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AMÉLIORATION DES MODÈLES DE TRANSPORT D'ACTIVITÉ POUR LES 
RÉACTEURS DE PUISSANCE REFROIDIS PAR EAU 

par 

K.A. Burrill 

RÉSUMÉ 

Huit modèles actuels décrivant le transport de radioactivité et la croissance du champ de 
rayonnement autour des réacteurs de puissance refroidis par eau ont été examinés et évalués. Un 
défaut fréquent des modèles est le côté arbitraire de la détermination des procédés importants. 
Presque tous les modélisateurs conviennent qu'il faut décrire la cinétique du dépôt et du rejet des 
matières dissoutes et des particules. On doit utiliser les données de la centrale pour guider le 
choix et l'élaboration de modèles améliorés appropriés, des contraintes de vitesse empirique 
étant utilisées. On recommande de limiter la modélisation par cas en se fondant sur les données 
expérimentales de façon à simplifier les modèles actuels et supprimer leur subjectivité. 

Les modèles améliorés doivent prendre en compte le changement récent apporté à la chimie de 
l'eau coordonnée qui semble produire un comportement de solubilité normal pour le fer dissous 
pendant tout le cycle du combustible des REP, mais la solubilité rétrograde demeure pour le 
nickel dissous. Des profils sont recommandés pour les concentrations de fer et de nickel dissous 
autour du circuit primaire dans les réacteurs CANDUmd qui fonctionnent nominalement avec une 
chimie constante, c.-à-d. pHT constant avec le temps, et qui utilisent une tuyauterie isotherme en 
acier au carbone. Ces schémas sont modifiés pour un réacteur C A N D U avec tuyauterie en acier 
inoxydable, afin de montrer les modifications prévues. On étudie dans ce document l'importance 
de ces profils pour le transport dans les REP, pour améliorer encore le modèle. 
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IMPROVING ACTIVITY TRANSPORT MODELS FOR 
WATER-COOLED NUCLEAR POWER REACTORS 

by 

K.A. Burrill 

ABSTRACT 

Eight current models for describing radioactivity transport and radiation field growth around 
water-cooled nuclear power reactors have been reviewed and assessed. A frequent failing of the 
models is the arbitrary nature of the determination of the important processes. Nearly all 
modellers agree that the kinetics of deposition and release of both dissolved and particulate 
material must be described. Plant data must be used to guide the selection and development of 
suitable improved models, with a minimum of empirically-based rate constraints being used. 
Limiting case modelling based on experimental data is suggested as a way to simplify current 
models and remove their subjectivity. 

Improved models must consider the recent change to "coordinated water chemistry" that appears 
to produce normal solubility behaviour for dissolved iron throughout the fuel cycle in PWRs, but 
retrograde solubility remains for dissolved nickel. Profiles are suggested for dissolved iron and 
nickel concentrations around the heat transport system in CANDU® reactors, which operate 
nominally at constant chemistry, i.e., pHT constant with time, and which use carbon steel 
isothermal piping. These diagrams are modified for a CANDU reactor with stainless steel 
piping, in order to show the changes expected. The significance of these profiles for transport in 
PWRs is discussed for further model improvement. 
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1. INTRODUCTION 

Canada's interest in activity transport and the subsequent out-core radiation field growth developed 
mainly from the observation of rapid field growth around the Douglas Point heat transport system 
(HTS) in the late 1960s and early 1970s. Mathematical models of the activity transport process 
had begun to appear in the literature (e.g., Bartlett (1968)), and several similar models were 
developed by AECL and Ontario Hydro staff, in light of the Douglas Point experience. These 
models were largely empirical with little attention being paid to the mechanisms for generating and 
depositing the radionuclides. However, work performed by Lister (1976) on corroding out-core 
surfaces, and by Burrill (1977a, b) on X-3 in-reactor deposit observations led to the first detailed 
mechanistic picture of the activity transport process taking place in CANDU® systems. This 
picture has continued to be refined over the years, as evidenced by the iron-transport theory 
(Burrill, 1998a). 

Due to the large number of available models for activity transport in PWRs and BWRs, AECL 
organized an international symposium in late 1994 in Ottawa not only to stimulate discussion 
among modellers, but also to review the mechanisms that each model used for possible application 
in CANDU activity transport codes (Allsop et al., 1994). One result of this symposium was the 
initiation of an IAEA Coordinated Research Program (CRP) on Activity Transport Modelling, with 
the aim of benchmarking existing model predictions against plant data and the aim of subsequent 
discussion by experts on how the models could be improved. The first annual meeting of 
participants in this CRP was held in Toronto at Ontario Power Generation head office in 1997 
May, the second meeting was in Vienna in 1999 September, and the third and final meeting was in 
Buenos Aires in 2000 November. The result of the CRP work will be an IAEA-TECDOC that will 
be released within one or two years of the completion of the work. The CRP was limited to work 
that focused only on PWRs. 

The "Ottawa symposium" in 1994, and the subsequent IAEA-CRP meetings have provided 
enough information on each model to determine the mechanisms being used. Only the CORA 
code has not been represented by a "champion" in the CRP; therefore, available literature was 
used to arrive at an assessment for it. These models generally work well in PWRs (and BWRs), 
and while there are large differences in materials and chemistry compared to CANDU reactors, 
the mechanisms can generally be recognized as applying also to CANDU plants. In this report, 
each of the major models in use is discussed briefly to identify the mechanisms being used. 
Then, the iron transport theory is used to explain the lack of Co-58 radiation fields in CANDU 
reactors, by presenting an accompanying nickel transport diagram. Both diagrams apply equally 
well to PWRs with their stainless steel isothermal piping, and explain why Co-58 is a major 
radionuclide in this design. Improved activity transport models must account for dissolved iron 
and nickel transport, before the Co-58 production and in-core release rate can be accurately 
predicted. 

CANDU ® is a registered trademark of AECL. 
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2. REVIEW OF CURRENT MODELS 

The activity transport models 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 be influenced by 
their empirical "influence coefficients". Early models were based on analytical approaches, 
which were complex and largely empirical, but which were limited as predictive tools. Because 
of the complex mathematical derivations, computer codes have been developed to allow a more 
mechanistic approach. These models generally work well in PWRs (and BWRs), and while there 
are large differences in materials and chemistry compared to CANDU reactors, the mechanisms 
can generally be recognized as applying also to CANDU reactors. 

2.1 ACE-II 

Figure 1 shows the components identified for the improved code ACE-II (Kasahara, in Allsop et 
al., 1994; Nishimura and Kasahara, 1998). The following series of steps is given by Kasahara: 

1. The inner and outer oxides are generated by the corrosion of component materials. 

2. Part of the outer oxide is released into the coolant by dissolution or erosion. 

3. There are two types of corrosion products in the coolant: dissolved and particulate. 

4. The loose crud grows by the precipitation or deposition of corrosion products from the 
coolant. 

5. Activity in the loose crud diffuses into the outer and inner oxide by isotopic exchange, or 
by "incorporation with corrosion of material". 

6. Materials in the core region are activated directly, and the activity is released to the coolant. 
7. The parent elements are nickel, iron and cobalt, and the radioactive nuclides are Co-58 and 

Co-60. 

Kasahara notes in his 1998 JAIF Symposium paper that the total system surface in ACE-II is 
divided into 19 regions, most with three layers. The amount of each element and radionuclide in 
each region and layer is determined by a mass balance. This gives 279 differential equations that 
are to be solved simultaneously, which are distributed as: 

In-core: 8 regions x 1 loose layer x (4 inactive phases + 3 radionuclides) = 56 equations 

Out-core: 11 regions x 1 inner layer x (3 elements + 2 radionuclides) = 55 equations, and 
11 regions x 2 outer layers (1 outer, 1 "loose"crud) x 
(4 inactive phases + 3 radionuclides) =154 equations 

Coolant: 1 region x 5 soluble species (Fe, Co, Ni, Co-58, Co-60) = 5 equations, and 1 region x 9 
particle phases = 9 equations. 
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Assessment 

The rate constants are named "deposition coefficient", "erosion coefficient" and "mass transfer 
coefficient", and most of these constants have empirical values based on the comparison of 
prediction with observation in Japanese PWRs. The model uses Beal's theory for particle 
deposition, with 0.68 fim size particles in the loose crud and 3 fim size particles for the outer layer 
oxide, based on plant data. Solubilities for Ni, NiO, and nickel ferrite (NiFe204) are determined 
either theoretically or experimentally. The movement of Co is determined by the behaviour of the 
nickel ferrite. The amount of each element and radionuclide in each region and layer is determined 
by mass balance, from 279 differential equations that are solved simultaneously. The large number 
of regions used to describe the primary circuit allows detailed predictions of radiation field growth 
to be made on specific components, e.g., steam generator (SG) channel head. As well, eight nodes 
in-core are used to model the variation in crud deposits on the fuel sheaths versus distance through 
the core. The ACE code correctly identifies the various mechanisms for element and radionuclide 
transfer, but does not describe these mechanisms in a fundamental way. Rather, the code relies on 
plant data to modify even mass transfer coefficients calculated from empirical chemical 
engineering correlations, e.g., Berger-Hau correlation (Berger and Hau, 1977). Therefore, this code 
is almost empirical in nature (very similar to the Bartlett (1968) code) although it identifies the 
fundamental mechanisms for element and radionuclide transfer, e.g., isotope exchange, particle 
deposition, particle erosion, deposit dissolution and deposition by precipitation. This is a very 
pragmatic model for activity transport, and it works well for the plants from which it derives its 
data for determining the rate constants. 

2.2 CRUDTRAN 

Figure 2a shows the various crud creation and deposition mechanisms for both dissolved and 
particulate material (Lee, 1990). The non-stoichiometric nickel ferrite has an inverse solubility 
with temperature over most of the pH range considered. Thus, there is in-core precipitation, and 
an out-core release of dissolved material by corrosion and by dissolution of the oxide corrosion 
layer. The Co-58 and Co-60 created in the deposit in-core are injected into the coolant by isotope 
exchange and are deposited out-core by the same mechanism. The coolant is at the steady state 
for solute elements, but the dissolved and particulate radioactivity grows with time. Figure 2b 
shows the four-node model built from 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 in-core, 
outcore, and in the coolant. 

Assessment 

This model was fitted to data from the PWR Coolant Chemistry Loop (PCCL) at MIT, in order to 
provide crud and activity transport factors. These factors combine both mass transfer and 
crystallization or dissolution kinetic constants, and show that mass transfer is rapid compared to 
these surface kinetic constants. Precipitation in-core has been postulated to be markedly reduced 
by reactor radiation (Burrill, 1998b), which is consistent with Lee's finding; however, 
precipitation out-core in CANDU reactors is controlled by the mass transfer of dissolved iron 
from the bulk coolant to the surface. The CRUDTRAN model considers oxide dissolution from 
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the SG, and it seems that such dissolution is controlled by surface kinetics, not mass transfer. 
The transfer of radionuclides from the heavy deposit that is growing in-core to the corrosion 
oxide layer out-core is controlled by isotope exchange. Lee (1990) finds that his "crud transport 
factor" is ten times that of the "activity transport factor". The simplicity of this model is 
appealing in that it is no more complex than needed to account for the observations. The major 
shortcoming of the model is that it considers very few regions, e.g., isothermal surfaces are not 
modelled, and for this reason the model is probably not useful for predicting radiation fields on 
any surface outside the SG. 

2.3 CANDU AT Code 

Figure 3 summarizes the behaviour of dissolved iron around the primary circuit in CANDU 
reactors (Burrill, 1998a). Iron oxide precipitates as magnetite, and the Sweeton and Baes (1970) 
solubility curve at pH 10.3 has been shown to account for the quantity and distribution of deposits 
on surfaces around the circuit. The driving force for activity transport in CANDU reactors 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 becomes 
unsaturated in dissolved iron as the temperature rises. All chemical elements and, therefore, their 
radionuclides are assumed to follow the behaviour of the iron in the deposits and in the coolant. 
Mass balance equations are written for iron in deposits and in the coolant at any time, at any axial 
location in a given region, and on any given surface, e.g., the fuel sheaths in-core. These 
differential equations must be solved numerically, in order to predict the release of dissolved iron 
from the core and, therefore, to predict the radionuclide release rate from the deposits. Magnetite 
precipitation on out-core surfaces such as the 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 the dissolved iron precipitates in the SG tubes, then 90% of the 
radionuclides just released from the core will be deposited there as well. The distribution of the 
newly deposited radionuclides in the SG tubes and along the inlet feeder pipes and inlet end fittings 
will be identical to the distribution of the magnetite. Mass balances may be performed at any out-
core location for each radionuclide, e.g., Co-60, with decay taken into account, in order to predict 
the radionuclide quantity, e.g., Bq Co-60/m2. Gamma shielding calculations are performed using 
the commercial code Microshield to arrive at "factors" that are used to convert from radionuclide 
quantity to a radiation field on the outside surface. 

Assessment 

The CANDU activity transport program has not focused on creating a single computer code that 
captures all current knowledge. For example, D.H. Lister's work (Lister, 1976) on incorporation 
of radionuclides into oxide films forming on corroding surfaces would be needed for the 
prediction of radionuclide content of oxide films where magnetite is not precipitating from 
solution. Rather, the program has resulted in the creation of many different models that are 
applied to answer questions at any given time, with simplifying assumptions being made as 
needed. For example, the in-core equations are currently solved using a commercial software 
code Mathematica, and the out-core 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 reactors since these 
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codes do not account for particle deposition/dissolution in-core or magnetite precipitation out-
core. 

2.4 MIGA-RT 

Figure 4a shows the four regions and the purification system that are modelled in this code, and 
Figure 4b shows the interaction of each region with the coolant (Dinov, 1997) and with the 
various surfaces labelled "g". 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. Thereafter, the corrosion rates of the stainless steel and SG alloy 
are assumed to be 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 
the 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 being 
determined by the mass transfer rate for particles 0.7 - 1.0 |im in size 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., 
Co-58 and Co-60, both particulate and dissolved, in each region in the coolant and on the 
surface. Each radionuclide behaves analogous to its parent element, e.g., Co-58 will behave like 
nickel. There is only one node in each region. The equations are solved in a Fortran code by 
incrementing time through all reactor cycles. Time does not enter explicitly, but implicitly, 
through the change in water chemistry with time through the fuel cycle. 

Assessment 

This code is built on a very strong understanding of the chemical thermodynamics that determine 
the most stable oxide phase likely to exist under the chemistry and temperature conditions in 
each region of the primary circuit. Essentially, the mass balance equations are solved at the 
steady state, with the change in water chemistry over the fuel cycle driving the activity transport 
process with time. The code emphasizes the importance of particle transport in determining 
radiation field growth, since the dissolved species do not seem to have the dominant role 
assumed in the first generation of activity transport codes (Dinov, 1991). However, a model for 
the sticking probability of a depositing particle is used, with no supporting evidence to show that 
it is correct. As well, the concept of a single oxide layer on each surface that contains the 
depositing particles and adsorbed radionuclides is over-simplified, and supporting data are 
needed to show that this "loose" layer dominates the protective corrosion product layer, as far as 
radiation field growth is concerned. This same model used in the core may mimic the deposition 
and release of corrosion products, but probably does not capture the true mechanisms in the in-
core deposit. A closer examination of the deposition and release processes in the core would 
lead to significant improvement of this model. A description of the activation and release of the 
possible heavy deposits in-core during subcooled nucleate boiling, compared to non-boiling, 
should be an essential part of any activity transport model being used for a western-type PWR. 
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2.5 PACTOLE-2, -3 

Figure 5a shows the five regions in each control volume that are modelled by mass balance 
equations in PACTOLE (Tarabelli et al., 1998a, b). Metal corrodes, which results in the 
formation of an internal oxide layer in contact with the metal, and the release of 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 out-core or on in-core surfaces, 
depending on the water chemistry, e.g., B and Li concentrations, at that point in the fuel cycle. 
The precipitate 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-core, or becoming neutron-activated 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 surfaces in the inner oxide layer to contribute to radiation field growth. Figure 
5b shows a case with unsaturated coolant, where ions are released to the coolant by diffusion 
through the water-filled oxide layer, by grain-boundary diffusion, and by dissolution of the 
deposit. Figure 5c shows the more complex case with the saturated coolant precipitating on the 
inner oxide film, which drives the radioactive solute into this film for isotopic exchange, with a 
simultaneous release by corrosion. Particles also deposit by various mechanisms, e.g., turbulent 
diffusion, thermophoresis, and gravitational settling. Magnetite is the oxide phase that 
determines the dissolved iron concentration, and the solubilities of all the other dissolved species 
are used with the appropriate ferrite solubility, in order to determine if they will precipitate, e.g., 
cobalt ferrite. Solubility versus temperature data are given for cobalt ferrite at a given B and Li 
concentration as an example, and for illustration in the authors' work. 

Recent work with PACTOLE in the IAEA-CRP on Activity Transport Modelling shows the 
primary circuit being broken into 70 control volumes (each with the five regions mentioned 
above). Specifically, there are 8 volumes or nodes for the purification system, 4 for a single SG 
with all four SG assumed to behave identically, and 42 volumes in the core. The core is broken 
into three separate vertical sections to allow for freshly loaded fuel, and fuel in two stages of 
recycle. Each section in the core is further broken into 7 volumes for the fuel surfaces, and 7 
volumes for the grids, which gives 3 x (7 + 7) = 42 volumes. The remaining 16 volumes seem to 
be assigned to various isothermal out-core regions such as the pump, SG channel hot and cold 
heads, and other piping. The mass balance equations for each element and radionuclide are 
solved in a control volume to give an analytical solution (PACTOLE-2), or are solved 
numerically (PACTOLE-3) for their concentration, given their inlet concentrations to the control 
volume. At a given time "t" and a given inlet concentration at one reference control volume 
somewhere in the circuit, the equations are solved, to provide the inlet conditions to the next 
control volume, and are continued around the circuit and back to the reference control volume, 
for a fixed water chemistry. The water chemistry is changed (corresponding to a change in time 
"t" to "t + dt"), and the solutions are repeated. Deposited radionuclides are predicted from the 
activation of the six chemical elements considered (Fe, Ni, Mn, Cr, Co and Zr). PACTOLE 
solves for ten possible radionuclides of interest created by neutron activation (thermal and fast 
neutron reactions) from these elements. Since there are five possible regions in each control 
volume, this gives 5 x (6 + 10) = 80 equations to be solved in each control volume. 
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Assessment 

PACTOLE has had extensive development over almost 20 years and seems to have few arbitrary 
mechanisms. For example, recent theoretical work on particle deposition from turbulent fluid 
suggests that thermophoresis is of secondary importance on a heat transfer surface. The code 
developers have determined that the role of water chemistry in determining radiation field growth 
is over-emphasized, because predictions do not match observations. PACTOLE-3 is being 
developed in Object Oriented Programming, and will incorporate the controlling effect of 
dissolution kinetics on reaction rates at surfaces, based on the results of recent water-loop work. 
The corrosion rate of out-core metal surfaces is driven by the thickness of the inner oxide layer, 
but the documentation that describes how this is related to the layer thickness is not discussed, 
e.g., parabolic kinetics. The composition of the metal oxide inner layer is not stated specifically, 
but is a mixture of the possible metal oxide ferrites or metallic nickel that may be 
thermodynamically allowed to form there. The compositions of the outer oxide layer and the 
deposit at a particular location are assumed to be the same. On balance, the PACTOLE code, 
especially its recent version PACTOLE-3, is probably the most advanced activity transport code 
developed for PWRs. The new emphasis on metal surface treatment as a controlling parameter 
in dissolution kinetics may solve the lack of agreement between code predictions that place a 
code with a strong emphasis on water chemistry, and plant observations. Specifically, the code 
has predicted a strong influence of pHT on radiation field growth and this has not been observed. 

2.6 DISER 

Figure 6a summarizes all the processes described in this code (Zmitko, 1994, 1998). The coolant 
contains solute, colloids, and particulate corrosion products. Corrosion of the base metal follows 
parabolic kinetics, and creates only an inner layer oxide. The solute is formed by the dissolution of 
the inner oxide layer when the coolant is unsaturated in dissolved iron or nickel and is based on 
magnetite or nickel ferrite solubility. When the coolant is supersaturated in the boundary layer at the 
local surface temperature, the solute precipitates, forming both an inner and an outer oxide layer. 
The 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 are deposited, if Brownian motion provides them 
with 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. That is, work against electrostatic repulsion must 
be done before van der Waals attraction can hold the colloid to the surface. Figure 6b shows the 
energy barriers to deposition and to release. Colloids may detach with a change in water chemistry. 
Colloids that are >0.8 jim in diameter behave as particles; their inertial behaviour becomes important 
in carrying them across a flow boundary layer at a surface. A sticking probability is calculated from 
Beal's model, in order to determine if a particle reaching a surface will remain there, or will 
immediately be carried back into the bulk coolant. Deposits of particles may be eroded in some way 
that is not specified. Similar mechanisms operate for corroding surfaces in the reactor core, where 
all three forms of corrosion product may be irradiated and released. Figure 6c 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 steam generator, depending on the water chemistry at that time (and its effect on the 
temperature coefficient of the solubility for that oxide). Figure 6d shows similar precipitation 
considerations. 
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The primary coolant circuit is divided into 14 regions as follows: 5 regions for the SG, 2 regions 
for the hot and cold SG channel heads, 2 regions for the hot and cold isothermal piping, and 5 
regions in the reactor core, where each region has both stainless steel and zirconium alloy 
surfaces. Four chemical elements (Fe, Ni, Cr, and Co) are considered in each region along with 
the five significant radionuclides (Mn-54, Fe-59, Co-58, Cr-51 and Co-60). The dissolved iron 
concentration in each region is assumed to be that given by the solubility of magnetite (Tremaine 
and Leblanc, 1980) or nickel ferrite (Sandler, 1977). The concentrations of the remaining 
elements are determined by the iron concentration used, with the appropriate ferrite solubility 
data for Cr, Ni, and Co. The five different phases in each region (inner and outer layer oxide, 
coolant, colloid, and particle), combined with the nine possible elements and radionuclides result 
in 5 x (4 + 9) = 65 mass balance equations to be solved for each region. The equations are solved 
numerically — they are solved for one region, after which they provide the boundary conditions 
for input to the downstream region, where the solution is repeated. The water chemistry is 
changed at the next time step, e.g., at one-day intervals, and the solution steps are repeated. 

This code is unique, in that it pays close attention to the colloid and particle size distribution. 
There are 13 different possible sizes, beginning with 0.01 - 0.029-pm-diameter colloids in the 
first size range, all the way to >15.24-(_im particles in the last size range. Sizes above 0.767 |am 
are considered to be particulate. Size distribution data from both the Dukovany VVER and the 
RVS-3 loop are given (Zmitko, 1994), and may be used to judge the quality of the code 
predictions. 

Assessment 

This model is built on a strong understanding of colloid surface chemistry, and is the only model 
that predicts the particle (and colloid) size distribution. Rate constants are determined from first 
principles for many of the steps. No consideration is given to isotopic exchange as a mechanism 
to contaminate out-core oxide surfaces. As with PACTOLE-2, the strong role of water chemistry 
that is predicted in the activity transport process has not been confirmed by observations in 
VVER plants, when the high-temperature pH has been increased, in order to reduce the predicted 
radiation field growth. 

2.7 CORA-II 

Figure 7a shows the 10-node model for the HTS used in the new code CORA-EI (Kang and 
Sejvar, 1985). Considerable effort was spent by the authors in reviewing plant data, before 
deciding on the various models to be used to represent the deposition and release processes. 
Simple two-node and three-node models of the reactor HTS were assembled and used with first 
order rate processes, in order to illustrate the possible role of increased purification flow in 
controlling radiation field growth. The new model includes the effect of solubility change due to 
the boron and LiOH concentrations, includes the recoil release of radionuclides for fast neutron 
reactions, and also includes the sticking probability concept for particles. The particle size range 
is typically 0.01 to several microns in diameter. As a result, inertial coasting is not used to 
determine the deposition rate. Rather, the particle diffusivity from Brownian motion is estimated 
from the Stokes-Einstein equation, after which a mass transfer coefficient is calculated from the 
Chilton-Colburn analogy. Figure 7b shows the corrosion film, permanent crud layer and 
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transient layer in the boundary layer and bulk coolant. The corrosion film permits the dissolved 
elements to diffuse through the film, directly into the bulk coolant, and this diffusion accounts 
for release of the base material by corrosion. The corrosion release is directly proportional to the 
solubility. The argument for at least two different crud layers is based on the measured Co-
58/Co-60 ratios being different, depending on whether the sample comes from the inner or outer 
crud layer. 

Nodes 4 and 7 represent the total mass of crud in-core and out-core, respectively, and are used to 
ensure an overall mass balance. For solubles, account must be taken of the change in element 
with activation, e.g., Ni-58 becomes Co-58. It is noted that there can be activity transfer without 
mass transfer via isotopic exchange. The constraints on the mass balance are that crud levels are 
predetermined, ionic concentrations are the same as the solubility of the elements in the coolant, 
the transient (loosely bound) crud layer is invariant with time, and only the permanent crud layer 
thickness is a function of time. The authors note that loose crud samples are very similar to one 
another, they are independent of location, and it also seems that their exchange rate with coolant 
crud is very rapid. Thus, a permanent crud layer is either formed by precipitation or destroyed by 
dissolution if it is directly in contact with the coolant. Dissolution of the permanent film is not a 
function of the amount of deposit, but only of the solubility. However, the dissolution rate will 
depend on the layer surface area, which in turn depends on the crud particle size in the layer and 
the amount. There is no reliable theory to estimate the erosion of particles. The long-term trend 
of plant radiation fields cannot be explained by the transport of radioactive particles alone. The 
transient layer consists of loosely attached particles, with a short residence time. Thus, the 
dissolution rate of transient deposits is negligible compared to release of particles, and so, the 
dissolution of deposited particles is neglected in the model. Since the generation rate from 
corrosion is greater than the effective deposition rate, the excess solute crystallizes in the 
transient layer. Loop transit times are 10 - 15 s in PWRs, and are too short for significant 
changes in coolant-borne particles, e.g., precipitation or dissolution. Corrosion release rates are 
chosen as 1 mg/dm .mo for 304 SS, 1.5 mg/dm2 .mo for Inconel 600, and 0 for Zircaloy. There is 
a driving force for precipitation on a surface or dissolution depending on the temperature 
coefficient of solubility. Dissolved, activated species, e.g., Mn-54 and Co-58, will behave as Mn 
and Co. Crud bursts are not included, because of their short duration time. The intrusion of O2 
provokes the in-core release of several thousand Ci of Co-58, which is removed by purification, 
with little change in out-core fields due to Co-58 or Co-60. In-core radiation may stimulate 
ferrous iron oxidation and enhance dissolved iron precipitation more than suggested by 
equilibrium solubility. Only the last few months of a fuel cycle are important in determining the 
contribution of Co-58 to out-core fields, so the Co-58/Co-60 ratio is sensitive to the power 
history at the end of the cycle. 

Assessment 

The authors have tried to explain plant data'concerning elemental and radionuclide distributions, 
prior to hypothesizing detailed models for the plant surfaces. The authors generally favour particle 
deposition and release as the major transport processes, but do include the behaviour of dissolved 
species, if only for completeness. Their conclusions and recommendations are summarized here, 
since they give a useful assessment of the work. The authors note: 
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"There is some paradox in the modelling of a highly complex phenomenon 
without a solid theoretical base and insufficient data. Here, various theories were 
coupled with reasoning, judgement, and available data to define a reasonable 
analytical approach, which does not contradict the data. The development of the 
code involves circular definitions in which the bits of available data are used in a 
trial and error method of defining theoretical and semi-empirical transfer 
coefficients, which reproduce the data. Limitations and uncertainties in the model 
arise from lack of data or from lack of understanding and include: the kinetics of 
solubility, radiation effects on solubility, impact of nickel ferrite versus magnetite 
solubility, effects of shutdown, effects of rapidly varying coolant chemistry 
conditions, and the corrosion input from auxiliary systems. Two extreme 
alternatives to model development of crud transport are: use simplified models 
along with measured transfer coefficients from experiments, or defer modelling 
attempts until the crud transport mechanism is understood and the theories are 
established. The CORA-II model was developed to bridge the gap between these 
two positions so that the role of plant chemistry and design parameters might be 
estimated, e.g., change of Li concentration, change of Co content of alloys, change 
in purification system parameters such as magnetic filtration, and change in 
thermohydraulic parameters. Areas for further study are: metal oxide solubilities, 
elemental release mechanisms such as selective leaching and elemental corrosion 
release, corrosion input from auxiliary systems, crud particle size distribution, and 
temperature effects on crud deposition behaviour, particularly in-core. Too many 
variables remain (uncertain) to provide prediction of absolute radiation fields so 
the code is useful in establishing the relative impact of changes in variables." 

In summary, the CORA-IE code is based on reasonable models that explain the detailed plant 
observations on crud deposits. 

2.8 RADTRAN 

The movement of inactive nuclides is given in Figure 8a for the RADTRAN code developed by 
Horvath (1991). 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, this equilibrium is 
achieved and maintained throughout the fuel cycle. Once at equilibrium, metal oxide is released 
from the corroding surfaces solely as particles. Particles deposit on all system surfaces, including 
the fuel cladding in the reactor core. If the coolant pH is sufficiently high, then the magnetite 
solubility increases with temperature, so that particles deposited in-core dissolve in the heated 
coolant, and dissolved iron precipitates in the steam generator tubes. If the coolant pH is relatively 
low, then the magnetite solubility decreases with increased temperature, and there is precipitation 
in-core and the dissolution of deposits out-core. However, particles are still created and released 
from the corroding surfaces. Deposited particles are also eroded, as well as dissolved. The code 
has only two nodes: one in-core and one out-core — 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. The surface temperatures determine the 
magnetite solubility, and these wall temperatures are a function of the thermohydraulic conditions 



11 

at each node. The movement of radioactive nuclides is given in Figure 8b. These active nuclides 
are generated by the irradiation of inactive elements deposited in-core, and are then released by 
dissolution and by erosion of particles. Dissolved radionuclides are incorporated in the inner oxide 
layer on the corroding out-core surfaces, and are incorporated into the outer layer deposits that 
form by precipitation on either in-core or out-core surfaces, depending on the pH. Allowance is 
made for the irradiation of particles and dissolved elements suspended in the coolant as it passes 
through the core. In-core stainless steel surfaces are activated, and release radionuclides in the 
particles are generated by corrosion and by dissolution of outer layer deposits, if present. 

Assessment 

The use of only two nodes to describe the surfaces in the entire circuit limits the possibility of 
accurately predicting the surface contamination at particular locations. The change in solubility 
through the core and along the steam generator, and the resultant changes in dissolved iron 
concentration cannot be calculated. As well, when the coolant has relatively low pH, only the out-
core deposits are allowed to dissolve, and not the inner layer oxide. This assumption may actually 
be justified by the Cr content of the inner layer, which limits oxide dissolution rates to low values. 
The particle deposition and erosion rate constants have been determined by fitting the code to the 
VVER parameters at Paks, and this makes it difficult to extend this code to other PWRs. 
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3. OVERALL ASSESSMENT OF THE MODELS 

It is difficult to judge the "correctness" of each model without access to the detailed data that 
show the basis for the microscopic models that the code creators have used at each system 
surface. A microscopic model is defined here as the differential equations that arise from mass 
balances on an elemental volume of coolant and surface. An exception is the CORA-II code, 
where plant data from the early 1980s were examined, with particular attention being paid to crud 
deposits and corrosion films. Kang and Sejvar (1985) then created microscopic models to 
describe their hypotheses of how the deposits and films were formed. However, hypotheses are 
subject to error, and these authors succinctly note that "even if some model predictions match 
observations, they neither imply the accuracy of the parameters nor the reasonableness of the 
model". The microscopic models for crud and radionuclide deposition and release can never be 
completely accurate. 

Activity transport codes might be made simpler if the concept of limiting case modelling were used. 
With this concept, the location in the circuit of the major deposition processes of precipitation and 
dissolution are first determined using "transport diagrams" for individual elements, e.g., dissolved 
iron or nickel. These transport diagrams are macroscopic models, which link the sources and sinks 
for dissolved material. Applied to a CANDU primary circuit, the iron transport diagram identifies 
the outlet feeder surfaces of carbon steel as a supplier of dissolved iron, and the steam generator U-
bend and cold leg as sinks for precipitated iron as magnetite. In this case, the magnetite corrosion 
film is only 1 |j,m thick on the outlet feeders, and is a negligible sink for both deposited particles and 
deposited radionuclides, e.g., Co-60. The precipitated magnetite deposit on steam generator tubes is 
so thick compared to the corrosion film, that it contains most of the deposited radionuclides. The 
transport diagram suggests that the outlet feeders can be ignored as a sink for radionuclides and for 
deposited particles. The diagram also suggests that only precipitation needs to be considered as a 
deposition mechanism for radionuclides in the region of the steam generator with deposits. Limiting 
case models may be written for these two regions of the heat transport system, rather than trying to 
capture all possible processes of both dissolved species and particulate deposition and release. 

D.H. Lister's work in the H-4 and H-5 out-reactor loops at CRL in the 1970-1990 period is 
described in many published papers. One early paper (Lister, 1976) presents loop data and a 
model to describe Co-60 deposition on both corroding stainless steel and carbon steel surfaces at 
constant temperature. Particulate levels were <1 |ig/kg and were not considered as an important 
source of deposited radioactivity in this work. The application of his model to the corrosion 
films on both isothermal piping and steam generator alloys where there is no precipitation should 
be the basis of the activity transport models for these regions in a limiting case model, where 
particulate deposition can be ignored. Such a model could be applied to the hot leg of CANDU 
steam generators, which does not have precipitated magnetite. An examination of plant artefacts 
from this region would provide guidance on the applicability of the model. 

Particle deposition on corroding surfaces presents a case that is intermediate between Lister's 
contamination model and a model based on contamination by precipitation. Such particle deposition 
out-core may be significant for mass balance purposes, but unless the particles are dissolving or 
unless they are being incorporated into a deposit growing by precipitation, their presence on a surface 
will neither contribute greatly to the metal oxide weight on a corrosion film nor influence the local 
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radiation field growth rate. In this instance, particle deposition should be ignored, if possible. 
Particle deposition is so poorly understood in liquids that concepts such as Beal's sticking 
probability should not be used to cover up our lack of understanding. Deposition rates should be 
based on experimental data, of which there are few at reactor operating conditions of temperature, 
flow rate and Reynolds number, e.g., Thomas and Grigull (1974). 

Particles do have a major role in activity transport modelling — they account for radionuclide 
production when they deposit in-core. The author has suggested this mechanism to describe 
experimental deposit data from an X-3 in-reactor loop experiment (Burrill, 1977a), and this 
mechanism is the basis for radionuclide production in the activity transport model for CANDU 
reactors. A limiting case model is used, where the particles deposit and then dissolve completely 
in the heated coolant, while being irradiated in the reactor neutron flux. A mechanistic model is 
needed to describe the small number of experimental data for particle deposition. Such a model 
could be used as the basis for extrapolating the data to reactor operating conditions. 

There are other in-core transfer processes that will contribute to radionuclide production and 
release. For example, the adsorption of dissolved species such as Co, Sb and Ni on the porous 
ZrOx corrosion films on the fuel cladding and adiabatic surfaces in-core will contribute 
significantly to radionuclide production. Recoil can be an important release process for fast 
neutron reactions involving elements held in small diameter particles. For example, Kang and 
Sejvar (1985) show that 50% of the Co-58 produced in a 0.1-Jim crud particle can be lost to the 
coolant, but only 5% will be lost by recoil from a l-|Jm-diameter particle. The precipitation of 
metal oxides, e.g., NiO or Fe3Û4, will dominate all other deposition processes, if found in-core. 
A limiting case model is suggested, in which isotopic exchange and recoil for fast neutron 
reactions could be the only release processes for radionuclides from precipitated deposits. 

In-core models must be the heart of activity transport codes, and the accuracy of the estimation of 
the radionuclide release rate from the core will determine the accuracy of predicted out-core 
radiation field growth rates. The size distribution of in-core deposits, especially those formed 
from particle deposition, must be determined for each reactor type by actual measurement on fuel 
clad and adiabatic surfaces, e.g., fuel grids or pressure tubes. These data will be the basis for 
evaluating model predictions for particle deposition from the coolant flowing through the core. 
Consequently, particle deposition models must use the size distribution of crud particles in the 
coolant. In turn, models for the creation of crud particles must account for the measured size 
distribution found in reactor coolant. One such measured distribution was given by the author 
for a CANDU 6 reactor coolant (Burrill, 1998a), and it has been the basis for current modelling 
work that attempts to account for particle creation by the erosion of precipitated deposits. 

In summary, current activity transport models seem to be too elaborate, given our current 
knowledge of the actual deposition and release processes on various system surfaces. A step back 
toward simpler models based on limiting cases is suggested, in which the modelled processes have 
some basis for support by experimental data. The first step in determining the dominant role of 
dissolved species in activity transport is suggested to be the creation of transport diagrams, in order 
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. 
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The next section illustrates the use of transport diagrams for CANDU and PWR primary circuits. 
Section 5 illustrates the development of a microscopic model based on deposition precipitation in 
the steam generator. 
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4. IRON AND NICKEL TRANSPORT DIAGRAMS 

An understanding of dissolved iron behaviour around the HTS seems key to understanding why 
CANDU reactors have no significant radiation field due to Co-58. Magnetite precipitation in the 
cold leg of the steam generators scavenges dissolved nickel, and keeps its concentration below the 
minimum solubility value in the hottest part of the circuit. Iron and nickel transport diagrams are 
discussed here first for existing CANDU plants first, after which the concepts are illustrated in a 
CANDU plant with no carbon steel, but just stainless steel for the isothermal piping, as in PWRs. 
The transport diagrams are used to discuss how the next generation of activity transport models 
could be improved. 

4.1 Transport Diagrams in CANDU Reactors 

A clear picture exists for iron oxide behaviour, based on loop work for both out-core and in-core 
operation in non-boiling and boiling water. There are two possible fouling mechanisms: particle 
deposition, and solute precipitation. The pHx dictates where solute will precipitate, and PH300 
7.0 is indicated from X-3 loop work (Burrill, 1977b) as the critical value for avoiding the in-core 
precipitation of magnetite during non-boiling and boiling water operation with light water. 

If pEboo <7.0, then the water becomes supersaturated in dissolved iron as it is being heated to the 
boiling point; there will be precipitation, once subcooled nucleate boiling occurs. The 
evaporation of water during boiling concentrates the dissolved iron, and continues to 
supersaturate the water, driving further precipitation. Solute precipitation will dominate the 
deposition process at the usually low particulate levels seen in operating CANDU plants, e.g., 
<10 jig Fe/kg. 

If PH300 >7.0, then the water becomes progressively unsaturated in dissolved iron as it is being 
heated. Once boiling begins, the concentration of dissolved iron by evaporation still leaves the water 
unsaturated in dissolved iron, and there is no precipitation. Deposited particles are partially or totally 
dissolved, and "clean" fuel cladding is observed. This is why CANDU 6, Bruce and Darlington 
plants can operate with in-core boiling, without experiencing heavy crud deposits on the fuel 
cladding. Figure 9 shows the magnetite solubility and dissolved iron profiles in a fuel channel for 
this case of high pH. 

This emphasis on iron oxide and its deposition behaviour in loop work is based on the extensive 
use of carbon steel for isothermal piping in the heat transport system of all CANDU plants. 
Dissolved iron released by carbon steel corrosion is precipitated inside the SG tubes, because the 
coolant pH is sufficiently high to allow magnetite solubility to increase with temperature. The 
deposition rate is controlled by turbulent mass transfer and not by crystal growth kinetics, and is 
slow enough that the water leaving the SG is still supersaturated in dissolved iron. Precipitation 
continues on the carbon steel core-inlet piping, which is corroding and adding more dissolved 
iron to the coolant and maintaining the coolant supersaturated. The precipitation continues up to 
the core inlet, and is only stopped once the coolant is heated again and solubility rises to exceed 
the dissolved iron concentration. Figure 3 shows this "iron transport theory" being applied to the 
HTS in a typical CANDU plant. The predictions are well supported by deposit data from plant 
artefacts. 



16 

The significance of understanding dissolved iron behaviour in CANDU plants is that it provides 
an explanation for the lack of Co-58 radiation fields on the out-core piping and SG tubing in 
these plants. Routine radiation field surveys with Ge-Li spectrometers rarely detect Co-58. The 
Bruce NGS plant with Inconel 600 steam generator tubing (at 76 wt% Ni) has rarely observed 
Co-58 in surveys carried out over more than twenty years of operation. Yet, PWR plant radiation 
fields are dominated by Co-58, with the bulk of the dissolved Ni probably provided by the 
corrosion of the Inconel 600 SG tubing. 

It is postulated that dissolved iron precipitation in the SG and on isothermal piping located 
downstream captures dissolved Ni ions, and incorporates them in the magnetite lattice to occupy 
sites where ferrous ions would be found. Enough magnetite is precipitating around the HTS, to 
ensure that dissolved nickel never reaches its solubility limit at any temperature around the 
circuit. Nickel oxide has a solubility that decreases with increased temperature at the pHT found 
in PWR plants. Figure 10 shows the effect of pHj and temperature on NiO solubility for some 
PWR calculations (Sawochka et al., 2000). Figure 11 shows how dissolved nickel may be 
behaving in current CANDU plants, with the arbitrary assumption that the water is just saturated 
with dissolved nickel at the core outlet. Detailed mass transport and corrosion rate calculations 
may be made to determine the nickel concentration profile more precisely, but these have only 
begun. An example of the type of calculation that is needed is given in Section 5. 

If CANDU plants used stainless steel instead of carbon steel for the isothermal piping, then 
dissolved nickel would precipitate (probably as NiO), but would be reduced to Ni metal on the fuel 
cladding in non-boiling regions of the core, if the water was sufficiently reducing. It would remain 
as NiO in regions where there is subcooled and bulk boiling, which makes the water more 
oxidizing. Figures 12a and 12b show the dissolved iron and nickel concentration profiles around 
the CANDU circuit with no carbon steel present. Relatively heavy deposits of Ni and NiO are 
predicted on the fuel cladding and pressure tube surfaces, once the NiO solubility is exceeded in-
core. 

4.2 Transport Diagrams in PWRs 

The application of "coordinated" water chemistry for the PWR primary coolant became accepted 
practise in the mid-1980s. This approach maintains pHT > 6.9 or 7.0 in all LiOH + boric acid 
mixtures over the fuel cycle. Before this coordinated chemistry was used, plants typically found 
heavy deposits of sub-stoichiometric nickel ferrite (NiO)x (Fe0)i.xFe203 (with x = 0.2, for 
example) on their fuel cladding. Rigorous application of this chemistry now seems to cause 
some PWR plants with subcooled nucleate boiling to form a deposit in-core that favours boron 
accumulation in this region of the core. A consequence of this boron-rich deposit is the 
suppression of the local thermal neutron flux, and a reduction in core power. This phenomenon 
is called the "Axial Offset Anomaly" or AOA (e.g., Frattini, 2000). The in-core crud deposits are 
nickel-rich and iron-poor. 

Diagrams for iron and nickel transport that are similar to those postulated for a "stainless steel" 
CANDU plant also apply to PWRs. Since coordinated water chemistry provides a normal 
solubility curve for magnetite, PWR plants now precipitate dissolved iron in the cold leg of their 
S G tubes, rather than nickel ferrite in-core. 



17 

5. MODELLING IRON AND NICKEL DEPOSITION AND RELEASE 

The results of modelling calculations for Fe and Ni behaviour in a steam generator are presented 
here, in order to illustrate the type of model that is required to assess and modify the iron/nickel 
transport diagrams presented in Section 4. The success of these iron and nickel transport 
diagrams in clarifying the important deposition and release processes for corrosion products can 
be judged by comparison with plant data. 

5.1 Modelling Fe and Ni Deposition in a Steam Generator Tube 

The dissolved nickel transport diagram constructed for CANDU 6 plants is shown in Figure 11. 
The water is assumed to be saturated in dissolved Ni with respect to NiO at the highest temperature 
reached in the HTS, at the core outlet. There is no change in S Ni or C^ through the outlet end 
fitting and the outlet feeder. Outlet feeder flow-accelerated corrosion quickly produces a thin 
magnetite film of steady-state thickness, so that any Ni removed by the magnetite will be re-
introduced to the coolant upon dissolution. The dissolved Ni concentration will begin to rise in the 
SG tubes, because of Ni release from the tube corrosion. The transport diagram shows essentially 
no change in the concentration in the bulk coolant until all the heavy water steam has been 
condensed in the tubes — the condensing steam dilutes the nickel. Once the steam is condensed, 
the nickel solubility rises as the temperature falls, and there may be enough release by corrosion to 
exceed the solubility, equal it, or fall short of the increasing solubility. The diagram arbitrarily 
shows the latter case. Once dissolved iron begins to precipitate near the top of the hot leg of the 
SG tubes, it is hypothesized that Ni either competes with Fe for ferrous sites in the magnetite 
growing from solution, or substitutes for Fe2+ in the Fe(OH)2 film that may be forming on the 
magnetite first. When the coolant enters the inlet feeders, there is no longer a supply of dissolved 
Ni, and an exponential decline in its concentration is expected as it deposits with the magnetite on 
the feeder surface. This decline continues through the end fitting and into the core. Detailed 
calculations are needed to show where the coolant may become supersaturated in dissolved nickel, 
e.g., with the onset of subcooled nucleate boiling and bulk boiling. There may be heavier NiO 
deposits on the fuel cladding in the bulk boiling region, compared to the non-boiling region of the 
fuel channel. 

A simple model has been developed to describe the dissolved nickel concentration in the coolant 
in the SG, for a Bruce plant with no net steam quality assumed at the SG inlet. This SG (which 
has no internal pre-heater) is very similar to that in a PWR. First, heat transfer models were 
created for the Bruce SG to permit the internal tube wall temperature (Tw) to be estimated versus 
distance along the tubes from the SG inlet. Next, an empirical equation was fitted to the nickel 
oxide solubility curve for pHT = 7.3 in Figure 10 so that its solubility (SwNi) could be 
determined at the wall temperature. Finally, some corrosion coupon data for Inconel 600 
exposed in the NPD reactor autoclaves for an extended period were used to estimate the 
corrosion product release rate for this alloy under CANDU HTS chemistry. Mass balances were 
then performed, in order to determine the concentrations of dissolved nickel in both the bulk 
coolant and in the boundary layer of water next to the deposit, as shown in Figure 13. Initial 
calculations showed that a model without the boundary layer being considered was probably not 
accurate. Rather, the boundary layer concentrations of both elements must be determined, since 
Ni is being supplied to the boundary layer by Inconel 600 corrosion product release, as well as by 
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mass transfer from the bulk coolant. This model was used with Fe and Ni being treated as 
equivalent in the depositing species, as in ferrous hydroxide, for example, or with the Ni only 
being able to substitute for one-third of the depositing iron as in magnetite. 

5.2 Comparison of Predictions with Plant Data 

Figure 14 compares the model predictions with deposit sampling data from four SG tubes in a 
Bruce-A unit (Little, 2001). The data show Ni/Fe = 0.02 over the region x > 5 m, where there are 
heavy magnetite deposits. In the inlet region of the hot leg, where there is no magnetite 
precipitation as determined by the plant data, Ni/Fe = 0.05-0.15. These light deposits are thus 
richer in nickel than in the precipitated iron deposit. This region could be experiencing NiO 
precipitation due to Inconel 600 corrosion product release, combined with crud particle deposition. 
The model predicts a slow rise in the Ni/Fe ratio in the magnetite deposits along the SG tube, and 
comes closest to the data if Ni and Fe are treated as equivalent in the crystallizing solid. 
Refinements in the model might include better data for the Fe and Ni release rates from corroding 
Inconel 600 and their change with temperature, since these rates are held constant for the Bruce SG 
case modelled here. 
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6. CONCLUSIONS AND RECOMMENDATIONS 

The eight models reviewed in this report range from those with empirically-based transfer 
coefficients to those based soundly on a fundamental understanding of the physics and chemistry 
involved in corrosion product transport. Both extreme approaches have applications, since an 
activity transport model cannot yet be based solely on "first principles". Plant data are suggested 
as essential to guide future model development, with the goal of predicting radiation field growth 
rates around the heat transport system. No single model for a particular HTS component should 
be used in the overall code until the single model predictions agree with plant data. The 
following recommendations are made with the goal of improving the overall models. 

Data for the composition and quantity of in-core crud deposits on fuel cladding should be obtained 
as a function of water chemistry, as done in the X-3 series of tests in the 1970s for CANDU 
chemistry. Such data will permit an in-core model to be based soundly on experimental data, with 
a minimum of empirical transfer coefficients. The in-core model must be based on an 
understanding of the deposition and removal processes for both dissolved and particulate corrosion 
products. 

Data for S G tube deposits and corrosion films are needed, in order to develop an accurate model for 
deposition and release. Deposit erosion from SG deposits is predicted to be a major source of the 
magnetite crud particles observed in CANDU coolant. While plant data do exist for early PWR 
water chemistries, there is a paucity of data for deposition in coordinated water chemistry. 

Data for deposits and corrosion films are needed for the isothermal stainless steel surfaces. 
Again, there are data for inserts located at SG access ports for early water chemistries, but few 
data with coordinated chemistry. Lister's work for radionuclide incorporation into corrosion 
films should be the basis for modelling the contamination of these films on stainless steel and 
alloy 600 surfaces. 

The behaviour of crud particles in the HTS is poorly understood, even though their surface chemistry 
is well known and is applied in some models, e.g., DISER code. Crud particles are heterogeneous, 
so models must be able to predict their composition, as well as their size distribution in the coolant. 
These particles are thought to be the major contributor to in-core deposits in CANDU plants, and 
their deposition may constitute the mechanism by which impurities such as cobalt are held in the 
neutron flux for conversion to Co-60. Particle deposition rates are a strong function of particle size, 
adhesion energies, and composition. Experimental data under plant conditions are needed to 
determine the particles actually deposited, as a function of their size distribution and water 
chemistry. 

The elementary iron and nickel transport diagrams illustrated for CANDU plants with and without 
stainless steel feeders need to be confirmed, by comparison with plant data. While this has been 
done for the iron transport diagram, the nickel transport proposed here requires quantitative 
calculations of deposit profiles and deposit compositions for the various SG alloys used, e.g., 
alloys 400, 600, and 800, and on all other HTS surfaces. These calculations must be performed 
with no introduced coefficients, but must be based on sound application of the heat, mass and 
momentum transfer principles used in chemical engineering. These transport diagrams need to be 
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applied to PWRs, in order to determine how they should be modified to account for plant 
observations. 

The emphasis in activity transport modelling needs to move to the microscopic consideration of 
system surfaces, only after the macroscopic transport of dissolved species is understood and 
confirmed by the transport diagrams. The precipitation of dissolved iron on a surface may 
dominate all other contamination processes (e.g., particle deposition or corrosion film 
activation) and may simplify the microscopic models needed in this case. 
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Figure 1: ACE Code: Transfer Processes (Nishimura and Kasahara, 1998). 
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Figure 2a: CRUDTRAN: Movement of corrosion products in a PWR primary circuit 
(Lee, 1990). 
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= corrosion rate in S/G 
= crud release rate as soluble species in S/G 
= crud deposition rate as soluble species in core 

— crud precipitation rate in the coolant 

= crud deposition rate as a particulate in core 

= crud deposition rate as a particulate in S/G 

CRUDTRAN: Four-node model for crud transport (Lee, 1990). 
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Profile in Dissolved Iron Concentration 
around CANDU Primary Circuit 

Assume pH 10.3 solubility curve for magnetite 
A. Clean surface on liner tube 
B. Flow accelerated corrosion of outlet feeder 
C. Glean hot leg, deposition in U-bend and cold log 
0. Déposition on inlet feeder 
E. Deposition on liner tube 
F. Deposition on inlet fuel bundles and on pressure tubes 
G. Clean fuel sheaths and pressure tubes 
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generator I feeder 
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Figure 3: CANDU AT Code: Dissolved iron concentration profile in CANDU HTS. 
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e 
LEGEND: 

1-Reactor 
2-HotLeg 
3-SGHeat 
Exchanging Tubing 

4-Cold Leg 
5-CVCS (Chemistry and Volume Control System) 

Figure 4a: MIGA-T Code: Regions of HTS in current version of code (Dinov, 1997). 
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Figure 4b: MIGA-T: Movement of corrosion products in PWR primary circuit 
(Dinov, 1997). 
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Figure 5a: PACTOLE: Movement of corrosion products in PWR primary circuit 
(Tarabelli et al., 1998a). 
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Figure 5b: PACTOLE: Microscopic model of corrosion film in unsaturated coolant 
(Tarabelli et al., 1998a, b). 
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Figure 5c: PACTOLE: Microscopic model of corrosion film in saturated coolant 
(Tarabelli et al., 1998a, b). 
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Figure 6a: DISER Code: Movement of corrosion products in a PWR primary circuit 
(Zmitko, 1994,1998). 
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Figure 6b: DISER Code: Microscopic model of particle interaction with surface 
(Zmitko, 1994,1998). 
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Figure 6c: DISER Code: Microscopic model of corrosion film dissolution in 
unsaturated coolant (Zmitko, 1994,1998). 
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Figure 6d: DISER Code: Microscopic model of precipitation on corrosion film in 
saturated coolant (Zmitko, 1994,1998). 
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Figure 7a: CORA-II Code: Diagram of nodes used for PWR primary circuit 
(Kang and Sejvar, 1985). 
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Figure 7b: CORA-II Code: Microscopic model of Corrosion film and crud deposit layer 
on metal surface (Kang and Sejvar, 1985). 
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Figure 8a: Transport of non-radioactive elements in the RADTRAN code (Horvath, 1991). 
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Figure 8b: Transport of radioactive elements in the RADTRAN code (Horvath, 1991). 
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Figure 9: Postulated change in magnetite solubility and dissolved iron concentration along 
a CANDU fuel channel operated with bulk boiling at the channel exit 
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VARIATION OF NiO SOLUBILITY AS A FUNCTION OF pHT 
AT THE CORE AVERAGE COOLANT TEMPERATURE 

(BORON • 600 PPM, H2 = 35 cc/kg H20) 

Temperature, C 

Figure 10: Variation in NiO solubility as a function of pHT at the core average coolant 
temperature for [B] = 600 mg/kg and [H2] = 35 mL/kg (Sawochka et al., 2000). 
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Assume pH 10 solubility curve for nickel oxide. 

A. Clean liner tube in outlet end fitting; 
B. No net deposition on outlet feeder due to flow accelerated corr.; 
C. SG corrosion adds dissolved Ni, Fe precipitation removes it; 
D. Dissolved Ni removed by Fe precipitation and by corrosion of inlet 

feeder; 
E. Dissolved Ni removed by Fe precipitation on inlet liner tube; 
F. Core is free of Ni and NiO deposits; and 
G. Bulk boiling in-core: coolant may leave core just saturated in dissolved 

Ni. 

Nickel oxide 

Figure 11: Dissolved Nickel Transport in CANDU 6 HTS. 
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Assume pH 10.3 solubility curve for magnetite. 

A. Clean liner tube in outlet end-fitting; 
B. Clean outlet feeder; 
C. SG corrosion adds dissolved some dissolved Fe, precipitation in 

preheater; 
D. Slight Fe precipitation maintained by SS corrosion of inlet feeder; 
E. Clean liner tube in inlet end fitting; and 
F. Core is free of precipitated magnetite. 

D E 
s 

CFe 

A B 

D E 

Core 

outlet 
end-
fitting 

outlet 
feeder 

steam 
generator inlet 

feeder 

inlet 
end-
fitting 

core 

Figure 12a: Dissolved iron transport in CANDU primary circuit with stainless steel piping. 
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Assume pH 10 solubility curve for nickel oxide. 

A. NiO precipitation on liner tube in outlet end-fitting; 
B. Continued precipitation on SS outlet feeder; 
C. SG corrosion adds dissolved Ni, Fe precipitation removes it; 
D. Dissolved Ni supplied by corrosion of SS inlet feeder; 
E. No NiO deposition on inlet liner tube; 
F. Inlet region of core is free of Ni and NiO deposits; and 
G. Precipitation of NiO and reduction to Ni on core surfaces where there 

is no boiling. 

Nickel oxide 

Figure 12b: Dissolved nickel transport in CANDU primary circuit with stainless steel piping. 
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Figure 13: Microscopic model of boundary layer transfer processes for dissolved iron 
and nickel in a CANDU steam generator. 
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Ni/Fe Ratio in Bruce-A Steam Generator Tube Deposits 

0.16 r 
« 0.14 H 

2 0.12 H 

0.10 : 

© c 0.08 H 

0.06 -

0.04 -

£ 0.02 -

0.00 -

• x(cm) vs tube 1 
o x(cm) vs tube 2 
• x(cm) vs tube 3 
V x(cm) vs tube 4 
• x(cm) vs theory 

linear fit 

6 V 
o -a—•©—ai 

—i— 
200 400 600 800 1000 1200 1400 

Distance from Tube Inlet (cm) 

Figure 14: Measured and predicted Ni/Fe ratios along tubes in Bruce-A steam 
generator (Little, 2001). 
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