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Simulations of corrosion product transfer with the PACTOLE V3.2 code

Activated corrosion products generate a radiation field in PWRs, which is the major contributor to the dose absorbed by nuclear power plant staff working during shutdown operations and maintenance. Therefore, a thorough understanding of the mechanisms that control the corrosion product transfers is of the highest importance. For about thirty years, the French strategy has been based on experiments in test loops representative of PWR conditions, on in-situ gamma spectrometry measurements of the PWR primary system contamination and on simulation code development.

The simulation of corrosion product transfers in PWR primary circuits is a major challenge since it involves many physical and chemical phenomena including: corrosion, dissolution, precipitation, erosion, deposition, convection and activation. In addition to the intrinsic difficulty of multi-physics modelling, the primary systems present severe operating conditions (300°C, 150 bar, neutron flux, water velocity up to 15 m.s -1 and very low corrosion product concentrations).

The purpose of the PACTOLE code, developed by the CEA in cooperation with EDF and AREVA NP, is to predict the contamination of the PWR primary system. The PACTOLE code allows researchers to analyse the corrosion product behaviour and to calculate the activity in the fluid and the surface activity in the primary system. Nowadays, the PACTOLE code is considered to be not only a tool for numerical simulations and predictions but also one that might combine and organize all new knowledge useful to progress on contamination caused by activated corrosion products.

This paper presents the modelling implemented in the PACTOLE V3.2 code. In this version, the chemical aspect has been improved by coupling the PACTOLE code to a chemistry code. Comparisons with in-situ gamma spectrometry measurements of PWR primary systems and studies based on experimental feedback are shown.

INTRODUCTION*

Deposits of activated corrosion products found in the primary system of Pressurized Water Reactors (PWR) generate a radiation field responsible for the doses absorbed by personnel carrying out maintenance and reactor operation. It is therefore very important to understand the mechanisms governing the transfer of corrosion products. For about thirty years now, the French strategy has been focusing on 1) performing experiments in test loops that recreate PWR conditions, 2) taking in situ measurements of deposits in PWR systems, and 3) developing a simulation code known as PACTOLE.

The PACTOLE code has been developed by the CEA in collaboration with EDF and AREVA NP for more than 30 years [START_REF] Beslu | A computer code PACTOLE to predict activation and transport of corrosion product in PWR[END_REF], [START_REF] Beslu | PACTOLE-PROFIP : two codes allowing prediction of the contamination of PWR primary circuits[END_REF], [START_REF] Tarabelli | Status and future plans of the PACTOLE code predicting the activation and transport of corrosion products in PWRs[END_REF], [START_REF] Marchetto | PACTOLE V3 : a new code version to predict corrosion product contamination[END_REF], [START_REF] Nguyen | First numerical simulations of contamination of the PWR primary circuit by † PROFIP : simulation code of fission product and actinide transfer in the PWR primary system[END_REF]. It is designed to simulate the transfer of corrosion products in the primary system of a PWR. It determines the space-time distribution of masses and/or activity levels of corrosion products and activation products in both solid and liquid phases in the primary system.

This paper aims to describe the modelling used to simulate the transport of corrosion products as ♣ Present affiliation : Euriware implemented in the PACTOLE V3.2 code. It also provides comparisons between simulations and experimental measurements performed in PWRs.

PWR CONTAMINATION PRINCIPLE

The process governing the formation of radioactive corrosion products in the PWR primary system is complex and involves several interacting mechanisms.

The first mechanism is the uniform and generalized corrosion of the base metal composing components in contact with the primary coolant, i.e. mainly stainless steels and alloys containing nickel or iron. This results in the formation of double-layered oxide: a compact inner layer that is rich in chromium (chromite) and an outer porous layer that is rich in iron (ferrite) . The inner layer is passive, which limits the exchange of ions between the base metal and primary coolant but without preventing them completely; some ions are released in the primary coolant.

The primary coolant transports the ions produced by corrosion and release phenomena or by the dissolution of oxides. When the coolant becomes oversaturated in corrosion products (depending on the local temperature and chemical conditions), the ions either precipitate on the surface of the walls, or precipitate to form particles in the coolant. Particles are also produced by the erosion of deposits. When transported by the primary coolant, these particles can agglomerate and deposit on the primary system walls.

Activation products can be formed in two different ways: 1) by activation in the core when the corrosion products form a deposit on surfaces or circulate in the system under the neutron flux, or 2) via the corrosion of components under the neutron flux, including the direct release of radioactive corrosion products.

These activated corrosion products can then form a deposit on the out-of-flux surfaces and create an ionising radiation field around PWR systems.

MODELLING OF THE PACTOLE V3.2 CODE

3.1. Representation of the primary system PACTOLE V3.2 modelling is based on the arrangement of control volumes (see Figure 1).

Therefore, the PWR primary system is discretised into several volumes or regions defined according to the geometric, thermohydraulic, neutron, material property, and operating characteristics.

The primary system is composed of a main line (blue volumes in Figure 1) to which various lines and circuits are connected, e.g. the chemical and volume control system (CVCS). The loops of a PWR primary system are generally considered as one main loop (see Figure 1) but it is possible to differentiate between them to take into account, for example, the state of a different surface of the steam generator tubes. Seven media can be taken into account in each control volume (see Figure 2): the base metal, the inner oxide layer, the outer oxide layer, the deposit, the ions and particles carried by the coolant, and the filters for particles and ions. Base metals: alloys composing the different elements of the primary system. The metal in contact with the primary coolant is subjected to the corrosion process.

Inner oxide layer: described as a rather adhesive layer composed of small-sized grains. This oxide coats all surfaces in contact with the primary coolant. Its chemical composition is rich in chromium. When coating stainless steels and nickel-based alloys, this oxide is a chromite according to the following formula: Co x Ni y Fe 1-x-y Cr 2 O 4 with x+y≤1.

Outer oxide layer: formed by crystal agglomerates produced by the surface precipitation of ions in the primary coolant [6]. It is assumed that the surface of the inner oxide layer is coated by these crystals. In the case of nickel-and iron-based alloys for example, this oxide is a mixed oxide whose formula can be expressed as follows: Ni x Co y Fe 3-x-y O 4 with 0≤x≤1 and 0≤y≤1-x. In relation to the values of x and y, this can be magnetite, nickel ferrite, or cobalt ferrite. Metallic nickel (Ni) or nickel oxide (NiO) may also be found.

Deposit: deposits are composed of oxide particles resulting from 1) the settling of particles carried by the primary coolant, and 2) the precipitation (on the surface of the previously-formed deposit) of ions in the coolant. The deposit is modelled as a porous medium made of spherical particles whose particle size distribution is identical to those of the particles suspended in the coolant. The deposit is superimposed on the outer oxide layer and can partially or completely coat this layer.

Particles: carried by the primary coolant and resulting from the precipitation of ions in the coolant. They can also be produced by the erosion of deposits and the outer oxide layer. We assume that the particles are spherical and that their grain size distribution follows the "log-normal" law.

Ions: the primary water contains ions that are transported by convection in the primary system. The ions in the primary coolant result from corrosion release phenomena in the bulk of the coolant, and due to the dissolution of particles, the outer oxide layer and deposits.

Filters and resins: these two systems are used to purify the primary system to remove the particles and ions. 3

Chemical elements and isotopes

The chemical elements taken into account in the PACTOLE V3.2 code are those composing the main alloys found in any primary system that generate the main activated corrosion products: Fe, Ni, Cr and Co .

Certain isotopes of these chemical elements become radioactive when subjected to a neutron flux. For example, the main activated corrosion products that contribute to the dose rates around the primary systems in EDF PWRs are 58 Co and 60 Co with half-lives of 70.78 days and 5.271 years respectively [7]. They are formed by the following reactions:

• 58 Ni (n,p) 58 Co • 59 Co (n, γ) 60 Co The mass balances are performed for each isotope of these chemical elements.

Mass balance and transfer mechanisms

The behaviour of the corrosion products in each control volume is modelled by the mass balance equation for each isotope in each medium [START_REF] Marchetto | PACTOLE V3 : a new code version to predict corrosion product contamination[END_REF]: Corrosion of the base metal leads to the formation of an inner oxide layer on the one hand, and to the supply of ions in the primary coolant (net releases) and the formation of the outer oxide layer on the other hand. The formation of this outer layer is partially due to the ions coming from the base metal that precipitate after mixing with the ions in the boundary layer. Therefore, radioactive ions in the coolant can be incorporated into the outer oxide layer even in a saturated medium. This modelling is based on a pragmatic approach [8] for which the parameters -especially corrosion and release ratesare determined on the basis of test loop experiments.
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The dissolution of the deposit or the outer oxide layer can occur when the concentration of ions in the coolant is below the equilibrium concentration. The dissolution phenomenon is controlled by the transport kinetics of ions on the wall into the bulk of the coolant (mass transfer coefficient), by the oxide transformation kinetics, and by the concentration gradient.

Ions precipitate when their concentration in the coolant is greater than the equilibrium concentration. This occurs near a precipitation site, i.e.: near alreadyexisting oxide, and thus near particles but especially near the wall. Ions therefore need to be transported near the wall or the particles before precipitating.

The equilibrium concentration of each chemical element is calculated with the PHREEQC code [9], in combination with a thermodynamic database developed by the CEA and coupled with PACTOLE.

This chemical module determines the composition of the ideal solid solution to model 1) a mixed oxide, 2) any pure solid phases possibly in excess (mainly metal nickel), and 3) the molar quantities of each element in equilibrium, for each control volume and in relation to the chemical conditions, the coolant temperature, and the masses of the metallic elements.

The particle deposit term is a deposit rate that takes into account:

-Turbulent diffusion and the effects of inertia [10], -Sedimentation for horizontal ducts [11], -Thermophoresis for temperature gradients between the coolant and the wall [12]. The erosion term involves the erosion of particles composing the deposit resulting from the coolant friction forces. The PACTOLE code model assumes that the deposit can be eroded above the laminar sub-layer.

The diffusion mechanism occurs between the inner oxide layer and the outer oxide layer, as well as between the outer oxide layer and the deposit. This mechanism follows Fick's law.

The activation or decay term describes the production or disappearance of an isotope through nuclear reactions or by radioactive cooling. Nuclear reactions occur in areas of the primary system subjected to neutron flux and are a function of the microscopic rates of these reactions.

The convection term describes the transport of particles or ions in the primary coolant through the different primary system control volumes. More specifically, this term is a function of the coolant flow rate.

Last of all, the purification term takes into account the trapping of particles and ions during their passage through the filters and demineralizers of the CVCS. This term is a function of the flow rate and the filtration efficiency.

SIMULATIONS USING PACTOLE V3.2

Main input data

To run the PACTOLE V3.2 code, it is necessary to provide a set of input data containing the following main data:

-The geometric parameters of a control volume are the hydraulic diameter and its wet surface. -The thermohydraulic data such as velocity, flow and temperature of the coolant must be indicated, as well as the wall temperature. -The materials are defined by their density, their chemical composition and their roughness. Any possible surface treatment is taken into account via the experimental corrosion and release rates. -As the activation of the corrosion products is directly proportional to the neutron flux, the power fraction is specified in each part of the core. -In terms of the operating data, a cycle is defined by its duration, its power history and its concentration levels in boron, lithium, hydrogen and oxygen.

Simulation of CRUAS-1

The 900 MWe PWR, CRUAS-1 (CPY standardized plant series), is equipped with three steam generators whose tube bundle is made of the 600 TT alloy.

Simulation of CRUAS-1 includes 196 regions, 168 of which are for the core. The core is divided into 12 sections to take into account 1/3 reloading, and then 1/4 reloading from the 4 th cycle (see Figure 1).

From the 6 th cycle, the fuel assembly grids made of the 718 alloy were replaced by Zircaloy grids.

The simulated primary coolant chemistry is that of the first seven cycles of CRUAS-1. CRUAS-1 operated according to a coordinated boron-lithium chemistry with a pH 300°C of 7.0 up to the third cycle, then according to a coordinated boron-lithium chemistry with a pH 300°C of 7.2. The operating parameters are given in Figure 4.

Figure 5, Figure 6 and Figure 7 compare the deposited activities for the two main radioelements ( 58 Co et 60 Co) calculated using PACTOLE V.3.2 with the deposited activities of the EMECC measurements [13] for the hot legs (HL), the crossover legs and the steam generator tubes (SG) (cold side). In relation to the 58 Co activity measurements, the CRUAS-1 simulation overestimates the contamination in the hot legs by a factor of 2 to 3, in the crossover legs by a factor of 1.5 to 5, and in the steam generators by a factor below 1.7.

The CRUAS-1 simulation underestimates the 60 Co activities deposited in the hot legs by a factor of 2, in the steam generators by a factor below 1.7, and obtains an equivalent estimate in the crossover legs.

Variations in the activity levels calculated with PACTOLE V3.2 are similar to the variations in the measured activity levels:

-The deposited 58 Co activity tends to decrease in the legs with each cycle, and remains relatively constant in the steam generators. -The deposited 60 Co activity tends to increase for several cycles. Figure 8 The difference between the calculated figures and the experimental measurements can therefore be significant but is greatly reduced in relation to previous versions of the code, and new improvements are expected for the future versions.

In order to validate the code and improve the modelling of activated corrosion products behaviour, comparisons between experimental results obtained with the CIRENE loop and simulations with the PACTOLE V3.2 code are also carried out [14].

Thus, the code has the advantage of a broadened validation base. One of its main advantages lies in the fact that various impact studies on one or several design and operating parameters can be carried out.

Influence of an operating parameter

The PACTOLE code can study the effect of design and operating parameters upon the contamination of PWR systems, e.g.: the effect of the chemistry, the composition of a material or an unscheduled shutdown during a cycle.

A shutdown with oxygenation in about the first six months of power operation can reduce the 58 Co concentration peak during the shutdown for refueling, and this even more true when the unscheduled shutdown with oxygenation is close to the end of the cycle [15].

To assess the impact of an unscheduled shutdown with oxygenation using the PACTOLE code, we compared the results of a simulation without an unscheduled shutdown (benchmark calculation) with simulations including an intermediary shutdown lasting 15 days and occurring 30, 60, 180 or 250 days before the end of cycle 3. The 5 simulated cycles were identical and last 300 days.

Figure 9 shows the mass of nickel deposited on the fuel that is removed by the PACTOLE code during cold shutdowns with oxygenation. It seems that the closer the unscheduled shutdown with oxygenation is to the end of the cycle, the less nickel will be removed during the end-of-cycle shutdown, and thus the weaker 58 Co peak will be.

Mass of nickel removed during shutdowns

Therefore, the simulations show that an unscheduled shutdown occurring 30 days before the end of the cycle reduces the mass of nickel removed by 75%, by 60% when occurring 90 days before, by 30% when occurring 180 days before, and by 15% when occurring 250 days before. By comparing these figures with feedback data [15], it was observed that the two trend lines are parallel and very similar (see Figure 10). Modelling the behaviour of corrosion products in a PWR primary system remains essential in terms of both present and future industrial stakes: radiation protection, reactor availability, environmental impact and dismantling.

The latest version of the PACTOLE code, PACTOLE V3.2, is an important step forward towards predicting PWR contamination. The main improvement is its coupling with a chemical module associated with a thermodynamic database that can be used to describe the speciation of the aqueous medium in interaction with several solid (metals, simple oxides, and mixed oxides) and gaseous phases in reactor primary systems. Its object-oriented language makes it possible to upgrade the modelling by making relatively easy changes to equations expressing the physical conditions in question.

Comparisons between simulations performed with the PACTOLE code and measurements taken in PWRs show that variations in the activities deposited in the primary system are generally consistent with experimental feedback. The activity levels deposited for 58 Co and 60 Co -the two main contributors to dose rates around the primary system -are about the same order of magnitude as the EMECC site measurements (ratio generally below 5). In relation to the experimental values, the volume activities calculated for 58 Co and 60 Co are underestimated by a factor of 10 or less.

Simulations of the impact of certain design or operating parameters demonstrated that the code behaves consistently with experimental observations. They therefore confirm or explain the results of studies focusing on feedback.

The PACTOLE code has been developed over the past thirty years and continues to be upgraded. The next major upgrade concerns the merging of the PACTOLE code with the PROFIP † code to create the OSCAR code (French acronym for Simulation tool of the nuclear reactor contamination).
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 1 Figure 1 : Representation of a PWR primary system and a CVCS in terms of control volumes
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 2 Figure 2 : Media taken into account in PACTOLE code modelling

  representing the mass of the isotope (i) in a given medium, and t representing the time, and J m representing the material flux between 2 media (except for nuclear reactions that represent a mass transfer inside the same medium). The different transfer mechanisms taken into account in the PACTOLE V3.2 mass balance equations are indicated in Figure3.

Figure 3 :

 3 Figure 3 : Mass transfer mechanisms integrated into the PACTOLE V3.2 code

Figure 4 :

 4 Figure 4 : CRUAS-1 -Operating parameters
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 5 Figure 5 : CRUAS-1 -Activity deposited in the hot legs
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 6 Figure 6 : CRUAS-1 -Activity deposited in the crossover legs

  compares the volume activities of 58 Co and 60 Co calculated with the PACTOLE V3.2 code with the volume activities measured by EDF. The calculated volume activities are about several MBq/t for 58 Co and several tenths of MBq/t for 60 Co. The measured volume activities are about a dozen MBq/t for 58 Co and several MBq/t for 60 Co. The calculations therefore underestimate the volume activity of 58 Co and 60 Co by about a factor of 10 or less.
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 8 Figure 8 : CRUAS-1 -Volume activity levels
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 9 Figure 9 : Effect of an unscheduled shutdown Mass of nickel removed during shutdowns

  unscheduled shutdown with oxygenation on the58 Co or Ni peaks during the refuelling shutdown
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 10 Figure 10 : Effect of an unscheduled shutdown Comparison between PACTOLE and feedback 5. CONCLUSION
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