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Abstract: Activated Corrosion Product (ACP) formation and deposition pose a critical safety issue for
nuclear fusion reactors. The working fluid transports the ACPs towards regions accessible by worker
personnel, i.e., the steam generator. The code OSCAR-Fusion has been developed by the CEA (France)
to evaluate the ACP generation and transport in closed water-cooled loops for fusion application.
This work preliminary assesses the impact of water chemistry on the transport, precipitation, and
deposition of corrosion products for the EU-DEMO divertor Plasma Facing Unit Primary Heat
Transfer System. Sensitivity analyses and uncertainty quantification are needed due to the multi-
physics phenomena involved in ACP formation and transport. The OSCAR-Fusion/RAVEN code
coupling developed by the Sapienza University of Rome and ENEA are used. This work presents
the perturbation results of different parameters chosen for a closed water-cooled loop considering
a continuous scenario of 1888 days. The aim of this work is to preliminarily assess the variation of
build-up of ACPs, perturbing the alkalizing agent concentration into the coolant, and the corrosion
and release rates of different materials. The assessment of ACP formation deposition and transport is
fundamental for source term identification, reduction of radiation exposure assessment, maintenance
plan definition, design optimization, and waste management.

Keywords: Activated Corrosion Products; water chemistry; OSCAR; RAVEN; nuclear safety

1. Introduction

The ACPs are all the corrosion products formed into a closed coolant loop that are
activated under a high neutron flux. In a closed loop of a tokamak reactor, because of
coolant transport, the corrosion products are carried from the Out-Flux (OF) region to the
In-Flux (IF) region, and vice versa. The corrosion products produced in the OF region will
be activated in the IF region, and those produced in the IF region, activated under direct
neutron flux, will contaminate the structural material in the OF region. The activation
of corrosion products and the contamination of piping surfaces means that there is a
production of several radioactive isotopes, such as Co-60 or Mn-54, which have a specific
activity of 4.186 x 10'3 Bq/g and 2.868 x 10'* Bq/g, respectively.

The ACPs evaluation plays a fundamental role in the safety assessment of fusion
reactors [1]. When considering the radioactive contamination of a cooling system of a
nuclear plant, the study of ACPs is helpful for the optimization of plant operation, avoiding
the damage of the piping materials, as shown in [2] and, at the same time, the reduction
of occupational radiation exposure when the source term is considered, as shown in [3].
Moreover, the source term, including ACP, can be mobilized during accident scenarios [4,5].

The ACP generation and transport processes depend on several physical phenomena
involving neutronics, thermal-hydraulic, chemical, and geometry aspects. There are several
computational tools for the evaluation of ACP generation and transport. One of these is
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OSCAR-Fusion [6], developed by the CEA to study the contamination of cooling circuits in
the Primary Heat Transfer System (PHTS) of a tokamak reactor.

In each region of the loop, there are two different oxide layers above the base metal: the
inner one is adherent to the base metal and is a chromite layer, an oxide mineral composed
of chromium oxide with iron oxide (CryFeOy). The second layer, located above the chromite
layer, is a ferrite porous medium layer, an oxide mineral rich in ferric oxide (Fe;O3). In the
coolant, there are also particles and ions. The fluid transports the particles throughout the
loop and comes from the precipitation of ions and erosion of the above-mentioned second
oxide layer. The ions, arising from the dissolution of the oxide layer and the base metal,
are transported by convection throughout the loop. The sources of these particles and ions
or the sink term for the fluid depends on the equilibrium concentration of elements or
particles [7].

OSCAR-Fusion allows the study of generation, transport, and activation phenomena
to assess the mass associated with an isotope in a given medium at a specific time for each
region of the loop. The mass variation is correlated with the various physical mechanisms
considered in OSCAR-Fusion and the chemical characteristics of both the materials and
the coolant.

Radiolysis is caused by the presence of radiation fields, which results in high oxidizing
products [8]. The minimization of the corrosion product built up into a loop can be achieved
by optimizing the coolant water chemistry, which can control corrosion phenomena through
alkalizing agents and elements able to suppress the oxidizing environment established
because of radiolysis.

The alkalizing agents considered for the reducing environment of a Pressurized Water
Reactor (PWR), as described in [9], are lithium hydroxide (LiOH), potassium hydroxide
(KOH), and ammonia (NH3) with variable concentrations, depending on the boric acid
concentration (H3BOs3) used for reactivity control. In a nuclear fusion reactor, the pres-
ence of H3BOs3 is not foreseen, but radiolysis is expected because of the high neutron
flux. For this reason, an alkalizing agent is expected [10] for pH control and oxidizing
environment suppression.

Different experimental analyses have been performed [11] to optimize the water
chemistry of tokamak reactors. The impact of water chemistry optimization and practical
applications are mainly reactor safety and worker personnel safety. In fact, by assessing the
ACP inventory for a cooling loop, occupational radiation exposure can also be evaluated
and minimized. Another relevant implication is the optimization of the design when the
Safety by Design approach is adopted.

This paper aims to study the impact of water chemistry on ACP generation and trans-
port for a closed loop by perturbing specific parameters that characterize the coolant’s
chemical composition. This analysis can be performed thanks to the code interface OSCAR-
Fusion/RAVEN described in [12] and a Python-based post-processing script. The para-
metric study is performed considering the EU-DEMO Divertor Plasma Facing Unit PHTS,
which verifies the code coupling [10]. The EU-DEMO Divertor has been previously studied
to evaluate the mass and activity inventories, as described in [4,13,14].

2. OSCAR-Fusion V1.3

OSCAR-Fusion is a one-dimensional code that focuses on assessing the contamination
of a cooling loop, considering different parameters and phenomena. The OSCAR-Fusion
code can use physical models implemented to study the mass exchange between the
media and the control volumes modeled. Like the previous versions of the code, such as
PACTITER, or the ones used in fission (e.g., OSCAR and PACTOLE), described in [7,14-16],
the evaluation of the ACPs is based on the mass balance equation, shown in (1).

The OSCAR-Fusion code, in comparison with OSCAR and PACTOLE, is optimized
for nuclear fusion operating conditions. Materials such as Cu-based alloys can be modeled,
and activation reaction rates for fast neutron flux can be considered [7]. The code has
been validated using ~400 EMECC (Ensemble de Mesure et d’Etude de la Contamination
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des Circuits) campaigns, through which, as described in [7], the surface activities can be
measured and the behavior of the ACPs can be studied.

The variation of a mass M, calculated at each control volume of the isotope i in a given
medium j at time ¢, comes from the mass balance conservation equation [5]:

om _
o

ZSource - ZSink + m; — my 1)

where m1; and m, are the control volumes inlet and outlet flow rates, respectively.

As described in [7], the media considered are the base metal, the inner oxide layer, the
deposit/outer oxide layer, ions, particles, filters, and resins.

Each control volume can describe a closed-loop region, considering given input pa-
rameters, such as thermal-hydraulic, neutronic, power distribution, and water chemistry.

The thermal-hydraulic data of the OSCAR-Fusion V1.3 are evaluated by the same
formulation of the CATHARE code, which is optionally used to evaluate temperature-
dependent variables, such as fluid velocity and density. The PHREEQCEA module evalu-
ates the chemical data.

In OSCAR-Fusion V1.3, the water chemistry characteristics can be evaluated by setting
lithium, boron, hydrogen, and oxygen concentration for each period. In OSCAR-Fusion, the
lithium concentration corresponds to a lithium hydroxide (LiOH) concentration in water,
the boron concentration corresponds to a boric acid (H3BOj3) concentration in water, and
the hydrogen and oxygen concentrations correspond, respectively, to molecular hydrogen
(Hy) and molecular oxygen (O,) in water. It must be highlighted that OSCAR-Fusion V1.3
does not foresee models for radiolysis caused by the radiation field.

In the OSCAR-Fusion code, the default correlations for corrosion rate and release
rate are the Moorea laws. The Moorea laws are empirical laws which, for both corrosion
rate and release rate, depend on four factors: the standardized coefficient Short-Term
Corrosion Rate (STCR) and the Long-Term Corrosion Rate (LTCR), which are functions of
the temperature of the fluid; a function related to the pH of the fluid; and an attenuation
factor, which, in turn, depends on the ion concentration of a metal species with respect to
its equilibrium concentration. Using the default correlations, only a reducing environment
can be simulated.

In OSCAR-Fusion V1.3, corrosion and release correlations can also be modeled with
user-defined trends, which must follow a power law or logarithmic trend.

3. EU-DEMO Divertor Plasma Facing Unit

The EU-DEMO divertor component is located in the bottom region of the torus. The
divertor’s role is to reduce the heat flux on the first wall and the helium ashes from the
plasma’s outer layer, avoiding the build-up and dilution of the plasma ion density and
preventing the impurities from entering the plasma core. The DEMO divertor system, as
described in [17], is composed of two independent systems, as shown in Figure la: the
DIVertor CASsette (DIV-CAS) and the DIVertor Plasma Face Unit (DIV-PFU). Both systems
are composed of two independent loops, each of them serving 8 of 16 sectors, according to
the 2019 design of the Divertor PHTS. A single system of the loop comprises 24 divertor
cassettes, three for each sector of the torus.

The components of the EU-DEMO divertor system PHTS are shown in Figure 1b. Each
PHTS loop consists of one Heat EXchanger (HEX), one Main Coolant Pump (MCP), one
PRessuriZer (PRZ), 8 distributors (DIS), 8 collectors (COL), 24 Hot Feeding Pipes (HEPs),
24 Cold Feeding Pipes (CFPs), one Hot Leg (HL), one Cold Leg (CL), and one Cross-Over
Pipe (COV).

Each divertor PFU PHTS cooling loop is operated at a pressure of 3.8 Mpa, with a total
mass flow rate of 5319.3 kg/s [17] distributed over the 24 divertor cassettes. The overall
PHTS pipe length in the OF region is 2599 m. The cooling water is distributed at 130 °C
and is collected at 136 °C. The total PFU PHTS pressure drop is approximately 1960 kPA.



Energies 2023, 16, 4726 40f 15

The PFU PHTS comprises AISI316L for the piping system, INCONEL for the HEX for the
OF region, and a Cu-based alloy, such as the CuCrZr, for components in the IF region.

HEX

In-Vessel
penetration

PUMP
(a) (b)
Figure 1. (a) Divertor assembly; (b) Divertor PFU PHTS.

The divertor system PHTS also presents the Chemical Volume Control System (CVCS,
labeled as BY in Figure 2), with mechanical filters and ion exchange resins, to maintain the
coolant purity and chemical composition.

I—* BYO4 — BYO5 — BYO6 — BYO7 _l
BYO03 Filters
!
Resins
!
BY02 BV:)S
BY10
4
BVoL BY11

!

.
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Figure 2. EU-DEMO divertor PFU PHTS OSCAR-Fusion model.
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4. OSCAR-Fusion Model of EU-DEMO Divertor PFU

The OSCAR-Fusion model of the divertor PFU PHTS is shown in Figure 2. The model
is a simplified closed loop subdivided into 53 regions. Each region has assigned conditions
of temperature, pressure, wetted surface, hydraulic diameter, and coolant velocity.

As described in [15], since the CVCS design is not confirmed, some assumptions
are made during the modeling phase. The cooling loops are collapsed in half of a single
cooling loop using equivalent thermal-hydraulic data. The filters and resin efficiency are set
to 99%.

In the OSCAR-Fusion model of the divertor PFU PHTS, four different materials are
considered as base metals: Inconel 660, stainless steel SS 316 LN, Metal Cu, and the CuCrZr
alloy. For each material, the input chemical parameters are the base metal, the inner/outer
oxide layers, and the normalized corrosion coefficients for evaluating the corrosion rate and
release rate. The default normalized coefficients are shown in Table 1, where it can be seen
that the coefficients are defined before 2 months, which is the STCR, and after 12 months,
which is the LTCR. In the interval of 2-12 months, coefficients are correlated between SCTR
and LCTR values.

Table 1. Normalized coefficients for corrosion rate and release rate.

Time Stainless Steel Copper-Based Alloy
(Months) (g/s/m?) (g/s/m?)

t<2 1.6 x 107° 133 x 107°

t>12 4.6 x 1077 1.33 x 107°

The operational scenario adopted for the simulation is a lumped continuous scenario
of 1888 days. The temperature and pressure variations inside the loop are imposed as input
parameters. The temperature trend in the loop lies in a range of 130 °C-136 °C. The pressure
drop is evaluated as 1.960 MPa, as described in 13. The water volume is approximately
114 m3, and its composition is reported in Table 2. The DEMO water chemistry optimization
is preliminarily evaluated and has a pH of approximately 7 at 300 °C [16].

Table 2. Divertor PFU water chemistry parameter.

Chemical Parameter Concentration
Lithium 0.275 ppm
Boron 0.011 ppm
Hydrogen 25 mL/kgw
Oxygen 0 ppm

I Minimum value allowed in OSCAR-Fusion V1.3.

Using the parameters shown in Table 2 as input, the pH trend in the loop at the initial
time of the considered scenario assumes the values depicted in Figure 3a,b. The pH values
range in Figure 3a is kept close to neutrality because the pH target is in the range of 7.0 at
the operating temperature of the loop.

F 5 & 5 5 5 & L § v 5 B &

cl1
cL2

Coola; ;rh Coolant path

(@) (b)

Figure 3. pH trend of the reference case: (a) in the loop; (b) bypass line.
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A difference from neutrality is, therefore, preferable to a slightly alkaline environment
because an acid pH can be reached during these operating conditions due to temperature
variations and radiolysis reactions.

5. RAVEN/OSCAR-Fusion Analyses

A statistical study with RAVEN/OSCAR-Fusion is performed to assess the impact of
water chemistry on ACP generation and transport.

RAVEN is a multi-purpose, probabilistic, and uncertainty framework developed at
the Idaho National Laboratory (INL), which can be coupled with any system code [18].
The RAVEN framework is a useful tool through which sensitivity analysis and uncer-
tainty quantification can be performed when coupled with a code. The RAVEN/OSCAR-
Fusion interface has already been tested for a preliminary study, as reported in [12]. The
RAVEN/OSCAR-Fusion interface uses RAVEN for the sampling phase of the simulation,
setting the distribution type and the number of samplings that are to be conducted. When
RAVEN completes the sampling phase, the interface starts an OSCAR-Fusion calculation
for each sampling conducted by RAVEN.

The OSCAR-Fusion code has its own pre-processor and post-processor for a single
input, but there is no available post-processor for multiple simulations; for this reason,
Sapienza University developed a Python-based post-processor script to evaluate output files
of different simulations in a parallel manner. The Python script elaborates the parameters
of interest by creating pivot tables, thanks to which, in this case, the activity related to mass
inventory evaluated by the code can be plotted, as discussed in the following paragraphs.

To perform the sensitivity analysis, the parameters to be studied and the perturbation
must be identified. This study’s parameters are the lithium and hydrogen concentrations in
the cooling water. The Figure of Merit (FOM) chosen to evaluate the perturbation’s effect is
the Mn-54 in the deposit/outer oxide layer medium. The Mn-54 reactions, decay mode,
and energy of the y emitted are summarized in Table 3.

Table 3. Mn-54 reactions and decay characteristics.

Reactions Father Decay Mode Daughter Energy (keV) T% (d)
Mn-53 (n, y) Mn-54
Mn-55 (n, 2n) Mn-54 Mn-54 Electronic capture Cr-54 834.855 312.19

Fe-54 (n, p) Mn-54

Fe-54 (n, np) Mn-53 (n, v) Mn-54

For both case studies, 100 runs are performed. The total number of runs is evaluated
using Wilk’s formula, as described in [19,20]. Pearson’s and Spearman’s coefficients are
used to quantify the correlation between the variables [20,21].

The reaction rates considered in the reference case are summarized in Table 4.

Table 4. Nuclear reaction rates.

Reaction Reaction Rate (1/s)
Mn-53 (n, y) Mn-54 7.451 x 1010
Mn-55 (n, 2n) Mn-54 1.253 x 10~ 1

Fe-54 (n, p) Mn-54 8.946 x 10712
Fe-54 (n, np) Mn-53 1.036 x 10~ 1

6. Results for Case Study 1: Lithium Concentration

The lithium concentration is perturbed starting from the divertor system’s water
chemistry parameters, as summarized in Table 2.

The lithium concentration represents the only alkalizing agent which can be simulated
in OSCAR-Fusion V1.3. The perturbation of LiOH concentration in water means a variation
in pH and, therefore, the increase or reduction in the corrosion rate. The perturbation of
lithium concentration is reported in Table 5.
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Table 5. Case Study 1—sampling.

Lithium Concentration (Uniform Distribution) (ppm)

Lower Bound (LB) Upper Bound (UB)
0.0 152

2 Maximum value allowed in OSCAR-Fusion V1.3.

The 100 runs completed by the code are statistically analyzed, showing that the lithium
concentration perturbation leads to the range of values depicted in Figure 4a,b. It is possible
to notice a trend in which the pH increases when the concentration of LiOH increases.

9.0
11
8.5 1
10 A
8.0 1 —\“/_/-—_—h
Js e 9
T 7.0 w T s
6.5 A
7
6.0
554 61 —— Quantile 0.05 Median
. —— Quantile 0.05 —— Mean —— Upper Bound — Quantile 0.95 —— Upper Bound
—— Quantile 0.95 Median ~—— Lower Bound —— Mean —— Lower Bound
5.0 A sl r—>—+———+>+-->-J . | | | |
seEg EEEE & & & ® & ®» & 2 § & & & &
- -4
Coolant path Coolant path
(a) (b)
Figure 4. pH trend after Li concentration perturbation: (a) in the loop; (b) bypass line.
Because Mn-54 can also be obtained from Fe-54, both the Mn and Fe corrosion rates
must be considered. During the entire simulation, there is variation in the corrosion rates
of both Mn and Fe in the deposit/outer oxide layer medium caused by the pH variation.
The deposit/outer oxide layer formation mechanism increases by varying the corrosion
rate. Figure 5a shows the main statistical parameters evaluated for the FOM.
1x101 1 x 1011
w— Quantile 5
7 | == Quantile 95
— Mean
Median 2.57
- 6 Upper Bound
o == = Lower Bound 8
S Q 2.0
2 2
> 4 4 >
= S 1.5
[S) [S)
© ©
<t 3 <
n “I’ 1.0 1
[
< 21 <
=
= 0.5
1]
0 0.0
0 250 500 750 1000 1250 1500 1750 0 250 500 750 1000 1250 1500 1750
Time (d) Time (d)
(a) (b)

Figure 5. (a) Min-54 activity in the deposit/outer oxide layer; (b) Mn-54 activity difference between
UB and LB.
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As can be seen in Figure 5b, the difference between the UB trend and the LB trend
is time-dependent. Figure 5b highlights a maximum difference of 2.79 x 10" Bq and a
difference at the end of the scenario of 2.69 x 10!! Bq.

The analyzed data increasingly deviate from the trend of the mean value. Figure 6a
shows the mean value trend, while Figure 6b depicts the standard deviation trend of the
Mn-54 activity into the loop. The standard deviation trend is also predictable from Figure 5a.
The variability of the data increases at approximately 600 days and tends to decrease at
approximately 1500 days. This reduction is also confirmed by the variation in the slope of
the first derivative in the same moments as in Figure 5b.

1 x 101 1 x 1010
6
6 5 |
S5 =
Q Q4
> >
[y hd
s* S
o T 31
fB3, ©
< <
T T2
2_
C <
= =
1 1
0 0

0 250 500 750 1000 1250 1500 1750 0 250 500 750 1000 1250 1500 1750
Time (d) Time (d)
(a) (b)

Figure 6. Mn-54 activity: (a) mean value trend; (b) standard deviation trend.

In Figure 7, the Probability Density Function (PDF) evaluated at the end of the scenario is
shown. A platykurtic and non-symmetric distribution, centered in 6.61 x 10!! Bq, is obtained.
The kurtosis and skewness values reported in Table 6 confirm the PDF characteristics.

1x1012

3 4 5 6 7 8
Mn — 54 activity [Bq] 1 x 101

Figure 7. Probability Density Function of Mn-54 activity after LIOH concentration perturbation.

Table 6. PDF description factors for LIOH concentration perturbation.

Kurtosis —1.38 k < 0: the PDF is platykurtic
Skewness 0.54 s > 0: data are skewed to the righ
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Figure 8a,b highlight that by perturbing the LiOH concentration, there is a variation in
the Mn54 activity in the deposit medium. After 3 days from the beginning of the scenario,
the correlation between the perturbed parameter and the FOM is at the highest value, as
shown in Figure 9a,b by Pearson’s and Spearman’s correlation coefficients. Pearson’s corre-
lation is a measure of linear correlation between two sets of data [22], whereas Spearman’s
correlation is the measure of the monotonic relation between the ranked values of two sets
of data [21]. This means that the correlation between the LiOH concentration perturbation
and Mn-54 activity in the deposit/outer oxide layer is neither linear nor monotonic, and
there is a weak correlation between the LiOH concentration and the FOM.

1 %106 1x101
3.0 7.5
e @ ° % o0 o °
| ) e © o
2.8 R 7.0 g ° 4 h PR
° * ° ‘.. ° o o &% o °
3 261 ° 265 o ° ® oo .... ° °
N ¢ ¢ P 2 * . .. ® .:
> ° > ® ® ]
o i ° e o = e °
s L4 o o e °
822~ ° L4 * & ° °
3221 e, o oO..).. e S < 5.5 .
n ° o [ 4 ° o o o
I 2.0 e © ° & % ° |
(= o © ° ° .. o0 ° < 5.0 °
= LY g o e o, < °
1.8 e°® o &S e %o
4.5 ®
1.6
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Li concentration Li concentration
(a) (b)
Figure 8. Mn-54 activity vs. Li concentration: (a) after 3 days; (b) after 1888 days.
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Figure 9. Correlations between Mn-54 activity in deposit and Li concentration: (a) Pearson;
(b) Spearman.

7. Results for Case Study 2: Corrosion Rates

When editing the laws of corrosion and release models, the OSCAR-Fusion code
requires several parameters, some of which are the standardized coefficient for corrosion
rates for the copper-based alloy and stainless steel. The default parameters are shown
in Table 2.

In order to evaluate the CP formation and activation, the standardized coefficients for
corrosion rates are taken into account. The perturbation of the standardized coefficient for
corrosion rates is reported in Table 7. For the Cu-based alloy, the UB and LB are chosen by
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considering the oxidizing condition described in [23] at 130 °C and a fluid velocity of 13 .
The UB and LB values are selected in order to have a non-negligible perturbation on the
corrosion rate and release rate of the materials considered into the loop.

Table 7. Case Study 2—sampling.

Standardised Coefficients for Corrosion Rates
(Uniform Distribution) (g/m?/s)

Coefficient UB LB
Copper-based alloy 1.22 x 1073 7.67 x 1070
Stainless Steel STCR 5x 10 5x 1077
Stainless Steel LTCR 1x10°° 1x 177

The 100 runs completed by the code are statistically analyzed and, as in the previous
case, Mn and Fe corrosion rates are considered. During the entire simulation, there is
a variation in the corrosion rate in the deposit/outer oxide layer caused by the induced
perturbation. The deposit/outer oxide layer formation mechanism increases by varying
the corrosion rate.

Figure 10a shows the main statistical parameters evaluated for the selected FOM, the
Mn-54 activity in the deposit/outer oxide layer, while Figure 10b shows the difference in
the activity of UB and LB. Maximum differences of 7.45 x 10° Bq and of 7.26 x 10° Bq at
the end of the considered scenario are obtained.

1 x 1010 1x10°
== Quantile 5
m— Quantile 95 74
| == Mean
Median
Upper Bound 61
7| === Lower Bound o
Eg
5
2
>
S 4
O
©
< 3
N 3
|
< 2
=
14
0
0 250 500 750 1000 1250 1500 1750 0 250 500 750 1000 1250 1500 1750
Time (d) Time (d)
(a) (b)

Figure 10. Mn-54 activity: (a) statistical parameters; (b) difference between UB and LB.

In Figure 11a, the mean value trend is shown, while Figure 11b depicts the standard
deviation trend of the Mn-54 activity into the loop. It can be seen that the analyzed data
deviation increases with time. The standard deviation trend is predictable, taking into
account the statistical parameters. In Figure 10a, at approximately 400 days, there is an
increase in the variability of the data up to the first point of maximum at approximately
700 days. After 700 days, there is a decrease until the 900th day. After that, the standard
deviation increases again until the second maximum point is reached, at approximately
1550 days. After 1550 days, the variability of the data tends to reduce.

In Figure 12, the PDF evaluated at the end of the scenario is reported, showing a
platykurtic and quasi-symmetric distribution centered at 9.67 x 10°, which is the mean
value. The PDF characteristics are confirmed by the kurtosis and skewness values
in Table 8.
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Table 8. PDF description factors for corrosion rate perturbation.

—1.441
0.02

Kurtosis k < 0: the PDF is platykurtic

Skewness s > 0: data are skewed to the right

Figures 13 and 14a,b highlight that there is a variation in the Mn-54 activity in the
deposit medium by perturbing the standardized coefficients for corrosion rates.
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Pearson’s and Spearman’s partial correlations coefficients are shown in Figures 15 and 16a,b.
The correlation between the normalized coefficients of the Cu-based alloy and Mn-54 activity in
the deposit/outer oxide layer is linear and monotonic from the beginning of the simulation until
800 days and from 1000 days until the end of the scenario.
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The correlation between the STCR and the Mn-54 activity in the deposit/outer oxide
layer is strong for the entire scenario considered. Therefore, it can be concluded that the
correlation is both linear and monotonic.

The correlation between the LTCR and the Mn-54 activity in the deposit/outer
oxide layer is linear and monotonic from approximately 900 days until the end of the
scenario considered.

8. Conclusions and Future Work

The impact of water chemistry on ACPs has been studied through the perturbation of
chemical parameters, such as the LiOH concentration and the corrosion rates of different
materials. The model used in OSCAR-Fusion V1.3 was a simplified but representative
reproduction of the EU-DEMO PFU.

Two different case studies have been analyzed. Case Study 1 demonstrated that, due
to the LiOH concentration perturbation, there was an impact on Mn-54 activity in the
deposit/outer oxide layer of the whole loop. Case Study 2 showed how the perturbation
of normalized corrosion coefficients could significantly impact the Mn-54 activity in the
deposit/outer oxide layer.

The perturbation of normalized corrosion coefficients led to a variation in the cooling
circuit’s corrosion rate and release rate. It must be noted that the perturbation on LiOH
led to a pH variation in the cooling circuit. The pH is a parameter on which the corrosion
rate depends when the Moorea law is set as the corrosion release law. The corrosion
rate formulation depends on four different parameters: temperature, pH, equilibrium
concentration, and normalized corrosion coefficients for the STCR and LTCR.

For Case Study 1, the statistical analysis has shown that the correlation between the
perturbed parameter and the Mn-54 activity in the loop’s deposit/outer oxide layer was not
linear or monotonic. For Case Study 2, the statistical analysis has shown that the correlation
between the perturbed parameters and the Mn-54 activity in the deposit/outer oxide layer
in the loop was linear and monotonic in most of the considered scenarios.

These analyses, despite being preliminary, suggested that the perturbation of the water
chemistry composition had an impact on the ACPs, but it was not always observable with
the Pearson and Spearman correlations or the Pearson and Spearman partial correlations.

Optimizing the water chemistry led to a reduction of corrosion products into a coolant
loop; this signified a reduction of the build-up of ACPs and, thus, the specific activity
of one or more components during the planned maintenance or at the end of their life
cycle. Consequently, with water chemistry control, it was possible to reduce occupational
radiation exposure during both the maintenance and the decommissioning phases.

As previously stated, OSCAR-Fusion V1.3 does not foresee physical models for radiolysis.
As described in [24], there was a more oxidizing environment due to radiolysis relative to
the one modeled by OSCAR-Fusion V1.3; this was due to the presence of free radicals and
molecules that were more oxidizing than O,, such as hydrogen peroxide or hydroperoxide.

Considering the preliminary nature of this water chemistry analysis, more detailed
studies will be performed to analyze the impact of oxygen perturbation and other alka-
lizing agents with a new version of the computer code, OSCAR-Fusion V1.4, and the
subsequent versions.
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List of Abbreviations

ACP Activated Corrosion Products
CB Cassette body

CFP Cold feeding pipes

CL Cold leg

CcOov Cross-over pipe

CVCSs Chemical volume control system

FOM Figure of merit
HEX Heat exchanger
HFP Hot feeding pipe

HL Hot leg
IF In-flux
INL Idaho National Laboratory
IVT Inner vertical target
LB Lower bound
LTCR Long-term corrosion rate
MCP Main coolant pump
OF Out-flux
OSCAR  Tool for simulating contamination in reactors
OVT Outer vertical target
PFU Plasma facing units
PHTS Primary heat transfer system
PRZ Pressurizer
PWR Pressurized water reactor
RP Reflector plates
SL Shielding liner
STCR Short-term corrosion rate
UB Upper bound
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