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1. INTRODUCTION

1.1. PRIMARY SIDE CORROSION IN PRESSURIZEDWATER REACTORS

In pressurized water reactors, corrosion of primary loop materials is an ongoing process, as primary
loop components (steam generator, hot leg, cold leg, and core) are constantly exposed to the coolant.
As a result of this corrosion, primary loop materials are released into the coolant in the form of
aqueous metal ions and particulate oxides. These corrosion products are the source of materials that
form crud deposits on fuel rod clad surfaces.

The mass of corrosion products available to create crud will limit the rate and extent of crud
buildup that occurs. This is commonly referred to as the crud “source term”. The major contribution
to the source term mass comes from the steam generator, due to the large surface area exposed to the
coolant. Steam generators are not identical; the wetted area exposed to the coolant and the alloy used
in the steam generator tubes vary. Different alloys corrode at different rates; Inconel 690 corrodes at
approximately one-third of the rate of corrosion of Inconel 600 [1]. The mass of corrosion products
released from the steam generator also varies by the area exposed to the coolant. The release of these
corrosion products depends on the local environmental factors within the primary loop, including
temperature, pH, local fluid conditions, electrochemical potential, and thermodynamic solubilities
of the species present within this system. As such, each PWR will have a different crud source term
based on these plant-specific parameters.

In order to accurately model and predict crud growth and issues that arise from the presence of
crud (CIPS, CILC), the source of these corrosion product materials must be accurately modeled
in a system mass balance. These models should be mechanistic, representative of the underlying
physics phenomena, and account for the effects of the plant-specific design and operating parameters,
including the alloys used, local temperatures, and fluid flow conditions.

1.2. THE CRUD “LIFE CYCLE”

One way to understand the relationship between ex-core corrosion and in-core crud is to consider
the “life cycle” of the mass that eventually deposits on fuel rod cladding in the form of crud. Steam
generator oxides form a two-layer structure, consisting of a compact inner oxide layer and a loose,
particulate-based outer oxide layer. The physicochemical steps that lead to this dual-layer formation
are more easily understood when considering the mass balance with a “life cycle” approach.

The crud “life cycle” (see Fig. 1) generally has 5 steps:

1. Base metal corrodes to form inner oxide layer (corrosion growth)

2. Ions are transported from base metal to coolant through inner oxide (corrosion release)

3. Particulates form on inner oxide surface by precipitating from solubles to form outer oxide

4. Particulates enter coolant due to erosion of outer oxide/crud

5. Coolant particulates deposit on fuel as crud

Each of these processes should be present in a comprehensive crud source term model to
accurately model the underlying physics. The fifth process is already represented in MAMBA; the
remaining 4 are discussed in this report.

CASL-U-2019-1838-000 1 Consortium for Advanced Simulation of LWRs
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Figure 1. Simplified cycle of crud.

Dissolution of crud into soluble ions (represented in Fig. 1 as step 6) is thermodynamically
possible at certain coolant conditions. However, this is not believed to contribute significantly
to the crud source term and so was not included in this model [2]. Future modifications to the
source term model might implement this step in order to have a more complete representation of the
thermochemistry and physics governing the stability of PWR oxides.
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2. INSIGHTS FROM OPEN LITERATURE

2.1. INNER OXIDE CORROSION GROWTHMECHANISM

The inner oxide layer contains two oxide phases: some Cr2O3 at the oxide-alloy interface with
the bulk of the inner oxide containing (Fe,Cr,Ni)3O4 [3]. The model previously implemented in
MAMBA assumes that the rate-limiting step for corrosion growth is outward diffusion of metal
ions along inner oxide grain boundaries. However, recent studies have different conclusions on the
corrosion mechanism for A690 oxidation in PWR primary water conditions, suggesting that the
mechanism for inner oxide growth is inward diffusion of oxygen along grain boundaries (short-circuit
diffusion paths) [3, 4]. Supporting data can be found in Appendix 6.1.1.

There is some recent evidence suggesting that the inner oxide layer may not be completely
passivating, as the chromia “layer” at the oxide-alloy interface is non-compact, and that the presence
of surface defects on the alloy could possibly lead to a denser chromia layer which may be more
passivating [3, 4]. Supporting data can be found in Appendix 6.1.2.

2.2. OUTER OXIDE: COUPLING OF PARTICULATES AND SOLUBLES

The inner oxide layer grows due to corrosion of the base alloy. The outer oxide layer, however,
precipitates. The particulate coolant concentration varies based upon the soluble concentration
in the coolant, which couples the soluble and particulate species in the mass balance. If there is
insufficient soluble species (i.e. coolant is not saturated), particulates will not form. The particulates
are the dominant source term to the crud; however, the solubles are the source term to the particulates
due to the nature of the oxidation/corrosion and precipitation process that creates the particulate
oxides in the dual layer oxide [5]. Supporting data can be found in Appendix 6.1.3.

2.3. NICKEL METAL AND NICKEL OXIDE

According to EPRI reports, dissolved H2 in coolant determines whether Ni metal or NiO is the
thermodynamically stable solid to maintain equilibrium with aqueous Ni [6, 7]. In regions with low
concentrations of dissolved H2, NiO is stable, whereas higher dissolved H2 levels yield Ni metal as
the stable species. This makes for an interesting effect in the core: boiling inside the crud layer
locally depletes dissolved H2, which makes NiO the stable species within the crud layer. However,
bulk coolant dissolved H2 levels are higher and thus Ni metal is stable outside of the crud layer. This
could potentially have very interesting implications for this modeling effort and for physics as a
whole.

CASL-U-2019-1838-000 3 Consortium for Advanced Simulation of LWRs
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2.4. EPRI MODEL (BOA)

EPRI’s crud chemistry code, Boron-induced Offset Anomaly (BOA), is used to assess CIPS and
CILC risk in PWRs [8]. Plant prediction capabilities present in BOA include [5]:

1. Soluble Ni, Fe levels in coolant

2. Particulate Ni, Fe levels in coolant

3. Ni release on shutdown

4. Ni/Fe ratio in fuel crud

5. Relative amounts of Ni metal on core, ex-core surfaces

6. Observed crud thicknesses

7. Amount of boron uptake in the crud

BOA was primarily designed to conservatively assess the risk of AOA in cycle core designs
based on the predicted total core boron mass, the total crud mass in the core, and the maximum crud
thickness. In order to predict the AOA risk of future cycles for a plant, at least two cycles should be
modeled whose behavior is known to adjust the steam generator release rate and the crud carryover
mass to match the actual behavior observed at that specific plant [9].

2.4.1 Equations for mass transport in primary circuit

The mass balance models implemented in BOA have been described in [5]. Steady state equation
for moles of iron, nickel in the coolant in section i of primary circuit [5]:

Ûm
ρ f ,i−1

Ci−1xi−1 −
Ûm
ρ f ,i

Ci xi − Ji Ai = 0 (1)

Ûm = mass flow rate;
Ci = total molar concentration of coolant;
x = mole fraction of Ni or Fe in bulk coolant;
ρ f = bulk density of water; A = section area;
Ji = molar flux of iron or nickel to/from the surface of the section

Multiple terms are needed for Ji to represent the multiple processes going on. The following
subsections describe each of these terms and processes. It is assumed that the bulk coolant soluble
concentrations are consistent throughout the loop due to high flow rates.

Soluble mass transport in solution

J = Cb

[
xbu + km (xb − xs)

]
(2)

Cb = total molar concentration in bulk;
xb, xs = mole fractions of Fe, Ni in bulk, at surface;
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u = boiling velocity;
km = turbulent mass transfer coefficient.

This flux represents the transport of solubles from surface to the bulk coolant (and vice versa)
due to boiling and turbulent fluid perturbations.

Soluble corrosion release

Jr = a Ûmc (3)

a = fraction of corrosion process released into coolant as Fe, Ni;
Ûmc = local corrosion rate.

a is a function of alloy composition and oxide phases present in the inner oxide, which is not
detailed in published work. “The excess alloy passes through the inner oxide to the inner oxide/water
interface where it can either precipitate out or pass into solution as soluble material. The release flux
[...] equates to this excess metal but the particular amounts of Ni and Fe that are released depend
on the assumed inner oxide structure” [5]. The local corrosion rate mechanism or mathematical
representation is not discussed in the cited paper.

Soluble precipitation (to form particulates of Ni metal, NiO, and NixFe3–xO4)

JNip,Ni = Cska
(
xs,Ni − pNi

)
(4)

Cs = total molar concentration at the surface;
ka = precipitation rate constant for that solid;
xs,Ni = mole fraction of nickel at surface;
pNi = precipitation parameter determined by equilibrium thermodynamics.
MAMBA uses an equation of the same form as Eqn. 4 used to fill crud pores from solubles

precipitating.

RPrecip = kPrecipitateη
(
CSoluble − pSolidCcoolant

)
(5)

kPrecipitate is a precipitation rate constant (user defined) with an assumed Arrhenius temperature
dependence. η is the crud porosity, psolid is a precipitation parameter/condition for the solid from
solubles, and Ccoolant is the total molar concentration of the coolant.

Particulate deposition/release

Jpa = ρ f xpa
(
kd + u

)
− kr M (6)

xpa = weight fraction of nickel or iron particulate;
kd, kr = particulate deposition rate, release rate;
M = total amount of particulate on surface (outer oxide or fuel crud).

In Eqn. 6, kd, kr are constrained by plant observations and are currently the most challenging
piece to address for this model. However, adding such a model to MAMBA would likely present a
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significant improvement over not accounting for particulate formation/transport at all, as it would
encapsulate more of the physics of the crud source term.

2.5. OTHER TAKEAWAYS

• Corrosion growth and corrosion release are separate processes; they have a similar mechanism,
but with different species and different rates.

– Corrosion growth is rate-limited by inwards oxygen diffusion along inner oxide grain
boundaries.

– Corrosion release of soluble ions is rate-limited by outwards metal ion diffusion along
inner oxide grain boundaries.

• NiO and NiFe2O4 on boiling surfaces should be carried over from cycle to cycle (increasing
the source term), but nickel metal should redissolve [5].

• The ratio of Ni:Fe in crud can be calculated by looking at NiO and NiFe2O4 deposit ratios [5].
This could be compared to plant crud scrape data to verify physics behavior.

• Effect of pHT on corrosion and release rates are not significant because it affects precipitation
due to solubility changes, not corrosion release.

• Nickel metal and nickel oxide particulates should be added to the MAMBA model; formation
from solubles to outer oxide, release/erosion from outer oxide, deposition in crud, and also
dissolution depending on thermodynamic stability locally. This would also allow calculation
of ratios of NiO to NiFe2O4, a feature included in BOA that could be used to validate the
models against crud scrape data from some plants.

Consortium for Advanced Simulation of LWRs 6 CASL-U-2019-1838-000
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3. CORROSION MODELS FOR VERA

3.1. CORROSION GROWTH OF INNER OXIDE

The new corrosion growth model for MAMBA assumes parabolic thick film growth kinetics, as was
assumed in the previous model. Parabolic growth kinetic laws are represented with the following
type of expression:

x2 = E · t (7)

where x is the film thickness at time t, and E is a constant. Rearranging this slightly yields a
direct expression for the thickness:

x(t) =
√

E
√

t (8)

Note that
√

E is still just a constant term, which we can call k. In order to get units of length
from this calculation, the units of k must include length in the numerator and a square root of time
in the denominator.

Corrosion rate constants for Alloy 600, 690, and SS 304 have been experimentally measured
and reported in the open literature by Ziemniak and Hanson, Guinard, and Castelli [10–13]. These
corrosion rate constants, denoted as kp, have units of mg/dm2 −

√
hr. These rate constants are for

the corrosion growth rate in terms of mass per unit area (denoted as w(t) below).

w(t) = kp
√

t =
mass of oxide
surface area

(units: mg/dm2) (9)

∂w

∂t
=

1
2

kp
√

t
(10)

To convert this expression to calculate the oxide thickness, this can be simply divided by the
oxide density, ρoxide.

x(t) =
kp(T)

√
t

ρoxide
(11)

kp has an Arrhenius temperature dependence, as in the previous model. The activation energy
and prefactor are approximated using measured data at 260, 325, and 350 ◦C, and the rate constant
is then scaled to the desired temperature. Note that this temperature dependence means that the
oxide thickness throughout the steam generator will vary with the temperature profile.

The use of different rate constants reflects a decision to assume a different rate-limitingmechanism
of corrosion oxide growth. The previous model assumes the limiting step is diffusion of metal ions
outwards along inner oxide grain boundaries, which is reflected by the use of diffusivities in place
of rate constants. The new model assumes the rate-limiting step is oxygen diffusion inwards to
create the inner oxide layer. This also reflects the separation of the mechanisms of growth of the
inner oxide and outer oxide layers, which is not present in the previous model (see Section 2). The
previous source term model implemented in MAMBA assumes that the corrosion release rate is
equal to the corrosion growth rate, which may not be an accurate assumption, especially considering
the dual-layer structure of the steam generator oxides. EPRI reports, Castelli, and other literature
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suggest that generally the release rate is some fraction of the corrosion rate (between 5 and 50
percent is suggested) [10].

3.2. CORROSION RELEASE OF SOLUBLES

Assume the mechanism is diffusion of metal ions along grain boundaries through the inner oxide,
which leads to release of soluble ions to the coolant. There is a concentration gradient across the
oxide thickness, with a “concentration” of ρalloy × wt%(elem) at the inner oxide-alloy interface,
and effectively zero concentration in coolant/at surface (because the soluble saturated concentration
is on the order of ppb/ppm, it is assumed to be negligible).

R =
DNi

oxide,GBρalloywt%(elem)

x(t)
× Acell (12)

The diffusivity is a function of temperature, as is the thickness of the oxide layer, x(t) (temperature
dependence of kp). Acell is the surface area of the mesh cell. The corrosion release rate, R, must
be integrated over the entire surface area of the steam generator to obtain the total release rate at a
given state point.

Consortium for Advanced Simulation of LWRs 8 CASL-U-2019-1838-000
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4. PARTICULATE PHYSICS

As was discussed in Section 2, particulates form the second or outer layer of the oxide by precipitation
of soluble ions from the coolant onto the surface of corrosion oxides.

Particulate formation is a multi-step process; local thermodynamic conditions must favor
precipitation, including a sufficient supersaturation of nickel/iron ions near the surface (where there
are inevitably heterogeneous nucleation sites to induce particulate precipitation). When a particle
cluster initially forms (with only a few ions), it will not be stable unless it gains additional ions until
it reaches the “critical size” for a stable nucleus in the current coolant conditions [14]. There might
also be a chemical reaction associated with the reaction instead of physical processes to create the
cluster (physisorption, adsorption), for e.g.

Ni2+(aq) + 2 Fe3+(aq) + 4H2O NiFe2O4 + 6H+ + H2(aq) (R-1)
The Gibbs energy change of the system for this reaction will determine whether or not particulates

will nucleate and grow to a stable minimum particle size. Note that this is minimum stable size;
actual size can be larger, for highly supersaturated solution it will certainly be larger. Particle size
depends on local flow rate, saturation concentrations, and the amount of time a particle remains
on the steam generator surface before it is eroded off to the coolant. For this version of the model,
precipitation of particulates is dependent on whether or not critical size nuclei can form based on
this thermodynamic stability calculation.

4.1. PARTICLE THERMODYNAMIC STABILITY

Particulate nucleation requires the formation of a new surface; there is a thermodynamic energy
penalty associated with surfaces, known as the surface energy (γ). In order for a particle to be
energetically favorable and stable, the free energy “benefit” from the creation of a new volume (∆GV )
must be greater than the penalty of creating a new surface. This energy balance is demonstrated in
Eqn. 13 for a particle with volume Vp and surface area Ap.

Gparticle = ∆GVVp + γAp (13)
Thus, there is a critical particle size, based on the volume free energy, the surface energy, and

the shape of the particle, above which the nucleated cluster will become thermodynamically stable.
If the cluster does not reach this size, it will redissolve into the solution or shrink so that another
stable particle can grow. This critical point will occur at ∂Gparticle

∂r = 0.
The following derivation will assume a spherical particle, though other particle geometries can

be used as well by substituting in the appropriate expressions for particle volume and surface area
into Eqn. 13. For a spherical particle, Eqn. 13 becomes:

Gparticle =
4
3
πr3

p∆GV + 4πr2
pγ

Differentiating with respect to the critical dimension (the radius, rp), gives:

∂Gparticle

∂r
= 4πr2

p∆GV + 8πrpγ = 0

CASL-U-2019-1838-000 9 Consortium for Advanced Simulation of LWRs
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Rearranging the terms yields an expression for the critical radius as a function of the surface
energy and the volume free energy:

∴ rcrit =
−2γ
∆GV

(14)

Assume that the energy associated with forming a particle volume could be approximated as
that of the chemical reaction forming the solid. The free energy change of a reaction can then be
calculated based upon the chemical potentials of the reactants and products. This can then be used
to calculate the approximate critical radius of stable particles using Eqn. 14.

The surface energy of formation for denuded (non-hydrated) stoichiometric (111) surfaces
reported by Brenner is 1.71 J/m2, and that for water-terminated (111) surfaces is 0.530 to 0.935
J/m2 for 298.15 to 598.15 K [15, 16]. Based upon the calculated surface energies for multiple
planes and surface terminations, the equilibrium particle geometry can be determined using a Wulff
construction to minimize the surface energy contributions of the particle. An octahedral geometry
was predicted by Brenner et al. with (111) surfaces contributing to most of the surface area of the
particulate.

Figure 2. Geometry of octahedral particle; a is the edge length,
h is the effective height.

Assuming an octahedral particle composed entirely of (111) surfaces with edge length a, Eqn. 14
can be rederived using the correct expressions for volume and surface area of this particle geometry:

Gparticle =

√
2

3
a3
∆GV + 2

√
3a2γ

∂Gparticle

∂r
=
√

2a2
∆GV + 4

√
3aγ = 0

∴ acrit =
−4
√

3γ
√

2∆GV
(15)

The volume free energy of formation of a NiFe2O4 particle can be determined based upon
Reaction 1. The Gibbs energy of formation of NiFe2O4 can be calculated from the chemical
potentials of all species in the reaction.

Consortium for Advanced Simulation of LWRs 10 CASL-U-2019-1838-000
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U = TS − PV +
∑

µiNi −→ dU = TdS − PdV +
∑

µidNi

G = U + PV − TS −→ dG = dU + PdV + VdP − TdS − SdT

= (TdS − PdV +
∑

µidNi) + PdV + VdP − TdS − SdT

∴ dG =
∑

µidNi + VdP − SdT

Assuming a constant temperature and pressure system, this reduces to dG =
∑
µidNi. This can

be used to determine the Gibbs free energy of formation of bulk nickel ferrite from Reaction 1.

∆Gr xn =
∑

i=products
µi(T)dNi −

∑
j=reactants

µ j(T)dNj

= ∆ f G0
NiFe2O4

(T) + µH2(aq)(T) + 6µH+
(aq)(T) − µNi2+(aq)(T) − 2µFe2+(aq)(T) − 4µH2O(T)

The standard Gibbs free energy of formation for nickel ferrite between 298.15K ≤ T ≤ 898.15K
was calculated using a correlation with experimentally determined fitting coefficients (see Fig. 3)
reported by Brenner et al. [15]. The chemical potential of each species was calculated from the
mole fraction of the species in solution using Eqn 16. The effective standard chemical potential
(µ0(T)) was calculated using another correlation, see Fig. 4.

µi(T) = µ0
i (T) + RT ln(xi) (16)

To calculate the critical radius/edge length using Eqn. 14, the volume free energy should
be converted from units of kJ

mol to
J
cc . To do this, simply multiply the free energy ∆Gr xn by

ρNiFe2O4

M MNiFe2O4
× 1000. The values used here are ρNiFe2O4 = 6.67 g/cc and MMNiFe2O4 = 234.38 g/mol.

The number of moles of nickel in a single particle can be calculated based on the particle
geometry. A single formula unit of NiFe2O4 will be 27% oxygen by mass, with the remaining 73%
consisting of one-third nickel and two-thirds iron (roughly, as the masses of iron and nickel are
approximately equivalent relative to oxygen).

nNi =
1
3
(0.73)Vp

ρNiFe2O4

M MNi
(17)

The free energy of nucleating a critical particle calculated for typical PWR conditions is
negative and large in magnitude (thus, particle formation is thermodynamically stable). Particle
formation could be rate-limited by chemical reaction kinetics of particle formation, but given the
low concentrations of nickel and iron ions in solution, it is more likely limited by the transport of
ions to the surface where a particle can only form once there is a sufficient local supersaturation of
nickel and iron ions. Additionally, as kinetic rates of reactions are difficult to measure, there is not
an abundance of available data to determine this rate. Thus, it will be assumed that this system is
transport-limited. It is also important to consider the timescales of interest: the smallest substeps
of interest in MAMBA are on the order of hours to days, which are significantly larger than the
timescales for transport of ions to the surface and likely larger than the kinetic rates for the chemical
reactions of interest.
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4.2. MASS TRANSFER IN A TURBULENT PIPE

Consider the transport of nickel ions from bulk solution to the pipe wall. The hydrated ions can be
treated as spherical particles given the hydration radius (the radius of the ion plus the water molecules
associated with it due to hydration/solvation). Fe2+ and Ni2+ hydrate with 6 H2O molecules per ion.
Literature reports hydrated radii of approximately 215 and 214-225 picometers, respectively [17,18].

If the dynamic viscosity of the solution, µ, is known, the diffusivity of spherical particles in
solution can be calculated using the Stokes-Einstein relation:

DStokes =
kbT

6πrhydrµ
(18)

It is important to note that the Stokes-Einstein relation applies in cases of low Reynolds number,
which normally would not apply to this system. A better estimate would be to calculate a turbulent
eddy diffusivity; however, assuming a laminar boundary layer near the surface, this approximation
can be used in this model.

The Schmidt number represents the ratio of momentum diffusivity to mass diffusivity using the
kinematic viscosity ν:

Sc =
ν

D
(19)

The Reynolds number can be calculated from the mass flux (G), hydraulic diameter(dH), and
viscosity:

Re =
GdH

µ
(20)

The Sherwood number represents the ratio of convective mass transfer to diffusive mass transfer,
and can be expressed from a correlation of the Reynolds number and Schmidt number:

Sh = 0.0288Re4/5Sc1/3 (21)

Assuming the precipitation rate is limited by the transport of soluble species to the surface, the
rate of transport of ions from the bulk coolant to the surface can be expressed by:

RPrecip = km

(
Cbulk − Csur f

)
(22)

where km is the turbulent mass transfer coefficient calculated for aqueous/hydrated Ni, Fe ions,
Cbulk is the bulk coolant concentration, and Csur f is the coolant concentration near the pipe surface.
Csat is the saturated concentration for equilibrium between the particulate solid and the coolant
solubles; it is assumed that the concentration at the surface is equal to the saturated concentration, as
any excess should precipitate out on the surface as particulates, since the system is transport-limited.
Csat can be calculated from equilibrium electrochemistry, or can be set by the user as a constant
value for simplification.

Source term models of Castelli and Macdonald appear to assume that the rate-limiting process
for precipitation is transport of solubles to/from the surface, where precipitation will occur if the
coolant is saturated locally [10,19]. Assuming the precipitation rate is limited by the transport of
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soluble species to the surface, the rate of transport of ions from the bulk coolant to the surface can
be expressed by:

RPrecip = km

(
Csur f − Csat

)
(23)

where km is the turbulent mass transfer coefficient calculated for aqueous hydrated/solvated Ni,
Fe ions, and Csat is the saturated concentration for equilibrium between the particulate solid and the
coolant solubles. Csat can be calculated from equilibrium electrochemistry, or can be set by the user
as a constant value for simplification.

The turbulent mass transfer coefficient of ions, km, can be calculated by:

km =
ShD
dH

(24)

The diffusion/transport-limited nucleation rate, determined by the rate of ions arriving at the
pipe wall, can be calculated by:

ÛR =
km

nNi

(
CNi − Csat

)
(25)

where nNi is the number of moles of nickel in one particle (Eqn. 17). The units of this rate is
moles of particles created per square meter per second. It is assumed that the concentration at the
surface is equal to the saturated concentration, as any excess should precipitate out on the surface as
particulates, since the system is transport-limited. This flux represents the transport of solubles from
surface to the bulk coolant (and vice versa) due to boiling and turbulent fluid perturbations. The
corrosion release term will contribute solubles to the surface concentration in the coolant, which are
then either precipitated out as particulates or transported to the bulk.

4.3. DINOV: PARTICULATES STICKING PROBABILITY THEORY

Particulate release to the coolant occurs as a result of erosion of the outer oxide. Intuitively, we expect
this behavior to be dependent on various flow conditions and particle/fluid characteristics. Dinov
published a model for crud particle-wall interactions based on Gerassimov’s modification of Beal’s
model for deposition of particles in turbulent flow on pipe walls [20, 21]. By balancing the particle
transfer fluxes between the coolant, the wall, and a boundary layer between the wall and bulk coolant,
Dinov derived an expression for an “erosion coefficient” and “release coefficient” to describe the
relationships analytically in terms of the sticking probability, particle properties, and flow conditions.
These expressions are also similar in form to other models, including the Westinghouse CORA-II
model [22]. Dinov proposed a two-step mechanism for particle-wall interactions and developed an
expression for a sticking probability, p, which includes both steps of the mechanism (p = p1 · p2).
The first is the probability of dehydrating a particle’s surface, which is a thermally activated process.
Dinov represents this with an Arrhenius expression:

p1 = exp(−Ea/RT) (26)

where Ea is the activation energy for detaching water molecules from the outer layer of the
particulate. Dinov cites a value for the activation energy for dehydration of a 1 micron magnetite
particle (45-50 kJ/mol) [21], which is a function of the particle size.
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The second step is a surface chemistry barrier [21]. This includes the effect of particulate-surface
charge interactions, and the chemistry conditions locally is implemented using the pH. Dinov
implemented this using an assumption/expression from Westinghouse for a linear relationship
between pH and particulate fraction deposited [21, 22]. The final expression for the particulate
sticking probability, including both mechanisms, is:

p =


exp(−Ea/RT) for pH ≤ 5
exp(−Ea/RT)(−0.3pH + 2.5) for 5 ≤ pH ≤ 8
1
10 exp(−Ea/RT) for pH ≥ 8

(27)

The expressions derived for the erosion coefficient (ke) and release constant (γ) are:

ke =
γkc

kc + p(vB + v f )
(28)

γ =
5dH

Re
√

f /2
(29)

where kc is the turbulent mass transfer coefficient for particles, vB is the velocity of particles
due to Brownian motion, and v f is the particle velocity due to momentum, which depends upon a
particle stopping distance, S. The units of ke are 1/seconds [21].

vB =

√
2kbT
mp

(30)

v f =
u
√

f /2
4

[
0.05(rp + S)

u
√

f /2
ν

]
(31)

S =
0.05u(dp)

2ρp
√

f /2
µ

+
dp

2
(32)

Consortium for Advanced Simulation of LWRs 14 CASL-U-2019-1838-000



CRUD Source Term Assessment and Development for VERA

4.4. OVERVIEW OF PARTICULATE MASS BALANCE EQUATIONS

For this model, deposition due to turbulent diffusion, Brownian diffusion, and inertial impaction will
be neglected for simplification. Only deposition due to crud growth processes (as represented in
MAMBA currently) will be implemented in this iteration of the model. The erosion rate expression
from Dinov will be used as the source term of particulates in the coolant/loss term of particulates
on the wall. The source term for particulates on the wall is from precipitation of critical stable
particulates from solubles at the wall. Thus, the mass balance for the wall particulates and coolant
particulates can be written as:

dW
dt
= ÛR − keW (33)

dCp

dt
= keW ± (deposition/erosion in core) (34)

where ÛR is defined in Eqn. 23.
This equation couples the soluble ions to the particulates, which make the most significant

contribution to the crud source term. It is also assumed that all excess Ni in coolant will be removed
as precipitates if the supersaturation is high enough to precipitate particulates.
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5. SUMMARY OF CRUD “LIFE CYCLE” EQUATIONS

1. Base metal corrodes to form inner oxide layer (corrosion growth)
Thickness of inner oxide due to corrosion growth:

x(t) =
kp
√

t
ρoxide

2. Ions diffuse from base metal to coolant through inner oxide (corrosion release)
Corrosion release rate of soluble nickel:

dCNi
dt
=

DNi
oxide,GBρalloywt%(elem)

x(t)
× SA

3. Particulates form on inner oxide surface by precipitating from solubles
Stable particle formation rate:

ÛR =
km

dH
bCNi − Csatc

nNi =
1
3
(0.73)

√
2

3
a3 ρNiFe2O4

M MNi

acrit =
−4
√

3
√

2
γ

∆Gr xn

∆Gr xn = f (T, pH, xNi, xFe, xLi, xB,VH2)

4. Particulates enter coolant due to erosion of outer oxide
Mass balance of particulates on wall and in coolant (excluding core deposition/erosion):

dW
dt
= ÛR − keW

dCp

dt
= keW

Erosion/release coefficients:

ke =
γkc

kc + p(vB + v f )

γ =
5dH

Re
√

f /2
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Brownian velocity, momentum velocity, particle stopping distance:

vB =

√
2kbT
mp

v f =
u
√

f /2
4

[
0.05(rp + S)

u
√

f /2
ν

]
S =

0.05u(dp)
2ρp

√
f /2

µ
+

dp

2

Particulate sticking probability:

p =


exp(−Ea/RT) for pH ≤ 5
exp(−Ea/RT)(−0.3pH + 2.5) for 5 ≤ pH ≤ 8
1
10 exp(−Ea/RT) for pH ≥ 8

5. Coolant particulates deposit on fuel as crud
Already implemented in MAMBA.
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6. APPENDIX

6.1. SUPPORTING DATA FOR ASSUMPTIONS IN MODEL

6.1.1 Inner oxide growth mechanism

“Previous studies consistently suggest that the inner layer contains both spinel and corundum Cr2O3
which is at the oxide/substrate interface.” [3]

“Tracer experiments by Marchetti et al. confiarmed that the formation of inner oxide mainly
occurs via the inward diffusion of oxygen” [3].

“The inner oxide forms via inward diffusion of oxygen. When oxygen reaches the oxidation
front, the potential is low, favoring the formation of Cr2O3 [...] The inner oxide layer is composed
of Cr-rich (Fe,Cr,Ni)3O4 and chromia, and is mixed with un-oxidized metal. The compactness of
the inner oxide decreases with depth into the oxide layer. Both (Fe,Cr,Ni)3O4 and chromia grow
into the matrix in specific orientations with the matrix via solid-state reactions of the substrate
with the inwards diffusing oxygen.” [3]. “Discreet chromia forms first along the widely spaced
lattice planes of the metal substrate at the oxidation front where the oxygen concentration is low.
[...] Compact Cr2O3 layers cannot develop as there is no long-range outward diffusion of Cr in
substrate with low defect density at low temperature. Further from the oxide-metal interface where
the potential is higher, spinel becomes thermodynamically stable and starts to form among the
preexisting non-compact chromia” [3].

“Both (Fe,Cr,Ni)3O4 and chromia have well defined crystallographic orientations with the
substrate because they are products of solid state reactions between oxidant and substrate. [...] Spinel
and substrate are both face centered cubic (FCC) and have cube-on-cube relationships, consistent
with previous work. Cr2O3 has a hexagonal close packed (HCP) crystal structure. [...] The close
packed lattice planes of chromia are well aligned with those of the substrate. Moreover, the high
resolution images clearly show that the interfaces between matrix and chromia are semi-coherent.
It is unlikely that fast diffusion along dislocations could result in such rigid crystal orientation
relationships between oxides and substrate. More precisely, the chromia filaments form along the
lattice planes of substrate with high packing densities, which supports the preferential diffusion
of oxygen to maintain well-defined orientation relationships with the matrix, irrespective of the
existence of dislocations” [3].

“Experiments involving gold markers and isotopically labelled oxygen have shown that the
formation of the internal scale results from anionic diffusion along short-circuits network such as
grain boundaries. [...] If anionic diffusion seems to be responsible for the growth of the internal
oxide scale, the formation of the external one, as well as the release of cations into the primary fluid,
need Fe and Ni diffusion through the internal layer. Considering semiconducting properties of both
Ni1–xFexCr2O4 and Cr2O3, the diffusion of Fe and Ni cations takes place via interstitial sites, in the
cation sublattices. As it has been shown that oxygen diffusion through the protective scale involves
a short-circuits network, it is assumed that is also the case for cations diffusion.” [4]

6.1.2 Inner oxide structure and corrosion resistance

“[...] the inner oxides consist of Cr-rich (Fe,Cr,Ni)3O4 and Cr2O3, consistent with previous work.
Interestingly, the relative amount of (Fe,Cr,Ni)3O4 decreases as it moves further into the substrate,
consistent with the EDS results which show that the contents of Ni and Fe decrease with distance to
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the surface. [...] Cr2O3 penetrates deeper into the substrate because the oxygen potential decreases
with depth and the range of potentials over which chromia exists extends to lower values than that of
the spinel according to the Pourbaix diagrams up to 300 °C” [3]

“The internal part of the oxide scale is composed of a continuous layer of Ni1–xFexCr2O4 and
of Cr2O3 nodules uniformly dispersed along the oxide/alloy interface.Contrary to what has been
sometimes exhibited from oxygenated primary water exposures, TEM characterisations of the
internal oxide scale formed during the immersion of Ni-base alloys to conventional PWR primary
media (i.e. containing dissolved hydrogen) have not evidences any porosity in this scale. For that
reason, all transport through the internal oxide scale is supposed to occur by solid state processes” [4].

“The compactness of the inner oxide decreases with depth into the oxide layer. [...] Further from
the oxide-metal interface where the potential is higher, spinel becomes thermodynamically stable
and starts to form among the preexisting non-compact chromia. Both (Fe,Cr,Ni)3O4 and chromia
grow into the matrix in rigid orientations with the matrix via solid-state reactions” [3].

“The character of the inner layer is critical to the corrosion resistance of alloy 690 as it has been
noted that a non-compact oxide layer is not protective. The surface state seems to play an important
role in the formation of the inner layer. [...] the inner oxide was formed via the inward diffusion of
oxygen without long range diffusion of Cr. [...] a higher defect density in the substrate surface layer
can enhance the outward diffusion of Cr and promote formation of a denser and more protective
Cr2O3 layer” [3].

6.1.3 Precipitation of particulates from solubles

“The outer-oxide layers are variants of the inverse spinel magnetite and are designated as NixFe3–xO4;
again, x depends on the composition of the underlying alloy but also, since the layer is precipitated
from solution, it depends upon the metals dissolved in the coolant and originating in the rest of the
circuit [Cook et al., 2000]” [23].

“In PWRs, the composition of the outer layers on the alloys approximates Ni0.6Fe2.4O4, a variant
of nickel ferrite (or trevorite, NiFe2O4). This also approximates the composition of the particulate
matter (called “crud”) that circulates in suspension in the primary coolant at concentrations of the
order of a ppb (part per billion) or less and that forms deposits on in-core fuel assemblies” [23].

“It is generally accepted that the outer oxide particle on alloy 690 has a spinel structure and
forms by the precipitation of cations dissolved in the solution, similar to that on alloy 600 and
stainless steel.” [3]

“The outer oxide particle contains mostly Fe and Ni with an atomic ratio of Fe to Ni close
to 2, suggesting that the stoichiometry is NiFe2O4, and of spinel structure. The spinel grows by
precipitation, and has a flexible range of metallic element composition which is dependent on
chemical compositions of sample substrate, the corrosion potential and the materials used for the
water loop and autoclave.” [3]

“It has been shown that the formation of nickel ferrite crystals results from precipitation
phenomena, because (i) they can appear on Fe-free alloy and (ii) the amount of Ni1–zFe2+zO4 formed
depends on media saturation. The roles of substrate (i) sub-surface defects and (ii) crystalline
orientation on the preferential location of ferrite crystals underline that their precipitation involves
heterogeneous nucleation and growth processes” [4]

“The release of Fe and Ni cations in the primary medium, according to Reactions (14) and
(15), may lead to local oversaturation at the vicinity of the medium/oxide interface. The formation

CASL-U-2019-1838-000 21 Consortium for Advanced Simulation of LWRs



CRUD Source Term Assessment and Development for VERA

of metastable solid nickel and iron hydroxides on the oxidized surface probably results from
precipitation of stable neutral aqueous complexes, such as in (17) and (18) [...] Once formed, these
metastable hydroxides may diffuse on the surface towards preferential sites, where nucleation or
growth of nickel ferrite crystals occurs (19)” [4]

Reactions 14, 15, 17, 18, 19:

Ni2+(chromite) + 2H2O(adsorbed) Ni(OH)2(aq) + 2H+
(aq)

Fe2+(chromite) + 2H2O(adsorbed) Fe(OH)2(aq) + 2H+
(aq)

Ni(OH)2(aq) 〈Ni(OH)2〉
Fe(OH)2(aq) 〈Fe(OH)2〉

(2 + z)〈Fe(OH)2〉 + (1 − z)〈Ni(OH)2〉 Ni1–zFe2+zO4 + 2H2O + H2(aq)

[4]

Consortium for Advanced Simulation of LWRs 22 CASL-U-2019-1838-000



CRUD Source Term Assessment and Development for VERA

6.2. CHEMICAL THERMODYNAMICS DATA FROM BRENNER ET AL

Figure 3. The coefficients in this table are used in the equation
shown to calculate the standard Gibbs energy of formation [15]

Brenner et al. determined the size of stable NiFe2O4 particles in PWR conditions using
first-principles based thermodynamics calculations for surface free energies and bulk free energies
of formation [15, 16, 24, 25]. These calculations predicted that 50 nm octahedral particles would be
stable in typical PWR conditions. However, the molal concentrations of nickel ions and iron ions
(1.66 × 10−14 mol/kg and 4.17 × 10−13 mol/kg, respectively) used appear to be orders of magnitude
lower than those reported in plant data. This is roughly equivalent to 1 × 10−7 ppb for nickel ions.
Plant measurement data from EPRI reported an average value of 164.43 ng/kg of soluble nickel,
which should correspond to 2.8 × 10−9 mol/kg (approximately 0.164 ppb) [26]. The values used
by Brenner et al. are significantly lower than the measured plant data for soluble nickel, which
would alter the thermodynamic equilibrium calculation and yield a less thermodynamically stable
case for NiFe2O4 particulates, particularly as these values are below the observed solubility limit of
NiFe2O4 (0.03 to 0.1 ppb) [5]. As such, a method to determine the particle size and nucleation rate
is presented in this report to calculate these parameters based upon the concentrations of soluble
species, pH, T, and fluid parameters.
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Figure 4. The coefficients in this table are used in the equation
shown to calculate the effective chemical potentials of aqueous
species [15]
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