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Validation Against Sodium Loop Experiments
of Corrosion Product Contamination Code OSCAR-Na

J.B. Génin, L. Brissonneat
1CEA, DEN, Cadarache, DTN, F-13108 Saint-Paul-Lezaduoe, France

E-mail contact of main author: jean-baptiste.genice@. fr

Abstract. The OSCAR-Na code has been developed to calciiatenass transfer of corrosion products and
related contamination in the primary circuit of mod fast reactors (SFR). Indeed, even if fuel clagd
corrosion appears to be very limited, the contationaof the reactor components plays an importaig¢ mn
defining the design, the maintenance and the dedssioning operations for SFR.

The modeling is based on the solution/precipitatidnthe different elements of the steel. These el@m
dissolve mainly at the hot surfaces, and precipitat the cold surfaces, and then induce the shiftinthe
metal/sodium interface (bulk corrosion or bulk dgifo The diffusion in the steel is also taken iatttount and
allows calculating the preferential release ofriigst soluble elements (nickel, chromium, and maegah

The code uses a numerical method for solving tffesion equation in the steel and the complete rbatsnce
in sodium for all elements, allowing the calculatiof the metal/sodium interface shifting and of tile of each
element through this interface.

Code validation has already been carried out agRIAENIX contamination on heat exchanger surfaceshfe
main radionuclides. This paper presents the coation of the validation process against experimemsisults
obtained on the STCL sodium loop, with well corizdl experimental conditions. Different parametefrshe
model are adjusted to match concentration profitehe metal and elementary releases measured4at@0
These parameters are the solubility in the sodinththe diffusion coefficient in the steel for eagbment, as
well as the oxygen-enhanced iron dissolution ratee new values are compared to those publishedhén t
literature and discussed. Moreover the modelingwal reproducing the effects of oxygen concentratand
sodium velocity which were varied in the experingent

Key Words: Corrosion, OSCAR-Na, Sodium loop, Contamination

1 INTRODUCTION

The OSCAR-Na code has been developed to calcliatmass transfer of corrosion products
and related contamination in the primary circuisoflium fast reactors (SFR). The modeling
assumes that the transfer between steel and sadipmmarily by solution and precipitation
of metallic elements, rather than by particle detaent and particle deposition.

The code has already been validated agaifddn, *Co and®°Co contamination in the
intermediate heat exchangers (IHX) of the FrenchEREX reactor [1]. This validation
process has allowed adjusting parameters (mairffystbn coefficient in the metal and
equilibrium concentration in the sodium) regardingnganese and cobalt elements, as well as
iron which dissolution or precipitation governs thetal/sodium interface shifting.

In this paper, code validation is continued agamgteriments in the STCL sodium loop
(HEDL, Westinghouse, operated in the 1970’s). Iilial mass losses of alloy elements as
well as composition profiles were carefully meadumen irradiated 316 stainless steel
specimens by Brehm and coworkers [2,3,4], usingtelpolishing and atomic absorption
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spectroscopy or radiochemical analysis. Experimewesre performed for different
temperatures, oxygen contents in the sodium, sodriotities and durations of exposure to
sodium. The goal here is to verify that the OSCA®-Modeling allows reproducing the
experimental releases for the different conditiarg] to adjust the model parameters for the
different alloy elements, mainly nickel and chromiu

After a reminder of the code modeling (8 2) andeaaiption of the experimental results
(8 3), comparison between simulation and measuremenpresented (8§ 4), and adjusted
parameters are compared to published values aodsdisd (8 5).

2 THE OSCAR-Na CODE
2.1 Basics

The OSCAR-Na code is based on the OSCAR code [B)ass transfer code dedicated to
pressurized water reactors. Fluid systems aredalized into as many volumes or regions as
necessary. These regions are defined by geomtteano hydraulic, neutron flux, material
properties, and operating characteristics. Thereémh region and each isotope considered, a
mass balance is calculated in the sodium and im#tal. The considered mechanisms are the
solution/precipitation model (cf. 8 2.2) which gestes mass transfers between metal and
sodium, as well as the convection, which transpgpescies throughout the primary circuit. It
includes the purification system (cold trap), taiger removing species from the circuit with

a given efficiency. Moreover, the nuclides are dbsd within filiation chains, taking into
account radioactive decay constant and capture cexgion if necessary.

2.2 The transfer model at the metal/sodium interface

A solution/precipitation model is considered at 8teel/sodium interface, based on mass
transfer theory [1,6]. The mass flule between sodium and steel is obtained by equatiag t
fluxes at both sides of the interface:

o=pf< +ulC, =K*" [ﬁg—cj )
6x x=0 ﬁ

whereC andC’ are the nuclide concentration (gjnn the steel and bulk sodium, respectively
(the subscript indicating interfacial values at= 0). In OSCAR-Na(C’ is calculated through
a complete mass balance around the primary ciremt C, is obtained by numerical

solving of the general diffusion equation in theest

2
9C_p 0(;2 il ac+r (2)
ot 0X 0X

with eq. (1) as boundary condition at the interféde is the decay constant of the considered
radionuclide, andR is the rate of production by neutron activation).

Thus, the main parameters of the model are, fdn ebment:

« D (m%s): diffusion coefficient in the austenitic staiss steel. A higher diffusion
coefficient can also be considered in the ferrdget which forms near the steel
surface due to nickel depletion.

« K" (m/s): effective mass transfer coefficient betwesarface and bulk sodium. It
corresponds to the limiting value between the ditin rate through the sodium
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laminar boundary layer k) and the dissolution or precipitation rat&, ) at the

k Ok,

k+k,

« [:dimensionless chemical partition coefficientsltelated to the concentratio@',,
in the sodium at equilibrium with the steel surfaeg C'.,=C,/B. For a pure

element, # varies inversely with respect to the solubility.

* U (m/s) is the interfacial velocity or moving ratetbe sodium/steel interface, due to
dissolution and precipitation. It is positive orga#ive in case of bulk corrosion
(dissolution) or bulk deposition (precipitationspectively.

interface: K =

In OSCAR-Na, additional assumptions are taken attmount:

» For other elements than iron, it is considered thatsurface reaction ratk, is much

greater than the diffusion ratk through the sodium boundary layek *" =k
(local chemical equilibrium is obtained at the Btmlium interface for these
elements).

* For iron, the surface reaction involves oxygen \whacts as a catalyst. Then the iron
solution/precipitation kinetick, ., depends on oxygen content in the sodi{@],

a,Fe [ﬁo]n E_ﬁ [7]

* For all elements, the mass transfer coeffici&ntthrough the boundary layer in the
flowing sodium is calculated from the following eqion:

k = 0023[Re™5c* E,% [8], where Re and Sc represent the Reynolds and

h
Schmidt numbers, respectivel\D,, is the diffusivity of the element in liquid

sodium, andd, the equivalent hydrodynamic diameter of the flaathp

» The iron concentration profile in the steel is ased to be uniform. Consequently, the
iron flux at the interface is stoichiometrieb., =u[C.,, and the interfacial velocity

is governed by iron behavior (see eq. (1)):

eff 1
u=Kee [El— C're J (3)
IBFe C éqFe

Lastly, integration of the diffusion equation (2)rfstable elements gives the following
expression for mass loss (or gain) for each elerfignt):

following a relationship of the typek, .. = K°

J:qJ(t') et = j;c w(t') @+ [ (C. ~ C(x,1)) olx (4)
where C_ is the element concentration in the steel far ftbensurface.

The first right hand term is the stoichiometric tdution to mass loss (or gain): alloy
elements are removed with the iron, as iron isnfagor element of the steel structure. The
second term is the preferential release contributia hot regions where bulk corrosion
occurs, the preferential release (or leaching)fescgve for elements with large solubility in
sodium (Ni, Cr, Mn). The steel surface is localgpteted in these elements. When the nickel
concentration is low enough, a layer of ferritddemed on the surface of the steel in which
higher diffusivity is considered. Conversely, lesduble elements (Mo, Co) are retained in
the metal, which leads to enrichment in these efesneear the surface.
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2.3 STCL loop description

The specimens used for studies in the Source Teomir&@ Loop (STCL) [2,3,4] were
sections cut from fuel cladding tubes irradiate82 °C in a fast reactor.

For OSCAR-Na simulation, the STCL circuit is digazed in around 30 regions to represent
the temperature variation along the circuit. Thg geints taken into account in the code data
set are the following:

e Typical specimen composition (as well as for thaplpipes):
65% Fe, 17% Cr, 13% Ni, 2.5% Mo and 1.5% Mn (Al$63tainless steel).

e Specimen temperature: 604 °C

e Main loop minimum temperature: 427 °C

* Sodium velocity at the specimens: 6.7 m/s

e Primary flow rate: 0.1 kg/s

« Reynolds number at the specimen interface: 4%4 10

* Oxygen levels in the sodium have been evaluateBrbfim at al. to 0.5 and 2.5 ppm
from the cold trap temperature (115 °C and 154€&pectively)

* Flow rate on cold trap: 10% of main flow. Cold tsagre considered as fully efficient
for alloy element trapping.

3 EXPERIMENTAL RESULTS OBTAINED IN STCL LOOP
3.1 Composition profiles and element mass losses

A technique was developed by HEDL [2] to removecsgsive layers from the surface of the
radioactive specimen by electropolishing, followsg atomic absorption spectroscopy and
radiochemical analysis of the polishing solutiomeTdepth of increment analyzed can be
varied by varying the polishing time. Usual incremnéepths are 0.2 to 1 um. Fifteen to
twenty increments are usually analyzed to constcaechposition profiles of elements and
radionuclides in the steel after sodium exposure.

T 7 T ] T 1 L I T T
B g;nvrg&n::‘z ;g‘;ucu“:uso. A7 3' 2 TEMPERATURE qu" < m,; B 1
SODIUM VELOCITY 6.7 M/S 5 | OXYGEN IN SODIUM 2.5 ppm
(22 F1/5EC) < - SODIUM VELOCITY 6.7 M/S
80 ~— =10 (22 FI/5EC) —
S |
- o -
‘g B
— = — s —
.§ b i /?e? ;CLDL.I.)
z, - § - bf\{ —24
=
= J = L 80y » 108
) = / (b, SCALE)
e . = al- Kl |
g o S— 16
- -
o
] ot B ‘E‘AM x 10-¢ 7
L (I.h, SCALE)
. S 2 4
§ i 2.2 x 10% DPM = MICROCURIE
n 0 A J | [ ' l 2
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Figure 1 : Concentration and radiochemical profilstained on
irradiated 316 SS exposed for 6000 hours in sod&]m
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Profile examples [2] are given in Fig. 1 for aradiated 316 stainless steel specimen exposed
for 6000 hours in sodium at 604 °C and 2.5 ppm exyd his specimen will be designed as
the reference specimen further in the paper. Tbélgs show a depleted zone containing a
porous structure and concentration gradients ofQxj,Mn, Mo and Co, and an unaffected
region beneath the depleted zone. Close to thdante a thin layer of ferrite is stable, and is
characterized by higher element diffusivity.

Moreover, the weight los@dM, of each alloy elemenglt can be calculated from data
obtained with this incremental analysis technicielpdividual weight lossesAM , for the
reference specimen are given in table 1, as welhea®lement mass fractioy,, evaluated
from deep layer analysis.

Mass Total Stoichiometric Preferentiel
fraction mass loss mass loss mass loss
Xel AN (8/m°) (g/m?) (g/m?)
Fe 67.9% 7.5 7.5 0.0
Ni 12.3% 4.2 1.4 2.8
Cr 16.0% 4.4 1.8 2.6
Mn 1.3% 0.5 0.1 0.4
Mo 2.5% 0.4 0.3 0.1
Total 100.00% 17.0 11.1 5.9

Table 1 — Individual mass losses measured on fleeergce specimen [3]

A lot of specimens were exposed to sodium in th€ISTbop and analyzed according to the
incremental analysis technique. Therefore lineactional correlations of mass loss versus
time are proposed by Brehm for each alloy elem@&p]] for different temperatures (538 °C

and 604 °C) and different oxygen levels (0.5 pph 255 ppm).

3.2 Assessment of stoichiometric and preferential releses

Brehm measured similar iron masses in the diffelaygrs [2]. Assuming that the depths of
the incremental layers are similar, this shows thatiron concentration profile in the steel is
uniform, which is in accordance with the assumptiame in OSCAR-Na modeling (cf. §

2.2). Then iron release is stoichiometric and tioeckiometric and preferential contributions
to experimental mass losses can be obtained foredament as follows:

° AM stoechio - AM o B¥e|t

elt

XFe
. AM préef. — AM o -AM stoechio

elt elt

Stoichiometric and preferential mass losses fordfierence specimen are given in table 1.
4 SIMULATION WITH OSCAR-Na

In this paper, we try to reproduce with the OSCAR-bbde the individual mass losses
measured at 604 °C, and oxygen levels of 0.5 ppin2ah ppm. First, model parameters are
adjusted to match mass losses measured for eaclerdlen the reference specimen (6000
hours, 2.5 ppm oxygen), for which detailed datavaithg profile construction are published

[2]. Then calculated mass losses are compared exgierimental linear correlations versus
time at 604 °C and 2.5 ppm oxygen. Lastly, oxygehamced iron dissolution ratk, ., is

adjusted to match experimental mass losses atpdnSopygen.
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4.1 Stoichiometric release adjustment for reference spanen

As iron release is stoichiometrie(, = C., (1), then its measurement is equivalent to that of
. . 1 ke DKy C., . .
the interfacial velocityu = E - ) (see eq. (3)). In this equation, two
Bre Kee +K C
parameters are not well known (cf. 8 R, and .. Iron release increases with iron
equilibrium concentration (related t@..) and iron dissolution ratek(.. ), and then its

measurement is not sufficient to adjust both patarse

aFe égFe

An experimental study of iron release versus sodrefacity would allow distinguishing both
parametersk, . and B.. Indeed, diffusion ratek., through the sodium boundary layer

varies like sodium velocity at the power 0.8. Tlvam release strongly increases with sodium

velocity as long ask., <K,,, and becomes slightly dependent on sodium veladitgn the

latter is greater than a critical velocity defineg k. =k,... This critical velocity is

independent of iron equilibrium concentration, aitsl experimental assessment allows
evaluating k., if k. is aknown function of sodium velocity.

e

Such experimental studies were carried out by wiffe authors [9], although they concern
total release (for all elements) versus sodiumargioThe critical sodium velocity can then
be assessed only if stoichiometric release is pnétEnt over the preferential release, i.e. if
oxygen content in the sodium is high enough (ef.5.

In this paper, thefB., parameter at 604 °C has been chosen in order tamnobritical
velocities consistent with literature typical vauf], even if they have been obtained at
higher temperature and higher oxygen content thahe STCL loop. Indeed, i3, value is
fixed, OSCAR-Na simulation allows adjustink, .. to match iron release measurement in
the STCL loop at 6.7 m/s sodium velocity and thesedmines the critical velocity. Moreover
this latter depends on oxygen content like.,. Thus, from the chosen value fqi.,

(independent of oxygen content) and from the irelease measurement at 0.5 ppm and 2.5
ppm, critical sodium velocity at 604 °C in the ST®bp is evaluated to 0.07 m/s and 2.1 m/s
respectively. Iron solubility deduced from th&., value will be compared to literature data

in 8§ 5.
4.2 Reconstruction of concentration profiles

As well as for the stoichiometric release, the sated preferential release for each element
must be adjusted to match the measured mass lasgevdr the preferential release of an
element depends mainly on its diffusivity in theedtand equilibrium concentration in the

sodium, and both parameters cannot be distinguighedly the preferential mass loss is

known.

Fortunately, detailed data are available [2] foe tleference specimen. These data allow
evaluating the preferential mass loss from the entration profiles (see eq. (4)):

AM . () = [7(C. ~C(x1))ix (g/nT)

Nevertheless, concentration profiles presentedgareE 1 have been recalculated to take into
account OSCAR-Na modeling. Indeed, Brehm et al.lusted the depthy of an
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incremental layer from the layer mass,, measured by atomic absorption spectroscopy, as

well as the steel density,.., and the specimen are&: pg ., =M., /(Ocee (B)- But in the

depleted zone, the measured layer mass is lower tiha initial mass, which induces
underestimation of the layer depths as calculayerbhm.

Assuming that iron concentration profile is uniforfcf. § 3.2), layer depths have been
reevaluated from measured iron mass in the laygr and iron volume concentration in the

steel C.,: ,LJOSCAMa:mFe/(CFe ES). Moreover, profile abscissa has been modified to

correspond to the distance to the interface ofntiddle of the layer rather than the edge of
the layer.

The recalculated experimental concentration prefdee plotted in Figure 2 for nickel and
chromium, as well as fofMn and®°Co. In addition to abscissa reevaluation, theyediffom
those in Figure 1 as element volume concentratimdet by initial steel density is
considered instead of element mass fraction. Ttusigles the same value far from the steel
surface, but not in the depleted zone. As for nagltides, the relative concentration in
comparison to the one far from the steel surfacepldted instead of the absolute
concentration.

4.3 Preferential release adjustment for reference spetien

The following OSCAR-Na parameters have been adjustenatch the concentration profiles
of the reference specimen, and thus the prefeteatease:

» The chemical partition coefficientd (or equilibrium concentration) for each
element, which governs concentration at the intexfarhe adjusted values will be
discussed in § 5.

» The diffusivity in the steel for each element, whigoverns the depth of the depleted
zone.

» The nickel concentration beneath which austenitestinto ferrite. The adjusted value
is 2% of steel density.

» The increase factor of diffusivity in the ferritaykr compared to the austenite. The
adjusted factor is 10, which is consistent withsBonneau’s results [7].

Figure 2 shows that experimental profile conceiutratfor nickel, chromiunt*Mn, and®°Co
can be correctly simulated by adjusting the abarameters.

It is worth noticing that the simulated preferehtielease perfectly matches experimental
mass losses given in table 1 for each element. iBhiflustrated in Figure 3 where the
stoichiometric and total mass losses measurechérdference specimen are represented by
the marks at 6000 hours. This model calibrationldcmot have been achieved without the
concentration profile data, as the different panamnse could not have been assessed
separately.

Furthermore, the agreement between concentratiafilepand derived preferential mass loss
is actually independent of OSCAR-Na modeling a®iild be achieved by simply integrating
the experimental concentration profiles. This vates the method used for profile
construction (cf. 8 4.2), and confirms the unifoprofile assumption for iron which was

necessary to obtain this agreement.
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Figure 2 — Experimental and simulated concentrapoofiles for the reference specimen
4.4 Simulation of individual mass losses at 2.5 ppm oggn

Adjusted parameters on the reference specimen beee retained to simulate individual
mass losses versus time at 604 °C and 2.5 ppm oxyy@mparison with linear functional
correlation proposed by Brehm is shown in Figur@d 8ood agreement is observed for each
element and for total mass loss, which validates ghrameters at 604 °C and 2.5 ppm
oxygen.

4.5 Simulation of individual mass losses at 0.5 ppm oggn

The only oxygen dependent model parameter is the dissolution ratek, .. It has been

lowered by a factor 15 to simulate the decreasa tagtor of around 7 of the iron mass loss at
0.5 ppm compared to 2.5 ppm oxygen. Simulated n@sses for each element are then
compared to Brehm linear correlations in Figuren8 a good agreement is still observed.
This shows that OSCAR-Na modeling can well repredihe effect of oxygen content in the

sodium on alloy element corrosion. As the ratiowmsein both oxygen contents is 5, the
oxygen content exponent in the iron dissolutioe degpendency can be assessed at 1.68.

In addition, it may be observed in Figure 3 thaf@rential mass loss (difference between
total and stoichiometric mass losses) is only slygaffected by oxygen content drop. It is

consistent with the fact that if interfacial velgciis low enough, preferential and

stoichiometric contributions to mass loss can baluated separately, with no coupling
between both mechanisms [10]. A lower iron dissofutrate has then little impact on the
preferential release of nickel and chromium.
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Figure 3 — Experimental and simulated individualsnidosses at 604 °C, 0.5 and 2.5 ppm oxygen
4.6 Effect of sodium velocity

A leakage of sodium around a regenerative heatamgdr tube-to-shell junction in STCL

diverted the sodium flow from the test section, stag the sodium velocity near the

specimens to drop under 1 m/s. The test parametmes 604 °C hot leg temperature, 0.1 to
0.3 ppm oxygen in the sodium, and 2450 hours test.tBrehm et al. compared the data
obtained in this low velocity test with those irethsual high velocity corrosion tests at 0.5
ppm oxygen. It appears that the material releass exre much lower at the low velocity. This
is especially true for the total weight loss, whisha factor of 15 lower at the low velocity,

whereas thé"Mn release decreased only by a factor of 4 [4].

In Figure 4 are plotted the experimerfalin, Ni and Cr concentration profiles at the low and
high sodium velocities, after 2450 hours and 300Qr& of sodium exposure respectively.
The depletion near the surface is obviously muchliemat the low velocity, which accounts

for the observed difference in material release.

Moreover, Brehm et al [4] noticed that “the dematof Ni and Cr not only leads to a ferrite
layer formation near the surface, but also excasancies within the austenite adjacent to the
ferrite layer. Although austenite vacancies anditerlayer formation occur at the low
velocity, the thickness of ferrite layer and themier of vacancies in austenite are
considerably smaller at the low velocity. This @tount for enhancetfMn diffusivity at

the high velocity, resulting in the observed greabein release”. Brehm et al. evaluated from
>Mn depleted zone thickness that the diffusivitiés®®In in the specimens at the two
velocities differ by a factor of 10.
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Figure 4 — Experimental concentration profiles @wvland high sodium velocity
(604 °C, 0.5 ppm oxygen) [4]

OSCAR-Na calculations have been performed to sitauke effect of sodium velocity. A by-
pass in the regenerative heat exchanger is intemtlirc the STCL loop modeling, and flow
rate as well as sodium velocity are reduced nearsgiecimens. Adjusted parameters at 0.5
ppm oxygen are retained (cf. 8 4.5) but diffusivitythe steel is reduced by a factor of 10 for
all alloy elements to take into account the lowmoant of vacancies for bulk diffusion.

Figure 5 shows calculated concentration profilesO& ppm oxygen in the following
conditions:

* Low diffusivity in the steel, 2450 hours in sodiunQ1 / 0.2 / 6.7 m/s sodium velocity
« High diffusivity in the steel, 3000 hours in sodiu7 m/s sodium velocity
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Figure 5 — Simulated concentration profiles at lamd high sodium velocities
(604 °C, 0.5 ppm oxygen)

It can be observed, by comparing Figures 4 andhd,*fMn simulated profile at 0.2 m/s
sodium velocity is consistent with the experimerpabfile, which is due to taking into
account low diffusivity rather than low sodium vely. Indeed, it is the diffusivity in the
steel that governs the depth of the depleted Zbizalso in accordance with th&n release
reduction of a factor 4 at low velocity.
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As for nickel (and chromium), the quasi uniform exmental profile is not reproduced, even
with very low sodium velocity (0.01 m/s). Iron bef@ does not play any role in this result
as interfacial velocity is low enough so that ther@o coupling between stoichiometric and
preferential releases (cf. § 4.5).

Analysis of the solution/precipitation model intagrd in OSCAR-Na shows that if sodium
concentration is much lower than equilibrium coricaion, element concentration at the
interface primarily varies inversely with respeat k/# value, i.e. to diffusion through the
sodium boundary layer and to equilibrium concerdrat Moreover, the lowest thé&/3
value is, the strongest this inverse dependencyTlen as manganese equilibrium
concentration is higher compared to nickel or chum it induces a lower dependence of
*Mn profile on sodium velocity. As for nickel andromium, it seems that th&/ 3 value is
too high in the simulation. A lower equilibrium amentration for nickel and chromium would
improve the simulation but is not compatible witkperimental concentration profiles
obtained on the reference specimen at 6.7 m/s sogielocity. A higher sodium velocity
exponent in thek expression could also improve the simulation.

However limited data available on the low velodiégt conditions and experimental results
preclude further analysis. At least, enhant®dn diffusivity due to nickel and chromium
depletion is confirmed by the low velocity test siation, as well as a higher manganese
equilibrium concentration compared to nickel antbafium. Element diffusivity in 316 SS in
OSCAR-Na modeling should then be related to subsaridepletion leading to enhanced
vacancy concentrations.

5 DISCUSSION

Pure element solubility in the sodium can be agsef®m the element chemical partition
coefficient S used in the OSCAR-Na code, assuming that actoasfficient of element in

steel is equal to 1. Code solubilities thus obthiaee compared in Figure 6 to published
recommended values [11], which were measured alil@gqum with pure elements.

LBl 1 — & s Sol. Mn (recommended)

1.E+00 - = = Sol. Ni (recommended)

- = =Sol. Fe (recommended)
1.E-01
Sol. Cr (recommended)

1602 £ == e mmm===2 777 e eeee- Sol. Co (recommended)
Sol. Mn (OSCAR-Na)

Sol. Ni (OSCAR-Na)

1.E-03

1.E-04

I
| Sol. Fe (OSCAR-Na)
! Sol. Cr (OSCAR-Na)
i

, Sol. Co (OSCAR-Na)

Solubility in Na (ppm)

1.E-05

1.E-06
350 400 450 500 550 600 650

Temperature (°C)

— = Experiment temp. (604 °C)

Figure 6 — Comparison of code and published elerselutbility
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For other elements than iron, th8 parameter has been finely adjusted at 604 °C from
STCL experiments as described in this paper. itgpezature dependence has been evaluated
from code validation on PHENIX intermediate exchemgontamination and still has to be
consolidated for chromium and nickel. We observEigure 6 that code solubilities at 604 °C
are lower than measured values by around one ofdeagnitude. For nickel and manganese,
a low activity coefficient could account for thigfdrence. For chromium, the formation of
metastable ternary oxides with Na could also bexgtanation. Indeed, chromium is known
to form stable NaCrgat slightly higher oxygen contents.

As for iron, the 5., parameter cannot be determined precisely from S@leriments (cf. §
4.1). However it has been assessed in accordartbepwblished studies. Moreover, it has
long been recognized that the apparent solubilityam consistent with the results of mass
transfer in sodium loop is much lower than the odle¢ermined in solubility experiments
[8,12]. This is confirmed in our study (cf. Fig., &here the solubility value at 604°C (related
to S..) is three orders of magnitude lower than the curr@ccepted value [11]. This
discrepancy cannot be explained by iron activitgffioient in the steel at the surface, as it is
very close from pure bcc iron used in the solub#ixperiments. As proposed in [9], Na-Fe-O
interactions could be an explanation.

Nevertheless, limited uncertainty remains on irquildrium concentration: it could be up to
10 times higher than the value chosen in this pdpéirectly impacts the assessment of the
iron dissolution ratek, ., and its oxygen dependency. Indeed, if a higher &quilibrium

concentration was retainedk

e

.re and then the critical velocity would be lower (§f4.1).

a,Fe

The interfacial velocityu would tend towardsu,, = if iron concentration in the

Fe
sodium is much lower than equilibrium concentrataomd the iron dissolution rate reduction
factor between 2.5 ppm and 0.5 ppm oxygen would tewards the ratio (around 7) between
iron releases at both oxygen contents. The oxygeoreent would then be lower, but still
greater than 1. It should be added that the oxgygonent also depends on the relationship
chosen between cold trap temperature and oxygdemoevaluation.

6 CONCLUSION

The simulation of tests performed in the STCL le@opfirms OSCAR-Na modeling ability to
calculate weight losses due to corrosion of 316irBSodium circuits. Especially detailed
published data enabled a fine adjustment of thenmmaidel parameters at 604 °C, mainly the
equilibrium concentration in sodium and the diffutsyi in steel, for each element except iron.
For iron, limited uncertainty remains on equilibriuconcentration and the latter must be
jointly adjusted with iron dissolution rate. Funthmore, the impact of oxygen is well
reproduced by taking into account the oxygen-end@nmn dissolution rate, provided the
oxygen dependency coefficient is adjusted. Enhadd@gsivity due to nickel and chromium
depletion in steel subsurface (increasing vacanogentration) has also been highlighted.

The code validation must be pursued on reactorapainiation and sodium loop experiments
in order to define the dependence of the modelmpeiers with temperature, and to assess
more precisely the iron equilibrium concentratiom $FR primary sodium conditions.
Moreover, based on the present findings, elemeffitisiiity in 316 SS in OSCAR-Na
modeling will have to be made dependent on nickdl@romium depletion.
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