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FOREWORD 

Since the beginning of the development of water cooled nuclear power reactors, it has been known 
that the materials in contact with the water release some of their corrosion products into the water. As 
a consequence, some of the corrosion products are neutron-activated while in the reactor core and then 
create a gamma radiation field when deposited outside the core. These radiation fields are hazardous to 
the inspection, maintenance and operating staff in the power plant and therefore must be minimized. 
Many methods have been developed to control these radiation fields, such as the proper selection of 
materials and surface finishing technologies at the design stage, operating and shutdown water 
chemistry optimization, and the application of different decontamination methods. 

The need to understand the causes of this radioactivity transport has resulted in many mathematical 
models to describe the transport, irradiation and deposition of the radioactive corrosion products out of 
the core. Early models were empirical descriptions of the transport, irradiation and deposition steps, 
and these models allowed analytical solution of the resulting differential equations. As the 
mechanisms responsible for radioactivity transport gradually became better understood, more precise 
models of the mechanisms were made. Computer codes to solve the equations describing these models 
are necessary. Accurate codes are invaluable design tools for carrying out cost–benefit analysis during 
materials selection, for estimating shielding thicknesses and for evaluating water chemistry 
specifications, for example. Such codes are also useful in operating plants to predict radiation fields at 
specific locations where shielding may be required during a maintenance shutdown, for example, 
when control of radiation dose to staff is essential. 

To complement the previous work of the International Atomic Energy Agency (IAEA) to improve the 
mechanistic understanding of radioactivity transport, a coordinated research project (CRP) was 
proposed to determine the accuracy of existing computer codes and to identify how they could be 
improved through application of this body of work. Specifically, the CRP was expected to: 

• Build a database for selected pressurized water reactor (PWR) plants that would contain the 
design information suitable for their description within a computer code, as well as give the 
operating history of the plant, which would include the water chemistry data over several 
refuelling cycles;  

• Show the contamination of selected out-of-core surfaces such as circulating loops and steam 
generator channel heads versus operating history and compare the prediction of surface 
contamination versus time from modern radioactivity transport codes with actual plant data in a 
blind benchmarking exercise; 

• Determine how current codes, as well as new ones, could be improved and encourage the 
development of accurate new codes in Member States using the recommendations from the 
present work. 

This report uses as its basis the results of this CRP on ‘Modelling of Transport of Radioactive 
Substances in the Primary Circuit of Water Cooled Reactors’, which was conducted over the period 
1996–2001 for PWR type reactors. The report also describes the significant progress demonstrated in 
this field in the period that followed. 

The IAEA would like to thank the four electrical utilities that provided the design and operating data 
for the four plants selected in this study: EDF (CRUAS-1), KWU Siemens (GKN-2), Imatran Voima 
Oy (LOVIISA-1), and Slovenske Elektrarne (BOHUNICE-1). The IAEA would also like to thank the 
experts from the 14 Member States that were involved in the study for their active participation, 
including: S. Anthoni (CEA), C.B. Lee (KAERI), M. Zmitko (NRI-Rez), K. Kasahara (MHI), 
L. Horvath (VEIKI), V. Kritsky (VNIPIET), I. Smiesko (Slovenske Elektrarne) and K.A. Burrill 
(AECL). The IAEA officers responsible for this publication were P. Chantoin, P. Menut, F. Sokolov 
and J. Killeen. 
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1. INTRODUCTION AND BACKGROUND 

 

The reduction of radiation fields in nuclear power plants (NPPs) is a major goal for vendors and owners 
all over the world. Economic restraints, such as fuel cycle extension or plant outage reduction, but also 
technical challenges with next generation reactor design, greatly depend on personal dose reduction. 
The major contributors to personal dose are activated corrosion products (CP). 

The system surfaces exposed to water release corrosion products into the coolant. These are transported 
through the core where they become activated. The activated corrosion products, especially Co58 and 
Co60 are then incorporated in the out-of-core surfaces and generate radiation fields. 

The released corrosion products can be divided into three groups: 

 particles, 
 colloids, 
 solubles. 

The growth of gamma radiation fields around the surfaces of out-core materials was noted from the 
beginning of the development of nuclear power reactors. Wohlberg and Kleimola [1] reviewed 
deposition data both in-core and out-core in the few facilities that existed at that time, e.g. recirculating, 
high temperature, water cooled loops with an in-core test section, in reactors such as the NRX research 
reactor at Chalk River Laboratories. Adjustment of the water chemistry with dissolved H2 and addition 
of a strong base, e.g. NaOH, were found to reduce the corrosion of the stainless steel (SS) structural 
materials and to reduce deposition on zirconium surfaces in-core. These conclusions were validated by 
subsequent work presented at a Tripartite' meeting of workers from the U.K., U.S. and Canada [2]. Due 
to an inadequate database, hypotheses were advanced for the mechanisms controlling the spread of 
irradiated corrosion products around the entire system, later to be called 'radioactivity transport'. 
Mathematical models were made of these hypotheses and two of these models were discussed by Medin 
[3]. In the model of Steiner, [4], corrosion products were irradiated as they passed through the core, with 
no allowance for in-core deposition of the particulate material suspended in the coolant, called 'crud'. A 
second model of Pement considered the production of radionuclides by irradiation of in-core structural 
materials, and their release by corrosion and subsequent deposition out-core [5]. 

Over the next forty years, many other models were advanced. The early models were largely empirical 
and required analytical approaches for their evaluation in pre-computer days so they were limited as 
predictive tools. Computer codes are used now to evaluate the mass balances where the rate equations in 
these balances arise from models of mechanisms hypothesized to be important in radioactivity transport. 
These models generally work well in pressurized water reactors (PWRs) and boiling water reactors 
(BWRs), and while there are large differences in materials and chemistry, generally the mechanisms can 
be recognized as also applying to CANDU reactors.  

The large number of models for activity transport in PWRs and BWRs resulted in Atomic Energy of 
Canada Limited (AECL) organizing an international symposium in late 1994 in Ottawa to stimulate 
discussion among modellers and to review the mechanisms that each model used for possible 
application in CANDU activity transport codes [6].  

One result of this symposium was the start of an IAEA Coordinated Research Program on Activity 
Transport Modelling with the aim of benchmarking existing model predictions against plant data and 
then discussion by experts on how the models could be improved.  

The CRP included a blind benchmarking exercise and this is described first. Then each of the major 
models in use is discussed to identify the mechanisms being used and overall assessment of the models 
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is given to guide further development. Once the comparison of predictions with data is made, the 
discussion here may help guide code developers in determining how their models in the codes might be 
altered to improve code accuracy. 

There have been many developments in the subject that have occurred since the formal ending of the 
CRP and these have been discussed at a series of consultants meetings and are also described. The 
consultants recommended that the detailed reporting of the CRP would be a valuable exercise with the 
additional material now available. 

1.1. Blind-benchmarking exercise 

Following the international symposium organised by AECL, intended to stimulate discussion among 
modellers and to review the mechanisms that each model used for possible application in CANDU 
activity transport codes [6]. Attendees from the NEA urged the IAEA to initiate an IAEA Coordinated 
Research Program on Activity Transport Modelling with the aim of benchmarking existing model 
predictions against plant data and then discussion by experts on how the models could be improved. The 
end result would be models to be used as design tools for new reactors, and to indicate the important 
parameters that control the rate of radiation field growth in operating plants, both resulting in minimized 
radiation exposure to plant operators. The IAEA began this CRP in 1995 and over one dozen countries 
chose to participate. The first annual meeting of participants was held in Toronto at Ontario Hydro (now 
called OPG) Headquarters in May 1997, the second meeting was held at the IAEA in Vienna in 
September 1999, and the third and final meeting was hosted by the Centre Nucleare d’Energie Atomica 
(CNEA) at their laboratory in Buenos Aires in November 2000. 

The International Atomic Energy Agency was coordinating a benchmark on the modelling of 
radioactive substances in the primary circuit of water cooled reactors. The final goal of this blind 
exercise, in addition to collecting reactor data, was to perform dose calculations for selected NPPs.  

The results of the CRP work are described in this document, with the codes limited to those for 
non-boiling reactors, i.e. PWRs and CANDU reactors. The CRP began with the collection of data on 
plant design and operating parameters that are used as input to the codes to predict radiation field growth 
on primary circuit piping in selected PWRs. A key feature is water chemistry data for each fuel cycle for 
two 440 MWe WWERs (LOVIISA-1, EBO-1) and two 900–1300 MWe PWRs (CRUAS-1, GKN-2) 
over 5–10 fuel cycles. The various codes do not use time to make predictions through a fuel cycle, but 
move through the fuel cycle by altering the water chemistry from time-step to time-step. The codes 
predict the change in deposition and release rates of corrosion products and radionuclides on various 
system surfaces. After predictions from each code were made, their predictions were compared with 
contamination data from the referenced operating power reactors. Finally, recommendations are made to 
guide code developers in determining how their models in the codes might be altered to improve code 
accuracy. Activity transport models have not yet been developed from first principles and so they 
contain empirical coefficients that must be derived from experimental data or from the plants. Different 
plant designs require models with different emphases on the various physical and chemical processes. 
Such models can become very elaborate with a number of empirical influence coefficients. 
Measurement of these parameters under plant conditions is essential for accurate prediction of surface 
contamination. 

During the period after CRP was finished, many of models that participated in the CRP have been 
further developed, and also new demands from NPP operation linked with corrosion product transport 
have arisen: 

 Injection of zinc into primary coolant 
 Shutdown chemistry optimization 
 Crud induced power shifts (CIPS) prevention and management  
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Despite this development, the results of CRP have not lost their value as they represent important 
reference for the intensive development of NPPs of new generations, and also for handling tasks arising 
from new environmental restrictions. Therefore, the original CRP results have been supplemented by 
new information from the further development of activity transport modelling in several countries. 

 

 

1.2. Models and data used in the CRP 

Fifteen countries chose to participate in the CRP. Table 1 lists the countries, the organization that 
provided the delegate, and the role of the delegate. Full details of the participants are given in Appendix 
1. Not all countries had codes for testing in the blind-benchmarking, but some codes were developed in 
the course of the work. Secondly, the computer codes that were used are described in some detail by 
their developers. Thirdly, the plant design data to be used in the blind-benchmarking exercise is 
presented. Fourthly, the operating data for each plant are described. These data were not given to the 
modellers until their predictions were complete. 

TABLE 1. PARTICIPATING COUNTRIES, ORGANIZATION AND DELEGATE ROLE 

Country Organization 'CODE' and role 

Argentina CNEA Expert (1)

Bulgaria INRNE 'MIGA-RT'/Expert/Consultant(2) 
Canada AECL Expert/Consultant
Canada UNB Expert 
Czech Rep. NRI 'DISER'/Expert/Consultant 
Finland IVO Expert/Consultant/Data supplier(3) 
France CEA 'PACTOLE'/Expert/Consultant/Data supplier 
Germany SNP Water chemistry specialist(4)/Data supplier 
Hungary VEIKI 'RADTRAN'/Expert/Consultant 
India BARC Expert
Japan MHI 'ACE'/Expert/Consultant 
Norway Halden Water chemistry specialist/Consultant 
Rep. of Korea KAERI 'CRUDTRAN'/Expert/Consultant 
Russia VNIPIET Water chemistry specialist/Consultant 
Slovakia Slovenske Elektrarne Expert/Consultant/Data supplier 
U.S.A. Penn. State University. Water chemistry specialist/Consultant 

 

Notes:  

(1) 'Expert' means delegate worked actively in the country's organization to understand or control 
radioactivity transport in his country's NPPs. 

(2) 'Consultant' means that the delegate met with the CRP coordinator at an inaugural meeting to 
define program scope, then attended annual meetings to advise the coordinator on program 
direction and progress. 

(3) 'Data supplier' means delegate supplied plant design and operating data to permit application of 
each code in the blind benchmarking on that plant. 

(4) 'Water chemistry specialist' means delegate had specialist knowledge in reactor chemistry or 
corrosion that was of value to the CRP. 
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2. CORROSION PRODUCT CONTAMINATION OF THE PRIMARY CIRCUIT 
 
Before introducing radioactivity transport modelling in Section 3, the overall phenomenon of 'activity 
transport' is presented in this Section and some of the mechanisms responsible are discussed briefly. 
Much more detailed discussions can be found in the previous report, [7]. 

2.1. Introduction to activity transport 

Many mechanisms are involved in the process of primary circuit contamination by radioactive corrosion 
products. A simplified view of the main steps that lead to primary circuit contamination is presented in 
Fig. 1. The three steps shown are: 

(1) The generalized corrosion of primary circuit materials leads to radioactive corrosion product 
contamination. As far as corrosion is concerned, two separate alloy types have to be distinguished: 
zirconium alloy and nickel or iron based alloys, such as Inconel, Incoloy or SS. When exposed to the 
thermal and chemical conditions in the primary circuit, the corrosion of zirconium alloy leads to the 
formation of a stable oxide, which suppresses mass transport between material and coolant. In 
contrast, the corrosion of the second alloy type leads to the formation of a double layer oxide (one 
layer enriched with chromium, the second one mostly composed of nickel ferrite) and to the release 
of metallic ions of iron, nickel and cobalt, into the primary fluid: so these alloys are mainly 
responsible for corrosion product contamination. It must be said here that these alloys behave 
satisfactorily regarding generalized corrosion: only a few mg/dm2/month can be oxidized. 

(2) These metallic species are transported by the coolant to the different parts of the primary circuit and 
are submitted to various mechanisms: precipitation, particle deposition, erosion, and dissolution, for 
examples. When passing through the core or deposited on in-core surfaces, some of the corrosion 
product atoms are made radioactive by activation in the the neutron flux. 

(3) The now-radioactive corrosion products are transported to the out-core regions of the primary 
circuit where they can be deposited. 

 

FIG. 1. Schematic description of the processes involved in primary circuit contamination  
by corrosion products PWRs and WWERs. 
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2.2. Corrosion and the release of corrosion products 

Corrosion is defined as the natural tendency of metals, under the influence of atmospheric or chemical 
agents, to return to their original state (oxide, sulphate, carbonate...), which is more stable compared to 
the environment considered, and thus undergo deterioration in their properties [8].  

The corrosion of primary circuit materials is process, where the water coolant acts as a reaction agent. 
All the corrosion processes involved have electrochemical steps. Indeed, on the metal surface, 
electrochemical batteries are created where anodic and cathodic reactions take place. Thus, between the 
anodes and the cathodes, a current is established that results in the deterioration of the metallic zones 
(anodes). Generalized corrosion is characterized by a uniform loss of metal at its surface because a 
surface site can either be anodic or cathodic over time. In primary circuit conditions, in which metal 
deterioration is thermodynamically possible, alloys such as SS or Inconel become passivated by the 
corrosion products growing on their surface. The passive layer, separating the alloy from the coolant, 
acts as a protective layer. Nevertheless, even though the ion conductivity of the passive layers is very 
low, mass exchange, through this layer, still exists between the metal alloy and the primary coolant [9]. 

2.3. The passive oxide layer and corrosion product release 

The passive layer that develops on the metal alloy under primary circuit conditions is composed of two 
different layers, called the inner and the outer oxide layers. Potter [10] was the first author to 
demonstrate this, during experimental investigations with carbon steel, oxidized in an autoclave at 
316°C and in alkaline solution. Later, other experiments on SS [11–13], Inconel [14] and Incoloy 
800 [15], revealed these types of oxides. 

From a general point of view, these observations show that the inner oxide layer is composed of small 
grains (less than 0.1 µm according to [16]), and is compact and adherent. On the other hand, the outer 
oxide layer is not homogeneous and is composed of large and non-homogeneous particulates (1–2 µm 
according to [14]). Fig. 2 shows the two-layer structure of oxides grown on Inconel, resulting from an 
1169 hour test performed at 325°C, in conditions close to those of the primary circuit [17]. The crystals 
of different sizes compose the outer oxide. An inner oxide layer can be seen between the crystals. 

The crystal structure of both the inner and outer oxides is of spinel type (AB)3O4. The growth of the 
inner oxide occurs at the metal-oxide interface, whereas the outer oxide develops toward the outside at 
the oxide-fluid interface as sketched in Fig. 3 [18–19]. The oxidizing compound has to diffuse through 
the inner oxide up to the metal-oxide interface, to increase the inner oxide growth. At the metal-oxide 
interface, the ionic species, not participating in the inner oxide formation, diffuse through the inner 
oxide up to the oxide-fluid interface where they react with the fluid to form the outer oxide. According to 
different authors, diffusion occurs in water-filled pores, or by solid state diffusion along the grain 
boundaries. 

At the oxide-fluid interface, metallic ions can either grow crystals from solution to form the outer oxide, 
or diffuse into the bulk water, where they are transported to other parts of the primary circuit [13]. This 
latest option corresponds to the ionic release of corrosion products. The formation of the outer oxide is 
an important process, as far as oxide contamination by corrosion products is concerned. Indeed, 
radioactive ions from the coolant are incorporated in the outer oxide during its growth. 
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FIG. 2. The inner and outer layer oxide crystals formed on Inconel 600 as viewed by  
scanning electron microscope (SEM). 

 

 

FIG. 3. Growth of the 'double' layer of inner and outer layers of oxide. 
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2.4. The chemical composition of the oxides in the primary circuit 

Experimental investigations were conducted in order to determine the chemical composition of the 
oxides formed on primary circuit alloys, such as SS [11] and Inconel [14]. From a general point of view, 
these experiments show that the two oxides have a different chemical composition as shown in Fig. 4. 
The inner oxide is enriched with chromium and has the composition NixFe1-xCr2O4 where 0 < x < 1. Due 
to its high chromium content, this oxide is almost insoluble under primary circuit reducing conditions. 
The outer oxide is enriched with iron and nickel. It either corresponds to a nickel ferrite of type NixFe3 

xO4 (x = 0.6 according to some experiments [16]) for NPPs equipped with nickel alloy steam generator 
(SG) tubes, or magnetite Fe3O4, for those equipped with SS SG tubes. Some analyses performed on 
Inconel 600 nuclear reactor SG tubes demonstrate the presence of metallic nickel [20]. 

 
FIG. 4. Composition of oxides formed in the primary circuit on SSs and on Inconel 600. 

 
2.5. Corrosion product transport mechanisms in the primary circuit 

Species resulting from metallic corrosion are introduced to the coolant, where they are transported by 
convection throughout the circuit. These species exist in three states: soluble (ions), non-soluble 
(particulates) and colloids. These three corrosion product states are involved in different transfer 
mechanisms between the primary coolant and the circuit wall. 

Ions are involved in precipitation/dissolution phenomena that depend on concentrations of the species in 
equilibrium with the already-formed oxides. Ionic species may be released at one point of the primary 
circuit, may be transported by the coolant, and may then precipitate in another part of the primary 
circuit, where the bulk concentration exceeds the equilibrium concentration of the oxides. Indeed, there 
is an important thermal gradient in the primary circuit – wall temperatures vary from 284°C to 340°C – 
and the equilibrium concentrations of the ionic species depend on wall temperature as observed in Fig. 
5, [21]. Figs 6–7 demonstrate different magnetite solubility vs. pH at different temperatures [22] in the 
oxidizing and reducing conditions and Fig. 8 shows influence of temperature to the solubility of 
different cobalt forms [23].  

 

Metal
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FIG. 5. Concentrations of dissolved nickel and iron in equilibrium with sub-stoichiometric nickel 
ferrite versus temperature. 

 

 

FIG. 6. Influence of pH to solubility of magnetite at different temperatures – oxidizing  
conditions (oxygen concentration 10-6 mol·kg-1). 
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FIG. 7. Influence of pH to solubility of magnetite at different temperatures – reducing  
conditions (hydrogen concentration 10-4 mol·kg-1). 

 

 

FIG. 8. Solubility of different cobalt forms in co-ordinated chemistry (hydrogen  
concentration 4×10-5 mol·kg-1, pH25=10). 

Oxide particulates either created by precipitation in the coolant or by oxide erosion, may be transported 
from the bulk coolant to wall surfaces to form a deposit. The primary coolant flow is turbulent in most 
parts of the circuit. The particulate deposition mechanisms are then: 

 Turbulent diffusion: velocity fluctuations transverse to the flow direction are called eddies, 
and they are responsible for momentum transfer to the walls. Particulates are entrained by these 
eddies and are carried toward the walls. 
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 Brownian diffusion: particles are submitted to Brownian agitation, caused by their collision 
with coolant molecules. Brownian movement of the particles leads to their diffusion, most 
evident in the laminar layer next to the wall. Rodliffe [24] indicates that only particles < 1 m 
will show Brownian diffusion. 

 Inertial impaction: large particles (>1 m according to [24]) may have high enough inertia to 
detach from the coolant eddies and impact the wall, as the velocity of eddies reduce on 
approaching the wall. 

 Sedimentation: particulates may settle under gravity to deposit on the walls of horizontal 
piping. 

 Thermophoresis: this phenomenon arises from a thermal gradient between bulk coolant and 
wall surface. The thermal gradient leads to non-symmetry between coolant/particle interaction 
forces on either side of the particle. Particles therefore diffuse from the hot zones of the coolant 
to the colder regions (wall). 

 Erosion: oxide particles present on primary circuit surfaces can be eroded by the coolant 
turbulence. A particle deposited on a wall surface is submitted to adherent and hydrodynamic 
forces operating in opposite directions. Oxide particles are eroded when hydrodynamic forces 
are greater than adherent forces. 

Fig. 9 summarizes these mechanisms acting at the metal/oxide interface and the oxide/coolant interface 
[24]. Mass-transfer coefficients used in equations depend on temperature, pH(T) and redox potential of 
the particular system. 

 

FIG. 9. Mechanisms responsible for activity transport. 
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2.6. Neutron activation to produce corrosion product radionuclides 

Corrosion products can be activated during their exposure to the neutron flux and therefore be 
transformed into radioactive nuclides. This neutron activation is possible for both ions and particles 
during their travel in the reactor core region or when they deposit on in-core surfaces. Chemical 
elements, present in the structural material submitted to a neutron flux, are also made radioactive. 

The main radioactive nuclides, which contribute to over 90% of the dose rate around the primary circuit, 
are 58Co and 60Co. 

58Co is the activation product of 58Ni (68% content in natural nickel) created on exposure to fast neutrons 
and 60Co is the activation product of 59Co (100% in natural cobalt) formed from exposure to thermal 
neutrons. The activation reactions are: 

58Ni + n  58Co + p 

59Co + n  60Co +  

Cobalt can be found as an impurity in primary circuit alloys: from 0.01% up to 0.8%, except in 
hard-surface materials (stellites) where the cobalt content can be 60%. Stellites only comprise a small 
part of the primary circuit surface (a few square meters) but provide a significant contribution to the 
activated cobalt in the coolant, which is the reason that comprehensive stellite replacement programs 
have been implemented at many plants. 
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3. REVIEW OF MODELS 

 
The activity transport models developed before 1975 tended to be empirical in nature and generally 
difficult to evaluate mathematically unless they were very simple. A review of these early models is 
given in Section 3.1. After twenty-five years of development, the models tend to be mechanistic or, at 
least, semi-empirical in nature, but still very difficult to solve without fast computers. The mechanisms 
and models used in the six computer codes used in the blind benchmarking exercise are presented in 
Section 3.2. 

3.1. A comparison of early models for transport of activated corrosion products in 

water cooled reactors  

Some of the theoretical models for predicting the corrosion product activity build-up in the primary heat 
transport (PHT) circuit of water cooled reactors were studied, with a view to determining the 
fundamental and significant processes and mechanisms involved in the activity transport. The 
assumptions made in these models regarding: 

 corrosion and corrosion product release, 
 deposit, deposition and release, 
 coolant crud, 

are compared below: 

3.1.1. Corrosion and corrosion product release 

Out-core radiation field growth due to the activity transport is caused by the corrosion of the structural 
materials of the heat transport circuit by the action of the hot coolant, and the release of the corrosion 
products to the coolant that are carried through the reactor core and activated. 

Veselkin and Shakh [25] assume an input of corrosion products into the coolant at a constant rate. 
Yerazunis, et al [26] and Bonalumi and Olivi [27] assume a time-dependant corrosion rate, the 
composition of the corrosion products being the same as that of the underlying metal. The Yerazunis 
model uses different corrosion release rates for old and new surfaces, the latter exhibiting a higher 
corrosion rate. Walton and co-authors [28–30] consider the corrosion film to be preformed, the 
composition of which is represented by the two limits:  

(1)  composition of the film is same as that of the underlying metal for each region, 
(2) composition of the film is constant throughout the circuit and is an average for all the regions in the 

circuit.  

They assume a first order release of corrosion product from the film to the coolant. Formation of fresh 
corrosion products is thus neglected. 

The need for better estimates for corrosion and release rates is apparent. The oxide films on SS surfaces 
have been shown to be richer in chromium than the steel itself. This may be due to the lower solubility of 
chromium oxide in water and/or due to the higher rate of oxidation of chromium in the steel. Thus the 
assumption that the corrosion film or the material released by corrosion has the same composition as the 
base metal does not seem to be valid. Values for corrosion release rates, at least for cobalt, have to be 
ascertained. 

3.1.2. Deposit, deposition and release 

The Yerazunis model divides the deposits on in-core surfaces as well as out core surfaces into 
permanent and transient fractions. Only molecular diffusion and recoil processes are allowed for 

12



transport of activity to and from the permanent deposit, except for the particulate transfer from the 
transient to the permanent layer. In transient deposits particulate transfer is also allowed. The transient 
layer remains steady in thickness, while the permanent one grows. The particle deposition coefficient is 
assumed to be the same for all elements and to be controlled by a convective process and is defined in 
terms of the conventional mass transfer equation, a particulate deposition coefficient typical of 0.1 um 
particles being used. Release is assumed to be by erosion and the release rate constant is again assumed 
to be the same for all elements and equal to that for iron. The recoil process has been neglected as 
unimportant. 

According to Yerazunis's model, the molecular transport coefficient for absorption onto the deposits is 
related to the area of the crud (which is assumed proportional to the amount of the crud) and an assumed 
mass transfer coefficient. The transport from the deposits to the coolant (desorption) is related to the 
specific surface area of the crud, the chemical solubility of the element under consideration and the mass 
transfer coefficient. The molecular transport coefficients describing the release to the coolant are 
assumed to be the same for all deposits in-core and out of core. 

The Walton model describes the deposition and release by ion exchange between the corrosion film on 
the surfaces and the ions in the coolant. First order kinetics are postulated for these processes. The 
coefficients of deposition and release, i.e. absorption and emission, are different for different ions and 
different surfaces. 

The model of Veselkin and Shakh [24][25] postulates constant deposition and release rate coefficients 
throughout the circuit. The model of Bonalumi and Olivi [27] considers the deposition and erosion 
coefficients as variables in time and space. These coefficients are considered to be different for active 
and inactive isotopes. The recoil process is also included in the mechanisms for release. 

Clearly, a simple mechanism cannot describe deposition and release processes. Both molecular and 
particulate transport have to be considered. Particulate deposition is possibly determined by diffusion 
across the boundary layer and by electrophoretic control. Thus the particulate deposition coefficient can 
be expected to be dependant on the local hydraulics, the depositing species and the deposition surface. 
Since radiation would affect the species in the coolant, a definite difference in deposition coefficient 
in-core and out-of-core might be expected. Particulate release, by erosion, would depend on the binding 
strength of the deposit and hence might be expected to be different for different species and also in a 
radiation field. It has been observed that the deposit becomes progressively more adherent with 
increasing depth from the surface of the deposit. Thus erosion should become progressively more 
difficult and the particulate release rate coefficient should decrease with increasing depth of the deposit. 
The effect of change in the release rate coefficient would be an increase in the release rate with 
increasing amount of deposit till it reaches a steady state when the release becomes pseudo-zero order. 
This would correspond to a first order release rate from a layer of deposit of constant thickness: the 
transient or erodable layer. The molecular deposition and release process may be due to an ion exchange 
reaction between the species in the coolant and the deposit on the walls. 

3.1.3. Coolant crud 

Many of the models do not specify the nature of the coolant crud, i.e., whether it is particulate or 
dissolved or both. Walton's model considers only dissolved, ionic species. Absorption and desorption 
processes between the corrosion film and the coolant constitute the removal and input mechanisms for 
the coolant crud. Yerazunis's model considers both the particulate and the dissolved activities in the 
coolant. The molecular, diffusion-controlled transport process between these two phases is described in 
terms of coefficients related to the surface area of the crud, coolant volume and the chemical solubility 
of the crud. In addition, a 'particulation' coefficient for recent corrosion products is defined in terms of 
corrosion release rate, purification removal rate and chemical composition of the crud. A description of 

13



the coolant crud should include both suspended and dissolved species. The deposition and release rate 
coefficient would be different for the two types of species. The deposition and release processes for the 
dissolved species may be the ion exchange between the coolant phase and the deposit on the walls. 
There may be a further equilibrium between the dissolved and suspended species, which may be 
controlled both by the solubility of the species in the coolant and by ion exchange between the two types 
of species. 

3.2. A review of codes and approaches for activity transport in water reactors  

Modern digital computers allow complex mathematical descriptions of models for activity transport to 
be evaluated numerically rather than analytically. The equations describing the mechanisms in the 
models are solved in computer codes written in a variety of languages such as FORTRAN or C. For 
purposes of clarity, the words "mechanisms", "models", and "codes" are defined briefly first: 

 Mechanisms describe the way in which chemical or physical entities interact with each other. 
Nature's laws for these interactions are the basis of the scientific literature in chemistry, physics, 
and engineering. 

 Models are an assembly of one or more mechanisms that the scientist or engineer thinks may 
account for observations at a particular surface or in a particular volume of fluid. Models may be 
described in words, or the mechanisms in them may be described mathematically by equations. 
If some of the mechanisms are not well-known and are described in an empirical way, then the 
model is called 'empirical'. If the mechanisms are well-understood, then the model is called 
'mechanistic'. 

 Codes are the mathematical descriptions of models that are written in a language suitable for 
use in a digital computer. The codes allow the equations to be evaluated quickly and permit their 
predicted observation to be compared with the experimental observation. 

3.2.1. ACE-II 

The ACE-II model was developed in Japan. Fig. 10 shows the components identified for the improved 
code ACE-II [6], [31]. The following series of steps is given by the authors: 

 The inner and outer oxides are generated by corrosion of component materials. 
 Part of the outer oxide is released into the coolant by dissolution or erosion. 
 There are two types of corrosion products in the coolant: dissolved and particulate. 
 The loose crud grows by precipitation or deposition of corrosion products from the coolant. 
 Activity in the loose crud diffuses into the outer and inner oxide by isotopic exchange or 

'incorporation with corrosion of material'. 
 Materials in the core region are activated directly and the activity is released to the coolant. 
 Parent elements are nickel, iron, and cobalt, and radioactive nuclides are 58Co and 60Co. 

The rate constants are termed 'deposition coefficient', 'erosion coefficient', and 'mass transfer coefficient' 
and most have empirical values based on a comparison of prediction with observation in Japanese 
PWRs. The model uses Beal's theory for particle deposition with 0.68 m size particles in the loose crud 
and 3 m size particles for the outer layer oxide, based on plant data. Solubilities are used for Ni, NiO, 
and nickel ferrite (NiO.Fe2O3) determined either theoretically or experimentally. The movement of Co is 
determined by the behaviour of the nickel ferrite. 
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FIG. 10. ACE code transport processes. 

 

Detailed description of the code: 

CODE NAME : ACE 

Version : 2 

The first version of ACE was composed in 1992. 
Version 2 was developed in 1999. 

Date : September 2000 

Development team 

Nuclear Chemical Engineering Section 

 Address : 

Omiya R&D Department 
Nuclear Development Corporation 
Kitabukuro-cho 1-297, Omiya, Saitama, 
330-0835, Japan. 
Phone: (81)-48-642-4412 
Fax  : (81)-48-650-2214 

OBJECTIVES:  

ACE is a computer code developed by the Nuclear Development Corporation in cooperation with 
Mitsubishi Heavy Industries Ltd. for the prediction of radioactivity level and the evaluation of effect of 
countermeasures in the primary circuit of PWRs. The ACE analyzes the behaviour of corrosion 
products, activated or not, in order to determine the activity in the fluid and the deposited activity of 
out-of flux surfaces. 

LANGUAGE : FORTRAN 77              

Number of instructions : 

Approximately 7000 lines of code (including comments) 

Running on : Unix workstation 
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MAIN MODELS : 

Corrosion rate 

Corrosion rate is thought to follow a cubic law for the first year and to be constant after that. The 
corrosion rate of the main coolant piping and other SS was determined from the amounts of the inner 
oxide in the detached piping investigation at Japanese plants and corrosion tests data. The corrosion 
rate of alloy 600, which was used for the SG tubing, was estimated by simulating nickel inventory 
from actual plant data. The corrosion rate after the first year was deduced to be constant from the trend 
of 58Co activity level at the out-of-core surface and amount of Ni removed during plant shutdown. 
However, the corrosion rate of alloy 690 was set to follow t0.42 for all plant life estimated nickel 
inventories at Japanese actual plants. The cobalt input from the hard-facing alloy, Stellite, was 
calculated based on the results estimated by EPRI and by using erosion test data. 

Deposition, erosion 

The deposition and erosion rates were estimated based on S.K.Beal’s theory. The particle size was 
taken to be 0.68 µm for the loose crud and 3 μm for the outer oxide based on actual plant data. The 
inner oxide is not released by erosion and dissolution. The behaviour of particles depends on many 
factors other than the fluid condition, temperature, particle size and particle density which can be 
handled by S.K.Beal’s theory, but there is insufficient information to calculate the other factors 
quantitatively. However, the pH of the coolant is an important factor for water chemistry, and it is 
known that the pH influences the behaviour of particulate corrosion products due to the surface charge 
on particles. Therefore, the effect of pH on the deposition and erosion rates has been introduced into 
this model.  

Dissolution, precipitation 

The transfer of dissolved species can be expressed as the product of mass transfer coefficient and the 
difference between the concentrations at the surface and in the coolant. The mass transfer coefficient 
can be calculated theoretically, but the theoretical value is not consistent with actual plant data, 
because the gross mass transfer also depends on the condition of the surface. Therefore, the mass 
transfer coefficient was estimated by using concentration data on the purification rate change at actual 
plants and inpile loop test data. Also, the solubilities of nickel and cobalt from corrosion products were 
calculated based on experimental results for Ni0.8Fe2.15Co0.05O4. 

Incorporation in oxide film 

Radioactivity is incorporated into the outer and inner oxides by isotopic exchange and as a result of 
corrosion. The isotopic exchange rate depends on the diffusion coefficient, the diffusion distance, the 
concentration of the dissolved species and the difference in the specific activity. On the other hand, the 
rate of incorporation as a result of corrosion depends on the specific activity of the loose crud and the 
rate of oxide growth due to corrosion. There is a clear relationship between the cobalt content and the 
composition of chromium in the corrosion products. This effect was introduced into the incorporation 
mechanism by using the composition of chromium in the oxide as input data. 

Improved points at version 2 

The chemical form evaluated in version 1 is only nickel ferrite. However, metallic nickel was found to 
have an important role on 58Co generation at Japanese plants. Therefore, ACE version2 was enlarged 
chemical forms to metallic Ni, NiO and nickel ferrite. NiO is generated by oxidation of metallic Ni. 
The stability of metallic Ni and NiO will depend on temperature and dissolved hydrogen 
concentration. The thermodynamic evaluation has been used to estimate stable chemical form at each 
region and chemistry. It is assumed that there is thermodynamic equilibrium between metallic Ni (or 
NiO) and nickel ferrite.   
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DOMAIN OF USE : 

ACE has been used to predict the effects of reactor design (SGs material, fuel assembly grids…) and 
the effects of reactor operating conditions (water pH, dissolved hydrogen concentration, fuel cycle 
duration …) on PWR contamination. At present, ACE is able to treat Fe, Ni, and Co as elements and 
58Co, 60Co as activity nuclides, and these are calculated at mass balance condition. 

VALIDATION FIELD : 

The qualification of the ACE code was done by means of comparison of ACE simulated results with 
actual Japanese plant data. 

KEY REFERENCES: [31–41]. 

 

3.2.2. CRUDTRAN 

The CRUDTRAN code was developed in Republic of Korea. Fig. 11 shows the various crud creation 
and deposition mechanisms for both dissolved and particulate material [42]. The non-stoichiometric 
nickel ferrite shows an inverse solubility curve with temperature over most of the pH range considered. 
Therefore, in the out-of-core region where crud in the coolant is under-saturated, crud is dissolved from 
the surface into the coolant. In the core where crud in the coolant is super-saturated, crud is precipitated 
and is deposited on the surface. Radionuclides 58Co and 60Co created in the in-core deposit are 
transported into the coolant by isotope exchange process in the diffusion and are deposited out-core by 
the same mechanism. The coolant is at steady state for solute, but the dissolved and particulate 
radioactivity grows with time. Fig. 12 shows the four node model built on the above mechanisms. The 
model predicts the dissolved and particulate behaviour of iron, with Ni and Co following the iron in 
fixed ratios. Only five mass balance equations are needed to describe the iron and radionuclide 
quantities incore, outcore, and in the coolant. This model was fitted to data from the PWR coolant 
chemistry loop (PCCL) at MIT to give crud and activity transport factors. These factors combine both 
mass transfer and crystallization or dissolution kinetic constants. They both show that mass transfer is 
fast compared to these surface kinetic constants. The CRUDTRAN model considers oxide dissolution 
from the SG and such dissolution is controlled by surface kinetics, not mass transfer. The transfer of 
radionuclides from the heavy deposit growing in-core to the corrosion oxide layer out-of-core is 
controlled by isotope exchange process in the diffusion. 
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FIG. 11. CRUDTRAN: movement of corrosion products in a PWR primary circuit. 

 

 

CR  =  corrosion rate in SG 

RS  =  crud release rate as soluble species in SG 

DS  =  crud deposition rate as soluble species in core 

PR  =  crud precipitation rate in the coolant 

DP1  = crud deposition rate as particulate in core 

DP2  =  crud deposition rate as a particulate in SG 

FIG. 12. CRUDTRAN: four node model for crud transport. 
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Detailed description of the code: 

CODE NAME : CRUDTRAN 

 

Date: April. 2002 

Address : 

KAERI 
Yusung P.O. Box 105, Taejon, Korea 
Phone : +82-42-868-2257 
Fax : +82-42-863-0565 
E-mail : cblee@kaeri.re.kr 

OBJECTIVES  

CRUDTRAN is a code to predict the corrosion product and radioactivity transport in the primary 
coolant system of PWR. The main mechanism of the corrosion product transport is dissolution, mass 
transfer and crystallization of the crud induced by the difference of the crud solubility in the coolant 
with temperature and the water chemistry conditions. CRUDTRAN is mainly intended to predict the 
effects of the coolant chemistry condition on the crud and activity transport.  

LANGUAGE : FORTRAN 77              

Number of instructions : 

Approximately 1500 lines of code (including 
comments) 

Running on : PC  

 

MAIN MODELS : 

The PWR primary circuit is divided into three principal sections such as the core, the coolant and the 
SG. The driving force for crud transport in the PWR primary coolant comes from coolant temperature 
changes throughout the system and the resulting changes in corrosion product solubility. As the 
coolant temperature changes around the PWR primary circuit, the saturation status of the corrosion 
products in the coolant also changes. In the core, where the coolant temperature increases, the soluble 
species exist in a super-saturated state, so that there is a driving force for the soluble species to deposit 
on the core surface, or precipitate as particulates. On the other hand, in the SG, as the coolant 
temperature decreases, the soluble species become under-saturated, so that there is a driving force for 
the corrosion products on the SG surfaces and the particulates in the coolant to dissolve into the 
coolant to restore a saturation concentration of corrosion products in the coolant. 

Water chemistry has a strong effect on the crud and activity transport. The soluble species of the 
corrosion products are the dominant form in the crud and activity transport while the particulate form 
of crud in the coolant can also contribute to crud and activity transport.  

Soluble Transport 

Crud transport processes as soluble species from the SG to the core in the PWR primary circuit are 
dissolution at the SG tubing surface, mass transfer across the boundary layer in the SG, mass transfer 
across the boundary layer in the core, and crystallization on the core fuel surface. 

Recirculation of the highly turbulent coolant through the PWR primary circuit transfers the corrosion 
products from the SG to the core without any significant intervening resistance. On the other hand, the 
activity produced in the core is transported from the core to the SG, driven by its concentration 
gradients, and its paths are dissolution at the core fuel surface, mass transfer across the boundary layer 
in the core, mass transfer across the boundary layer in the SG, and crystallization on the SG surface. 
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Since the crud and activity inventories in the coolant may quickly reach quasi steady-state values the 
bulk primary coolant can be removed in the nodalization of the primary circuit. The balance equations 
of crud and activity transport as soluble species which show that crud transport from the SG to the core 
is proportional to the solubility difference of corrosion products between the SG and core surfaces are:

         

        

     

       

Since the most important corrosion product for which reliable solubility data is available is iron, only 
iron is considered, and nickel and cobalt are assumed to follow the iron in fixed proportions. Then, 
crud and activity transport factors, c and a can be defined as follows. 

   

   

The crud and activity transport factors, c and a, control the relative magnitude of the crud and 
activity transport. Crud transport from the SG to the core is proportional to the difference of the 
corrosion products solubility at the SG and the core surfaces. The solubility of the corrosion products 
depends upon the coolant pH, temperature and dissolved hydrogen concentration. Thus, coolant 
chemistry conditions such as high pH, high temperature and small hydrogen concentrations give 
smaller solubility differences between the SG and core surfaces, and hence less crud transport from the 
SG to the core, and less activity build-up in the SG. The corrosion rate of the SG tubing and initial crud 
inventory in the SG has little effect on the crud and activity transport in this model.  

Particulate transport 

Dissolved corrosion products in the coolant may precipitate as particles in super-saturated regions of 
the PWR primary loop. There are four possible paths for such corrosion products as solubles and 
particles in PWR primary coolant: soluble species deposition on surfaces, solubles diffusion to 
particles in the coolant, particle deposition on surfaces, and particle agglomeration in the coolant. 
Activity transport may also be affected by particulate precipitation. When the solubles precipitate in 
the coolant, the same fraction of radioactive elements is assumed to be incorporated into the 
particulates along with the iron. Particulates may precipitate in the bulk coolant and agglomerate to 
form very small particles, and then deposit on the core and SG surfaces before growing into larger 
particles, due to the much stronger tendency of particulates to deposit on the surfaces than to grow. 
However, particulate precipitation from the super-saturated soluble species in the coolant does not 
change the basic dependence of the crud transport from the SG to the core upon the solubility 
difference. It only decreases the amount of net crud transport from the SG to the core due to 
re-deposition of the particulates on the SG since particulate can deposit any surfaces regardless of the 
crud saturation status in the coolant. 
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Solubility ofiIron 

The corrosion products formed on the surfaces of the SG Inconel tubing and SS under nominal PWR 
coolant chemistry – very low oxygen content (< 10 ppb) and high hydrogen partial pressure (~ 25 cc 
H2/kg-H2O) – are measured to be mainly nickel-ferrite (NixFe3-xO4) or nickel-cobalt-ferrite 

(NixCoyFe3-x-yO4), with the x value (or x+y in the NixCoyFe3-x-yO4) ranging from 0.45–0.75. 

Based upon the composition ratio of nickel-ferrite, the solubility of the iron can be calculated by using 
chemical dissociation reactions of the nickel-ferrite. The dissolved iron consists of the four dominant 

ionic forms such as Fe++, Fe(OH)-, Fe(OH)2, and Fe(OH)3+, and the solubility of the iron(s) is the 

sum of the saturation (or equilibrium) concentrations of these ions.  

TYPE OF NUMERICAL TREATMENTS :  

CRUDTRAN predict the 58Co and 60Co activities in both the SG and the fuel surfaces. Solubility of 
iron from the nickel-ferrite under reduction condition is used in the calculation of the corrosion 
products in the PWR primary circuit. 

DOMAIN OF USE : 

CRUDTRAN can be used for a PWR with Inconel SGs.  

VALIDATION FIELD : 

Validation of CRUDTRAN code was done by comparison with results of in-pile PWR-simulating loop 
tests in the research reactor (MITR) with different water chemistry conditions. 

KEY REFERENCES: [42–44]. 

 
3.2.3. DISER 

The code DISER was developed in the Czech Republic. Fig. 13 summarizes all the processes described 
in this code [45–46]. The coolant contains solute, colloids, and particulate corrosion products. Corrosion 
of the base metal follows parabolic kinetics and creates only an inner layer oxide. Solute is formed by 
dissolution of the inner oxide layer when the coolant is unsaturated in dissolved iron or nickel, based on 
magnetite or nickel ferrite solubility. When the coolant is supersaturated in the boundary layer at the 
local surface temperature, it precipitates to form both an inner and an outer oxide layer. Solute also 
forms colloidal particles in the coolant when the bulk coolant is supersaturated with respect to a 
specified iron oxide, e.g. magnetite or nickel ferrite. Similarly, colloids dissolve to form solutes if the 
bulk coolant is unsaturated. Colloids deposit if Brownian motion provides them enough energy to 
overcome the energy barrier that may exist at a particular surface due to its composition and the water 
chemistry at that time, e.g. work against electrostatic repulsion must be done before van der Waals 
attraction can hold the colloid to the surface. Fig. 14 shows the energy barriers to deposition and to 
release. Colloids may detach with a change in water chemistry. Colloids >0.8 μm diameter behave as 
particles with their inertial behaviour important in carrying them across a flow boundary layer at a 
surface. A sticking probability is calculated from Beal's model to determine if a particle reaching a 
surface will remain or immediately be carried back into the bulk coolant. Deposits of particles may be 
eroded in some way not specified. Similar mechanisms operate for corroding surfaces in the reactor core 
where all three forms of corrosion product may be irradiated and released. Fig. 15 shows in more detail 
the dissolution of the inner and outer oxide deposit layers that may exist either in the reactor core or in 
the SG, depending on the water chemistry at that time and its effect on the temperature coefficient of the 
solubility for that oxide. Fig. 16 shows similar precipitation considerations. 
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FIG. 13. DISER code: movement of corrosion products in a PWR primary circuit. 
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FIG. 14. DISER Code: microscopic model of particle interaction with surface. 

 

 

 

 

 

 

 

 

FIG. 15. DISER code: microscopic model of corrosion film dissolution in unsaturated coolant. 

 

 

 

 
 

 

 

                  

 

FIG. 16. DISER code: microscopic model of precipitation on corrosion film in saturated coolant. 
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Detailed description of the code: 

CODE NAME : DISER 

Version : 2 

The first version of DISER was composed in 1990. 
Version 2 was developed in 1999. 

Date : May 2002 

Development team 

Irradiation Projects Department, Reactor Services 
Division 

Address : 

Nuclear Research Institute Rez plc 
250 68 Husinec-Rez 130 
Czech Republic 
Phone: (420)-2-6617-2453 
Fax  : (420)-2-6617-2045 
E-mail: zmi@ujv.cz 

OBJECTIVES:  

DISER is a computer code developed by Nuclear Research Institute Rez plc for prediction of corrosion 
products behaviour and radioactivity build-up on the WWER and PWR primary system surfaces. The 
DISER analyzes an effect of various parameters and characteristics (e.g. water chemistry, structure 
materials) on corrosion products transport and contamination of the out-of-core surfaces. 

LANGUAGE : FORTRAN 77              

Number of instructions : 

Approximately 2000 lines of code (including 
comments) 

Running on : PC 

 

MAIN MODELS : 

The DISER code describes behaviour of corrosion products originating from structure materials (Fe, Ni, 
Cr) and their major radionuclides (58Co, 60Co, 54Mn, 51Cr, 59Fe). The reactor primary circuit is divided on 
15 parts (nodes) characterized by different conditions (thermal-hydraulic, materials, neutronic). Five 
nodes represents the reactor core (SS and Zr surfaces are considered), five SG tubing, two SG collectors 
(channel heads), two the primary piping and one a purification system. Simple thermal-hydraulic 
calculation is performed, and coolant and wall temperature for each part of the primary circuit is 
determined. Using the primary water chemistry data and calculated temperatures, pHT values and 
corrosion products solubilities in the bulk of coolant and in the coolant boundary layer are determined. 
Various thermodynamic models of solubility can be used (e.g. magnetite, nickel-ferrite, 
nickel-cobalt-ferrite and nickel oxide). 

It is supposed that a double oxide layer is formed on the primary surfaces. The inner oxide layer is formed 
by corrosion of structure materials that is consider to follow a parabolic kinetics. The outer oxide layer is 
formed in process of precipitation and deposition of corrosion products circulating in the coolant. 

Corrosion products in the coolant exist in three different forms: as a soluble (ionic) species, in colloidal 
form, and in form of inertial particles. A part of the corroded material is released in process of corrosion 
into the coolant in ionic (soluble) form. Concentration of non-active ionic species is equal to the solubility 
under the given thermal and chemistry conditions. The colloids are formed in the coolant by a nucleation 
process when bulk coolant is supersaturated with respect to specified solubility limit. The inertial particles 
are formed in agglomeration process. Both, colloids and inertial particles can be dissolved in the bulk of 
coolant. Also, corrosion product agglomerates break-up is considered if the shear stresses acting on the 
agglomerate from the side of flowing liquid exceed the attracting forces acting between particles. Colloids 
and inertial particles are divided into several groups (13) characterized by the certain size (diameter) and 
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the behaviour of these groups is described depending on their size. 

Transport of ionic (soluble) species is described as a diffusion process. Its intensity and direction is 
determined by a gradient of corrosion products solubility in the coolant boundary layer. Precipitation of 
corrosion products or dissolution of oxide layer can occur in different part of the circuit. 

Corrosion product particles with size in the range of 0.01–0.6 µm carrying an electric charge are described 
as colloids. Transport processes of colloids are governed by interaction with charged surface and formation 
of a potential barrier. Probability of its penetration determines colloids deposition and detachment. 

Transport processes of the inertial particles are governed by their inertion characteristics in the coolant 
boundary layer. A sticking probability is calculated from Beal´s model to determine if a particle reaching a 
surface will remain or immediately be carried back into the bulk coolant. Erosion of the inertial particles 
from the surface is given from a balance between attractive van der Waals forces and drag forces acting on 
the surface from the side of flowing liquid. 

The following activation mechanisms of corrosion products are considered: 

• activation during the passage through the reactor core with the primary coolant, 
• activation of corrosion product deposits on the in-core surfaces, 
• activation of in-core structural materials, corrosion and release into the primary coolant. 

DOMAIN OF USE : 

DISER has been used to predict contamination of the primary circuit inner surfaces by corrosion product 
radionuclides in WWER and PWR units. Also, the effects of reactor design (SG material, fuel assembly 
grids, purification system parameters, etc.) and the effects of reactor operating conditions (water pH, 
dissolved hydrogen concentration, fuel cycle duration, coolant flow rate etc.) on WWER and PWR 
contamination has been analyzed. An accumulation of radioactivity in the WWER unit coolant purification 
systems (high-temperature Ti filters and ion exchange resins) has been evaluated. 

VALIDATION FIELD : 

The qualification of DISER code has been performed by means of comparison of the DISER simulated 
results with actual WWER plant data (data from NPP Dukovany, LOVIISA, Bohunice have been used). 

KEY REFERENCES: [47–51]. 

 
3.2.4. MIGA-RT 

This code was developed in Bulgaria. Fig. 17 shows the four regions plus purification system modelled in this 
code and Fig. 18 shows the interaction of each region with the coolant [52]. Both particulate and dissolved 
materials are considered. Corrosion releases only dissolved species with the parabolic rate law being assumed 
to apply during the first reactor cycle, and thereafter the corrosion rates of the SS and SG alloy are assumed 
constant. Elements are released in proportion to their content in the corroding material. Only one oxide or 
deposit layer is considered on each surface. Particles are formed by erosion of these oxide layers. The 
behaviour of dissolved species is determined by the solubility of the particular oxide phase being considered, 
e.g. magnetite, nickel ferrite or sub-stoichiometric nickel ferrite, metallic nickel, or nickel oxide. The 
deposition and release of particles is controlled by the hydrodynamics on each individual surface, with 
deposition determined by the mass transfer rate for particles of size 0.7–1.0 μm across the flow boundary layer 
combined with a sticking probability for attachment. Detailed mass balance equations are written for each 
chemical element in the coolant at a node in a particular region, and for the same element on the surface in that 
region. Similar equations are written for the radionuclides, e.g. 58Co and 60Co, both particulate and dissolved, 
in each region in the coolant and on the surface. Each radionuclide behaves as does its parent element, e.g. 58Co 
will behave in the same manner as nickel. 
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FIG. 17. MIGA-T: description of regions modeled in MIGA code 

 

 

 

 

 

FIG. 18. Transport processes of corrosion products in PWR primary circuit. 
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Detailed description of the code: 

CODE NAME: MIGA 

Version: MIGA RT 

 

Date : November 2000 

Development team: 

Department of Nuclear Energy  
Reactor and System Chemistry Group  
Institute for Nuclear Research and Nuclear Energy 
, 
Bulgarian Academy of Sciences , SOFIA, 
BULGARIA 

Address: 

72 Tzarigradsko Chaussee, Sofia BG-1784 
Bulgaria  
Phone:++359-2-7144576 
Fax:++359-2-9753619 
e-mail:nely@inrne.bas.bg 

OBJECTIVES:  

The MIGA-RT code was developed for the calculation of time-accumulated activity of the main 
corrosion products radionuclides 60Co and 58Co on different parts of the primary system of WWER 
NPPs. This code was developed within the framework of the IAEA CRP “Modelling of Transport of 
Radioactive Substances in Primary Circuit of Water Cooled Reactors” with the financial support of 
IAEA. MIGA-RT was applied to the NPPs EBO-1 (Slovakia), LOVIISA-1 and LOVIISA-2 (Finland). 
MIGA-RT code was used also for calculation of the radioactivity build-up in the primary circuit of 
French NPP CRUAS-1 

LANGUAGE : FORTRAN 77  

Number of instructions : 

Approximately 18508 lines (including the main 
program, additional subprograms, comments) 

Running on : PC / DOS 

 

MAIN MODELS: 

The WWER reactors use specific potassium-ammonia primary water chemistry. The potassium 
hydroxide is introduced as a pH control agent. Under the core irradiation, ammonia dissociates 
forming hydrogen and nitrogen. Excess of hydrogen (30–60 cm3·kg-1) provides for profound 
suppression of coolant radiolysis. As a result oxygen content in coolant is kept below 5 g· kg-1. The 
specifications of reactor water quality for WWER-440 allows small variations of the pH values (7.2  
0.1 at 300°C) though a correlation between the concentration of alkali ions and boric acid in order to 
maintain the coordinated water-chemistry control. CP transport phenomena, both particulates and 
solubles, are the cornerstone of the MIGA code. 

CP particle transport 

The main model involved in description the CP transfer is related mainly to particle/wall interaction 
and particularly includes deposition and release mechanisms under pressurized water reactors 
condition. The model itself is based on the updated Beal’s deposition model in a turbulent flow [35]. 
By analogy to the phenomenological models, analytical expressions for both deposition coefficient 
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(kd) and release coefficient (ke) are defined as follows: 
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Where  
K is the mass transfer coefficient (m·s-1); 
kd  is the deposition coefficient (m·s-1);  
ke is the release coefficient (s-1);  
p is the sticking probability;  
s  is the particle stopping distance (m);  
VB  is the particle velocity in the s layer due to Brownian diffusion (m·s-1);  
Vf  is the particle velocity in the s layer due to momentum (m·s-1);  
  is the release constant (s-1). 
 
For determination of the sticking probability (p) a hypothesis for two-stage particle-wall interaction 
mechanism was introduced. The first stage is considered removal of the hydrated shells (dehydration) 
of the particle surface ions while the second stage is related to the adsorption of the dehydrated 
particles on the metal surfaces. On the other hand, this is a process accounting for both thermal 
activation in the particular circuit node and the physico-chemical condition on the surface related to 
the local water chemistry. The above approach has been extended to the ion-wall interaction 
disregarding all the inertial terms in the equations above and considering the difference in dehydration 
of CP depending on their size, according to [53]. 

The application of this approach to the well-known phenomenological models has increased their 
flexibility for circuits with arbitrary design and operational parameters (geometry, thermohydraulics, 
and water chemistry). The above described philosophy has been applied in the MIGA computer code, 
which was created to simulate and predict the crud activity transport in PWR and especially WWER 
reactors.  

The reactor circuit in the MIGA model is generally divided by n-nodes (g-nodes in the reactor core) 
with well defined design (geometry, construction materials) and thermal-hydraulic condition. Because 
of the lack of precise plant data the current evaluations for WWER and PWR are limited to the circuit 
divided by 6 nodes, including that of the CVCS-system. 

Activation 

Ion and solid particles are transported in different regions of the primary circuit by means of the fluid. 
When they reach a part of the circuit submitted to neutron flux (mainly in-core regions), they are 
activated. Classic nuclear reactions are accounted for in the MIGA-RT code. Two radioactive isotopes 
are of major interest: 58Co and 60Co. They are produced by the following two nuclear reactions: 

n + 58Ni  58Co + p 

n + 59Co  60Co +  

and have a respective half-life of 72 days and 5.3 years 
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Ionic transport  

The MIGA-RT model version includes an updated thermodynamic approach for calculating the 
solubility of CP in form of nonstoichiometric Ni-ferrites. Dinov and Kasahara analysis [54] has shown 
that a high temperature system, containing NixFe3-xO4 in equilibrium with its dissolution products 
under PWR primary chemistry exhibits a trend to form intermediate (metastable) states, specific to 
plant conditions, materials and water chemistry. In this relation, the generation of free Ni in metallic 
state was shown to be important. For such analyses, the introduction of a recently proposed, more 
integral parameter than pH(T), called thermodynamic stability effect (TSE) indicator, was proposed to 
be related to the stability of two competing most stable (metastable) states of the system. A program 
module for evaluation the most stable among the relevant metastable states of the primary aqueous 
system, containing nonstoichiometric Ni-ferrite (NixFe3-xO4) as a corrosion solid phase of principle 
interest, together with other decomposition phases, as: magnetite (Fe3O4), NiO and metallic Ni – in 
equilibrium with the corresponding ionic species and hydrolysis products – was developed. This 
module was included into the computer code version MIGA-RT for further improvement of its 
capabilities to calculate correctly the yield of solubility in the total mass and activity transport. 

TYPE OF NUMERICAL TREATMENTS:  

The general equations using by MIGA-RT code are: 

 Total concentration of i-th parent element in the coolant ( im )  

 Surface concentration in j-th node  

 Total concentration of i-th radionuclide in the coolant ( *
im ) 

 Surface concentration of i-th radionuclide in j-th node  
 

DOMAIN OF USE: WWER, PWR 

VALIDATION FIELD: 

The qualification of the MIGA-RT code was tested in NPPs EBO-1, LOVIISA-1, LOVIISA-2 and in 
Beznau PWR NPP  

KEY REFERENCES: [53–56]. 

 

3.2.5. PACTOLE-2.2 

The PACTOLE code has been under development in France for over thirty years. Fig. 19 shows the five 
regions in each control volume that are modelled by mass balance equations in PACTOLE [57–58]. 
Metal corrodes to form both an internal oxide layer in contact with the metal and to release ions directly 
to the coolant. The metal ion solutes may precipitate if the bulk coolant concentration exceeds the 
solubility of any of the possible ferrites, e.g. nickel ferrite, cobalt ferrite, manganese ferrite, and 
magnetite. Solute will precipitate either on the inner oxide layer outcore or on incore surfaces, 
depending on the water chemistry at that point in the fuel cycle, e.g. В and Li concentrations. 
Precipitation forms a deposit which can be eroded to form particles in the coolant if the deposit is 
beyond a critical thickness. The particles and the solute may be removed by the purification system. 
Particles will deposit on all system surfaces, enhancing the radiation field locally if out-of-core, or being 
irradiated if deposited in-core. Particles deposited in-core are released by erosion and by dissolution. 
Ions may exchange with the surfaces of the deposit and with the inner oxide layer to contribute to 
radiation field growth. Fig. 20 shows a case with unsaturated coolant where ions are released to the 
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FIG. 21. PACTOLE: microscopic model of corrosion film in saturated coolant. 

 

 

Detailed description of the code: 

CODE NAME: PACTOLE 

Version: V 2.2 

The first version of PACTOLE was released in 
1973. Subsequent versions have followed since 
then. 

Date : July 1999 

Development team 

Division of Nuclear Measurement and Transfer 
Modelling 
Laboratory for Interactions and Transfers in 
Reactor Modelling. 
 
Address: 

C.E.A. Cadarache 
Saint Paul lez Durance 13108 cedex 
France 
Phone : (33)-4-42-25-78-09 
Fax : (33)-4-42-25-77-67 

OBJECTIVES: PACTOLE is a computer code developed by the Commissariat à l’Energie Atomique 
in cooperation with Electricité de France and Framatome for the prediction of contamination in the 
primary circuit of PWRs. The goal of PACTOLE is to analyze the behaviour of corrosion products, 
activated or not, in order to determine the activity in the fluid and the deposited activity of out-of flux 
surfaces. 

*
MZ+ MZ+ *

MZ+
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LANGUAGE: FORTRAN 77              

Number of instructions : 

Approximately 9000 lines of code (including 
comments) 

Running on : PC – Unix workstation 

 

MAIN MODELS: 

Corrosion, ion release and solubility 

Corrosion is the initiating process for primary circuit contamination. Metal oxidation leads to the 
formation of a segregate two-layer oxide. The first layer, in contact with the metal, behaves as a 
protective layer as far as ion transport from metal and fluid is concerned. Since corrosion occurs, this 
layer is initially enriched with Cr which promotes the insoluble aspect of this layer. This layer is very 
thin (less than 1 µm) and is of spinel type (Fe2NiO4). The second oxide layer, in contact with the fluid, 
consists of a more soluble oxide combined with deposit particles. 

During the corrosion process of the alloys constituting the primary wall (part of the circuit in contact 
with the primary coolant), mainly SS and Inconel (nickel-based alloy used for SG tubing) or Incoloy 
(iron-based metal), metallic ions are released into the fluid. 

Even though a small quantity of material is released to the fluid (release rate of some mg/dm2/month), 
these products travel in the circuit and may be deposited on wall surfaces submitted to neutron flux 
thus being activated. The radioactive isotopes thus produced are then deposited on different parts of 
the circuit and are the main contributors to the dose rates. 

The main assumption made in PACTOLE is that the concentration gradient, between the wall and the 
bulk of the fluid, acts as a driving force for the release process. It is also assumed that the concentration 
for each element at the wall is very close to the equilibrium concentration (solubility) in the same 
conditions. Release occurs when bulk concentration is lower than solubility at wall temperature 
condition. 

Ion solubility is computed by the PACTOLE code using thermodynamic laws as a function of water 
chemistry (boron and lithium concentration, H2 content) for a given temperature. 

Ion precipitation, deposition, erosion 

Due to ion release from the base metal and to dissolution of deposits, the ion concentration in the fluid 
increases. In some regions, according to the temperature gradient along the piping, the ion fluid 
concentration can reach or can exceed equilibrium concentration. Indeed, for given chemical 
conditions of the fluid, solubility depends on temperature. In other regions of low solubility values, 
ions will precipitate and will form oxide or metallic particles. 

These particles will be submitted to turbulent and Brownian diffusion and will therefore be deposited 
on the wall surfaces. The gravity effect, for horizontal piping, and the thermophoresis effect are also 
accounted for. 

Fluid turbulence acts as a limit for particle deposition as for particle size. Above a given deposit 
thickness, the deposited particles are re-entrained by the fluid: this corresponds to the erosion process.

Activation 

Ion and solid particles are transported in different regions of the primary circuit by means of the fluid. 
When they reach a part of the circuit submitted to neutron flux (mainly in-core regions), they are 
activated. Classic nuclear reactions are accounted for in the PACTOLE code. Two radioactive 
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isotopes, generating 80% of the dose rate, are of major interest: 58Co and 60Co. They are produced by 
the following two nuclear reactions :  

n + 58Ni  58Co + p 

n + 59Co  60Co +  

and have respective half-lives of 72 days and 5.3 years. 

DOMAIN OF USE: 

PACTOLE has been extensively used to predict the effects of reactor design (SGs material, fuel 
assembly grids…) and the effects of reactor operating conditions (water pH, Li content, fuel cycle 
duration …) on PWR contamination. 

A peculiar PACTOLE version, namely PACTITER, has been also used to predict the contamination of 
the various heat transfer circuit of the International Thermonuclear Experimental Reactor (ITER).  

VALIDATION FIELD: 

The qualification of the PACTOLE code was begun 20 years ago. This qualification is done by means 
of comparison of PACTOLE simulated results with in-situ measurements. 

KEY REFERENCES: [17], [59–63]. 

 

3.2.6. Model RADTRAN 

This model was developed in Hungary in 1980s. The transport of inactive nuclides is described in 
Fig. 22. All elements are assumed to follow the behaviour of iron, the major component. The dissolved 
iron concentration equals the solubility of the metal oxide found on the surface of the piping in contact 
with the coolant. Several hundred hours after start-up, equilibrium is achieved and maintained 
throughout the fuel cycle. Once at equilibrium, metal oxide release from the corroding surfaces is solely 
as particles. Particles deposit on all system surfaces including the fuel cladding in the reactor core. If the 
coolant pH is sufficiently high, the magnetite solubility increases with temperature so that particles 
deposited in-core dissolve in the heated coolant and dissolved iron precipitates in the SG tubes. If the 
coolant pH is relatively low and the magnetite solubility declines with increased temperature, then there 
is precipitation in-core and dissolution of deposits out-core. There is still creation and release of 
particles from the corroding surfaces, however. Deposited particles are also eroded as well as dissolved. 
The code has only two nodes: one in-core and one out-core and they are connected by the coolant. An 
average dissolution driving force is calculated for one surface, and a precipitation driving force is 
calculated for the other node, depending on the pH, and using the surface temperatures to determine the 
magnetite solubility. These wall temperatures are a function of the thermo-hydraulic conditions at each 
node. The transport processes of radioactive nuclides are described in Fig. 23. These active nuclides are 
generated by irradiation of inactive elements deposited in-core and then are released by dissolution and 
by erosion of particles. Dissolved radionuclides are incorporated in the inner oxide layer on the 
corroding out-core surfaces and incorporated into the outer layer deposits forming by precipitation on 
either in-core or out-core surfaces, depending on the magnitude of the pH. Alternatively the outer layer 
gets dissolved radionuclides by incorporation into particles as the concentration of soluble inactive 
nuclides changes in each cycle of the coolant along the primary circuit. These particles are then carrying 
activity to outer layer. Allowance is made for irradiation of particles and dissolved elements suspended 
in the coolant as it passes through the core. In-core SS surfaces are activated and release radionuclides in 
the particles generated by corrosion and by dissolution of outer layer deposits if present. 
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FIG. 22. RADTRAN transport processes of inactive nuclides. 

 

 

FIG. 23. RADTRAN transport processes of radioactive nuclides 
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Detailed description of the code: 

CODE NAME: RADTRAN 98 

Version : RadUni98 v.004 

FIRST RELEASE:  1988. 

Date : October 2002 

Development team 

VEIKI  
Institute for Electric Power Research 
Nuclear Power Plant Division 
Accident Analysis Project 
H-1251 Budapest Pob 80 
Hungary 
Phone: 361-4578246 
Fax:361 4578253 
E-mail: h5243hor@ella.hu 
Contact person: Gábor L. Horváth 

OBJECTIVES: Corrosion product activation, and their out-core deposition is one of the major 
sources of occupational radiation doses of operating and maintenance personal in NPPs. Paks Nuclear 
Power Plant the Hungarian Electric Utilities with VEIKI initiated research projects to find the main 
principles of the driving physico-chemical processes. Several years of research and plant data 
collection resulted in more understanding and controlling the processes. This resulted in a very 
favourable radiation situation in Paks plant and capability to carry out calculations aimed at predicting 
radiation fields by computer codes. RADTRAN98 has been designed first of all for the WWER-440 
type of reactors (all SS) but using appropriate input data it can be applied to other power plants as well.

LANGUAGE : QUICK BASIC 4.5, PASCAL 

Number of instructions : 

1700 Lines 

Running on : PC Pentium 300 MHz 

 

MAIN MODELS : 

The RADTRAN98 calculates the corrosion product transport and activation in the primary circuits of 
nuclear reactors. The code treats the generation and transport of the principal isotopes (51Cr, 54Mn, 
58Co, 59Fe and 60Co) and gives their concentration in the primary coolant, on primary circuit in-core 
and out-of-core surfaces and in by-pass filters. The code handles the 110mAg specific for WWER-440s 
using the same corrosion driven mechanism as of the other SS corrosion products. 

RADTRAN98 assumes that the solubilities in principal locations of the primary circuit are available 
from other codes. 

The following solubilities are required: 

 at average surface temperature of fuel cladding (T4), 
 at average surface temperature of assembly walls (T3) – taken as average bulk liquid 

temperature in the core), 
 at average surface temperature of SG heat exchange tubes (T2), 
 at liquid coolant bulk temperature at core entry (T1). 

 

These solubilities (based on magnetite (Fe3O4)) are dependent on thermo-hydraulic conditions of the 
primary circuit and of water chemistry conditions (H3BO3, L+=K+

ekv, NH3, N2H4, H2, ... etc.). 

The code calculates a single nuclide at a time. 
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High temperature pH and Fe Solubility 

Release of corrosion product nuclides is assumed to be determined by the overwhelming component (Fe) 
of the SS in the primary circuit. Iron is assumed to be in equilibrium with the oxide layer (assumed as 
magnetite (Fe3O4)) at the bottom of the fluid boundary layer. 

The calculation procedure is based on latest works of VEIKI [64–65]. The model can take into account 
boric acid, ammonia and strong base. The later are considered as equivalent moles of K+ ion (K+), and 
hydrazine is considered as equivalent moles of ammonia. The dissociation constant of boric acid has been 
calculated according to Messmer which means a set of four dissociation reactions. Ion product of water 
has been calculated according one of the most frequently used Marshall-Franck expression. The ion 
strength of the solution has been taken into account by the Debye-Hückel activity coefficients. The 
fugacity coefficient of hydrogen was assumed to be unity and its partial pressure in normal operating 
conditions was calculated Henry’s law. 

Equilibrium constants of Fe solubility were taken into account using Fe(II) and Fe(III) species by an 
extended version of Tremaine-LeBlanc model. Because of extended model and data base the coefficients 
in equilibrium constants were re-calculated. 

Corrosion product activation 

The calculation model and algorithm incorporated in to RADTRAN98 is based on references [64–65].  

Actual plant chemistry data can be taken into account for activity build-up calculations. Water 
chemistry data are pre-calculated and introduced as Fe solubility input data, while reactor power 
dependent data are data are calculated in the RADTRAN98 module. Instantaneous reactor power is 
used to calculate the neutron flux [16]. Apart from the instantaneous flux the integrated average flux is 
also calculated, which is to be used for the activation of in-core SS materials under neutron flux. 

Inactive nuclides 

Initially clean reactor water corrodes base metal and after forming the initial oxide layer starts to 
dissolve the base metal and the formed oxide layer. In a few hundred hours the dissolved corrosion 
product concentration reaches equilibrium conditions and a steady state concentration profile will be 
created along the path of the coolant in the primary circuit. After this stage, further corrosion product 
release can be considered to occur as corrosion particles. 

On the surfaces (on the boundary layer bottom where the velocity is zero), the solubility conditions are 
created. In the “high pH” regime the solubility increases with increasing temperature, so on the fuel 
cladding surface this value is higher than in the bulk of the liquid and on (cold) SG surfaces it is lower 
than that. In the “low pH” regime the situation is the opposite. 

Released particles (mentioned above) are carried away by the high speed coolant and get deposited in 
the circuit surfaces. In “high pH” regime they get dissolved from the fuel cladding surface and this 
amount will crystallise on SG surfaces. In “Low pH” mode the opposite will happen. Particles are also 
subject to erosion. 

Active nuclides 

Activity transport builds-in into the above cycle. Active nuclides are generated on fuel cladding and 
assembly wall surface, get released from there by dissolution and erosion. Dissolved active nuclides 
are incorporated into the inner oxide layer growing on out-core surfaces and get incorporated into 
particles as the concentration of soluble inactive nuclides changes in each cycle of the coolant along in 
the primary circuit. Particles are deposited on all the surfaces. The physical processes are illustrated by 
the included figures below. 
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Numerical treatment 

All the differential equations can be written as in a form first order linear (or linearized) differential 
equations. An analytical solution can be obtained considering the coefficients to be constant. 

Using these solutions a stepwise analytical solution of the equation system was elaborated. The 
solution is obtained in a way that the first approximation of the time step end values are obtained taking 
the other variables constant with a value at the time step start. Than the integral average values during 
the time step are calculated and the calculation is repeated for all the variables using the time step 
average for other variables. This iteration is repeated as many times as needed to decrease the 
difference of the last two iterations below a certain limit (usually 10-6%). 

In the present case this procedure is suitable because quickly changing the coolant soluble and 
particulate matter concentrations can be calculated accurately by analytical means, while the slowly 
changing surface concentrations can be corrected with the changing coolant 

DOMAIN OF USE: Previous versions of RADTRAN were applied to WWER-440 at Paks site. New 
versions are under application to PHWR in India. 

VALIDATION FIELD : Paks NPP 

KEY REFERENCES: [64–65].  

 

3.2.7. Model CANDU AT 

Precipitation fouling is one of the main fouling mechanisms taking place at high temperature whenever 
precipitating material has inverse solubility curve with temperature. Of particular interest in CANDU 
plants is the solubility behaviour of magnetite, since it is found to precipitate in water chemistries, which 
give it both types of curves. A mathematical model to describe precipitation fouling was developed 
based on detailed deposit data taken from two X-3 reactor loop experiments in the NRX reactor at Chalk 
River Laboratories where fuel element surfaces with three different surface heat fluxes were fouled with 
magnetite by operation at low pH either with LiOH or with NH3. 

With this model, precipitation fouling on fuel sheaths in the conditions described above can be predicted 
quantitatively. Precipitation fouling on the inside of feedwater heater tubes may be described with a 
simple mass transfer model where supersaturation is generated in the bulk phase. The predicted deposits 
for the Bruce external preheater compare well with the measured values from chemical cleaning. The 
film model for precipitation fouling has been applied successfully to predict fouling on the secondary 
side of the boiling region of SG tubes in Bruce, CANDU-6 and also PWR SGs. Fig. 24 introduces a 
macroscopic model for dissolved iron transport in the CANDU primary circuit [66–67]. These transport 
diagrams are essential if models are to be simple yet accurate in describing deposition and release at 
system surfaces. 
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FIG. 24. CANDU macroscopic model for dissolved iron transport. 

The driving force for activity transport in CANDU is particle deposition on the fuel sheath and pressure 
tube surfaces in-core, followed by their simultaneous activation in the neutron flux and their dissolution 
in the coolant which is made unsaturated in dissolved iron by heating. All chemical elements and 
therefore their radionuclides are assumed to follow the behaviour of the iron in deposits and in the 
coolant. Mass balance equations are written for iron in deposits and in the coolant at any time and any 
axial location in a given region and on any given surface e.g. fuel sheaths in-core. These differential 
equations must be solved numerically to predict release of dissolved iron from the core and therefore to 
predict radionuclide release rate from the deposits. Magnetite precipitation on outcore surfaces such as 
SG tubes, the inlet feeders and inlet end-fittings is assumed to remove radionuclides in proportion to the 
amount of dissolved iron being precipitated. For example if 90% of dissolved iron precipitates in the SG 
tubes, then 90% of the radionuclides just released from the core will be deposited there too. The 
distribution of newly deposited radionuclides in the SG tubes and along inlet feeder pipes and inlet 
end-fittings will be identical to the distribution of magnetite. Mass balances may be done at any out-core 
location for each radionuclide with decay taken into account to predict radionuclide surface activity, 
while the commercial code Microshield can be used then to convert these values to the radiation field on 
the outside surface. 

As described above, the Canadian activity transport program has not focused on creating a single 
computer code which captures all current knowledge [66–67]. For example, Lister's work [68] on 
incorporation of radionuclides into oxide films forming on corroding surfaces would be needed to 
predict the radionuclide content of oxide films where magnetite is not precipitating from solution. 
Rather, the program has resulted in many different codes which are applied to answer questions at any 
given time, with simplifying assumptions as needed. For example, the incore equations are currently 
solved by a code in the commercial software Mathematica, and the outcore equations are described in 
Fortran codes such as 'FAC' for the outlet feeders, 'RIHT` for the SG tubes, and 'Feedin` for the inlet 
feeders and inlet endfittings. Most PWR codes assessed here cannot be used for CANDU without 
particle deposition/dissolution incore and magnetite precipitation out-of-core [69]. 
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3.2.8. Russian model 

Development of this model is based on experimental data from long-term corrosion tests. The obtained 
results allow the establishment of a correlation between the corrosion parameters (rational constant of 
oxidation, corrosion losses, expressed by mole·dm-2) and equilibrium solubility of the corrosion 
products phases (Ceq) which is stable during the corrosion tests as shown in Fig. 25. This dependence can 
be expressed by the following form: 

 Kmm 0 )  

where  

 is the time of exposure; 
n is a coefficient depending on the water chemistry conditons; 
K is the coefficient n times Ceq.  
 

 

FIG. 25. Correlation between corrosion rate of SS (18Cr10Ni1Ti) under condition of WWER primary 
circuit (m=1,24+0,04). The coefficient of correlation is 0.93. 

This relationship generalizes practically all the corrosion and solubility data, regardless of the variety of 
the conditions for which they were obtained [70]. Corrosion variation in time is often described by a 
parabolic equation, which could be explained by the presence of surface films. The parabolic character 
of the corrosion dependence on time demonstrates that corrosion product diffusion through the growing 
oxide (for example, oxygen delivery to the reaction area or, by the analogy with steels corrosion, 
removal of dissolved corrosion products which are in equilibrium with the water environment) is the 
controlling stage of the corrosion process. 

For constant corrosion product concentration in the volume and on the surface layers, and with 
continuous solution stirring or flowing, the corrosion process is defined by the diffusion of dissolved 
corrosion products, i.e. by the solubility of metal alloys forming the surface films. 

tDV2Cρm oeqMe  
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Me  is the Me density;  
Ceq  is the solubility of corrosion products of a metal alloy, mole·cm-3 [71];  
D  is the diffusion coefficient, m2·s-1;  
Vo  is the specific mole volume of corrosion products forming the surface layer, mole·cm-3;  
t  is time in seconds. 

Under WWER condition e.g. T~320°C, pHT ~7, [H2]~24 ppm and in agreement with the results of [72] 
the following data can be used for calculations by expressions above: 

Ceq (Fe3O4) = 10-12 mole·cm-3 

DH2O = ~10-4 cm2·s-1 

VFe3O4 = 10 cm3·mole-1 

In the calculations, the assumption was made that the actual test time for points with texp>10000 h is 
about 0.7 of the calendar period (hours). Fig. 26 illustrates correlation of calculation and experimental 
data. The coefficient of correlation, Rm 0.93, shows the acceptable quality of the calculation.  

 

FIG. 26. Correlation between mexp and mcalc. 

In the context of a simple model of oxidation, in the case of gas-phase oxidation the form of the equation 
defining the amount of the metal ionized during a certain period of time turns out to be identical to that 
derived on the basis of the experimental dependence of the industrial metal alloys corrosion on water 
chemistry conditions. The term Ceq has a physical meaning of a thermodynamically balanced gross 
concentration of metal corrosion products that form the outer layer of the oxide film. The corrosion 
process is limited by the removal of the dissolved corrosion products through the pores of the formed 
film. This process is essentially the unique mechanism for industrial metal alloys under condition of 
water chemistry on NPPs. 
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3.2.8.1. Release of corrosion products 

The specific weight of corrosion products passing into the water and specific weight of total products of 
steel corrosion formed during the same time period under the same conditions (R and K, respectively) 
were used as the criteria of corrosion product transfer from steel surfaces to the water. The values R and 
K were defined as: 

SmK c /  

SmR /  

where S is specimen surface area and mc is the weight loss of the specimen due to formation of 
corrosion products, some of which form an oxide film and others pass into the water in the insoluble 
form or dissolve in it. (The value mc is defined as a difference between the specimen weight in the 
initial conditions and one after removal of all corrosion products from the surface). The value m is 
weight loss of the specimen due to formation of corrosion products which pass into the water and is 
defined as a difference of mc and oxide film weight (in terms of pure metal). 

Calculation of the R/K ratio allows determination of the direction of processes on the metal-coolant 
interface. To form an absolutely stable corrosion products layer, strongly bound to the metal surface, the 
R/K value may be equal to zero. If the corrosion products do not form protective film and are able to 
pass completely into the water, then R/K = 1. If only a part of the steel corrosion products pass to the 
water, then 0 < R/K < 1. And the process of corrosion products deposition from the coolant flow takes 
place, then R/K < 0. The amount of corrosion product transport changes smoothly in time and depends 
on the chromium content. 

For the set of specimens, the relationship between corrosion and release (non-linearly dependent on time 
and alloying degree) may be described by linear equation: 

)( 0KKAR   

Where  
R is the release during the test period (g·m-2); 
K is the corrosion (ionisation of metal) during the same time period (g·m-2); 
K0 is the constant of metal content in the minimum protective film in test conditions (g·(ml)-1); 
A is the constant dependent only on the type of water chemistry conditions. 

The data from [15], [73], [74] and [75] on the correlation of corrosion and corrosion product release for 
typical values of R and K, type of water chemistry, pH, temperature, flow velocity, test duration, 
treatment of steel surface and steel composition (chromium) are presented in Figs 27–28. 
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FIG. 27. Correlation between R and K for nickel base alloys 600, 690, 800. Condition of test: 
recirculating autoclave ttest~2000 h; T - 325°C; 2 ppm l, 1035 ppm B, 10–30 Cc/Vq H2, O2 ~ 1 ppb, 

pH300=6.5–6.8. [15] 
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FIG. 28. Dependence of corrosion product transport on corrosion at different surface treatment:  
x–polishing; – milling; – machining; - electropolishing. [74], [75], [76] 

 
The presented data support the existence of a functional dependence, described above, with the 
coefficient, A, dependent only on the type of water chemistry conditions. This experimentally 
established fact was confirmed by the analysis of the data on steels corrosion under all water chemistry 
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conditions which can be of interest for nuclear power engineering. Values of the coefficient A are 
usually the following: 

1. primary circuit of  PWR and WWER reactors A~ 0.7±1 
2. A << 1 corresponds to elevated oxygen levels in the primary water BWR A~ 0.2 

Under the same water chemistry conditions, steels with different chromium content usually possess 
similar values of the coefficient, A, as shown in Fig. 29. 

 

FIG. 29. Correlation between (Y) and (X) under conditions of WWER-1000. Test =1.19×105 h  - SS 
Ch18N10T,   ● - steel – 15Ch2NMFA,  ▲ - steel – 10GN2МFА,  Y=A(X-X0), A=0.7 X - total weight 

losses of specimens, g X0 - total content of corrosion products in compact films, g. [76] 

 

In fact, the coefficient, A, may be considered as a parameter that integrally characterizes the quality of 
water chemistry. This factor takes into account the set of water chemistry parameters determining the 
direction and rate of the processes of corrosion, mass transfer and deposition [76]. 

3.2.9. German approach to modelling 

In Germany, a purely thermodynamic approach for modelling of corrosion product transport in water 
cooled reactors was applied in model development [77]. In Fig. 30 the relevant thermodynamic 
equilibrium between different components and phases are illustrated. 
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FIG. 30. Relevant multicomponent-multiphase thermodynamic equilibrium. 

The aqueous phase consists of metal ions, hydrolysis species as well as the dissociated components of 
additives adjusting the pH and the redox potential. The model calculates equilibrium between one or 
more components and phases corresponding to the Gibbs phase rule. A characteristic feature of the code 
is the consideration of a complex spinel mixed phase. For this purpose the metal cations are arranged in 
separate sublattices. As a consequence only divalent or trivalent cations can be mixed amongst each 
other. The calculation routine is based on a Gibbs energy minimisation which can be expressed by one 
fundamental equation: 

 min 
i

iisys GnG  

The minimization procedure is performed with the commercial Gibbs-Energy minimizer, ChemSage 
[78]. In all mixed phases the mixing free energy is considered. Additionally, in the spinel mixed phase 
an excess term was included based on the approach by Redlich and Kister [79]. 
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The excess energy coefficients Ln[T] were derived from solubilities of various non-stoichiometric nickel 
ferrites measured in high temperature water by Kunig and Sandler [80–81].  

The primary circuit has been nodalised in four nodes corresponding to the core area and one node 
representing the SG as is shown in Fig. 31. 
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FIG. 31. Nodalisation of the primary circuit of a PWR. 

The corrosion product inventories as well as the chemicals adjusting the pH and the redox potential 
value are used as input in the SG node. After calculation of the thermodynamic equilibrium the 
dissolved corrosion product species are fed into the next node. The calculation is performed until the 
deviations become small. 

The output results of such a calculation are: 

 concentration profile of dissolved corrosion products in the primary circuit. 
 structure and composition of deposits at thermodynamic equilibrium. 
 prediction of corrosion product transport in dependence of cycle chemistry. 
 assessment of the influence of additives (Fe, Zn) on the activity build-up. 

The model was used for the calculation of solubility of various oxide layer compositions measured in a 
Siemens designed PWR are outlined and compared with Siemens plant data [82]. Results are shown in 
Fig. 32. The best agreement to plant data is obtained with the solubility calculated from chromium rich 
spinel oxides. This characteristic spinel oxide was taken for further calculations. 

 

FIG. 32. Calculated solubility of various oxide layer compositions. 

In Fig. 33 the concentration profile of dissolved corrosion products over the core height is shown. As is 
can be seen all the solubilities decrease over the core height. It seems that the core acts as a filter for 
dissolved corrosion products.  
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FIG. 33. Calculated concentration of corrosion products over the core at the end of cycle. 

This fact could be a key factor for the precipitation-dissolution behaviour of corrosion products 
out-of-core. It can be supposed that the coolant is under-saturated after passing the core. As a result, the 
probability of dissolution processes at the hot leg (HL) is small. Whilst the coolant is streaming through 
the SGs it will become saturated or over-saturated. The affinity is raised for precipitation of corrosion 
products at the cold leg (CL). 

In Fig. 34, the solubility of the characteristic oxide is illustrated as a function of pH(300). The plot for iron 
concentration is distinguished by a minimum at pH(300) = 7.0 whereas the nickel and the cobalt 
concentration decrease with increasing pH(300). The chromium concentration increases in the pH-range 
from 6.9–7.4. These values of calculated solubilities are in good agreement with measured dissolved 
corrosion product concentrations. 

 

 

FIG. 34. Calculated solubility of corrosion products in dependence of pH(300). 
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In Fig. 35, trends of measured and calculated values of crud distribution over the core are shown. The 
calculated values are based on the assumption of a constant oxide layer thickness over the core height. 

 

 

FIG. 35. Comparison between measured and calculated values of crud distribution over the core. 

As can be seen, a good agreement between the measured and calculated data for the trends in iron and 
nickel was achieved. A clear trend for cobalt and chromium distributions cannot be seen because the 
very small values of measured deposits in the fuel crud. 

Fig. 36 displays comparison of the measured and calculated crud composition.  

 

 

 

FIG. 36. Comparison between measured and calculated crud composition. 

Earlier investigations of fuel deposits resulted in about 85% of iron in the form of magnetite. In model 
calculations also, chromium was transported into the core area. If this fact is neglected, the agreement to 
measured crud composition is quite good. 
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Possible reasons explaining the behaviour of chromium transport include: 

 the kinetic restriction of chromium dissolution and transport. 
 the chromium dissolution during shut down. 
 the quality of thermodynamic data of chromium species. 

Future work will be devoted to a better understanding of corrosion product transport through the 
inclusion of plant start-up and shut-down procedures and the validation of the dissolved chromium 
species. 

3.2.10. American approach of combined use of deterministic model and neural networks. 

A model has been developed for predicting mass and activity transport in the primary coolant circuits of 
PWRs and WWERs with the objective of demonstrating and quantifying the importance of the 
electrochemical corrosion potential (ECP) in determining the impact of both processes on reactor 
operation [83]. The model initially employs a radiolysis/mixed potential code to calculate the ECP at 
four locations (core, HL, SG, CL) and the ECP is then used to estimate the local magnetite solubility. 
The solubility is then averaged around the loop to yield the “background” solubility. Comparison of the 
background solubility with the local solubility determines whether precipitation or dissolution will 
occur at any given point in the circuit under any given set of conditions. It is further assumed that the 
concentration of 59Co in the coolant is given by the isotopic fraction of this species compared with iron 
averaged over all materials and weighted by the respective wetted areas. Activation of 59Co to 60Co is 
assumed to occur in the coolant phase by fast, epithermal, and thermal neutron capture. The calculated 
activity is then used to train an artificial neural network (ANN) to establish relationships between 
activity at any given location and the operating properties of the reactor, including coolant pH, ECP, 
temperature, power level, etc. The model predicts that during shut down, magnetite (and hence 59Co) 
migrates to the core, where it is irradiated and activated, particularly during subsequent start-up. During 
start-up, the magnetite (and hence 60Co) migrates from the core to out-of-core surfaces where it 
establishes the radiation fields. 

The goal of work was to develop a model for mass and activity transport that is electrochemically 
realistic, noting that previous models have emphasized mass transport and thermal hydraulic factors. 
While these factors are obviously important, there is a thesis assumed that no model can successfully 
account for activity transport in PWR primary circuits without recognizing the important (and possibly 
dominant) role played by electrochemistry. The importance of electrochemical factors was 
demonstrated many years ago by Lister and co-workers, [84–87], in loop experiments and at the 
fundamental level by Macdonald and Owen [88] in their work on the electrochemistry of iron in high 
temperature aqueous solutions. For example, Lister et al demonstrated that the rate of pickup of 
radioactive species on a carbon steel surface depended upon the potential of the metal with respect to a 
reference electrode. Importantly, the rate of incorporation of 60Co into the surface was enhanced by 
shifting the potential in the negative or positive direction from the open circuit value. Enhancement by 
negative polarization was attributed to the plating of cobalt onto the surface while that by positive 
polarization can be attributed to the formation of the magnetite carrier. This latter postulate is consistent 
with the work of Macdonald and Owen [88], who demonstrated that the formation of the outer layer of 
the passive film on iron in contact with alkaline solution was an anodic electro crystallization process. 
Since the initial work, [88–93], electrochemical factors have been incorporated into models in an ad hoc 
fashion, which is never satisfactory from a modelling viewpoint. It is the ad hoc nature of inclusion of 
electrochemical effects that the present model seeks to overcome. 

3.2.10.1. Activity transport model 

Because the incorporation and release of 60Co into/out of the outer layer is an electrochemical process, 
the electrochemical potential is postulated to play an important role in the dynamics of distribution of 
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radioactive cobalt around the primary circuit. Noting that the ECP depends strongly upon the 
temperature, the relative concentrations of hydrogen and of oxidizing species produced by the radiolysis 
of water, which in turn depend on the power level of the reactor and water chemistry of the coolant, it is 
evident that the operating conditions for the reactor can (and do) have a major impact on the build-up of 
radiation fields in out-of-core components. In the present work, we have used a radiolysis model 
coupled with a mixed potential model and an equilibrium chemistry model to calculate the ECP and pH 
at four points in the primary coolant [89–90]. These points are in the core, the HL, the SG, and the cold 
leg. Average properties were employed for each region in this study, simply because we were interested 
in exploring only the gross activity transport phenomena. The radiolysis/ECP model employed has the 
capability of performing calculations at closely spaced points (centimetres apart) around the entire 
circuit, in order to estimate the ECP and pH, so that detailed ECP maps of the coolant circuit may be 
generated with the present software. In any event, once the ECP is calculated, and since the temperature 
and pH are known (sometime only the water chemistry and not the pH is known, in this case the model 
can be used to calculate the pH), we calculate the local concentrations of dissolved iron species by 
assuming that the dissolution and precipitation of magnetite occurs under quasi-equilibrium control. 
Noting that the iron species are transported by convection around the circuit, and that the fluid is highly 
turbulent, the concentrations of the Fe(II) and Fe(III) species, and hence the solubility of magnetite, 
become “homogenized” to produce values that are averaged over the four locations. If the average 
solubility is found to be greater than the local solubility of magnetite then precipitation is deemed to 
occur at a rate that is proportional to the difference. On the other hand, if the coolant iron concentration 
is calculated to be less than that dictated by the local magnetite solubility, dissolution occurs at a rate that 
is again proportional to the difference. 59Co is assumed to be released upon dissolution of magnetite at 
the magnetite dissolution rate, but weighted by the fraction of this species in the steels (including SSs, 
nickel-base alloys, and hard facing alloys, such as Stellite) and the wetted area for each alloy. Data for 
these factors were supplied in the frame of this IAEA CRP. 

3.2.10.2. Reaction model 

The radiolysis/ECP model (PWR_ECP) that was used to calculate the concentrations of water radiolysis 
species, and hence used to estimate the ECP, is similar in form to the models (e.g., RADIOCHEM) that 
was previously developed for modelling the electrochemistry of the primary circuits of BWRs, [90–96]. 
Values for the pH at the operating temperature or/and room temperature, water chemistry, temperature, 
power, water conductivity, and hydrogen level over several operating cycles of the reactor, along with 
the reactor hydrodynamic characteristics, wet surface areas for each alloy, and alloy composition data 
for both PWR and WWER reactors were supplied within this IAEA CRP. 

3.2.10.3. Use of ANN 

As noted above, an ANN was developed to establish relationships between the concentration of 
magnetite at the four points of interest and various properties of the reactor primary coolant, using the 
calculated concentration of magnetite as the target function. The inputs to the ANN were daily data for 
the time, reactor power level, pHT, temperature, hydrogen concentration, water conductivity, and ECP at 
four points in the primary coolant circuit (core, HL, SG, and CL) of a WWER. Once the net had been 
trained to imitate the magnetite concentration (solubility) in the coolant, the net was then used to predict 
magnetite solubility for a different reactor type (PWR), and hence to predict the local excess solubility. 
The specific radiation activity is then calculated following the procedures outlined above. It is important 
to notice that the ANN was not a necessary tool, because there were the means of deterministically 
calculating the solubility of magnetite in the primary coolant (reaction model above). However, the 
ANN is used as a means greatly enhancing the speed of the magnetite dissolution/precipitation 
calculations, particularly when a large number of locations are considered. It must be noted also that if 
measured activities versus location data are available, the activity data could be used to train the net. 
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An ANN is a pattern recognition technique that mimics the brain of a living organism by simulating the 
neurons and dendrites (interconnections) and their physiological operations. As in the case of a brain, an 
ANN is first trained to perform a task and is then used to make predictions (testing phase). There are two 
types of learning: with supervision and without supervision. When an ANN learns in a supervised 
manner, both inputs and outputs are shown to the net and the weights of the dendrites are adjusted, so as 
to minimize the difference between the predicted answer and the known result. However, during the 
“testing” phase, only the input is provided to the net with the “answer” providing the desired prediction. 
The ANN employed in the present work was designed to be trained in a supervised manner, i.e., the 
ANN “learned” the relevant relationships between magnetite solubility (and hence extents of sub 
saturation and super saturation) and the important chemistry parameters (pH, hydrogen concentration, 
water conductivity, temperature, and ECP), and reactor operation mode (power, time). As noted above, 
the net was trained using calculated magnetite solubility in a WWER, and tested using the input 
parameters of a PWR. Thus, once the net was trained, the day-to-day operational and water chemistry 
parameters of an actual plant were used as input to the ANN, and the ANN estimated the concentrations 
of the different iron species considered as well as the total solubility, the extent of sub saturation or super 
saturation, and the direction of transport. The latter was estimated by comparing the calculated solubility 
of magnetite for the reactor core and the SG. 

It is important to emphasize that the ANN was used only to demonstrate the concept that if input (plant 
data) and outputs (calculated 60Co activity, in our example) are available, the ANN can effectively 
mimic and generalize the response on the activity to changes in plant operating conditions. No 
restrictions exist in extending the model to other radioactive atoms, nor to using measured activity 
instead to calculated activity to train the net. Also, the net should be readily adaptable to other reactor 
types (e.g., BWRs). 

3.2.11. Indian model 

The computer code ANUCRUD was developed for the purpose of predicting the time dependent 
concentration of active as well as non-active forms of the corrosion products in the coolant and on the 
walls [97]. The control volume approach is adopted for which the code needs the PHT system to be 
adequately discretized into a number of sequentially connected volume segments in a closed loop. The 
discretization of the PHT circuit into several segments will be done by the user depending upon the 
variations in respect of materials of construction and the steady state operational parameters such as 
coolant flow velocity and temperature, neutron flux (for activation of deposited corrosion products), etc. 
The thermal-hydraulic module of the code ANUCRUD performs the calculations for the various 
segments of the PHT circuit for steady state as well as transient reactor operation to arrive at various 
parameters such as coolant mass flow rate through a segment, coolant velocity, coolant temperature, 
wall temperature etc. 

The multiple species’ mass conservation equations are built so as to include the rates of various 
processes which contribute to the transport mechanisms of corrosion products and the activity products. 
These are:  

 corrosion rates of different construction materials used for the PHT system components, 
 release of corrosion product species from wall to the coolant both in particulate and soluble 

form, 
 redeposition of the species from the coolant on the in-core surface and their activation, 
 re-release of the activated species from the in-core surfaces to the coolant and their further 

transport into the PHT circuit and re-deposition on the out-of-core surfaces. 
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Some simplifying assumptions in the model are as follows: 

 The concentration of particular parent nuclide in the pipe and other component materials is input 
to the code and is based on the knowledge of its abundance in given materials. This value is 
assumed to be the same for the corrosion products formed. 

 The purification circuit is not modelled in the code. Instead, only the values of time dependent 
purification flow rate and efficiency are input to the code to calculate the species concentration 
in the coolant returning back from the purification loop. 

 The influence of particle sizes and/or size distribution on deposition and other particulate 
mechanisms is not accounted in the code. 

To start with, the empirical rate equations for corrosion and release rates for different materials in the 
code are used. For considering solubility effects, the temperature versus solubility can be fed into the 
code in tabular form. The modular approach adopted in the code allows further improvements from the 
present empirical to semi-empirical or mechanistic approach in the future. 

The method was tested by performing the calculations to obtain oxide thickness growth as function of 
time. Based on the results obtained, the code in general appears to under-predict deposit thickness by a 
factor between 2 and 3 for isothermal carbon steel surfaces and by a factor 1.5–2.0 for Monel-400 
surfaces. Individual models have been tested and full integration is underway. 
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4. DATA DESCRIPTION 

 

4.1. Description of the input data 

Models benchmarking has been done as a blind exercise on real operating units. The following reactor 
units provided set of input data for models benchmarking (Table 2): 

TABLE 2. SOURCES OF DATA FOR BENCHMARKING 

Unit name Country Reactor type Thermal power 

CRUAS-1 France PWR 2775 MW 

GKN-2 Germany PWR 3850 MW 

LOVIISA-1 Finland WWER 1375 MW 

EBO-1 Slovakia WWER 1375 MW 

Pickering A Canada CANDU 1744 MW 

Darlington-2 Canada CANDU 2064 MW 

 

Each unit provided input data according to following specification: 

 General and construction parameters (layout, surfaces, materials composition) for 

o Pressure vessel and internals 
o Primary circulating circuit 
o SGs 
o Core 
o Fuel assembly 

 Operating parameters 

o Temperature 
o Pressure 
o Flow-rate  
o Neutron flux distribution in the core 

 Operating cycles information 

o Effective full power days 
o Power and temperature 
o Water chemistry 
o Purification rate  
o Fraction of fuel reloaded 
o Shutdown chemistry 

Using these input data, modellers have calculated surface activities to be compared with real 
measurements results.  

The first unit of CRUAS NPP, (CRUAS 1), was selected for this benchmark on corrosion product 
behaviour. CRUAS is a French PWR with nominal power of 900 MWe. Its primary circuit is composed 
of three individual loops with SG tube bundles made of Inconel 600 (71 wt% of nickel) with thermal 
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treatment. The shutdown of the first cycle of CRUAS 1 was operated in April 1985. The main 
characteristics of the CRUAS 1 history were: a changing mode of operation for water chemistry, and a 
replacement of Inconel core grids by zircoloy grids. In cycles 1, 2 and 3 CRUAS-1 operated with water 
chemical conditions leading to a pH(300) of 7.0. Actually, the pH(300) was equal to 7.0 during the first part 
of these cycles, and increased to a value of 7.5 by the end of each cycle due to the fact that lithium 
content was specified to be equal to 0.6 ppm. After the 4th cycle, CRUAS-1 operated with chemical 
conditions which were aimed to reduce the contamination caused by corrosion products. These chemical 
conditions led to a pH(300) of 7.2. Nevertheless, the lithium concentration cannot exceed 2.2 ppm which 
gives a pH(300) lower than 7.2 in the earlier phase of the cycle. From cycle 1 to cycle 5 the fuel grids were 
made of Inconel 718 (70.5 wt% of nickel). In order to reduce the contamination due to the presence of 
nickel (activated to 58Co), the Inconel core grids were replaced by zircoloy grids. For the 7th cycle, 77 
grids were Inconel while 80 grids were manufactured from zircoloy (Zr4). 

Units LOVIISA-1 and EBO-1 were selected as two units with WWER primary chemistry based on 
ammonia/potassium. These units differ slightly in structural materials and in the operating chemistry. 
Also here, fuel grids originally made of SS were replaced by ZrNb alloy during later operational periods. 
A special case to be considered is the operation of EBO-1 in the 20th cycle with long criticality standby at 
the beginning of cycle with relatively low pH(300) through this period. 

4.2. Description of the output data 

As output data following categories were provided by participating plants: 

CRUAS-1 

 Deposited activity average values for Fe and Mn isotopes 
 Deposited activity for 58Co and 60Co 
 Dose rates in SGs and primary piping 

GKN-II 

 Activity measurement of deposit and dose rates  
 Water elemental analysis including shutdown period 

LOVIISA-1 

 Database of dose rates measurements in SG collectors of LOVIISA-1 
 SG surface activities for all isotopes: 
 SG collector surface activities 58Co and 60Co (hot & CL) 
 Dose rates level in primary circuit loop hot and CLs 

EBO-l 

 SG collector dose rates  
 Corrosion product activities in primary coolant  
 Primary piping hot and CL dose rates 
 Primary piping hot and CL surface activities of Co, Mn, Fe isotopes 

PICKERING A 

 Elemental analysis of deposits 
 Activity measurement of deposit 

These output data were used to verify results of surface activity calculation made by CRP participants.  
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5. RESULTS OF CALCULATON 

 

The sequence of work in the blind bench-marking exercise is first described. The participants provided 
design data on various PWRs and the modellers set up their codes with these design data. Plant operating 
data for water chemistry and fuel cycle times were also inputs to the code. Then the codes were run to 
mimic the plant operation and predict the radioactive contamination of the coolant and various system 
surfaces. The results are summarized in Table 3. Subsections of this Section compare the predictions 
with 58Co and 60Co contamination data for the hot and CLs at the end of selected fuel cycles. These data 
were withheld from the modellers and the comparisons given here were first made at the third 
participants meeting in Buenos Aires. Reasons for any obvious deviations of the individual codes from 
plant contamination data should then be sought by the modellers to improve the accuracy of their codes.  

5.1. Comparison of predicted with observed plant contamination data for each code 

Most of the modelling results have been provided in the agreed protocol devised by the consultants 
group. A graphical presentation showing predicted versus measured contamination for all the cycles of a 
particular plant, e.g. CRUAS-1, was prepared by most of the modellers. These graphs show at a glance 
the degree of agreement between data and prediction. Further work could be done to summarize the 
results of the various codes, for example, some measure of the correlation coefficient between the data 
and predictions for each plant for each code would allow a single number to take the place of the whole 
graph. However, trends in prediction are important and these would be lost in a single number and the 
full data are presented.  

Each of the code predictions are presented and discussed in the same order as they were described in 
Section 3. 

 

 

 

 

 

 

 

54



T
A

B
L

E
 3

. S
U

M
M

A
R

IZ
E

D
 R

E
S

U
L

T
S

 O
F 

M
O

D
E

L
IN

G
 

Pl
an

t 
R

eg
io

n 
N

uc
li

de
 

T
im

e 
U

ni
t 

PA
C

T
O

L
E

 
C

R
U

D
T

R
A

N
 

R
A

D
T

R
A

N
 

D
IS

E
R

 
M

IG
A

 R
T

 
A

C
E

 
C

R
U

A
S 

1 
H

L
 

58
C

o 
1s

t o
ut

ag
e 

G
B

q·
m

-2
 

10
 

 
 

 
 

3.
5 

 
 

7t
h 

ou
ta

ge
 

G
B

q·
m

-2
 

7 
 

 
2 

 
4.

2 
 

60
C

o 
1s

t o
ut

ag
e 

G
B

q·
m

-2
 

1 
 

 
 

 
0.

16
 

 
 

7t
h 

ou
ta

ge
 

G
B

q·
m

-2
 

5 
 

 
0.

3 
 

1.
1 

C
L

 
58

C
o 

1s
t o

ut
ag

e 
G

B
q·

m
-2

 
14

 
 

 
 

 
7.

3 
 

 
7t

h 
ou

ta
ge

 
G

B
q·

m
-2

 
6 

 
 

2 
 

8.
7 

 
60

C
o 

1s
t o

ut
ag

e 
G

B
q·

m
-2

 
2 

 
 

 
 

0.
5 

 
 

7t
h 

ou
ta

ge
 

G
B

q·
m

-2
 

4 
 

 
0.

3 
 

2.
6 

SG
 

58
C

o 
1s

t o
ut

ag
e 

G
B

q·
m

-2
 

3.
5 

1.
25

 
 

 
 

0.
87

 
 

 
7t

h 
ou

ta
ge

 
G

B
q·

m
-2

 
3.

5 
1.

5 
 

2 
 

0.
97

 
 

60
C

o 
1s

t o
ut

ag
e 

G
B

q·
m

-2
 

0.
4 

0.
2 

 
 

 
0.

07
3 

 
 

7t
h 

ou
ta

ge
 

G
B

q·
m

-2
 

2.
5 

1.
5 

 
0.

3 
 

0.
4 

SG
 

cr
ud

 
7t

h 
ou

ta
ge

 
g·

m
-2

 
 

11
 

 
 

 
 

Fu
el

 
cr

ud
 

7t
h 

ou
ta

ge
 

g·
m

-2
 

 
1.

5 
 

 
 

 
A

ct
iv

it
y 

58
C

o 
1s

t t
o 

7t
h 

 
B

q·
g-1

 
 

 
 

1–
6 

 
0.

5 
 

60
C

o 
1s

t t
o 

7t
h 

B
q·

g-1
 

 
 

 
0.

01
–0

.0
5 

 
0.

04
 

 
 

 
 

 
 

 
 

 
 

 
G

K
N

 2
 

H
L

 
58

C
o 

1s
t o

ut
ag

e 
G

B
q·

m
-2

 
1 

 
 

 
 

1.
7 

 
 

4t
h 

ou
ta

ge
 

G
B

q·
m

-2
 

1.
6 

 
 

1 
 

2.
4 

 
60

C
o 

1s
t o

ut
ag

e 
G

B
q·

m
-2

 
0.

2 
 

 
 

 
0.

19
 

 
 

4t
h 

ou
ta

ge
 

G
B

q·
m

-2
 

0.
9 

 
 

0.
3 

 
0.

93
 

C
L

 
58

C
o 

1s
t o

ut
ag

e 
G

B
q·

m
-2

 
2.

7 
 

 
 

 
3.

6 
 

 
4t

h 
ou

ta
ge

 
G

B
q·

m
-2

 
2.

3 
 

 
1 

 
5 

 
60

C
o 

1s
t o

ut
ag

e 
G

B
q·

m
-2

 
0.

8 
 

 
 

 
0.

55
 

 
 

4t
h 

ou
ta

ge
 

G
B

q·
m

-2
 

2.
7 

 
 

0.
3 

 
2.

5 
SG

 
58

C
o 

1s
t o

ut
ag

e 
G

B
q·

m
-2

 
 

1.
1 

 
 

 
0.

48
 

 
 

4t
h 

ou
ta

ge
 

G
B

q·
m

-2
 

 
2.

3 
 

1 
 

0.
63

 
 

60
C

o 
1s

t o
ut

ag
e 

G
B

q·
m

-2
 

 
0.

35
 

 
 

 
0.

11
 

 
 

4t
h 

ou
ta

ge
 

G
B

q·
m

-2
 

 
2.

5 
4.

5 
0.

3 
 

0.
49

 
A

ct
iv

it
y 

58
C

o 
1s

t t
o 

4t
h 

 
B

q·
g-1

 
 

 
 

0.
7–

4 
 

0.
2 

 
60

C
o 

1s
t t

o 
4t

h 
 

B
q·

g-1
 

 
 

 
0.

01
–0

.0
5 

 
0.

08
 

SG
 

cr
ud

 
4t

h 
ou

ta
ge

 
g·

m
-2

 
 

7 
 

 
 

 
Fu

el
 

cr
ud

 
4t

h 
ou

ta
ge

 
g·

m
-2

 
 

1.
5 

 
 

 
 

A
ct

iv
it

y 
58

C
o 

1s
t t

o 
4t

h 
B

q·
g-1

 
 

 
 

 
 

 
 

60
C

o 
1s

t t
o 

4t
h 

B
q·

g-1
 

 
 

 
 

 
 

56

55



T
A

B
L

E
 3

. S
U

M
M

A
R

IZ
E

D
 R

E
S

U
L

T
S

 O
F 

M
O

D
E

L
IN

G
 (

co
nt

.)
 

Pl
an

t 
R

eg
io

n 
N

uc
li

de
 

T
im

e 
U

ni
t 

PA
C

T
O

L
E

 
C

R
U

D
T

R
A

N
 

R
A

D
T

R
A

N
 

D
IS

E
R

 
M

IG
A

 R
T

 
A

C
E

 
E

B
O

 1
 

H
L

 
58

C
o 

1s
t o

ut
ag

e 
G

B
q·

m
-2

 
 

 
 

 
 

0.
4 

 
16

th
 o

ut
ag

e 
G

B
q·

m
-2

 
 

 
 

0.
7 

0.
78

 
0.

71
 

60
C

o 
1s

t o
ut

ag
e 

G
B

q·
m

-2
 

 
 

 
 

 
0.

1 
 

16
th

 o
ut

ag
e 

G
B

q·
m

-2
 

 
 

 
0.

3 
0.

35
 

1.
4 

C
L

 
58

C
o 

1s
t o

ut
ag

e 
G

B
q·

m
-2

 
 

 
 

 
 

0.
54

 
 

 
16

th
 o

ut
ag

e 
G

B
q·

m
-2

 
 

 
 

0.
7 

0.
41

 
0.

96
 

 
60

C
o 

1s
t o

ut
ag

e 
G

B
q·

m
-2

 
 

 
 

 
 

0.
14

 
 

 
16

th
 o

ut
ag

e 
G

B
q·

m
-2

 
 

 
 

0.
3 

0.
15

 
2 

SG
 

58
C

o 
1s

t o
ut

ag
e 

G
B

q·
m

-2
 

 
 

 
 

 
0.

04
8 

 
 

16
th

 o
ut

ag
e 

G
B

q·
m

-2
 

 
 

 
0.

7 
0.

34
 

0.
08

5 
 

60
C

o 
1s

t o
ut

ag
e 

G
B

q·
m

-2
 

 
 

 
 

 
0.

01
3 

 
 

16
th

 o
ut

ag
e 

G
B

q·
m

-2
 

 
 

 
0.

3 
0.

07
5 

0.
18

 
A

ct
iv

it
y 

58
C

o 
1s

t t
o 

16
th

  
B

q·
g-1

 
 

 
 

0.
2–

3 
 

0.
2 

 
60

C
o 

1s
t t

o 
16

th
  

B
q·

g-1
 

 
 

 
0.

00
5–

0.
05

 
 

0.
05

 
 

 
 

 
 

 
 

 
 

 
 

L
ov

ii
sa

 1
 

H
L

 
58

C
o 

1s
t o

ut
ag

e 
G

B
q·

m
-2

 
1.

1 
 

 
 

 
 

 
 

17
th

 o
ut

ag
e 

G
B

q·
m

-2
 

1.
5 

 
 

0.
5 

 
 

 
60

C
o 

1s
t o

ut
ag

e 
G

B
q·

m
-2

 
0.

1 
 

 
 

 
 

 
 

17
th

 o
ut

ag
e 

G
B

q·
m

-2
 

0.
2 

 
 

0.
3 

 
 

C
L

 
58

C
o 

1s
t o

ut
ag

e 
G

B
q·

m
-2

 
 

 
 

 
 

 
 

 
17

th
 o

ut
ag

e 
G

B
q·

m
-2

 
 

 
 

0.
5 

 
 

 
60

C
o 

1s
t o

ut
ag

e 
G

B
q·

m
-2

 
 

 
 

 
 

 
 

 
17

th
 o

ut
ag

e 
G

B
q·

m
-2

 
 

 
 

0.
3 

 
 

SG
 

58
C

o 
1s

t o
ut

ag
e 

G
B

q·
m

-2
 

0.
13

 
 

 
 

 
 

 
 

16
th

 o
ut

ag
e 

G
B

q·
m

-2
 

0.
24

 
 

 
0.

5 
 

 
 

60
C

o 
1s

t o
ut

ag
e 

G
B

q·
m

-2
 

0.
01

5 
 

 
 

 
 

 
 

16
th

 o
ut

ag
e 

G
B

q·
m

-2
 

0.
02

5 
 

 
0.

3 
 

 
A

ct
iv

it
y 

58
C

o 
1s

t t
o 

17
th

  
B

q·
g-1

 
 

 
 

0.
3–

3 
 

 
 

60
C

o 
1s

t t
o 

17
th

  
B

q·
g-1

 
 

 
 

0.
01

–0
.0

6 
 

 

5757

56



5.1.1. ACE 

With the ACE code, calculation was done for three units: CRUAS-1, GKN-1 and EBO-1. Results are 
shown in Figs 37–42 and can be summarized as follows: 

At CRUAS-1, 58Co activities on the hot-leg and cold-leg are in relatively good correspondence, while 
60Co activities on all points are underestimated by about one order. It is considered that there are two 
reasons for this disagreement. First is an unsuitable parameter in the code, and second is the calculation 
method. Some of parameters used by ACE code, for example corrosion rate, deposition rate, dissolution 
and precipitation rates may not be set properly, but it is difficult to identify which is incorrect. Further 
evaluation to find such incorrect parameters requires a lot of information about (radioactive) corrosion 
products behaviour in the water and on the surfaces. The power operation pattern of CRUAS-1 had 
many variations, but the average power value during each cycle was used in the calculation. Power 
changes sometimes increase the release rate of crud on the fuel, and the amount of crud may be 
decreased by such crud bursts. The ACE code is not capable of calculating the influence of crud burst 
through power changes. 

For GKN-2 case, 58Co activities on the hot-leg matched well the measured results, whilst for the CL 
calculation the results were slightly overestimated. 60Co activities are underestimated by factor 2–8. The 
reasons for these differences are expected to be the same as noted above. 

For EBO-1, calculations were done for cycles 1 to16, while output data were only available for cycles 
17–20. Just observing trends it can be concluded that for both the 58Co and 60Co activities, the 
calculation results were overestimated by factor 3–10. The reasons for these differences are expected to 
be the same as noted above. 

 

FIG. 37. Comparison of calculated and measured values for 58Co activity deposited  
for 7 cycles of CRUAS-1. 
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FIG. 38. Comparison of calculated and measured values for 60Co activity deposited  
for 7 cycles of CRUAS-1. 

 

 

FIG. 39. Comparison of calculated and measured values for 58Co activity deposited for  
2 cycles of GKN-2. 
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FIG. 40. Comparison of calculated and measured values for 60Co activity deposited for  

2 cycles of GKN-2. 
 

 
FIG. 41. Comparison of calculated and measured values for 58Co activity deposited for  

20 cycles of EBO-1. 
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FIG. 42. Comparison of calculated and measured values for 60Co activity deposited for  

20 cycles of EBO-1. 
 
 
5.1.2. CRUDTRAN 

The CRUDTRAN code prediction was compared with the CRUAS-1 PWR operational data. 
CRUDTRAN code predicts the 58Co and 60Co activities only in the SG tubes. However, it could be 
assumed that the activities in the other areas, such as hot and CLs, have a linear relationship with those 
in the SG. For the GKN-2 plant, comparison could not be done since the measured data for the SG were 
not available. Predicted results of the SG activity of GKN-2 are given in Table 4. Those of CRUAS-1 are 
shown in Figs 43–44. 

In the prediction for the CRUAS-1 plant, the crud and activity transport factors derived from the test 
results of MIT in-reactor simulation loop PCCL are used, while all other parameters were derived from 
the CRUAS-1 plant data provided through this CRP. It showed that CRUDTRAN over-predicted the 
60Co activity in the SG and under-predicted the 58Co activity with consistency in both cases. Therefore, 
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Neutron activation factors of 58Co and 60Co depend upon both the neutron reaction rates in the core and 
the ratios of 58Ni and 59Co to iron in the crud deposited in the core, which also depend upon the chemical 
compositions of construction materials in the PWR primary system and dissolution characteristics of 
different elements into the coolant. Fig. 45 compares the CRUDTRAN prediction with the measured 
plant data after correction. It shows that CRUDTAN code can predict the variation of 58Co and 60Co 
activities in SG tubes from cycle 1 to cycle 7 quite well. It is also notable that for the 58Co activity, 
variations of the measured data from cycle 1 to cycle 7 due to the variations of reactor power and coolant 
chemistry histories in each cycle can be successfully predicted by the CRUDTRAN code. 

Therefore, it can be said that after determining activation factors for 58Co and 60Co, which are the 
plant-specific parameters and could be derived from the previous plant operation data, CRUDTAN 
could predict the variation of radioactivity in the subsequent cycles. Validation of CRUDTRAN models 
also indicates that primary driving force for crud transport is the solubility change around the PWR 
primary coolant system, and dissolution and crystallization processes are rate controlling steps in the 
crud transport. 

0
0,1
0,2
0,3
0,4
0,5
0,6
0,7
0,8
0,9

1

0 5 10 15 20

Cycle

A
ct

iv
it
y 

G
B

q
/m

2

HL calc CL calc HL meas CL meas

60



TABLE 4. PREDICTED SG ACTIVITY OF GKN-2 PLANT 

Cycle SG activity (GBq·m-²) 
 58Co 60Co 
1 1.14 0.32 
2 1.74 0.87 
3 2.19 1.72 
4 2.0 2.46 

 

 

FIG. 43. Comparison of calculated and measured values for 58Co activity deposited  
for 7 cycles of CRUAS-1. 
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FIG. 44. Comparison of calculated and measured values for 60Co activity deposited  
for 7 cycles of CRUAS-1. 
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FIG. 45. Comparison of calculated and measured values for 60Co activity deposited  
for 7 cycles of CRUAS-1 after correction of activation factors. 
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5.1.3. DISER 

DISER code was used for modelling of all four PWRs. The results can be summarized as follows: 

For CRUAS-1, see Figs 46–47 for 58Co activities, the DISER code gave underestimated results for both 
hot and CL for the first two cycles. This observation can be explained by the calculation of lower 
corrosion product release at the beginning of the unit operation in comparison with the real situation. 
The modelling results for the following operation cycles are in good agreement with the measured data. 
For 60Co modelling results for SG are in good agreement with the plant data. The results for the CL and 
HL are underestimated for the beginning of the unit operation (cycles 1–3), however the results from the 
following operation show good agreement with the plant data. Also in this case, the observed 
discrepancy can be explained by a difference in corrosion products release rate. 

For GKN-2, results are shown in Figs 48–49. For 58Co activities, modelling results are in good 
agreement with the plant data. In fact, only a small amount of measured data is available for the 
comparison (the plant data available only after 2nd and 4th cycle). For 60Co, calculation results show an 
underestimation for the beginning of the unit operation. The remaining results are in good agreement 
with the plant measurement. As in the case of CRUAS-1 unit, the discrepancy can be explained by a 
difference in corrosion products release rate at the beginning of the unit operation. The comparison of 
the calculation and measurement is difficult because of lack of the plant data. 

At LOVIISA-1, as shown in Figs 50–51, almost all 58Co activity calculation results for the compared 
cycles (the plant data available from cycle 10 to cycle 16) are overestimated. There is no clear 
explanation for the observed situation. The plant data themselves exhibit fluctuations from cycle to 
cycle and do not show any clear trend in the deposited radioactivity. For 60Co, most of the calculation 
results are in good agreement with the compared plant data, except some particular points for the CL. 

Results for EBO-1 are shown in Figs 52–53. Calculation results of 58Co activity for the compared cycles 
(the plant data on surface activities are available for cycles 17–20) are overestimated for both HL and 
CL. There is no clear explanation for this observation. Unfortunately, the plant data are not available 
from the beginning of the unit operation. The available plant data themselves exhibit fluctuations from a 
cycle to cycle. These fluctuations can not be reproduced by the code modelling or easily explained, for 
example, by water chemistry changes. For 60Co, calculation results for the HL are in a good agreement 
with the plant data. The results for the CL, cycles 17–19, are slightly underestimated. The comment 
made for EBO-1 unit, radionuclide 58Co is valid also for 60Co. 
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FIG. 46. Comparison of calculated and measured values for 58Co activity deposited  
for 7 cycles of CRUAS-1. 

 

FIG. 47. Comparison of calculated and measured values for 60Co activity deposited  
for 7 cycles of CRUAS-1. 
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FIG. 48. Comparison of calculated and measured values for 58Co activity deposited for  
2 cycles of GKN-2. 

 

FIG. 49. Comparison of calculated and measured values for 60Co activity deposited for  
2 cycles of GKN-2. 
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FIG. 50. Comparison of calculated and measured values for 58Co activity deposited  
for 7 cycles of LOVIISA-1. 

 

FIG. 51. Comparison of calculated and measured values for 60Co activity deposited  
for 7 cycles of LOVIISA-1. 
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FIG. 52. Comparison of calculated and measured values for 58Co activity deposited for 
 4 cycles of EBO-1. 

 

 

FIG. 53. Comparison of calculated and measured values for 60Co activity deposited for  
4 cycles of EBO-1. 
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5.1.4. MIGA RT 

With MIGA RT code, three units: CRUAS-1, LOVIISA-1 and EBO-1 were modelled and the results are 
shown in Figs 54–59. The results can be described as follows: 

For CRUAS-1, the 58Co activities matched the measured data well, for 60Co the calculation results were 
underestimated by factor 5–10. 

For the LOVIISA-1 case, the calculated 58Co activities were slightly overestimated, while 60Co 
calculation results matched measured data very well. 

For EBO-1, the calculation was done for cycles 1–16, while output data were available for cycles 17–20. 
By observing trends it can be concluded that the calculated 58Co activities were overestimated, for 60Co 
activity, calculation results matched the measured data well for HL and were underestimated for CL. 

 

FIG. 54. Comparison of calculated and measured values for 58Co activity deposited  
for 7 cycles of CRUAS-1. 
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FIG. 55. Comparison of calculated and measured values for 60Co activity deposited  
for 7 cycles of CRUAS-1. 

 

FIG. 56. Comparison of calculated and measured values for 58Co activity deposited  
for 1 cycle of LOVIISA-1. 
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FIG. 57. Comparison of calculated and measured values for 60Co activity deposited  

for 1 cycle of LOVIISA-1. 
 

 
FIG. 58. Comparison of calculated and measured values for 58Co activity for 19 cycles of EBO-1. 

 
 

 
FIG. 59. Comparison of calculated and measured values for 60Co activity for 19 cycles of EBO-1. 
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5.1.5. PACTOLE 

With PACTOLE code Version 2.2, calculation was done for three units: CRUAS-1, GKN-1 and 
LOVIISA-1. Results are shown in Figs 60–65 and can be summarized as follows: 

At CRUAS-1, 58Co activities on the hot-leg and cold-leg are well corresponding to measured values, 
while 60Co activities on majority of points are overestimated by a factor 2–5. 

Although the trends are quite different – 58Co activity globally decreases and 60Co increases – it can be 
seen that the deposited activity is higher for 58Co than for 60Co. Indeed, if one focuses on the HL the 
activity of 58Co is equal to 6 GBq·m-2 at fuel cycle number 7 while 60Co activity is only 3 Gbq·m-2. This 
difference is reduced for the CL (7.5 GBq·m-2 for 58Co and 5.5 GBq·m-2 for 60Co at cycle number 7).It is 
quite important to notice that deposited activity for 58Co is higher for the early cycles on CL compared to 
the HL (23 GBq·m-2 and 10 GBq·m-2) but the level of deposited activity is relatively homogeneous for 
both legs for the last cycles. 

The global trends for 58Co and 60Co can be reproduced if one plots the deposited activity on SG tubes. 
Nevertheless, the level of activity is much lower: 1.5 GBq·m-2 for 58Co and 1 GBq·m-2 for 60Co for the 7th 
cycle. 

For the GKN-2 case, 58Co activities matched well measured results better agreement was found in 4th 
cycle than in the 2nd one. 60Co activities for the CL are overestimated by factor about 6.  

It is quite obvious, compared to the CRUAS 1 simulation, that the contamination level is much lower in 
GKN 2 than in CRUAS 1. Indeed, the maximum deposited activity obtained for GKN 2 is only 3.5 
GBq·m-2 for 58Co on the CL compared to almost 25 GBq·m-2 for CRUAS 1. 

As previously observed for CRUAS 1, the trend for 58Co is decreasing while it is more or less increasing 
for 60Co. Deposited activity for 58Co sharply decreases and can be lower than 60Co (which was not 
observed for CRUAS 1). This is mainly obvious on Figs 62–63 (deposited activity on CL) where activity 
for 58Co is 1.5 GBq·m-2 at the end of fuel cycle number 5 and 3 GBq·m-2 for 60Co. 

For LOVIISA-1, calculation was done for cycles 8–16, it can be concluded that for 58Co results 
corresponded well to measured values while for 60Co activities, calculation results were underestimated 
by factor 5–10. The reasons for such a difference could be the incomplete set of input data, and a need 
for approximation of some values (axial power distribution, wall and fluid temperatures). 

One result that can be drawn from these Figures is that, comparing the results of CRUAS 1 and GKN 2, 
the contamination level for LOVIISA predicted by PACTOLE is really the lowest. 

As was observed for CRUAS and GKN, the 58Co deposited activity globally decreases for the first fuel 
cycles (6 in the LOVIISA’s case) but it tends to stabilize for higher fuel cycles. This stabilization is quite 
obvious for 60Co deposited activity which remains constant from cycle 4 to cycle 9. 

What is also remarkable, comparing CRUAS and GKN behaviour is that the level of activity is higher on 
the HL than on the CL. The maximum of deposited activity is obtained on the HL for 58Co was 
1.5 GBq·m-2. 

If the iron release rate is approximately the same for GKN, CRUAS and LOVIISA, the nickel release 
rate is actually really different for the three studied reactors: it is the lowest for LOVIISA. This can be 
explained, at first glance, by the lower content of nickel in the SG tube bundles of LOVIISA. 
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FIG. 60. Comparison of calculated and measured values for 58Co activity deposited  
for 7 cycles of CRUAS-1. 

 

 

FIG. 61. Comparison of calculated and measured values for 60Co activity deposited  
for 7 cycles of CRUAS-1. 
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FIG. 62. Comparison of calculated and measured values for 58Co activity deposited for  
2 cycles of GKN-2. 

 

FIG. 63. Comparison of calculated and measured values for 60Co activity deposited for  
2 cycles of GKN-2 
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FIG. 64. Comparison of calculated and measured values for 58Co activity deposited for  

9 cycles of Loviisa-1. 
 

 

FIG. 65. Comparison of calculated and measured values for 60Co activity deposited 
 for 9 cycles of Loviisa-1. 
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With the RADTRAN code, calculations were done for the 1st and 7nd cycle of CRUAS-1 Results are 
shown in Figs 66–67 and can be summarized as follows: 

For 58Co best agreement is found for SG activities, for HL results are less (factor 2–3) and for CL more 
(factor of ×5) underestimated. 

For 60Co results are underestimated, for 1st cycle by a factor about 100, for 7th cycle by a factor 7–10. 

 

FIG. 66. Comparison of calculated and measured values for 58Co activity deposited  
for 2 cycles of CRUAS-1. 

 

FIG. 67. Comparison of calculated and measured values for 60Co activity deposited  
for 2 cycles of CRUAS-1. 
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The dissolution/precipitation deterministic model as described above was used to calculate the 
accumulated specific activity of 60Co in the core, HL, SG, and CL, as shown in Fig. 68. The accumulated 
specific activity is expressed in GBq·m-2 as a function of real time for plant operation over 4 cycles. As 
noted above, the data used in training the model correspond to a WWER and it is assumed that the filter 
efficiency for the removal of 60Co in the primary circuits of both reactors is 96.6%. Parenthetically, it 
must be noted that the radiolysis/mixed potential model predict that, for the WWER used to train the 
ANN, the ECP in the core, HL, SG, and CL were predicted to be (typically) -0.35, -0.72, -0.75, and -0.60 
Vshe under full power conditions, corresponding to an outlet temperature of 295°C, pH300 = 6.3–9.3, [H2] 
= 2.7–5.1 m3·t-1, with the values for the pH and hydrogen concentration varying on a day-to-day basis 
(the actual day-to-day values used in the simulations are given in [83]). Under cold shut down 
conditions, where the reactor power is zero (but the dose rate of ionizing radiation was assumed to be 1% 
of the full power value) and the temperature is 35°C, the ECP is estimated to be 0.42 Vshe at all locations. 
Calculated specific and accumulated activity due to 60Co at the four locations for a WWER over four 
operating cycles are shown in Figs 68–69. During initial, steady state, full power operation, the specific 
activity in the core is predicted to increase monotonically with time. Simultaneously, 60Co in the 
out-of-core regions is predicted to monotonically decrease with time as magnetite moves to the reactor 
core and/or because of day-to-day changes in the pH (typically increases from 6.3–9.3 at 300°C) and 
hydrogen concentration (typically varies over the range of 2.7–5.1 m3·t-1) during a cycle. Note, again, 
that actual plant data were employed in the present analysis. Toward the end of each cycle, the in-core 
activity is predicted to reach a constant value. 

Shut down and start-ups produce significant transients in the coolant chemistry and those transients are 
reflected in the activity transport as seen most clearly by examining the temporal variations in both the 
specific activity (Fig. 68) and the accumulated activity (Fig. 69). Thus, a sudden increase in the specific 
activity in all locations during shut down occurs because of the transport of magnetite (and hence 60Co) 
into the core from the external locations as the temperature of the coolant decreases. During start up, as 
the temperature of the coolant increases, the core temporarily releases 60Co to the external surfaces at a 
rapid rate, but during subsequent normal operation, the activity at the external locations slowly 
decreases, as noted previously, while that in the core increases due to the continued irradiation of 59Co 
and the slow transport of magnetite to the core. The total activity in the system is predicted to increase 
with cycle number, as shown by the accumulated activity calculation shown in Fig. 69.  

 

FIG. 68. Specific activity for 60Co versus real time (cycles). 
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FIG. 69. Accumulated specific activity for 60Co versus real time (cycles). 

The data generated with the deterministic model (Figs 68–69) were used to train the ANN. Then the net 
was used to predict the specific activity in the same WWER, except that the ECP was arbitrarily 
increased during the shut down periods to 0.57 Vshe (i.e., 0.15 V more positive than the normal shut 
down condition), as might be achieved by injecting an oxidizing agent into the primary coolant (Figs 
70–71). Those two figures clearly demonstrate the importance of the ECP, which to certain extent can be 
controlled with water chemistry. Thus, Fig. 70 predicts that the day-to-day, ANN-simulated specific 
activity for 60Co during shut down is reduced by a factor of 10–100, when the ECP during the same 
period is increased by a modest 0.15 V. Likewise, as shown by comparing Fig. 69 and Fig. 71, model 
predicts that the accumulated activity after four cycles will be reduced by a factor of about ten, which is 
a significant amount. If this prediction can be confirmed by additional modelling and field testing, 
control of the ECP during shut down and also perhaps during operation may prove to be an effective 
means of mitigating activity transport and the development of radiation fields external to the cores of 
water cooled nuclear reactors. However, this conclusion is based upon meagre modelling work to date 
and hence it must remain tentative. 

 

FIG. 70. Simulated specific activity for 60Co versus real time (cycles) in a WWER in which the  
ECP during shut down was increased by 0.15 V. 
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FIG. 71. Simulated accumulated specific activity for 60Co versus real time (cycles) in a WWER in  
which the ECP during shut down was increased by 0.15 V. 

Figs 72–73 show the specific activity and the accumulated activity for 60Co as predicted by the 
ANN-simulation of a German PWR. The specific activity is predicted to be considerably lower than that 
calculated for the WWER. Experimental data not shown in this paper confirm our findings. Notice that 
the same filter clean up system efficiency for 60Co was adopted in both types of reactor. However the 
main difference in the results reflects the different water chemistry employed in the two reactors, given 
that the wet area and the initial 59Co in both reactors are comparable (differ by no more than 10–20%, 
which is not sufficient to explain the results). 

 

FIG. 72. ANN Simulated specific activity in a PWR for 60Co versus real time (cycles). 
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FIG. 73. Simulated accumulated specific activity in a PWR for 60Co versus real time (cycles). 

5.2. Assessment of model calculation results 

While the results of the blind benchmarking are encouraging, clearly, the French PACTOLE code 
should work well for French PWRs such as CRUAS. The Japanese code ACE should work less well for 
CRUAS-1 since the latter uses rate constants in its models based on Japanese PWR operating data. 
Neither code should work well for Russian-designed WWER reactors. Similarly, DISER, MIGA-RT 
and RADTRAN should work well for WWER plants.  

As noted in the above presentations, it is tempting to provide some figure-of-merit for how well each 
code has fitted the plant contamination data. A statistical analysis using the method of least squares to fit 
a polynomial to the predicted versus measured contaminations is possible with considerable work since 
each case is different, e.g. CRUAS-1 58Co comparison for PACTOLE is different than for ACE, and so 
forth. Given the complexity of the codes and the large number of variables in them, it is not helpful to the 
code developers to be given a correlation coefficient since it does not tell them what variable they might 
consider to improve the fit.  

Many discussions with the codes’ authors indicate that further improvement is unlikely unless sufficient 
funding can be found in either national nuclear power programs or from international sources, e.g. the 
IAEA. Such funding has become increasingly difficult to obtain and it may be that the codes as used here 
are unlikely to improve significantly in their present form. The discussion of codes in an earlier Section 
has suggested simpler codes with purely mechanistic models as the way forward. Realistically, no code 
author is willing to abandon his code for this approach because of the large investment in resources that 
has gone into code development.  

A large database was built in this CRP to support the code calculations. The database required that the 
code authors be given design data to input into their code and that operating chemistry and reactor power 
data be provided so the codes could be run. The codes were run for short operating times with fixed 
chemistry, and then the chemistry was changed as given in the chemistry database. The chemistry and 
power data all had to be digitized before they could be used.  
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Many of the participants in the CRP were developing codes or were encouraged to develop codes in their 
national programs during the course of the work shown here. Some interesting aspects of the work from 
other participants are noted here. 

(1) The Indian participant (an R&D engineer) was encouraged to contact other organizations in his 
country that apparently had a large database on chemistry and contamination data from their 
operating CANDU plants. 

(2)  The Argentine participant had an activity transport code specific to the Atucha power plant that was 
being used to predict the effect of a change in materials on plant radiation fields. This code was too 
specific to be used for other PWRs. 

(3) The Canadian participant had developed a purely mechanistic activity transport code 25 years 
previously. However, his more recent work had shown how important the presence of carbon steel 
and its magnetite corrosion product were to radiation field control in CANDU plants. This 
understanding was of little value when applied to PWRs with their large SS and high-nickel boiler 
alloys and no attempt was made to run the old code for them. Published design data for CANDU 
plants were provided for future code development work. 

(4) The RADTRAN code for WWERs is mechanistically-based and similar to the old Canadian code. 
Its successful application to WWERs is encouraging for the development of such purely 
mechanistic codes. This code was used in contract work with the Indian power plant program to 
describe their CANDU plants and results are published.  

(5) The Westinghouse CORA-II code developed in the 1980s was well-documented from 
EPRI-sponsored contract work, and was of great interest to the CRP, but no participant could obtain 
it.  

(6) Many of the codes in the present CRP were not run for all cases due to competing demands on the 
participants from their employing organisations.  

(7) The American participant is a physicist and mathematician who came to the CRP with no initial 
background in activity transport. However, by the end of the CRP she had published an extremely 
important paper, which took into account the change in redox potential between the in-core and 
out-of-core regions and its effect on iron oxide solubility.  

(8) The Russian participant in the CRP had a strong practical background in materials corrosion in high 
temperature water in power plants and had finished a monograph on this topic by the time the CRP 
work was completed [76]. This work is a good source of corrosion rate data for various materials for 
code developers to draw upon in future work for WWER plants.  
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6. SENSITIVITY STUDY 

 

6.1. Description of sensitivity analysis principles 

A sensitivity study was proposed to be performed within the frame of the CRP in order to demonstrate 
the reaction of code calculation to pre-defined changes in the input data sets. It was proposed to use only 
the total out-core value of the activity calculated after 7 cycles for the CRUAS-1 reactor. The following 
scenarios were proposed and tested: 

Surfaces (8 cases) 

 to change the value for the surface in pile for  10% of the normal value; 

 to change the value for the surface in pile for  50% of the normal value; 

 to change the value for the surface out of pile for  10% of the normal value; 

 to change the value for the surface out of pile for  50% of the normal value. 

Materials (2 cases) 

 Inconel space grids to be changed into zircoloy;  

 with the value 0 for the SS under the neutron flux. 

Purification rate (2 cases) 

 to change the value for  100% of the normal value. 

Cobalt content (5 cases) 

 to change the value for the in core SS surface for  50% of the normal value; 

 to change the value for the out of core SS surface for  50% of the normal value; 

 to change the value for the stellite surface out of the flux as the nominal value +5 m2. 

Reaction rate (2 cases) 

 to change from a data set that will be provided by France for CRUAS 1 to  50%. 

Corrosion rate or Release rate (depending on the codes) (2 cases) 

 to change the value for the rate for  50% of the normal value. 

Role of the pH (2  4 cases) 

 for CRUAS-1 (change in lithium concentration) from pH=6.8–7.4 (0.2); 

 for EBO/Loviisa (change in potassium concentration) from pH=6.8–7.4 (0.2). 

Particle deposition rate (2 cases) 

 to change the value for rate for  50% of the normal value. 

6.2. Sensitivity analysis results 

6.2.1. ACE code 

Sensitivity analysis of ACE code was performed for selected parameters of the CRUAS-1 and EBO-1 
plants. Results are shown in Fig. 74. They can be summarized as follows: 

 Response was proportional for changes of surfaces, corrosion and reaction rates and stellites. 

 There was very weak response for change of SS grids to zircoloy and for zero SS incore surface. 

 Effect of increasing pH(300) is monotonous decrease of activities, more pronounced for CRUAS 
case and for 58Co. 
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FIG. 74. Total 58Co and 60Co out of core activity behavior. 

 
 
6.2.2. CRUDTRAN code 

The CRUDTRAN code was applied to the sensitivity analysis of the selected parameters for the 
CRUAS-1 Plant. Results are shown in Fig. 75. These can be summarized as follows: 

 For the surface area, 58Co and 60Co activities of the SG decreased with the core surface area. 
Reduction of out-of-pile surface area also decreased the SG activity, but it gave smaller effect 
than the core surface area. 

 For the purification rate changes, the effect of purification rates on the SG activities was very 
small. 

 For the cobalt content of the construction materials in primary system, cobalt content in the 
materials rather than the surface areas of the materials were changed. Change in the cobalt 
content in SG tubes had the biggest effect on the activity since the fractional surface area of SG 
is highest. Stellite also has very significant effect on the 60Co activity. 

 For the reaction rate, the surface activity has an exact linear relation with the reaction rate. 
 For the corrosion or release rate, dissolution rate of corrosion product into the coolant was 

changed. 50% decrease of dissolution rate decreased the activity by 24–27%. 
 For the pH, low pH resulted in higher activity. Operation at pH 7.2 decreased 60Co activity by 

16% while operation at pH 6.8 increased 58Co activities by 30%. The dependence of 58Co and 
60Co activities on pH are different, due to the difference in their decay constants. For the pH 7.4 
case, CRUDTRAN predicted the extreme reduction of the activity due to the reversal of the iron 
solubility variation with the temperature. That is, at pH 7.4, iron solubility increases with the 
temperature, so that a primary driving force for the crud transport from out-of-core to in-core 
does not exist. 

Particle deposition rate does not influence the activity since the primary type in the crud and activity 
transport is the soluble. For the effect of spacer grid, CRUDTRAN does not have specific models for the 
spacer grid. 
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FIG. 75. Total 58Co and 60Co out of core activity behavior. 

 
6.2.3. DISER code 

Sensitivity study results for set of variables are given in Fig. 76. The main conclusions are following: 

Most of the changes were proportional in response 

Response was very small for:  

 change of filtration rate in moderate range; 
 change of out of core cobalt. 

Response was strong for:  

 reduction of out core surface by 50%. 

 
FIG. 76. Total 58Co and 60Co HL activity behavior. 
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6.2.4. MIGA RT code 

A sensitivity study was performed for two data sets – EBO-1 after first cycle and EBO-1 after 16th cycle. 
For the study of pH(300) deviation, a value of 7,1 was taken as a base level. Calculations were performed 
separately for HL and CL surfaces. Results are shown in Figs 77–78. These results can be summarized 
as follows: 

 There is no significant difference between hot and CL surfaces 
 Response was proportional for release and reaction rate changes 
 There was no response for in-pile and out of pile surface changes 
 Response was strong for purification rate changes 
 Surface activities are monotonously decreasing with increasing pH(300)  

 

FIG. 77. 58Co and 60Co HL activity behavior. 

 

FIG. 78. 58Co and 60Co CL activity behavior. 
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6.2.5. PACTOLE code 

Results of the sensitivity study are shown in Figs 79–80. Analysis of results obtained is divided into two 
parts, the first one taking into account design parameters (surface, materials) and the second one the 
chemical conditioning of the primary coolant.  

6.2.5.1. Design parameters: 

The activities deposited in 58Co and 60Co out of pile are directly proportional to the reaction rates. The 
variation of 50% of the SS surface under neutron flux has no effect on contamination out of pile in 58Co 
and is low for that in 60Co (10%). This can be explained by the low initial surface under neutron flux in 
SS, as indeed the fuel grids are made of zircaloy and the springs are made of Inconel 718. 

The activities deposited in 58Co and 60Co out of pile are directly proportional to the variations of the 
surface under flux since the mass of corrosion product deposits likely to be activated is proportional to 
the surface of the deposits in-pile. This is the same for the activity under neutron flux and eventually of 
out-of-pile contamination. 

The activity deposited out-of-pile per surface unit in 58Co and 60Co only slightly changes with the 
surface variation out of pile, which means that the total activity deposited out-of-pile is proportional to 
this surface. The largest source of corrosion products comes from the release of these surfaces 
out-of-pile, the mass of corrosion product released in the primary circuit water is nearly proportional to 
this surface and thus eventually the total activity in 58Co and 60Co which will be re-deposited out-of-pile. 

The out-of-pile contamination is nearly proportional to the release rate of the parent isotope. The 
variation of the purification rate has a lower effect on 58Co than on 60Co. This is due to the fact that the 
cobalt concentration in most of the primary circuit regions is lower than its concentration at equilibrium, 
and thus a non-negligible fraction is eliminated by the purification circuit, which is not the case for 
nickel. 

6.2.5.2. Chemical conditioning: 

The parametric study carried out for CRUAS-1 shows that the simulation with operation at a constant 
pH 7.2 at 300°C gives the lowest contamination in 58Co and 60Co. This is the best chemical conditioning, 
as it corresponds to the minimum of solubility for iron and nickel at core entry. These values are very 
close to those obtained by simulating the chemical conditioning actually applied, which is normal as this 
is the one recommended and applied at best to the operating restrictions imposed by EDF on its reactors.  

The conditioning at pH 6.8 and 7.4 gives the highest contamination values for 58Co; the concentrations at 
equilibrium of iron and nickel at core entry are the highest. This leads to the greatest deposition of 
corrosion products and highest in pile activities. 

Within the framework of the LOVIISA parametric study, the activities deposited out of pile greatly 
increase (especially for 60Co) for simulations at pH 7.0 and 6.8. This increase is explained by a 
significant increase in the concentrations at equilibrium calculated by the PACTOLE code for these pH 
values at operating temperatures of this reactor, which are much lower that those of CRUAS. These 
concentrations at equilibrium calculated by the code have not been experimentally validated in this 
temperature range. 
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FIG. 79. Total 58Co and 60Co out of core activity behavior. 

 

FIG. 80. Total 58Co and 60Co out of core activity behavior. 
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6.2.6.   RADTRAN code 

Sensitivity analysis was performed on the CRUAS-1 and EBO-1 cases. Results of the sensitivity 
analysis are shown in Figs 81–82. These can be summarized as follows: 

For 60Co: 

 Most of the changes were proportional in responses 
 Response was very small for increase of filtration rate in moderate range 
 Response was small for change of particle deposition rate and in-core SS surface 
 Response was strong for  
 filtration rate (no filtration case) – activity increase more than 100 × (out of picture scale) 
 for in-core dissolution driving force (pH(T) effect) 
 Different responses for CRUAS-1 and EBO-1 were obtained for  
 In core SS surfaces (CRUAS proportional, EBO-1 -no response) 
 In-pile surfaces - outer layer for EBO weak positive. 

For 58Co: 

 Results were similar except for in-pile surfaces, where outer layer for EBO response was weak 
negative. 

 

 

 

FIG. 81. Total 58Co out of core activity behavior. 
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FIG. 82. Total 60Co out of core activity behavior. 

 
6.3. Summary evaluation of sensitivity study 

Based on these results the following conclusions can be made: 

Agreement between the various codes and the plant contamination data was generally good, e.g. with +/- 
50%, but some codes agreed better with one dataset than another, illustrating the large effect of the 
different models within each code on its predictions. 

Material corrosion rate and release rate are among the most important parameters in the models since 
they determine the source of the corrosion products that enter the coolant. Selection of materials with the 
lowest possible corrosion rates and release rates combined with material compositions that provide the 
smallest source of neutron-activatable material will minimize activity transport and radiation field 
growth on out-core surfaces. 

In many models, purification flow rate to either a filter or to an ion-exchange bed has a negligible effect 
on the rate of radiation field growth during plant operation. However, high purification flow during 
surface prefilming before initial start-up is essential to limit the amount of crud available for driving 
activity transport. 

All codes show the strong effect of water pH on activity transport. The importance of pH arises from its 
determination of metal oxide solubility and the change in solubility with temperature.  

The change in SG material from Inconel 600 to Incaloy 800 and its effect on activity transport is not 
well-predicted by the codes when compared with plant contamination data. 

Predictions from the simplest code compared as well with plant data as did the most complex codes. The 
simplest code is built around the transport of dissolved species created by metal oxide dissolution 
around the heat transport circuit and their removal by precipitation. 
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7. FURTHER DEVELOPMENT OF MODELS AND CODES FOLLOWING  
THE COMPLETION OF THE CRP 

 

7.1. Development of existing models 

7.1.1. PACTOLE model 

Significant development of the PACTOLE code has been undertaken in recent years. The latest 
PACTOLE code version, namely V3.0.f takes into account developments in the modelling of corrosion 
product behaviour, and was released in 2003 [98]. The V3 version of the PACTOLE code was 
completely reengineered and is intended to evolve as soon as new developments are available. Written 
in a fully object-oriented design, the PACTOLE V3 code is modular and easily evolving. The 
consequence on the PACTOLE V3 development was the implementation of a numerical solution for the 
corrosion product transport equations. 

Combined with a fully object programming language (C++), the PACTOLE V3 code has been written 
and designed using the Unified Method Language. Thanks to its code architecture, and confirmed by the 
development of a mock-up, the latest PACTOLE version is an easy evolving computer tool in which 
new media can be added and in which new models can be tested. Moreover, the class management 
process, introduced in the PACTOLE code, allows a non-limited number of control volumes, isotopes 
and fuel cycles. The only restriction comes from the memory of the computer on which the code runs. 

Based on a control volume approach, the primary circuit is represented by an arrangement of several 
volumes in which mass balance equations are solved. As shown in Fig. 83 which shows a typical 
nodalization of a primary circuit, the loops are gathered into one because a homogeneous contamination 
is assumed for the loops. Nevertheless, the loops can be individually computed in order to study, for 
instance, the effect of SG composition or surface treatment on contamination repartition between loops. 
The primary circuit is composed of one mainstream line to which derived circuits (like the CVCS) are 
connected. The reactor core can be multifold (e.g. threefold or fourfold), depending on the fuel 
management.  

 

 

 

FIG. 83. Typical representation of a PWR primary circuit. 
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For each control volume, representing a part of the primary circuit, input parameters are relevant to 
geometrical aspects, thermohydraulics considerations and material properties. Since the PACTOLE 
code is based on control volume approach, the only requested geometrical parameters are hydraulics 
diameter and wet surface. The later is defined as the surface that can be oxidized and on which corrosion 
products can be deposited. Concerning thermohydraulics data, classical parameters such as fluid 
velocity, flow rate and fluid temperature have to be provided. Furthermore, wall temperature is of major 
concern, since corrosion product equilibrium concentrations depend on the wall temperature gradient 
along the primary circuit. For material properties, the metal composition of each part of the primary 
circuit has to be given. In addition, surface roughness and surface treatments that appear to have a large 
influence are provided in term of release and corrosion rates. Obviously, corrosion product activation in 
reactor core is directly proportional to the neutron flux. Thus the power fraction, relative to the nominal 
power, has to be specified with care in every part of the core. Reactor operating conditions, which may 
impact primary circuit contamination, are also provided in the PACTOLE input data. These data can be 
summarized as follows: power history, water chemistry (Li, B(pH), dissolved hydrogen) and reactor 
shutdown. 

7.1.1.1. Form of corrosion products in a control volume 

Although the PACTOLE code is based on a control volume approach, different physical states can be 
found in one control volume, also called region. These states, called media in what follows, have 
different behaviours and corrosion products concentrations and can interact. Fig. 84 displays the 
different media that can exist in a control volume. 

 

 

FIG. 84. Media in a control volume for a PACTOLE representation (fluid means ions). 

 

Directly produced by metal oxidation, the inner oxide is an enriched chromium layer. Dense and 
relatively thin, it is a low soluble oxide and acts as a protective barrier against metal oxidation. The outer 
oxide, more soluble in reactor operating conditions than the inner oxide, is mainly composed of nickel 
ferrite. As a result of metal oxidation combined with ion precipitation, the outer oxide becomes 
contaminated by the incorporation of activated corrosion products. (Corrosion of zirconium base metal 
is not accounted for in the PACTOLE code). 
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Released from base metal, ions are carried by the fluid in the different part of the primary circuit where 
they can precipitate in bulk, producing particles, which form another medium. Both particles and ions, 
which can be activated when crossing a core region, can respectively deposit on piping walls or 
precipitate on either the deposit or the outer oxide. Finally, a peculiar medium, which aims at cleaning 
the primary circuit, can be represented: the filter and ion exchanger resin devices.  

7.1.1.2. Main models 

Major phenomena, which are involved in corrosion product transport, are accounted for in the 
PACTOLE code. The transfer mechanisms between all considered media are summarized in Fig. 85. 

. 

 

 

FIG. 85. Main mass transfer processes in the PACTOLE code. 

 

7.1.1.3. Corrosion, ion release and ion incorporation in oxides 

In the proposed modelling, corrosion is the process by which the base metal becomes oxidized. This 
oxidation leads to several mass transfers which are: generation of an inner oxide, generation of an outer 
oxide and release of metallic ions directly in the fluid. These transfers are shown in Fig. 86. In the 
PACTOLE V3 code, corrosion and release mass transfers are, respectively, directly dependent on a 
corrosion and release velocity, which are defined by the user. The experimental background results from 
a common work between EDF, Framatome-ANP and CEA. For the outer oxide, the incorporation 
mechanism of ions is described as a function of the release velocity. This modelling allows accounting 
for the impact of the material surface treatment on the oxide contamination. 
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FIG. 86. PACTOLE local modeling for inner and outer oxide generations and ion release. 

 

7.1.1.4. Ion and particle transport 

After being released from the base metal, metallic ions are transported in the primary circuit. Since 
solubility depends on temperature and water chemistry, metallic ions can reach regions where their 
concentrations exceed the local saturation and therefore precipitate on wall surfaces or in bulk, forming 
particles. When the ion concentration is below saturation, dissolution of the oxide and deposit occurs. 
Corrosion products, transported by the fluid in particulate form, deposit on wall surfaces when they are 
submitted to Brownian and turbulent diffusion and to thermophoresis effects. This last effect is 
important in SG tubes where the thermal gradient between the fluid and the wall is high and positive. 
Moreover, particles are assumed to follow a log-normal probability function in PACTOLE modelling. 
Both deposited particles and oxides can be eroded when hydrodynamics forces become higher than 
those from adhesion. Erosion produces new particles in the bulk fluid, which can be transported by 
convection to the other regions of the primary circuit. Concerning the erosion process, PACTOLE 
modelling assumes that above a threshold deposit thickness, deposits and oxides may be eroded. The 
key point of these interactions, between the wall surfaces and the fluid, occurs when the deposit/oxides 
are submitted to a neutron flux (in-core regions). Indeed, deposited corrosion products become activated 
and therefore can be again transported in out-of flux regions of the primary circuit where they contribute 
to the dose rate. 

This model has been already tested on data sets from different French PWRs. The comparison of the 
simulations made with the PACTOLE code with on-site measurements of deposited activities 
demonstrates a reasonable agreement between numerical simulations and experimental data. 
Nevertheless, further calculations have to be performed with other reactors and with experimental loop 
results to get a good picture of the code capabilities. Further code developments are already ongoing. 
These include improvement of physical models for corrosion release mechanism, oxide composition, 
shutdown process modelling with their rigorous validation using set of validation cases. 
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The model continues to be upgraded and the current version, PACTOLE V3.2 [99], is based on the 
arrangement of control volumes as shown in Fig. 87. Therefore, the PWR primary system is discretized 
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 
Fig. 87) 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 Fig. 87) 
but it is possible to differentiate between them to take into account, for example, the state of a different 
surface of the SG tubes.  

 

 

FIG. 87. Representation of a PWR primary system and a CVCS in terms of control volumes. 
 

The behaviour of the corrosion products in each control volume is modelled by the mass balance 
equation for each isotope in each medium 

 

With mi representing the mass of the isotope (i) in a given medium, and t representing the time,  
mout -min the convection term and Jm 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 Fig. 85. 

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 
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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 [99] for which the parameters – especially corrosion and release rates – are 
determined on the basis of test loop experiments. 

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 already-existing oxide, and thus near particles but 
especially near the wall. Ions therefore need to be transported to near the wall or other particles before 
precipitating. 

The equilibrium concentration of each chemical element is calculated with the PHREEQC code [100] 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 [101],  
 Sedimentation for horizontal ducts [102], 
 Thermophoresis for temperature gradients between the coolant and the wall [103].  

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. 

Finally, 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 

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 the velocity, flow and temperature of the coolant must be 

indicated, as well as the wall temperature. 
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 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 

PACTOLE V3.2 was tested by the simulation of CRUAS-1 unit. The 900 MWe PWR, CRUAS-1 (CPY 
standardized plant series), is equipped with three SGs 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 ¼ reloading from the 4th cycle (see Fig. 87). Fig. 88 
and Fig. 89 compare the deposited activities for the two main radioelements (58Co and 60Co) calculated 
using PACTOLE V.3.2 with the deposited activities of the EMECC measurements [104] for the HLs 
and the SG tubes (coldside). 

 
FIG. 88. CRUAS-1 – Activity deposited in the HLs. 
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FIG. 89. CRUAS-1 – Activity deposited in the in the steamgenerator tubes (cold side). 

 

In relation to the 58Co activity measurements, the CRUAS-1 simulation overestimates the contamination 
in the HLs by a factor of 2–3 and in the SGs by a factor less than 1.7. 

The CRUAS-1 simulation underestimates the 60Co activities deposited in the HLs by a factor of 2 and in 
the SGs by a factor below 1.7. 

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 58Co and 60Co – 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 58Co and 60Co 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 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 were also carried out [104]. 

CEA, in collaboration with EDF and AREVA NP, has carried out an R&D program for many years 
involving specific experiments related to the development and validation of the PACTOLE code. 
Among them, the CIRENE out-of-pile loop is dedicated to the study of activated CP deposits on fuel 
rods and on SG tubes. This pressurised water circulation loop corresponds to a PWR coolant system at a 
scale of 1/7000. The outlines of the CIRENE facility required for the test are presented on Fig. 90.  
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FIG. 90. CIRENE loop outlines required for the test. 

 

A 30 day test has been performed at this loop to compare the experimental results from CIRENE loop 
with numerical simulations obtained with the PACTOLE V3.2 code. This test has been carried out with 
thermal-hydraulic parameters corresponding to a subcooled boiling regime at the outlet of the core 
section, and chemical conditions representative of a French PWR primary circuit. A radioactive tracing 
methodology have been applied, using gamma spectrometry measurements with the injection of specific 
radiotracers, 58Co and 59Fe: in-situ gamma spectrometry measurements were performed at the outlet of 
the core section and the SG tubes, while frequent radiochemical analyses of the primary fluid were 
carried out for checking the instantaneous mass balances. Assuming that the rapid shutdown with 
dT=197°C /10 min without any oxidation led to a weak dissolution of the deposits in the upper part of 
the core section, then for this area, the calculated activities at 30.45 days could be compared with those 
measured after shutdown. The values to be compared are shown in Table 5. 
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TABLE 5. DEPOSITED ACTIVITIES CALCULATED AT T=30.5 DAYS AND 
MEASURED AFTER RAPID SHUTDOWN FOR THE CIRENE TEST 

 PACTOLE V3.2 calculation Experimental measurements after shutdown on 
claddings and square tube 

 CONTROL VOLUME [SE4_I] : CORE OUTLET 
58Co 75 82 +/- 27% 

59Fe 40 50 +/- 15% 

 CONTROL VOLUME [ECF] : SG TUBES OUTLET 
58Co 13 12 +/- 3% 

59Fe 1.7 1.5 +/- 9% 

Note: Activities are given in Bq·cm-2 (1×10-5 GBq·m-2). 

 

A good agreement was observed between the “calculation" and “measurement" values, and more 
especially on the SG tube section, which had already been demonstrated by direct comparison of the 
activity profiles as shown in Fig. 91. 

 

 

FIG. 91. 59Fe and 58Co deposited activities at the outlet of the SG tubes section for calculated 
(PACTOLE V3.2/4h-time step) and in-line measurements. 

In Table 6, the masses of deposited corrosion products on the "core" section calculated at 30.5 operation 
days are compared with those measured after shutdown using characterizations of the cladding and 
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square tube scrapings. It should b4 noted that this relates to the characterization of a labile remained 
deposit resulting from a rapid shutdown without oxygenation. The relevant control volumes are [SE2], 
[SE3] and [SE4], corresponding to the under-flux area as depicted on Fig. 92. As a result, the same order 
of magnitude of surface density in the upper part of the claddings was obtained, whereas a difference can 
be observed as soon as we examine the control volumes corresponding to the beginning of the 
under-flux area: it can be reasonably assumed that the rapid shutdown has led to a partial CRUD 
dissolution in the lower part of the core section where oxides of ferrite nickel type are preferentially 
formed, whereas it has preserved the Ni-enriched CRUD deposited in the upper part of the core 
section [104]. 

TABLE 6. SURFACE DENSITIES CALCULATED AT T=30.5DAYS (AS DEPOSITED 
CRUD) AND MEASURED AFTER RAPID SHUTDOWN (REMAINED CRUD) FOR THE 
CIRENE TEST 

Axial elevation  
(cm) 

Relevant control volumes Surface densities  
(in 10-4 kg·m2 equivalent to mg·dm-2) 

  PACTOLE V3.2 
calculation t=30.5 days 

Experimental 
measurements after 

shutdown on claddings 
and square tube 

315 SE4_h 28 23 +/- 3.5 

265 SE4_c 26.7 11 +/- 1.7 

205 SE4_a 24.5 1.35 +/- 0.2 

165 SE2_a 20.5 (0.8–1.5) +/- 0.2 

 

FIG. 92. Temperature profiles integrated in the input data set for the “core” section of the  
CIRENE test. 
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The CIRENE test calculations gave the following results: 

Deposited activity profiles: it should be noted that, for both the core section and the SG tube section, the 
"calculation" profiles displayed good agreement with the "measurement" profiles. The "calculation" 
profiles effectively retranscribe the 11 radioactive tracer injection sequences, although sometimes the 
kinetics and amplitudes are different. 

Deposited activity at 30.5 days: good agreement was observed between the “calculation" and 
“measurement" values, especially on the SG tube section. 

Deposited masses at 30.5 days: the same order of magnitude was obtained between “calculation" and 
“measurement" (i.e. the surface density of the labile remained deposit) in the upper part of the "core" 
section, whereas a difference was observed as soon as the control volumes at lower axial elevations of 
the under-flux area were examined. 

Composition of the primary coolant in activated CP and non-activated CP elements: for the 
non-radioactive as well as for the radioactive elements, the experimental values and the calculation 
agree, but only to a certain extent since the detection limits of the required analysis methods are often 
reached. 

It is important to note that gamma spectrometry measurements combined with injection of radiotracers 
provide access to numerous experimental data and profiles which give added value in the comparison 
with code simulations. 

This CIRENE test and the relevant simulations have revealed new directions in the understanding of 
contamination transfer phenomena and ways of improving their modelling in the PACTOLE code 
(contamination kinetics, temperature effects, chemical conditioning effects…). 

 

The PACTOLE code has been developed over the past thirty years and continues to be upgraded. 
However, mutual interaction and relation of fission and corrosion products takes place in the real plant 
conditions and was not considered by any model. Therefore next major upgrade focused to the merging 
of the PACTOLE code with the PROFIP [105] code to create the new, advanced code. In cooperation 
with EDF and AREVA NP, CEA has developed the OSCAR code (French acronym for Simulation tool 
of the nuclear reactor contamination), a unique tool for simulating PWR contamination [106]. The 
OSCAR package results from the merging of two codes, which simulate PWR contamination by fission 
products and actinides (PROFIP code) and by activated corrosion products (PACTOLE code). 

Development of OSCAR code package, combining the features of the two above mentioned codes was 
motivated by the fact that, wherever they originate from, the contamination products are subject to the 

same severe conditions (300°C, 150 bar, neutron flux, water velocity up to 15 m·s
-1

) and follow the same 
transport mechanisms in the primary circuit. The main processes involved are erosion/deposition, 
dissolution/precipitation, adsorption/desorption, convection, purification, neutron activation and 
radioactive decay.  

The V1.1 version of the OSCAR package is qualified for fission products (Xe, Kr, I, Sr), actinides (U, 
Np, Pu, Am, Cm) and corrosion products (Ni, Fe, Co, Cr).  

Particular focus was put on the main upgrades in the OSCAR simulations compared to the PROFIP and 
PACTOLE codes: adaptation of the MARGARET module to assess fission product release out of fuel 
pellets in a defective rod, adsorption/desorption model development for strontium behaviour, 
multi-criteria calibration of input data which are not well known for corrosion product simulation. 
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The source terms taken into account in the OSCAR V1.1 code are presented for the different types of 
contamination products : fission products and actinides released from defective fuel rods, fission 
products emitted by recoil from actinides deposited on surfaces under neutron flux (see Fig. 93), and 
corrosion products released from the base metal.  

In case of rod cladding defect, fission products are released in the primary circuit from the fuel rod. 
Three stages can be distinguished in this process: release out of the rod pellets, transfer through the 
fuel-cladding gap and release through the defect.  

 

FIG. 93. Fission products and actinides release. 

 

Considering the defective fuel rod situation, experimental data show that the fuel burnup has no impact 
on the radioactive fission products release from the fuel pellet. Hence the mechanisms which induce an 
enhancement of the release of stable gas with the burnup are not considered for defective fuel. 

For defective rods, oxidation of the fuel matrix leads to released fractions much higher (by a factor of 
roughly 30) than for non defective fuel rods. This impact from oxidation is taken into account in the 
simulation by the following adjustments:  

 Fraction of free surface F
free

: it is fixed to 100%, which prevents percolation from playing any 

role.  
 Diffusion coefficient inside the grain D: a correction factor is applied to the intrinsic stable gas 

diffusion coefficient used for tight fuel.  
 Fuel temperature: besides the fact that for a defective configuration, water vapour replaces 

helium in free volumes of the rod and that the internal pressure of the rod is balanced with 
external pressure (no further clad creeping), a degradation of the thermal conductivity of the fuel 
is taken into account.  
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Fig. 94 gives a comparison between measurements and OSCAR calculations after calibration, 
concerning the released fractions from defective UO2 fuel rods of the database (including EDITH 02 
and EDITH 06 analytical irradiations, respectively for low and high burnup UO2 rods). The validation 
domain is up to  
50 GWd·t-1. Relatively good agreement between experimental and calculated released fractions was 
observed. 

 

 

FIG. 94. Comparison between experimental and calculated released fractions for UO
2 
defective fuel. 

The OSCAR code can be used to assess the iodine amount which is trapped in free volumes and released 
during a power transient. However, it can not reproduce the kinetic of the iodine release which is 
observed during the transient. 

For corrosion products modelling, an empirical approach for corrosion and ion release processes has 
been chosen, as for the PACTOLE code modelling. The main mechanisms involved in corrosion product 
transfer are dissolution/precipitation and erosion/deposition. As already mentioned, the modelling is the 
same as for PACTOLE V3, except that the thermodynamical database has been improved. Moreover, a 
multicriteria calibration has been performed to calibrate the parameters which are not well known. The 
parameters to be calibrated have been chosen as most influential. They are the following: erosion rate, 
dissolution kinetic, metal release (within the range fixed by the experimental results), initial deposit 
mass (thought to be due to the hot functional tests prior to the first cycle). Besides, an experimental 
program is under progress to determine the oxide dissolution kinetic [107]. Once calibrated, the OSCAR 

calculations are compared for the main radioisotopes (
58

Co, 
60

Co) to the deposited activities on HLs, 

CLs, SG tubes, as well as to the volume activities. As illustrated in figure 95 for 
58

Co and 
60

Co deposited 
on SG tubes, the OSCAR code provides a reasonable estimation of PWR corrosion products 
contamination 
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FIG. 95. Activity deposited inside the SG tubes. 

 

In the model, the release of corrosion products in the primary circuit corresponds to several kilograms of 
iron and nickel, which determine the behaviour of the deposited contamination, including actinides (a 
few grams) and insoluble fission products (a few milligrams). The released corrosion products are 
transported by the coolant to the core where they can deposit on fuel assemblies. Such corrosion product 
deposits can be activated and subsequently set back into the coolant where they can redeposit on 
out-of-core surfaces and raise radiation fields. Moreover, in the case of surfaces under neutron flux, the 
activation mechanism (see Section 3.2.5) generates radioactive corrosion products in the base metal, 
which are directly released in the primary circuit through the release process 

Considering the source terms and mechanisms described above, OSCAR is able to simulate the 

behaviour of four groups of contaminant species: actinides, gaseous and volatiles fission products, 
90

Sr 
and lastly corrosion products. In the case of the presence of tramp uranium consecutive to fuel oxide 
dissemination, actinide contamination is a source term for fission products and must be calculated prior 
to fission product contamination.  

Fig. 96 shows a comparison between measurements and OSCAR code calculations for 
133

Xe primary 
volume activity during a PWR cycle with occurrence of a cladding defect on a first cycle rod. A fair 
agreement between measurements and calculations was found.  
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FIG. 96. Calculation/measurement comparison for 
133 

Xe primary volume activity after  
cladding defect occurrence. 

 

However, in this first version of OSCAR, the fission products and actinides calculations are still 
independent from corrosion products calculations. In the next version, common transport of actinides 
and other non soluble fission products by the corrosion products will be considered, so that the erosion 
and deposition mechanisms will be determined by the corrosion products, even for actinides and fission 
products. This will allow describing simultaneously in a consistent framework the coupled behaviour of 
corrosion products and fission products/actinides. Further, a soluble form of actinides will be 
considered, especially after the primary fluid oxygenation at the end of the cycle, and the return of 
actinides to the water due the corrosion product dissolution. These new models will allow the simulation 
of alpha activity behaviour in the primary fluid during a refuelling shutdown. 

7.1.2. CANDU model 

While aspects of iron and radionuclide transport in the CANDU heat transport system (HTS) have 
previously been modelled, a single system model was never developed. Therefore development of a 
robust, semi-empirical system model of iron and radionuclide transport that can reproduce available 
plant measurements with a minimum of fitting parameters was initiated. A principal requirement was 
that the model should predict radiation fields at the reactor face and SGs. A semi-empirical model has 
been developed that can predict magnetite and radionuclide distributions around the CANDU HTS, and 
radiation fields around CANDU plants [108].  

A principle conclusion of the model is that the magnetite deposits on CANDU HTS surfaces largely 
determine the spatial and temporal distributions of radionuclides on out-core surfaces, and hence the 
radiation fields. Magnetite deposition is the major process responsible for the observed continuous 
increase in the radiation fields on SGs and at the reactor face in CANDU plants. The large inventory of 
magnetite in the SGs mean that the SGs act a “full-flow” purification system, removing most of the 
circulating radionuclides, and their inactive parents, from the HTS coolant. The iron transport model 
reproduces both the magnitude of the observed magnetite deposit loadings and their distribution around 
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the out-core surfaces of the CANDU HTS. The model developed is successful in predicting plant data on 
radionuclide surface activities and radiation fields, especially for the SGs. While the iron transport 
model is based on a detailed theory of corrosion and magnetite solubility, the radionuclide deposition 
rates are derived empirically from station data. At least two measurements of radionuclide specific 
activities (Bq 60Co/g oxide) are necessary to predict the future radionuclide behaviour: one from a 
magnetite-covered surface, and the other from a “bare” surface. 

The model accurately predicts the deposit loadings and distributions for plant ages from 4.5–20 EFPY, 
see for example Fig. 97. 

 

 

FIG. 97. Predicted (solid curve) and measured (squares) Fe3O4 deposition in the SG tubes from 
Gentilly-2 after 10.4 EFPY at pHa = 10.7 and cin = 7.36 g Fe/kg D2O entering SG. (The distance scale 

starts at the inlet of the HL and ends at the thermal plate of the SG). 

No data were available against which to check the predictions for plant operating times less than 4 years. 
It is expected that the model might not be suitable for use during the first 1–2 years of plant operation, 
when steady-state corrosion and deposition had not been achieved. The good agreement with the station 
data shows that small variations in operating parameters such as pHa do not need to be considered to 
obtain the level of agreement required by the model. (The pHa - pH apparent - is defined to be the pH 
reading displayed on a pH meter, calibrated in light water buffers, for the heavy water coolant at room 
temperature at 25ºC). However, operation at pHa values less than 10.2 may not be adequately modelled, 
as these low pHa values are close to the region where the magnetite solubility changes from normal to 
retrograde. In this pHa regime, the uncertainties in solubility data and choice of auxiliary parameters 
such as Kw result in large uncertainties in the model predictions. The deposit distribution around the SG 
is shown to be sensitive to the pHa of HTS coolant and the initial concentration of iron entering the SG, 
whereas the overall magnitude of the deposition in the SG is relatively insensitive to these parameters.  

While the model predicts the SG 60Co fields well, it is less successful in predicting the fields at the 
reactor face. This is at least in part due to the changes in deposition behaviour with operating time as the 
magnetite deposits in the SGs grow, and to changes in the 60Co concentration in the coolant as the 
coolant passes through the SGs. Further work is required to resolve this. 
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7.1.3. Modelling CIPS in PWRs 

CIPS was first described as Axial Offset Anomaly, (AOA) and many papers and references refer to it as 
such.  For most purposes the terms are used interchangeably, but CIPS is used throughout this document, 
except in original figures and references. CIPS has only been observed in high duty PWR cores with 
sub-cooled nucleate boiling when sufficient corrosion products are available for on-fuel deposition. 
Many plants have experienced this phenomenon, either mild or severe for one or more fuel cycles. 
However, other plants that have operated with aggressive thermal conditions have been free of the 
effect. The most severe occurrences of CIPS have been at the Callaway PWR. A schematic of the 
modelling logic is presented in Fig. 98 [109]. The neutronics calculated from the core map are used to 
derive the thermal hydraulics for the clean core. The thermal hydraulics defines the steaming profile of 
the core, and these data are coupled with the bulk and near-clad chemistry to develop the axial corrosion 
product deposition for a given channel for each burn-up step. The model considers deposition based on 
thermodynamic concentration, mass-transfer driven deposition, and steaming concentration processes. 
The result is a quantitative mechanism for deposition onto the fuel surfaces. The sources of corrosion 
products include not only soluble material released from the SG and other primary surfaces, but also the 
release and redistribution of deposits from re-load fuel, in either soluble or particulate form. Subsequent 
refinement of the model included feedback effects on steaming of deposited corrosion products and on 
neutronics from residual 10B in deposited boron. In developing the model, estimates of experimental 
input values, such as corrosion product release from SGs, were determined from the Callaway plant. 
Thermal hydraulics was calculated from input data for Callaway cycles 6 and 9, two fuel cycles that 
experienced significant CIPS. 

This EPRI fuel deposit chemistry approach (FDCA) model has been successful by itself to calculate 
boron deposit mass for Callaway fuel cycles 6 and 9. However, it was not possible to include the effect 
of neutronics feedback in the Callaway calculations. The presence of crud deposits with adsorbed boron 
at the surface of fuel assemblies could have an influence on the neutronics calculation and then on the 
local thermal-hydraulics parameters of the core because of the Doppler effect and the neutron absorbing 
properties of the boron.  

The FDCA model was then combined with two EDF reactor core models: THYC, a thermal hydraulic 
model; and COCCINELLE, a model that calculates the internal neutron fluxes as a function of burnup 
[110]. These three models were used together to estimate the build-up of corrosion products on the core, 
the inclusion of boron (as undissociated boric acid) in these deposits, and the impact of these deposits 
and included boron on the neutronics of the core. The final output of the calculation is an estimate of the 
CIPS profile for the core. Using the calculation method described above, the observed axial offset of a 
12-month cycle has been successfully modelled for CHINON-2 plant as shown in Fig. 99. 
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FIG. 98. Modeling boron hideout on PWR fuel. 
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FIG. 99. Calculated axial offset compared with measured data. 

 

A co-sponsored experimental program has been performed to verify the influence of water chemistry on 
the CIPS phenomenon has been developed in view of the interaction between water chemistry, core 
behaviour and fuel performance [111]. The main purpose of the experiment has been to identify the 
boron-containing species that are deposited in a thick crud layer under sub-cooled boiling and various 
water chemistry conditions (pH, Ni concentration). These parameters have been postulated to be 
important in the initiation of the CIPS phenomenon. 

Generally speaking the scraped crud samples consisted of submicron particles dominated by iron- and 
nickel- containing oxides. Under scanning transmission electron microscopy (STEM) one could easily 
identify that most of the submicron- and nano-particles were nickel ferrite (NixFe3-xO4) and nickel oxide 
(NiO). There were also some crystalline particles which contained a higher fraction of nickel than that of 
NiFe2O4 

At all axial positions the inner layers of the crud from all tests appeared to be relatively dense while the 
outer layers looked porous. Electron dispersive spectroscopy measurements confirmed that the crud 
inner layers were denser and rich in nickel while the crud outer layers were more porous and contained a 
higher fraction of iron. Fig. 100 shows the crud total boron concentration as a function of crud total 
nickel concentration in all tests performed in phase 3 where the parameters such as boron and lithium 
concentrations as well as exposure duration were varied. It can be seen that crud boron concentration 
increases linearly with nickel concentration in the range of the crud nickel concentration variation in the 
different tests. This is in agreement with the time-of-flight secondary ion mass spectrometry 
(ToF-SIMS) results that boron concentrates in the inner dense layer of the crud where nickel also 
concentrates. Since a linear correlation is found in the tests performed under different experimental 
conditions (different pH or exposure duration), the crud density or nickel concentration appears to be a 
deciding factor for boron deposition. In other words, the boron deposition in crud due to the effect of pH 
or exposure duration cannot be compared if the pre-crud layers are different in their nickel 
concentrations or perhaps volume densities. 

 

 

-10

-8

-6

-4

-2

0

2

4
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Burnup (MWD/tU)

AO
 (%

)

AO measured
AO predicted with COCCINELLE
AO calculated with FDCA and COCCINELLE (without iterative process and with 22,5% reload)

First shutdown

Third shutdown

Second shutdown

Control rods R extraction

108



 

FIG. 100. The correlation between boron and nickelconcentrations in the crud formed in the  
different tests of phase 3. 

From the results and experimental conditions of the present work the following conclusions were drawn: 

 A considerable amount of boron is found to deposit in the crud layers in all tests under different 
pH, exposure duration and crud thickness in Phase 3. 

 For all the tests performed at high pH the presence of Li2B4O7 has been confirmed using 
electron diffraction technique in STEM. 

 Boron deposition in the crud increases linearly with nickel concentration in crud in the range of 
approx. 36–55 mol% (Li, B, Ni and Fe are included) at different pH, exposure duration and crud 
thickness. 

 Boron deposits in the inner dense crud layer which is also rich in nickel oxide. 
 At high pH, lithium deposition increases with iron concentration in crud while at the low pH it 

decreases with iron concentration. 

To study the effect of pH (or other parameters) on boron deposition under different test batches it is 
essential that the pre-crud layers for different test batch are made strictly identical (e.g. with the same 
nickel concentration). 

7.1.4. Thermodynamic modelling of PWR coolant 

A PWR thermodynamic database has been developed to calculate Ni, Fe, Co and Zn solubility from 
their oxides and ferrites [112]. The calculations have highlighted the limited experimental oxide 
solubility data available, particularly at high temperatures, and the considerable variation between 
different measurements. These uncertainties are compounded by uncertainties in the thermodynamic 
data for the ferrites, and the effects of changes in stoichiometry. Future work will be aimed at including 
radiolytic reactions in the database. The main conclusions are: 

 The two data sets for Fe3O4 solubility diverge at high pH. The reason for the discrepancy is not 
known. A model based on Baes and Sweeton's [113] data appears to give better agreement with 
ferrite solubility measurements. 

 There are discrepancies in the ZnO solubility data, particularly at low pH. Again, the reasons are 
not clear. 

 Only a single set of data is available for CoO solubility up to 250°C. Care should be taken if the 
data are extrapolated to higher temperatures. 
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The model predicts that NiFe2O4 does not dissolve congruently, but that Ni or NiO is formed and this 
limits the nickel solubility. The calculated Ni and Fe solubilities are in reasonable agreement with 
experimental data. 

Measurements of CoFe2O4 indicate that it dissolves congruently giving a Fe/Co solution ratio of 2. The 
model predicts congruent dissolution below ~600 K, but underestimates the extent of solubility 
somewhat. Similar results are obtained for mixed Co-Ni ferrites. 

ZnFe2O4 is predicted to be thermodynamically unstable with respect to decomposition to ZnO and Fe3O4 
at PWR H2 concentrations. However, an ideal solution treatment predicts that non-stoichiometric 
ferrites of the type ZnxFe(3-x)O4 would be increasingly stable as "x" decreases. There are considerable 
variations in the data for zinc ferrite used by various authors. 

The database has been used to calculate Fe and Ni solubilities in PWR coolant under a range of 
operating and shutdown conditions. The calculations predict small differences between the pH of 
minimum solubility and that of the zero temperature coefficient compared with an earlier analysis by 
Walker and Thornton [114]. This highlights uncertainties within the thermodynamic data, which will 
not be resolved without additional measurements. 

Reactor measurements indicate that, in reactors with low Ni content in the SG alloys, the concentration 
of Ni in the coolant is limited by its availability in the surface oxide. In reactors with high-Ni alloys, the 
circulating Ni concentrations may be dominated by colloidal material. The calculated changes in Ni and 
Fe concentrations during the acid-reducing phase of shutdown are in reasonable agreement with 
measurements from Sizewell B. 

7.1.5. Modelling CIPS phenomena in WWER-440 type reactors 

The activity of deposits is known to be proportional to the amount of corrosion products circulating in 
the circuit; therefore all models of the mass transfer processes in the circuit include the change of 
corrosion products concentration and the corrosion rates in time, removing these products by various 
filters and deposition. Decontamination of the primary equipment due to inspection, repair and the needs 
of replacement work can lead to a local change of corrosion rate, which results in the increase of 
corrosion product concentration in the circuit and then to an increase of deposition on surfaces. If, due to 
incorrect water chemistry, conditions for corrosion product deposition in the core are created in parallel 
with increasing corrosion produced by the coolant, the hydraulic resistance of the reactor also grows, 
which results in the increase of the pressure drop dP at the reactor core [115]. Based on the data obtained 
at a WWER-440 NPP, a model was developed at VNIPIET with the aim of explaining the rise of 
pressure drop under a variety of conditions. The рН values, ammonia and hydrogen concentration were 
considered as key parameters of the water chemistry in this model [116]. The preliminary analysis 
showed that the dose rates from the equipment of the primary circuit are correlated inversely with the 
pressure drop.  

The correlation between the average pressure drop growth and activity of 58Co in the primary coolant is 
shown in Fig. 101. 
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FIG. 101. Pressure drop as a function of activity of  58Co in the coolant with pH(300) in the range 7.1–7.3.  
(A, B, C, D, G, L, M – identification letter of reactor block).  

This correlation can be explained by the deposition of corrosion products in the circuit, mainly on the 
hotter surfaces (in-core) or on surfaces cooler than the coolant (the remainder of the circuit). 

Each operating cycle can be characterized by several parameters: the pressure drop during a cycle, the 
pressure drop between the cycles and the mean value of the pressure drop during the cycles [117]. The 
rise of pressure drop between cycles is caused by the fact that loose corrosion products tend to move 
during start-up and adhere to the grids. Besides, the solubility of magnetite decreases sharply with the 
rise in temperature and is deposited in the circuit and under specific pH conditions, preferentially on hot 
surfaces. However, as well as the operational characteristics, these values depend on design features of 
the power unit and the length of its operation. The parameters that characterize the changes of pressure 
drop during the cycles are more reliable. VNIPIET developed a model of pressure drop changes during a 
cycle [118] which takes into consideration the follow main parameters: 

 time of power unit operation under water chemistry with рН(300) < 6.8 during cycle, days; 
 58Co and 60Co isotope activity ratio; 
 thermodynamic data of solubility of magnetite and nickel ferrite in circuit. 
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(a) The rise of the pressure drop at the beginning of the cycle is correlated with the low value of pН 
at start-up. An example of the change of pressure drop and рН(300) during cycles 19 of the Paks 
NPP is shown in Fig. 102. As can be seen in the figure, the rise of pressure drop occurs at a рН 
value below 6.8. When the рН(300) exceeds the value of 6.8, the pressure drop in the reactor is 
stabilized. The boundary values of рН are shown in the figure. These values are calculated for 
the case when the total content of alkali metals are in accordance with the standard and real 
concentrations of boric acid, ammonia and hydrogen and therefore the lines are uneven. 

 

FIG. 102. Change of pressure drop and рН(300) at unit 1 of NPP Paks. 

 

The data show that, during the first three months of the cycle, the рН was below the value specified in 
the standard. Another important feature is the necessity to maintain a constant value of рН(300), keeping it 
as stable as possible in order to minimize changes in the temperature gradient of solubility and thus 
solubility itself. 

(b) The change of dP values for an average cycle is shown in Figure 103. The regression equations 
obtained are statistically significant. Before SG decontamination, classic deposits on FAs 
described by the termodynamic models can be seen (Figure 103a). After multiple SG 
decontamination, an increased release of corrosion products take place and the concentration of 
Fe, Ni and other corrosion products grows. The pH(T) dependence of CP behaviour changes and 
higher values of рН(T) lead to a decrease of the pressure drop during a cycle (Figure 103b). 

The model is based on the following observations: 
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FIG. 103. Change of pressure drop during a cycle as a function of the mean value of рН(300)  during the cycle 

before and after multiple SG decontamination (a –"classic" mass transfer, b – anomalous mass transfer). 
 

(c) The 58Со/60Со activity ratio can be considered as a measure of the age of the corrosion products. 
During the first start-up of the reactor, this ratio is greatly in excess of 1, and only after 5–7 years of 
operation does it become stabilized at values below 1. The relationship between the number of 
decontaminated SGs after cycle(i-1) and the 58Со/60Со activity ratio is shown in Fig. 104. This can be 
explained by the fact that after decontamination following cycle(i-1), an additional quantity of 
corrosion product is generated which are deposited in the core and, after activation, it is re-distributed 
in the circuit.  

 

FIG. 104. 58Со/60Со activity ratio in cycle(i) depending on the number of SGs decontaminated during one 
preventive maintenance after cycle(i-1). HH – hot header, CH – cold header. 

The results of VNIPIET model calculation [116], [119] are shown in Fig. 105. The pressure drop after 
decontamination of an assembled circuit without changing the technique of passivation can exceed 0.2 bar. 
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FIG. 105. Correlation between of the calculated and measured pressure drop values of  
several WWER-440 reactors. 

With an increase in the core pressure drop, the surface temperature of the fuel also increases. Fig. 112 
shows change of coolant temperature at the core exit after decontamination of three SGs in Loviisa-2 
reactor. [115] 

The number of affected fuel assemblies can be described by the function [119]:  

N(FA) = f(dP2 × Teff) 

where dP – the pressure drop, bar/day, Teff – effective time of reactor operation. 

 
 

FIG. 106. Change of coolant temperature at the FA exit as a function of FA irradiation time. 
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7.1.6. WWER-1000 corrosion transport model 

In 2003, another computer code COTRAN-M [120] was developed at the Kurchatov Institute in 
Moscow for the evaluation of radiation conditions in the vicinity of primary equipment in WWER-1000 
units. For this purpose, it is necessary to have activity data on corrosion products originating during 
reactor operation. In order to obtain such data, the code contains modelling algorithms for the processes 
of generation, transport and accumulation of both active and inactive corrosion product species (58Co, 
60Co, 54Mn and 59Fe) on the internal surfaces of the primary circuit with regard to the construction 
materials, water chemistry and the neutron flux during reactor operation. The following assumptions are 
made in the model: 

 Oxide layer growth is determined by the corrosion resistance (behaviour) of each material 
which is described by a polynomial function. 

 Oxides on the surface exist in a double layer structure – the internal layer is the product of 
corrosion of the base metal while the outer layer is created by deposition of corrosion products 
from the primary coolant. 

 Corrosion product concentrations in the pores of oxide layer(s) correspond to saturation at a 
given temperature.  

 Corrosion products are transported in both ionic and particulate form. Dimensions of ions and 
particles are part of input data. 

 Transport processes are identical for activated and inactive species. 

 Due to the absence of reliable data on the solubility of Co, Mn and Cr, their behaviour in the 
primary coolant is considered to be identical to Fe.  

In the model, primary coolant is considered as a closed loop divided into segments. Each segment 
represents a separate primary component. Segments are characterised by several parameters – surface, 
hydraulic diameter, temperature of wall and fluid, mass flow and velocity. Hydraulic and temperature 
data for each segment are considered constant. In order to increase the accuracy of the calculation, 
reactor core and SG tubes are also divided to segments, each of them again with constant parameters. 
The fuel assembly is divided to 14 segments, 10 of them representing the fuel rods and the remaining 4 
representing spacer grids. SG tubing is divided into 10 segments. The primary circuit is represented by 
the main flow through the reactor core, two by-pass circuits of ion-exchange and high-temperature 
filters and by-pass circuits through the pressurizer and the reactor core by-pass are considered. 

For each segment, mass transport processes between fluid and wall and also between neighbouring 
segments are considered with the following processes assumed: 

 Corrosion and corrosion release from the base material 
 Precipitation and particles dissolution in the coolant 
 Surface layer formed by crystallisation and deposition 
 Dissolution and erosion of the surface layer 
 Transport of both soluble and particulate forms by the coolant 
 Neutron activation and radioactive decay 
 Incorporation of activated products into both inner and outer oxide layer 

Corrosion of base metal and corresponding oxide layer growth rates are determined by the parabolic 
law. Dissolution (corrosion release) of oxide layer and deposit takes place at those segments where 
equilibrium concentration in the coolant is lower than that in the oxide layer pores. In the reverse 
conditions, deposition and crystallisation takes place with the formation of an outer layer. 

Corrosion product particles enter the coolant through erosion of the outer layer and are also formed from 
the crystallisation of supersaturated coolant. Such conditions exist in the segments where temperature is 
changed and the established equilibrium concentration of corrosion product in the coolant is higher than 
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the local thermodynamically saturated one. In the reverse conditions particles from the coolant will be 
dissolved. 

Through turbulence in the coolant, particles can gain kinetic energy and penetrate the oxide layer to the 
surface of the material where they form deposit according to Beal’s model. 

In the core segments, both deposited and circulated corrosion products are activated by the neutron flux. 
Additionally, activation of the SS components in the core is assumed with transport of activated 
products through the oxide layer into the coolant (corrosion release mechanism). 

Activated corrosion products enter the coolant by dissolution and erosion, through exactly the same 
processes as inactive corrosion products. Their transport from the core is with the coolant in both soluble 
and insoluble forms. 

Activated corrosion products are then deposited by the processes of crystallisation and deposition. 
Incorporation of activated ions into crystalline structure also contributes to the activity accumulation. 
The driving force of this process is the concentration gradient between coolant and solution in the oxide 
layer pores. 

In the model it is assumed that the technological parameters for particulate segments are constant during 
short time periods and are changed stepwise. With such an approach, the whole cycle can be divided into 
intervals, where unknown coefficients of differential equations can be considered as constant. In 
this way, the calculation reduces to the solution of differential equations with constant coefficients for 
periods with reactor operation with constant parameters. An exponential matrix method is used for 
solution of the equations. The solubility data necessary for calculation of mass-transfer coefficients are 
calculated from chemical equilibria, and activation coefficients in the neutron flux, decay constants and 
corrosion rates at given segment conditions are part of the input data set. 

Validation and attestation of the model/computer code has been performed by the Russian 
Scientific-Technical Centre of Radiation Safety using operational data from NPP Zaporozhe. 
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8. SUMMARY AND RECOMMENDATIONS 

8.1. Conclusions of the CRP 

The following conconclusions were reached after the finalising of the CRP. 
 
(1) For accurate prediction of activity transport, the corrosion rate and corrosion product release rate of 

plant materials must be measured under conditions duplicating those in a plant, e.g. same 
thermohydraulic conditions. High temperature water cooled loops may be used for these 
measurements. 

(2) The trend toward longer fuel life means that the thermohydraulic conditions in various parts of the 
core may be quite different, with sub-cooled nucleate boiling possible toward the top of fuel 
channels containing freshly-loaded fuel, but not in other regions. In-core models to allow for the 
effect of boiling on activity transport must be written and added to the codes and more nodes must 
be added to allow for this change in surface heat flux with location. 

(3) The role of particles versus dissolved species is still unclear. A more detailed understanding of the 
relationship between the various activity transport mechanisms is needed before the roles of the 
separate phases can be understood, modelled, and put into a code.  

(4) Codes must allow for deposit removal with fuel in the refuelling process. Typically, refuelling of 
one-third of the core removes both nickel and 58Co that would be released to the coolant during 
operation. This is especially important after the first fuel cycle when the codes predict the heaviest 
deposits of both elements incore.  

(5) The identification of the actual oxide phases contributing to activity transport is essential for code 
improvement. The solubility of elements in substoichiometric nickel ferrite will be different than 
those same elements in nickel oxide or in magnetite. As well, the rate constant for crystal dissolution 
will be a strong function of oxide composition and if the composition changes with time of 
operation, then the rate constant will also change. 

8.2. Current status of activity transport modelling 

Current activity transport models seem too elaborate, given our current knowledge of the actual 
deposition and release processes on various system surfaces. Further, models are lacking good 
experimental data for verification/validation of some of the processes being modelled. 

A step back towards simpler models based on limiting cases is suggested by the CRP in which the 
modelled processes have some basis for support by experimental data.  

The first step in determining the dominant role of dissolved/particulate species in activity transport is 
suggested to be the creation of transport diagrams to provide a macroscopic model of elemental 
transport, e.g. for dissolved iron. Corrosion film dissolution and precipitation are suggested to dominate 
all other processes at a surface and the transport diagram identifies these surfaces around the primary 
circuit. 

Fundamental data is needed for the electrical properties of metal oxides and transport properties in 
solution, although the work has not been accomplished yet. Further progress in modelling both 
corrosion product behaviour and the electrochemistry of corrosion are dependent on this data. It is not 
surprising, and it is appropriate, that the emphasis is in the area of modelling. The most daunting 
problems facing the industry are complex and draw on multiple disciplines of science. To consider 
thermally driven fuel corrosion in light water reactors (LWR) requires knowledge of: high temperature 
crud chemistry; transport properties in solution; zirconium oxide kinetics and electrochemistry; heat 
transfer properties of crud; and oxide formation. A complete understanding of the influence of all of the 
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factors may not be tractable, but only through a complete model of the problem is it possible to 
understand how all of the variables interact with each other to produce the observed corrosion. 

In addition to fundamental data to support modelling for corrosion, radiation field control and fouling, it 
is anticipated that the industry will continue to seek to discover new inhibitors/methods to slow down or 
eliminate corrosion. It is hopeful that the models will shed some light on the desired properties of new 
chemistries. It will then be up to the industry to support some fundamental research programs to develop 
the high temperature chemistry data needed to identify and understand the role of inhibitors in the 
corrosion process. In parallel with this work, the industry should continue much of the fundamental 
work to understand the underlying materials degradation processes. 

Considering the results of CRP, it might be easy to conclude that the slowdown of support for new 
science is simply due to the fact that the field has entered a phase of maturity. It is more likely that a 
period was reached where the technology caught up with the science and further advance will require 
new science. It is thought to be time for the industry to sit down again and work through a framework or 
roadmap to ensure that the science needs of the industry can be met by the research community. 

8.3. Future requirements 

An important requirement of future work to ensure a significant advance in understanding, control and 
modelling of activity transport, would be to understand the mechanisms which cause the following 
issues: 

 deposit composition and thickness on the fuel, 
 crud induced power shift (CIPS) and power limitation, 
 fuel oxide growth and thickness, 
 corrosion related fuel failure, 
 crud induced localized corrosion (CILC), 
 radioactivity build-up in the reactor coolant system (RCS). 

It is believed to be useful to use the experience of the CRP and the present review to list and briefly 
describe the issues that need to be considered.   

8.3.1. Reactor and core design 

The first requirement would be to consider the effect of various reactor designs; PWR (all categories), 
BWR (all categories) and CANDU.  

The identified materials that may have impact are the following:  

 Fuel cladding material, with its influence on its corrosion resistance, the oxide film composition 
and thickness. 

 Mixed cores, which represent a specific case with fuel comprising various types of cladding 
materials and in some cases different structure. 

 Spacer material for which the material has been significantly modified. 
 Inconel 600 or not: since the presence of this alloy does not allow operation at too high a pH and 

the alkaline reagent concentration for mitigating stress corrosion cracking. This pH limitation 
has a potential drawback on corrosion product release and deposition 

 Ni content mainly in SG (high/intermediate/low). The nickel content has a direct influence on 
the composition and the solubility of the corrosion products in the various parts of the RCS, 
particularly on the fuel cladding surface. 

 Use of stabilization elements since the presence of more resistant stabilized alloy does not 
require the same hydrogen concentration in the RCS. The hydrogen concentration has an impact 
on corrosion product solubility. 

 The presence of a reactor pressure vessel (RPV) liner as it has a direct impact on the amount of 
released corrosion products to the reactor water.  
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8.3.2. Input data 

The items listed have been identified as needing to be considered, but other parameters may be also be 
important. 

 Reactor age has been identified a key parameter since the age of most of the operating plant is 
largely increasing with direct or indirect impact on the release of corrosion products from the 
components and the transport – deposition process on the fuel elements. Moreover, the design, 
including purification system, in old plants has not always been selected according to the high 
burn up fuel, which is used now in many of these plants. 

 Fuel tramp contamination (manufacturing or previous fuel failure) has been shown to have a 
significant influence on CIPS although no firm explanation can be yet given (neutron adsorption 
on fuel tramp should be marginal as compared to boron neutron absorption, fuel tramp deposit 
thickness is marginal as compared to corrosion product thickness). 

 Fuel duty as inferred from other parameters can be used as an input data for evaluation of CIPS 
and fuel failure occurrence. 

 Neutron flux profile influences the oxide film growth mechanism as well as the chemistry 
condition in the downstream part of the fuel. This may have an impact on the corrosion product 
deposition processes.  

 The fuel position in the core has been demonstrated to be correlated to the presence of CIPS and 
potentially on fuel failure, but has not been clearly explained  

 Sub cooled boiling has obviously a key contribution to the risk of precipitating boron 
compounds in the deposits on the fuel surfaces. 

 Radiochemistry results have a strong relation with the deposition of radioactive corrosion and 
fission products. 

 Fuel cleaning is used to remove deposits from the fuel with an obvious direct impact on CIPS 
and fuel failure. 

 RCS decontamination will be considered for the influence it may have on the material surface 
conditions which exist after decontamination and which may vary according to the final stage of 
the process. In some plants, a pressure drop has been seen and may be investigated for its 
potential relation to corrosion products deposition and resulting consequences. 

 Corrosion product release from original/ replaced components (e.g. SG replacement) shall also 
be investigated for the influence it may have on the material surface conditions which exists 
after the repair and which may vary according to the application or not of passivation 
procedures. 

8.3.3. Operating parameters 

The characteristics of the fuel cycle have a direct influence on the neutron flux at various stages of fuel 
cycle. Then some operating particularities, such as load follow and transients could also contribute at 
impacting the CIPS. The following need to be considered: 

 fuel enrichment and burn up, 
 cycle length  
 length of stretch out  
 load follow  
 transients 
 fuel element cycle number  
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8.3.4. Chemistry parameters 

The study of the chemical parameters will be most important since these are the main parameters which 
can be adjusted in order to mitigate or avoid radioactivity build-up, CIPS, fuel corrosion and failure:  

 initial boron concentration, total boron and 10B (use or not of enriched boric acid), 
 concentration and type of alkaline reagent, 
 pH control during cycle and the effect of history, 
 Hydrogen concentration (via H2, N2H4 or NH3), 
 O2 and other oxidants: in BWR coolant O2 , in PWR make-up water, 
 Impurity ingress (Si, ...), 
 Key related events (e.g. CVCS operating mode), 
 Zinc injection in PWRs, 
 Zinc, noble metal chemical addition (NMCA), iron injections in BWRs. 

8.3.5. Shutdown and passivation processes. 

The shutdown process, with its corresponding chemistry, is the phase during which a large quantity of 
corrosion products is released from the material surfaces, due to the temperature decrease and solubility 
increase. Thus, the shutdown of the unit and associated purification process must be particularly 
considered and any practical and beneficial process identified. 

Proper passivation of material surfaces, either for new plants or after main components replacement may 
drastically reduce the release of corrosion products during further operation of the unit with beneficial 
impact on radioactivity build up and potentially on CIPS. However, the drawback of the passivation is 
the lost generation time related to its application of a minimum duration. Thus, the optimum process and 
duration may be addressed. 
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LIST OF ABBREVIATIONS 

 

ANN   artificial neural network 

AOA   axial offset anomaly 

BWR   boiling water reactor 

CILC   crud induced localized corrosion 

CIPS   crud induced power shifts  

CL   cold leg 

CP   corrosion products 

CRP   coordinated research project 

dP   delta pressure on the reactor core 

ECP   electrochemical corrosion potential 

FAC   flow accelerated corrosion 

HL   hot leg 

HTS   heat transport system 

LWR   light water reactor 

NPP   nuclear power plant 

PCCL   PWR coolant chemistry loop 

PHT   primary heat transport 

PWR   pressurized water reactor 

RCM   research coordinating meeting 

RCS   reactor coolant system 

RPV   reactor pressure vessel 

SG   steam generator 

SEM   scanning electron microscope 

SS   stainless steel 

STEM   scanning transmission electron microscopy 

ToF SIMS  time-of-flight secondary ion mass spectrometry  

TSE   thermodynamic stability effect 

Vshe   Volts (standard hydrogen electrode) 

VVER water cooled - water moderated power reactor (acronym used in some figure 
captions) 

WWER   water cooled - water moderated power reactor 
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