAR code 

OSCAR stands for Outil de Simulation de la ContAmination en 
Réacteur in French, translated as tOol for Simulating ContAmination in 
Reactors. This code originates from the merging of the calculation codes 
PACTOLE for ACPs (Beslu, 1990; Beslu et al., 1978) and PROFIP for 
fission products. It is developed by the CEA (French Alternative Energies 
and Atomic Energy Commission) in collaboration with EDF and 

Framatome. This tool is able to simulate activity transfer in nuclear 
reactor systems by computing the evolution of the mass of corrosion 
products, fission products and actinides in the primary circuit with time. 
The OSCAR code works for a wide range of conditions including power 
operations and shutdowns, thus covering a large range of temperatures 
(from 20 ◦C to 350 ◦C) and conditions (reducing/oxidizing and acid/ 
alkaline), which is a significant improvement compared to other codes 
(other codes aiming at performing similar calculations were reviewed by 
Rafique et al. (2010)). Furthermore, the OSCAR simulation tool is 
unique as its calibration and validation are performed using an exclusive 
database of surface contamination levels measured on operating PWRs 
during shutdown. These measurement campaigns employing a gamma 
spectrometry method are referred to as EMECC campaigns and have 
been performed for more than 50 years. The OSCAR code was originally 
developed for the primary system of PWRs but is also applied to fusion 
reactors (OSCAR-Fusion) (Dacquait et al., 2017) and sodium-cooled fast 
neutron reactors (OSCAR-Na) (Génin and Brissonneau, 2017). 

The OSCAR modelling starts by nodalizing the circuit studied, here 
the primary system and its purification system (CVCS), into control 
volumes as shown in Fig. 1. Each control volume is defined by its ge-
ometry and various characteristics (thermohydraulics, neutronic…) and 
by its base metal. 

Within each control volume, various media are considered including: 

- the base metal which is the alloy (stainless steel, nickel based al-
loys…) and undergoes generalized corrosion.  

- the inner oxide which formation results from generalized corrosion. 
The inner oxide is a non-porous chromium rich layer and adopts the 
structure of a spinel chromite (e.g., NixCoyFezCr3-x-y-zO4, particularly 
stable, with y ≪ x  + z) (Lister, 2012) 

- the outer oxide and deposit layer is formed by crystals with an in-
verse spinel ferrite structure (often a non-stoichiometric nickel 
ferrite NixCoyFezFe3-x-y-zO4 with x  0.6 and y ≪ x  + z) (Carrette, 
2002; Gardey, 1998; Marchetti-Sillans, 2007) coming from the pre-
cipitation of ions and the deposition of particles. It is assumed that 
the outer oxide/deposit is porous.  

- Ions are transported by advection around the primary circuit and 
come from the release term due to the generalized corrosion of the 
base metal and from the dissolution of the inner oxide or outer oxide/ 
deposit. 

- Particles, which are transported by advection, come from the pre-
cipitation of ions or from the erosion of the outer oxide/deposit. 

The chemical elements constitute of the alloys encountered in the 

Fig. 1. Control volumes of the primary system of a PWR (CL: Cold Leg, HL: Hot Leg, SG: Steam Generator, COL: Crossover Leg, CVCS: Chemistry volume and control 
Volume, RCP: Reactor Coolant Pump). 
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primary circuit are considered including Fe, Ni, Co, Cr, Mn and Zr. These 
elements can become activated under neutron flux. 

A steady mass balance equation is solved for each isotope, in each 
medium, in each control volume: 

∂mi,j

∂t
=

∑

source
Jm −

∑

sink
Jm + ṁin − ˙mout (2) 

Where mi is the mass of the isotope i in a media j, Jm the mass flux 
between two media or two isotopes and ṁin − ˙mout the advection term. 

Fig. 2 shows the different mechanisms involved in the transfers be-
tween the various media considered in the OSCAR code (Dacquait et al., 
2023, p. 60). The OSCAR code is a multiphysic tool as it considers the 
interactions between neutronics (activation, decay), hydrodynamics 
(advection, deposition,..), chemistry (precipitation/dissolution…) and 
electrochemistry (i.e. corrosion) aspects. 

Among these mechanisms, the deposition of particles is at the heart 
of this paper. 

2.2. Deposition model 

2.2.1. Beal model for the deposition of particles 
The previous deposition model implemented in the OSCAR code (up 

to version 1.4.a included) relies on the Beal modelling of particles 
deposition (Beal, 1978, 1970). In this model which unifies the descrip-
tion of Brownian particles (Lin et al., 1953) and large particles (Fried-
lander and Johnstone, 1957) developed in the seventies, particles are 
transported from the bulk to a distance S from the surface, called stop-
ping distance, notion borrowed to Friendlander and Johnstone (Fried-
lander and Johnstone, 1957), by turbulent diffusion. After this stopping 
distance, particles get to the surface due to their inertia only. The 
stopping distance of a particle is expressed as follows (Beal, 1970): 

S =
ρpd2

pVp(y)
18μ +

dp

2
(3) 

Where ρp is the density of the particle, dp the diameter of the particle, 
Vp(y) the radial velocity of the particle at a distance y from the surface, μ 
the dynamic viscosity of the fluid. 

The velocity of the particle Vp(y) is obtained by solving the following 
momentum balance: 

mpVp(y)
dVp(y)

dy
= − 3πdpμ

(
v′ − Vp(y)

)
(4) 

Where mp is the mass of the particle, dp the diameter of the particle, μ 
the dynamic viscosity of the fluid and v′ the fluctuations of the radial 
velocity of the particles. 

The velocity of the particle Vp(y) consists of two components in the 
Beal model: a component due to the motion of the fluid normal to the 
surface, Vf (y) (Laufer, 1954), and a component due to the Brownian 
motion (in the direction of the surface), Vb, as follows: 

Vb =

̅̅̅̅̅̅̅̅̅̅̅
kbT

2πmp

√

(5) 

Where kb is Boltzmann constant, T the temperature of the fluid and 
mp the mass of the particle. 

The component due to the motion of the fluid normal to the surface 
Vf (y) is more used under its dimensionless form v+f :

{
v+f = 0.05y+ if 0 ≤ y+ ≤ 10

v+f = 0.5 + 0.0125(y+ − 10) if 10 ≤ y+ ≤ 30
(6) 

Where y+ =
yU

̅̅̅̅̅
f/2

√

ν (U the average fluid velocity, f Fanning friction 
factor, ν the kinematic viscosity), and v+f =

vf
Uf /2. 

The attachment of the particle onto a surface is quantified through 
the notion of sticking probability pbeal. This sticking probability is linked 
to the stopping distance using experiments described in Beal’s study 
(Beal, 1978). This first expression for the sticking probability was 
derived from experiments conducted by Sehmel (1971), in which the 
deposition of particles ranging in size from 8 to 10 µm in air with a 
velocity ranging from 9 to 30 m/s was studied, and is as follows: 
⎧
⎪⎨

⎪⎩

pbeal = 1 if S+ ≤ 4.5

pbeal =

(
4.5
S+

)4

if S+ > 4.5
(7) 

This second expression for pbeal was produced using experiments 
performed by Watkinson (Watkinson, 1968), where the deposition of 15 
µm sand particles in water at 20 ◦C, and gave the following sticking 
probability expression: 

Fig. 2. Different mechanisms taken into account in the OSCAR code in a given control volume or region.  

C. Cherpin and F. Dacquait                                                                                                                                                                                                                   



Annals of Nuclear Energy 199 (2024) 110364

4

⎧
⎪⎨

⎪⎩

pbeal = 1 if S+ ≤ 2.4

pbeal =

(
2.4
S+

)4

if S+ > 2.4
(8) 

Where S+ is the dimensionless stopping distance: 

S+ =
SU

̅̅̅̅̅̅̅
f/2

√

ν (9) 

Where U is the average fluid velocity, f the Fanning friction factor 
and ν the kinematic viscosity. 

Considering the conditions of the hot leg (HL) and cold side of the 
Steam Generator (SG) in the primary circuit during operations (THL ≈

330 ◦C and TSG,cold ≈ 290 ◦C), the Beal sticking probability pbeal (using 
Watkinson experiments as they were performed in water) can be 
computed as a function of the particle radius (see Fig. 3). In the hot leg, if 
the particle radius is superior to 0.5 µm, its deposition probability is null, 
whereas in the cold side of the SG this limit radius is estimated around 1 
µm. 

As seen previously, the expression of the sticking probability is 
highly dependent on the experiment, which lacks representativeness for 
primary circuit conditions. Also, surface interactions are not accounted 
for in the Beal modelling of particle deposition. Therefore a new depo-
sition model was developed in order to take into account the behav-
ioural specificities of both inertial and colloidal particles. 

2.2.2. A new expression for the deposition velocity 
The deposition rate Ji,reg

deposition for an isotope i under particulate form in 
a region reg is calculated as follows: 

Ji,reg
deposition = SmαdepositionVdepositionFenrichCi (10) 

Where Sm is the wet surface between the fluid and the wall, αdeposition is 
a calibration coefficient for the deposition rate (equal to 0.1 in OSCAR 
v1.4.a), Vdeposition is the deposition velocity,Fenrich an enrichment factor in 
case of boiling and Ci the particulate concentration of isotope i. 

Previously, the expression of the deposition velocity was dependant 
on the flow regime. A unified expression has been developed. Deposition 
is modelled as the succession of the transport step and the attachment 
step (Epstein, 1988b). During the transport step, sedimentation, which 
plays a significant role for large particles in a horizontal pipe, as well as 
mass transfer due to the flow (whether it is laminar or turbulent) and 
thermophoresis (caused by a thermal gradient in the fluid and resulting 
in a driving force) are considered. The resistance to transport Rtransport 

can then be written as follows: 

Rtransport =
1

h′ + Vsed
(11) 

Where h′ is the mass transfer coefficient taking into account ther-
mophoresis, and Vsed the sedimentation velocity. 

The mass transfer coefficient h′ taking into account thermophoresis 
is: 

h′ =
Vthermo

e
Vthermo

h − 1
(12) 

Where Vthermo is the thermophoresis velocity (Ponting, 1983) and h 
the mass transfer coefficient, which expression was established in Beal 
(Beal, 1970) according to the regime of the flow. 

For the attachment step, the resistance Rtransport can be written as 
follows: 

Rtransport =
1

pVrad
(13) 

Where p is the attachment probability and Vrad the radial velocity of 
the particle when it touches the wall. 

As the transport step and the attachment step are in series, the total 
resistance to deposition 1/Vdeposition is: 

1
Vdeposition

=
1

h′ + Vsed
+

1
pVrad

(14)  

2.2.3. New expression for the attachment probability 
In order to replace the sticking probability established by Beal, which 

depends on the stopping distance, a new expression, which can represent 
both inertial and colloidal effects, is proposed. As the attachment of 
particles is intrinsically related to surface forces, the sticking probabil-
ity, called in the rest of the paper, attachment probability, has to take 
into account these effects. When a particle approaches a surface, several 
interactions will determine if the particle can attach to the surface: 
mainly the London Van der Waals interaction, the electrostatic static 
interaction and the Born interaction, making up for the DLVO theory 
(Derjaguin and Landau, 1941; Verwey and Overbeek, 1948). In certain 
conditions, if the particle and the surface have surface charges of the 
same sign, a potential barrier will appear between the two. According to 
Urrutia et al. (1983), a particle can deposit onto a surface if its kinetic 
energy is sufficient to overcome the potential barrier. An energy ratio PS 
can thus be defined as the ratio of the kinetic energy of the particle 
arriving onto the surface to the potential barrier K to overcome: 

PS =
1
2mpvp

K
(15) 

Fig. 3. Variation of the Beal sticking probability established using Watkinson experiment with the particle radius in the conditions of the hot leg of a 900 MWe PWR.  
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According to Rudolph (2016), an attachment probability p taking 
into account surface effects can then be established as follows: 
⎧
⎨

⎩

p = 0 if Ps < 1

p =
1

1 + AeBPs
if Ps ≥ 1

(16) 

Where A and B are two parameters to be calibrated. Qualitatively, 
such an attachment probability profile (shown in Fig. 4) reflects that if 
the energy ratio PS is inferior to 1, the kinetic energy of the particle is not 
sufficient to overcome the potential barrier and there is no deposition. 
For an energy ratio PS equal to 1, the attachment probability is 
maximum. As the velocity of the particle increases, hydrodynamic ef-
fects become increasingly important, thus decreasing the probability of 
attachment, as re-entrainment is more likely to happen (see Fig. 5). 

2.2.4. Evaluation of the potential barrier value 
The potential barrier existence and value is evaluated using the 

DLVO (Derjaguin, Landau, Vervey and Overbeek) (Derjaguin, 1993) 
theory. The total interaction potential ϕT arising from the approach of a 
particle can be expressed as the sum of the attractive interactions ϕA and 
the repulsive interactions ϕR: 

ϕT = ϕA +ϕR (17) 

In the classic DLVO theory, the attractive forces consist of the Van 
der Waals forces (equation (16) and the electrical double layer force 
(equation (17) (if the particle and the surface have surface charges of 
opposite sign); likewise, the repulsive forces consist of the electrical 
double layer force (equation (17) (if the particle and the surface have 
surface charges of same sign) and the Born repulsive force (equation 
(18) (due to the repulsion between the atomic orbitals of the particle and 
of the surface). 

ϕVdW(h) = −
Arp

6h

⎛

⎜
⎝

1
1 + 14 h

λ

⎞

⎟
⎠ (18) 

Where A is Hamaker constant, rp the particle radius, h the distance 
separating the particle from the surface and λ the characteristic length of 
retardation effect. 

ϕEDL(h) = πε0εrrp

[

2ψpψs ln
(

1 + e− κh

1 − e− κh

)

+
(

ψ2
p + ψ2

s

)
ln
(
1 − e− 2κh)

]

(19) 

Where ε0 is the permittivity of free space, εr the relative permittivity 
of the solution, rp the particle radius, ψ s the surface potential of the wall 
(surface), ψp the surface potential of the particle, κ the inverse Debye 
length and h the distance separation the particle from the surface. 

ϕBorn(h) =
Aσ6

born

7560

[
8rp + h

(
2rp + h

)7 +
6rp − h

h7

]

(20) 

Where σborn is Born collision parameter. 

2.2.5. Zeta potential values 
As expressed in equation (17), the electrical double layer interaction 

requires the knowledge of the surface potential of the particle and the 
surface. The surface potential ψ can be computed from the zeta potential 
ζ through equation (19) (Van Oss et al., 1990): 

ψ = ζ
(

1+
z
rp

)

eκz (21) 

Where z equals 5 ̊A, rp is the particle radius and κ the inverse Debye 
length. Equation (19) remains valid assuming that the particle size is 
much larger than the thickness of the double layer (approximated by the 
Debye length) and for small zeta potential values (Van Oss et al., 1990). 

The knowledge of the zeta potential values of the corrosion products 
generated in the primary system is required to compute the electrical 
double layer interaction and in turn the value of the potential barrier to 
overcome for deposition. In a previous study (Cherpin et al., 2021, 
2022a, 2022b), the zeta potential of magnetite and nickel ferrite was 
determined between 20 ◦C and 240 ◦C using a custom built test section 
implementing the streaming potential method. For twelve different 
boron/lithium coordinations, the zeta potential of these two commonly 
encountered corrosion products was determined. 

As shown in a previous study, the temperature and the pH have a 
strong influence on the zeta potential value (Cherpin et al., 2022b), 
therefore the expression for the zeta potential value was chosen to be a 
second degree law with pH and temperature, as follows: 

ζ = p00 + p10T + p01pH + p20T2 + p11TpH + p02pH2 (22) 

The parameters p00, p10, p01, p20, p02 and p11 where optimized to 
obtain the best fit between the experimental data and the zeta potential 
values obtained with equation (22). Here is a graphical representation of 
the interpolation for the magnetite particles: 

This interpolation gave a coefficient of determination for magnetite 
and nickel ferrite respectively equal to 0.78 and 0.57. It is assumed that 
this interpolation can be extrapolated for conditions representative of 
the primary circuit (between 280 ◦C and 340 ◦C, for continuous boron/ 
lithium chemistries), as no other data is available. 

3. Results and discussion 

3.1. Validation of the deposition model 

3.1.1. CIRENE experiments 
The previously described deposition model was implemented in the 

calculation kernel of the OSCAR code. It was then calibrated using ex-
periments performed on the CIRENE loop, operated in the CEA. The 
CIRENE loop is a test loop that enables the reproduction of primary 
circuit conditions for studying particle deposition kinetics, among other 
aspects (Girard and Dacquait, 2012). During typical CIRENE experi-
ments, particles of known composition and size distribution are injected 
in the loop through a powder injection device. The particle concentra-
tion is then followed in the loop using an in-line particle counting system 
as shown in Fig. 6, giving access to the deposition kinetics of particles. 
The loop consists of two main sections: a core section in Zircaloy 4 
(representative of fuel rods of a PWR) and a steam generator (SG) section 
in Alloy 690. 

By running simulations using a dataset representative of the CIRENE 
loop and of the chosen experiment, the attachment probability profile 
proposed by Rudolph (equation (16) has been calibrated. 

Two CIRENE experiments are used in this paper (Girard and Mom-
bellet, 2011). Experiment A consists in an injection of 40 mg of 

Fig. 4. Attachment probability established by Rudolph (Rudolph, 2016) with 
A = 10− 4 and B = 3.5. 

C. Cherpin and F. Dacquait                                                                                                                                                                                                                   



Annals of Nuclear Energy 199 (2024) 110364

6

magnetite (Fe3O4) powder during 4 min 20 s in the CIRENE primary loop 
(RCS) conditioned with 100 ppm of boron and 0.6 ppm of lithium, giving 
a pH of 7.35 at 300 ◦C. The magnetite powder was purchased at Sigma 
Aldrich (purity 98 %, particle size ≤ 1 µm). The experimental particle 
concentration was measured and is shown in Fig. 6. 

After 915 s from injection, the particle concentration reaches a 
maximum. After this peak, the decrease in particle concentration is due 
to particles deposition, as their dissolution is negligible in the CIRENE 
loop conditions (dissolution kinetic negligible on the time scale of the 
experiment compared to deposition kinetic, confirmed by particle size 
distribution measurements performed before and after the experiments). 
After a certain time after injection, the number of particles in the loop 
remains non-negligible (around 1000 particles per mL) due to the 
erosion of surfaces. 

The second experiment used in this paper, Experiment B, was also 
conducted in 2010 and consisted in the injection of 190 mg of nickel 
particles (purchased in Sigma-Aldrich with a particle size inferior to 3 

µm, purity 99.7 %) during 4 min 20 s. Fig. 7 shows the evolution of the 
particle concentration measured in the CIRENE loop after injection. 

3.1.2. Validation of the deposition model 
Fig. 8 shows, for Experiment A, the particle concentration obtained 

using the optimized Rudolph attachment probability profile plotted with 
the prediction obtained using the previous version of the code (OSCAR 
v1.4.a) which did not take into account surface interactions. Also, as 
mentioned in equation (8), the version 1.4.a of the OSCAR code required 
the use of a calibration coefficient equal to 0.1 to compute the deposition 
rate of particles, which is not the case for the new deposition model, for 
which no corrective coefficient is applied. 

For experiment A, the use of the optimized Rudolph function gives a 
better result than with the previous sticking probability from Beal. 

Fig. 9 shows the prediction obtained with the new calibrated depo-
sition model for Experiment B. The prediction is acceptable. 

The optimized Rudolph function gives a better prediction for 

Fig. 5. Polynomial interpolation of the zeta potential of magnetite (ZM) as a function of the temperature (T_M in ◦C) and pH (pHM).  

Fig. 6. CIRENE loop outlines required for powder injection and particles counting (Girard and Dacquait, 2012).  
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Experiment B than for Experiment A, mostly due to the calibration of 
parameters A and B (equation (16), which values might depend on the 
nature of the particles injected. This idea will be explored in future work. 

3.2. Simulation results 

Using the previously described deposition model, the OSCAR code is 

Fig. 7. Experimental particle concentration measured in the CIRENE loop after injection corresponding to Experiment A and Experiment B.  

Fig. 8. Evolution of the particle concentration simulated using the optimized attachment profile and the previous version of the OSCAR code (v1.4.a) (Experi-
ment A). 

Fig. 9. Evolution of the particle concentration simulated using the optimized attachment profile (Experiment B).  
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used to simulate the contamination levels in the primary circuit of an 
operating 1300 MWe PWR, referred to as Reactor A in the rest of the 
paper, with a particular background. Indeed, this reactor underwent a 
Steam Generator Replacement (SGR) and one operating cycle later 
(cycle SGR + 1), the EMECC device was used to measure via gamma 
spectrometry the surface contamination levels, particularly 58Co. These 
measurements showcased a preferential contamination of the crossover 
leg in 58Co compared to other regions such as the hot leg as shown in 
Fig. 10. Such a difference in terms of surface contamination between the 
crossover leg and the hot leg had never been measured before. Indeed 
Fig. 11 shows the 58Co surface contamination levels between the hot leg 
and the crossover leg for 8 reactors including Reactor A in red. Usually, 
the crossover leg is between 1.4 and 2 times more contaminated than the 
hot leg, however for Reactor A, it is 10 times more contaminated. 

When using the previous version of the OSCAR code in which surface 
interactions and therefore colloids behavioural specificities are ignored, 
the surface contamination levels cannot be reproduced as shown in 
Fig. 12. 

The EMECC measurements have shown that the surface contamina-
tion regarding 60Co are similar between the hot leg and the crossover leg 
for Reactor A at cycle SGR + 1, whereas a preferential contamination in 
58Co was measured in the crossover leg. This different behaviour is likely 
to be explained by a different transfer mechanism between 58Co and 
60Co. Indeed, 58Co could be transported under colloidal form. Thus, if 
the previously described deposition model (which includes surface in-
teractions) applied to the case of Reactor A is able to reproduce the 
preferential contamination in the crossover leg, the previous hypothesis 
could be confirmed. When using the new deposition model to simulated 
the contamination levels for Reactor A at cycle SGR + 1, the results 
presented in Fig. 12 are obtained. The new deposition model is able to 
reproduce the preferential contamination by a factor of 5. 

The temperature of the medium considered has a direct effect on 
particle deposition as it affects the zeta potential value (Cherpin et al., 
2022b) of both the particles and the deposit. In the case of Reactor A, the 
temperature of the hot leg and of the crossover leg are different 
(respectively around 323 ◦C and 287 ◦C respectively during the oper-
ating cycle) and so is the pH of the solution. This results in different 
values for the zeta potential of particles and of the deposition surface, 
directly influencing deposition. 

As mentioned before, the zeta potential values used to compute the 
electrical double layer interaction and thus have access to the value of 
the potential barrier to overcome for deposition to happen at certain 
temperature-chemistry conditions come from an extrapolation of 
measured data between 20 ◦C and 240 ◦C. As temperatures in the pri-
mary system are comprised between 280 ◦C and 330 ◦C, the validity of 
the extrapolation will be verified with future zeta potential 
measurements. 

It is important to mention that as the deposition model was modified, 

calibration needs to be performed on other parameters (corrosion rates, 
erosion rate…) so that the simulation reproduces the EMECC measure-
ment within acceptable boundaries. 

It is the first time that the OSCAR code is able to reproduce prefer-
ential contamination in 58Co in the cold legs. In fact, the model enables 
to link chemistry aspects (temperature, pH) of the primary coolant to 
particle deposition through the notion of zeta potential, which repre-
sents a novelty for the OSCAR code. 

4. Conclusions 

A new model aiming at predicting particle deposition has been 
developed for the OSCAR code. By accounting the various interactions at 
stake during particle deposition, the DLVO theory has been imple-
mented to determine, if it exists, the potential barrier a particle has to 
overcome through its kinetic energy to deposit. Using the zeta potential 
values of particles previously measured up to 240 ◦C, the model was 
implemented in the OSCAR code. Using experiments performed on the 
CIRENE loop, the attachment probability profile was calibrated and the 
model validated, before being applied to the case of an operating 1300 
MWe PWR. Using the new deposition model, the OSCAR code was able 
to reproduce for the first time, the preferential contamination in 58Co of 
the crossover leg. This model represents a novelty as its draws a liaison 
between the chemistry of the solution and the physics of particles 
deposition. 

Fig. 10. Comparison between the normalized surface contamination in 58Co 
measured with the EMECC device in the hot leg and cold leg at cycle SGR + 1 
with the simulation obtained using the OSCAR code with the previous depo-
sition model. 

Fig. 11. Variation of the normalized surface contamination in 58Co between 
the hot leg and the crossover leg for 8 different reactors one cycle after they 
underwent a SGR. The red line represents Reactor A. 

Fig. 12. Comparison between the surface contamination in 58Co measured with 
the EMECC device in the hot leg and crossover leg at cycle SGR + 1 with the 
simulation obtained using the OSCAR code with the previous deposition model 
and the new deposition model. 
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