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Abstract

A model is described for simulating thermal hydraulic and chemical conditions within fuel crud deposits. Heat transfer
takes place by wick boiling in which water flows through the porous deposit and evaporates into steam at the surface of
chimneys. The transport and chemistry of dissolved species within the deposit is also modelled. This chemistry includes the
equilibrium chemistry of Li/boric acid species, the equilibrium chemistry of Fe/Ni species and the radiolysis chemistry of
water. The unique feature of this model is that the chemistry is coupled to the thermal hydraulics via the increase in the
saturation temperature with the concentration of dissolved species. This has a profound effect on evaporative heat transfer
within thick deposits, leading to conditions that explain the precipitation of LiBO, and the possible formation of bonac-
cordite. The model helps understand several crud scrape observations, including why AOA is observed to occur for a crud

thickness in the region of 20-30 um.
© 2006 Elsevier B.V. All rights reserved.

1. Introduction

The axial offset (AO) of a PWR plant is the inte-
grated power output in the top half of the core
minus the integrated power over the bottom half,
all divided by the total power output. When a
PWR is operational this parameter is measured
and compared with predictions from a number of
computer codes. For most plants these comparisons
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are good but in recent years, for some plants oper-
ating at high powers, this has not been the case. This
AO anomaly (AOA) results from a shift in power
output towards the bottom of the core as a result
of a fall in the neutron flux in the upper core
regions. This has a number of safety implications
which could lead to a down-rating of the plant
and subsequent economic losses [1].

It has been suggested that the cause of AOA is
crud build up on the fuel in the top half of the core
as a result of increased nucleate boiling in this
region. The take-up of boron in this deposit gives
increased local boron concentrations that lead to
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the observed drop in the neutron flux. While it is
now fairly clear that this is the mechanism for
AOA, many details are not understood. Questions
about the relative importance of plant operational
parameters, such as boron, lithium and hydrogen
concentrations in the primary water still remain,
as do questions about the nature and concentration
of the boron within the deposit. The temperature,
pH and redox conditions within the crud are also
unclear and these may have consequences for fuel
performance. In order to suggest the best mitigation
strategy, it is important to understand AOA further
and have answers to all of these questions.

This group has investigated both crud deposition
mechanisms and the chemistry taking place within
the crud once it has deposited. This paper describes
the work done using a relatively sophisticated model
for the chemistry and physical conditions within the
crud.

2. Crud chemistry model (CCM)

This section describes a chemistry model of fuel
crud deposits in a PWR reactor, which treats the
heat transfer, fluid flow and chemical reactions tak-
ing place in porous deposits on the fuel pins of the
reactor. The model implements a realistic thermal
hydraulics model together with a rigorous treatment
of the thermodynamics of the high temperature
aqueous solution and includes the following
features:

a Wick boiling model;

e radiolysis chemistry of water, taking into account
the alpha dose from the '°B(n, «)’Li reaction;

e magnetite dissolution and iron hydrolysis
reactions;

e Ni-Fe ferrite dissolution and nickel hydrolysis
reactions;

¢ Ni metal and Ni oxide formation;

e boric acid chemistry and the precipitation of lith-
ium borate;

¢ non-ideal solution thermodynamics;

e the effect of solute concentration on the satura-

tion temperature and vaporisation enthalpy of

water.

The model treats the heat flux, fluid flow and
chemical reactions in a deposit unit cell, consisting
of one steam chimney and its surrounding porous
shell. The model is one dimensional through the

depth of the deposit from the bulk solution to the
surface of the metal.

2.1. Thermal hydraulics

The thermal hydraulics model that is used is
based on Cohen’s one dimensional Wick boiling
model [2]. This simulates water transport through
the porous deposit and evaporation and steam
transport within steam chimneys. The model is
derived by considering the heat transfer in the
deposit unit cell. Heat transfer is assumed to take
place by conduction across the porous shell from
the fuel pin towards the bulk coolant and by evap-
oration of steam at the surface of the chimney, as
shown schematically in Fig. 1.

By considering heat balance across the cell it can
be shown [2] that the temperature distribution is
given by
d&*T  2nreNehe
dx? Tk,
where f'is the fractional area of the porous shell, N,
is the area density of chimneys, r. is the chimney ra-
dius, k. is the thermal conductivity of the porous
shell, A is the evaporative heat transfer coefficient
and Ty is the saturation temperature (see Table 1
containing the definitions of all symbols). This

equation is solved subject to the boundary condi-
tions

(T-T)=0, (1)
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Fig. 1. Schematic diagram of heat transport during wick boiling.
e 1s the evaporative heat flux and ¢, the conductive heat flux.
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Table 1

Definition of symbols used in text

Symbol Definition SI units

f Fractional area of the porous shell

N, Area density of chimneys m™2

Te Chimney radius m

ke Thermal conductivity of the porous shell Wm ! K™!

he Evaporative heat transfer coefficient Wm2K™!

T Saturation temperature K

Ty Bulk coolant temperature K

Qo Heat flux at the surface of the fuel pin W m™2

d Thickness of the deposit m

H, Vaporisation enthalpy of water Jmol™!

Pw Liquid water density kgm™3

Ds Steam density kgm™

R Gas constant Jmol ' K™!

Ay Activity of water

Py Vapour pressure of pure water Pa

P Vapour pressure of the solution Pa

Pyys System pressure Pa

vy, Molar volume of steam m?® mol™!

7, Molar volume of liquid water m? mol ™!

W Chemical potential of pure water

Ly Chemical potential of the vapour

H Partial molar enthalpy Tmol™!

u Chemical potential of the system

HY Vaporisation enthalpy of pure water, JTmol™!

psat Density of water at the saturation temperature kgm™>

ay Activity of water

My Molal concentration of water mole kg ™!

A Evaporation or condensation coefficient

M Molecular weight of water g mol ™!

e Porosity of the deposit

G Molar concentration in the liquid phase mol dm ™3

D, Diffusion coefficient in the liquid within the crud m?s~!

z Charge number

F Faraday unit of charge C mol™!

¢’ Potential gradient Vm™!

Ji Superficial molecular flux molm 25!

D, Diffusion coefficient in free liquid water m?s~!

T Tortuosity factor of crud

Cy Concentration in the bulk coolant mol dm >

Jjp Diffusion current Cm2s7!

g Effective solution conductivity CVvimts!

km Mass transfer rate for species passing between the gas and liquid phases ms~!

(0 Equilibrium concentration in the vapour phase mol dm ™3

ke, ki Forward and reverse reaction rate constants mol ! dm?s™!

y Activity coefficients

ym Molar volume of the sth solute m? mol ™'

T=Ty, (2a) Liquid flows through the porous shell from the
or bulk coolant while steam is expelled through the

ke (— atx=d, (2b) chimney. Steady state mass conservation of water
Ox in the solution in the porous shell leads to the

following equation for the liquid velocity

where T}, is the bulk coolant saturation tempera-

ture, ¢o is the heat flux at the surface of the fuel d(pyw) | 2mreNe he (T—T,) =0,

pin and d is the thickness of the deposit. dx /S Hy

3)
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where H, is the vaporisation enthalpy of water and
pw 1s the water density. This equation is solved sub-
ject to the boundary condition that u; =0 at x =d.
The vapour velocity is given by

S pw

— Lo
2 )
TN pq

Uy = (4)
where p is the density of steam. The thermal
hydraulics model implemented in this work differs
though from the simple Cohen model because T,
H, and #h, are all functions of the species concentra-
tions in the water, for example the saturation
temperature is obtained by solving the non-linear
equation in T,
1 Py -
Inay(Py) +—= / 7y, -7')dP =0, (5)
RT Jp,,

where R, is the gas constant, a,, is the activity of
water, Py is the vapour pressure of pure water, P
the vapour pressure of the solution, Py the system
pressure, and VY, V. are the molar volumes of
steam and liquid water. This equation is derived
from the Clausius—Clapeyron type equation [3]

Olnay, v
( oP ) T RT (6)
T
and the condition that at the saturation temperature
10 (Po) = . (Py), (7)

where 10 is the chemical potential of pure water and
1ty the chemical potential of the vapour.
Also considering the thermodynamic relation [3]

o) H
“or (8)

where H is the partial molar enthalpy of the solu-
tion, and u the chemical potential of the system,
leads to the following equation for the vaporisation
enthalpy of the solution

Py
HV:HS—/ vy, —V,,)dP
Psya
A R T YL LI

b, OT % " or

+T

where H! is the vaporisation enthalpy of pure water,
obtained from the steam tables [4]. In order to solve
Egs. (5) and (9) the temperature dependence of V',
and V¥, are required. In order to obtain these any
direct effect that dissolved solutes may have on the
density of water was neglected. This is reasonable
since boric acid and its trimer, which are the most

important solutes by concentration, are assumed
to interact with water like water itself. Also the com-
pressibility of water was neglected, which is reason-
able because it is very small except at temperatures
very close to the critical point of water. With these
assumptions it is possible to write

-, 18.015

= n cm® mol ™ (10)
oy

and

-, 18.015

VY = cm® mol ™!, (11)
Ps

where p is the density of water at the saturation
temperature. The temperature dependence of pi*
and p, where obtained from Keenan and Keyes [5]
and Egs. (5) and (9) solved using Brents method
[6]. This is done for a particular activity of water,
ay, which using the Gibbs-Duhem equation [3]

mydlIna, + Zcmcdln(awmc) =0 (12)

can be expressed as
My

:—mw+zcmc, (13)

ay
where m, is the molal concentration of water, equal
to 55.509 mol kg~ ' and the sum is over molal con-
centrations of all species in solution.

The evaporation coefficient in Eq. (1) is given by

[7]

24 M\ H?
2-4)\2rR) TWy V)

where A4 is the evaporation or condensation coeffi-
cient and M is the molecular weight of water. The
thermal conductivity of the deposit, k., also used
in Eq. (1) is calculated from Maxwell’s formula [8].

It is clear therefore that the thermal hydraulics is
linked to the chemistry because 75, H, and #,
depend on the activity of water, a,,, which in turn
depends on the species concentrations in solution.
In practice it is boric acid and its trimer that make
the major contribution to the summation in Eq.
(13).

2.2. Transport

The flow of liquid into the porous deposit at
velocity u; (given by Eq. (3)) transports dissolved
boric acid and lithium hydroxide through the
deposit. Also transported are hydrogen and trace
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amounts of other species arising from the radiolysis
of water and the dissolution of metal oxides. These
species become concentrated within the porous shell
where they react amongst themselves and with the
oxides of the deposit. Dissolved species are trans-
ported by flow, by diffusion in their concentration
gradient and, if they are charged, by drift in the
electric potential gradient. For each species in the
liquid phase (there is an equivalent equation for
the vapour phase species, H,(g), Oy(g) and
H;BO5(g)) it is possible to write
(e L (29) te 0
ot ot Jx ot Jp & Ox
where C; is the concentration in the liquid, and the
first term on the right of the equation is due to
changing species concentrations by chemical reac-
tion (subscript R for reaction), the second term is
due to liquid/steam partitioning (subscript P for
partitioning) and the third term is due to transport.
¢ 1s the porosity of the deposit, which is the fraction
of free space present per unit volume of crud.

The superficial molecular flux J; in Eq. (15) is
given by [9]

6C1 ZFDl
= TR
where D, is the diffusion coefficient, z is the charge
number, F is the Faraday unit of charge, and ¢’ is
the potential gradient. To simplify the notation,
subscripts are not appended to J;, C;, D and z to
differentiate the species. The diffusion coefficient D,
in the porous shell is related to the diffusion coeffi-
cient in liquid water Dy, by the following empirical
equation
eDy,

D 17
1 'C’ ()

$1Cy + uCy, (16)

where 7 is the tortuosity factor of the crud, repre-
senting an effective path length through the deposit
and is defined by Eq. (17). Eq. (15) is solved subject
to the boundary condition that C;= C, at x =0,
where C, is the concentration in the bulk coolant.

The potential gradient in Eq. (15) is obtained
from a generalised Ohm’s law equation [9]

ol = —Jps (18)

where jp is the diffusion current [9] and o the effec-
tive solution conductivity.

The model treats the partitioning of three volatile
species, boric acid, hydrogen and radiolytically pro-
duced oxygen, from the liquid phase in the porous

shell into the vapour phase in the chimney. The rate
of loss of these species is given by

6C1 2TC}"CNC
B = — e 1
( at )P 8f km(cv CV)’ ( 9)

where k,, is the mass transfer rate for species passing
between the gas and liquid phases and Cf is the
equilibrium concentration in the vapour phase,
determined by the relevant partitioning constant
[10].

2.3. Chemistry

Chemical reactions are included in CCM in the
form of rate equations, which express the rate of
change of species concentrations as equal to the
product of a rate constant and the concentrations
of the reactant concentrations. The term (52), in
Eq. (15) is then the net rate of change of the species
concentration due to all the relevant reactions in the
system. Many of the reactions included in the model
are treated as equilibria with rate equations used to
express both the forward and reverse reactions. In
these cases the reverse rate constant is calculated
knowing the forward rate and equilibrium constant.
For example for the reaction

A+B=C. (20)

The equation describing the rate of change of [A]
would be

dCA
de
where k; is the forward rate and k, is the reverse
reaction rate constant. The thermodynamic equilib-
rium constant for the reaction is related to the ratio
of these constants. At equilibrium in the steady
state, dca/df = 0 and the ratio of the forward and
reverse rate constants is given by

= *kchCB + erC, (21)

ke cc

= 22
= s’ (22)
where the ¢ are now equilibrium molar concentra-
tions. The thermodynamic equilibrium expression
for this reaction is given by

K — mc Yc

= , (23)
mamg YAVB

where the m are molal concentrations and the y are
activity coefficients. Converting the molal con-
centrations to molar concentrations leads to the
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following expression for the ratio of the forward
and reverse rate constants

ke K AV

— =0 24
kr gpw yC ( )
where

(=1=) mI? (25)

V7 is the molar volume of the sth solute and the
sum is over all dissolved species. The activity coeffi-
cients y are calculated here using the Meissner equa-
tions [10]. These non-ideal corrections are necessary
because solution concentrations within the deposit
can be large, of the order of several molar. Of the
parameters on the right hand side of Eq. (24), K
and p,, are functions of temperature, { is a function
of concentration, and the y’s are functions of both
temperature and concentration.

The different types of chemical reactions included
in the model are summarised below, together with
some examples of each and the sources for the rate
and equilibrium data.

(1) The ionisation of water

H,0 = H* +OH- (26)

The equilibrium constant for this reaction is calcu-
lated using the correlation of Marshall and Franck
[11], taken from the chapter by Lindsay in the
ASME Handbook on Water technology [10].

(2) Metal ion hydrolysis reactions [10,12-14]

Ni?* 4 2Fe?* +4H,0 = NiFe,04(s) +6H*+H 1(aq)

(27)

Ni** +H,0 = NiOH* +H* (28)
(3) Boric acid equilibria

B(OH), + OH™ =B(OH), (29)

2B(OH), + OH™ = B,0(OH); + H,O (30)

3B(OH); = B;0;3(OH); +3H,0 (31)

Equilibrium constants for these reactions are based
on an experimental study of Weres [15] and the
work of Byers et al. [16].

(4) Precipitation and dissolution reactions

LiBO,(s) + H,O+H" = Li" + B(OH); (32)

The equilibrium constants for this reaction are
taken from the experimental study of Byers et al.
[16] for the dissolution of lithium borate.

(5) Liquid to vapour partitioning reactions [10]

H(1) = Ha(v) (33)
B(OH);(1) = B(OH)3(v) (34)

(6) Radiolysis chemistry of water

Neutron, gamma and alpha radiation interacts
with water causing it to decompose to the radical
products e, H', H, and OH and the molecular
products H, and H,0,. Gamma radiation gives lar-
gely radical species, while alpha and neutron radia-
tion give largely molecular species. The yields for
the different species are expressed through the
G-values, which determine the number of molecules
produced per 100 eV of radiation energy absorbed.
The G-values for these reactions where taken from
Elliot et al. [17].

The primary radiolytic species undergo a series of
chemical reactions, for example

H+H,0=H,+OH (35)
¢~ +H,0,=0H" +OH (36)
H+H,0,=0H+H,0 (37)
OH + H,0, =H,0 +HO, (38)
OH+H,=H,0+H (39)

In total there are forty radiolysis reactions in the
model. The rate constants for use in high tempera-
ture water come from the report by Elliot et al. [17].

All the equations were implemented and solved
using the numerical integration program FACSIM-
ILE [18], which uses a form of Gears method for
solving stiff differential equations. The following
Section discusses some of the results obtained with
the model.

3. Discussion of CCM results

Before discussing the results of the model it is
important to understand the aims of its devel-
opment. The model was developed to explain a
number of observations that have been made con-
cerning AOA. These observations are stated here

[1].

e AOA is first observed in plants where crud
deposits are believed to have built up to ~20-
30 um.

e In some very thick crud deposits (>80 um) the
boron mineral bonaccordite (NiFeBOs) has
been identified. This indicates fairly extreme
conditions within the crud [19].
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L100um

eaky BSE

Fig. 2. A thick crud flake showing three distinct layers. The
middle white zone contains ZrO,.

e A few plants with thick deposits have seen a layer
of ZrO, material some distance above the fuel
clad oxide surface, see Fig. 2.

e Examination of fuel crud scrapes indicate a Ni
rich deposit compared to crud scrapes from
non-AOA plants.

e Thick crud contains relatively less chromium
than thin crud.

Calculations have been performed using CCM
over a wide range of operating conditions, the stan-
dard input conditions being those outlined in Table
2. These are representative PWR conditions.

Fig. 3 shows how the Li", Boric acid and
LiBO»(s) concentrations vary through a 59 pum thick

Table 2

Standard PWR input conditions for the CCM model
Parameter Value
Coolant saturation temperature/°C 345
System pressure/atm 153
Chimney density/mm?> 3000
Chimney radius/pm 2.5
Porosity 0.8
Tortuosity 2.5
Deposit depth/um 25-60
Heat flux W/m™2 10°
Li/ppm 2
B/ppm 1200
H,/cc (STP) kg ™! 25

y Dose rate/Mrad h™! 1200
n Dose rate/Mrad h™! 2400
n Flux/cm 25! 3.6x 10"

crud deposit for typical PWR conditions. The
results indicate the boric acid concentration is
approximately 2 M near the fuel surface (a concen-
tration factor of 25 compared to the bulk). Also
important in the liquid phase is the Boric acid tri-
mer, which contains approximately 2 M Boron near
the fuel surface. The Li" ion concentration rises to
0.01 M (a concentration factor of 54). What is inter-
esting about these results is that LiBO,(s) precipi-
tates out at a depth of 35-40 pm. This is near the
crud thickness, based on scrape measurements,
where AOA starts to be observed [1]. It should be
noted that nothing in the model was adjusted to give
this result and it is simply a consequence of the
physics and chemistry that have been implemented.

Previous modelling results by other groups had
indicated that LiBO,(s) would not precipitate out
until crud thicknesses reached well above a hundred
microns [20]. The reason this model predicts precip-
itation at much smaller crud thicknesses can be
understood from Fig. 4, which shows how the tem-
perature varies through the crud for a 35 and 59 um
thick deposit. Fig. 4 indicates the rise in species con-
centrations towards the bottom of the crud causes a
rise in the saturation temperature and because the
solubility of LiBOy(s) falls with increasing tempera-
ture it precipitates. This rise in temperature was not
accounted for in previous models [20].

For the 59 pm thick crud the rise in temperature
is dramatic, reaching temperatures near 400 °C, well
above the critical point for pure water (approxi-
mately 374 °C). Part of the reason for this rise is
the fact that as the temperature increases the
enthalpy of vaporisation decreases (it is zero at the
critical point temperature). This means that less
energy is removed by evaporation into the chimney
(at the critical point temperature no energy removal
occurs by evaporation). The shutting down of evap-
oration therefore causes the temperature to rise even
further. Extreme conditions may therefore exist at
the bottom of thick crud and may explain the
formation of the mineral bonaccordite [1]. The work
of Sawicki indicates temperatures just above 400 °C
may be required to form this mineral [19]. The
potential effect of reaching near 400 °C on cladding
corrosion in the model has not been reconciled
yet.

Fig. 5 shows the variation in pHry through the
porous deposit for a 35 and 59 pm thick deposit.
For the 35 um thick deposit the pH falls through
the deposit from the water side to the fuel
side. The pH for the 59 um thick deposit shows a
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1.00E+01
1.00E+00 -
@
£
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= 1.00E-01 A
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s —— Li*
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=
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1.00E-03 1  —®— B;03(0H);
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0 10 20 30 40 50 60
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Fig. 3. Li", Boric acid concentration and amount of LiBO,(s) against depth for a 59 um thick deposit. Calculation with 2 ppm Li,
1200 ppm B and 25 cm® kg™! (STP) H..

410

400 A

390 A

380 A

Deposit Temperature (°C)

370 A
—— 35um
- 59 um
360 - K
350 A
340 T T T T T
0 10 20 30 40 50 60

Water Side Depth (um) Fuel Side

Fig. 4. Temperature across the deposit for a 35 and 59 pm thick deposit. Calculation with 2 ppm Li, 1200 ppm B and 25 cm® kg~! (STP)
H2.

complicated behaviour with a relatively steady pH pH in this region. If LiBO,(s) was not allowed to

near the fuel surface followed by a sudden fall in precipitate out in the model the pH in this region
pH and then rising again towards the water side would be very large (9-10). For the thick deposit,
of the crud. The steady pH near the fuel pin surface since ZrO, solubility tends to rise with increasing

is due to the presence of LiBO»(s) which buffers the pH, its solubility is likely to be larger nearer the fuel
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Fig. 5. pH at temperature across the deposit for 35 and 59 pm thick deposits. Calculation with 2 ppm Li, 1200 ppm B and 25 cm® kg™

(STP) H,.

pin surface than at 20 um away from the surface.
The sharp fall in pH away from the fuel pin surface
may give rise to ZrO, precipitation at this point,
providing an explanation for the band of this oxide
seen in some thick deposits, but not in thin deposits.
The high temperature and high Lithium ion concen-
tration near the fuel surface would also facilitate Zr-
oxide dissolution in this region.

A further issue which the model was developed to
resolve is the relative amounts of Ni and Fe within
the deposit and the fact that these tend to be Ni rich
in thick deposits. Suffice to say that the model, as
yet, has not provided a credible explanation for this
observation. This is because the issue is complicated
by several different factors:

1. The form of Ni and Fe depositing on the fuel pin
from the bulk solution.
2. The rate of inter-conversion of the various min-
eral forms.
. The pH conditions that exist within the crud.
. The redox conditions within the crud.
5. The temperature within the crud.

B W

The situation is complicated further by the fact
that redox conditions, pH and temperature will
change during the fuel cycle. This can be seen in
Fig. 6 which shows how the temperature at the bot-

tom of the crud deposit changes with crud thickness
and bulk water boron concentration. For a 59 pm
thick deposit the temperature at the bottom of the
deposit falls by 20 °C as the boron concentration
falls from 1800 ppm to 300 ppm.

Fig. 7 shows the calculated hydrogen peroxide
concentration at the bottom of the deposit as a
function of crud thickness for different bulk water
boron concentrations. It is clear from Fig. 7 that
the redox conditions could be relatively oxidising
at the bottom of thick crud deposits. Peroxide con-
centrations rise to several hundred ppb, compared
to typical bulk water concentrations of less than
1 ppb. This is because the chimney through which
steam is passing strips hydrogen out of the adjacent
water. The process is analogous to a boiling fuel
channel in a Boiling Water Reactor but on a micro
scale. The variation in peroxide with bulk water
boron concentration is interesting, at 1200 and
1800 ppm B, the peroxide concentration at the base
of the 60 um deposit is approximately 16-17 ppb.
Decreasing the boron to 600 ppm causes the perox-
ide to rise rapidly to 350 ppb, while decreasing the
boron further to 300 ppm causes the peroxide to fall
to approximately 100 ppb. Increasing the boron
concentration increases the alpha particle dose rate
in the model and, since alpha particles give high
yields of molecular products such as H»,O,, this
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Fig. 6. Temperature at the bottom of the crud for different crud thicknesses, at different bulk water boron concentrations.
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Fig. 7. Hydrogen peroxide concentrations at the bottom of the crud for different crud thicknesses, at different bulk water boron

concentrations.

increases the peroxide concentration. However, at
say 300 ppm B, less of the crud will be above the
critical temperature of water than for a 1800 ppm
B solution. This means that evaporative heat loss
will take place into the wick chimney over a longer
region at 300 ppm B compared to 1800 ppm B. In

which case partitioning of H, into the steam phase
occurs more at 300 ppm B compared to higher
boron concentrations. Therefore we have two
opposing effects of decreasing boron; on the one
hand it lowers the alpha dose and therefore
decreases the peroxide yield, but on the other hand
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it lowers the hydrogen concentrations within the
liquid present in the deposit, increasing the peroxide
concentration. In addition the solubility of H, will
be lower at low boron because of the reduced tem-
perature at the base of the deposit. Which of these
processes dominate determines whether significant
peroxide is produced. The observation that thick
crud is depleted in chromium supports the existence
of oxidising conditions in the crud. This is because
chromium solubility increases with increasing oxi-
dising conditions and so is more likely to leach
out of thick crud deposits.

These variations in pH, redox conditions and
temperature over a cycle will influence the crud
composition and further work is planned to under-
stand this behaviour.

4. Summary

The model that has been presented here is a 1-
dimensional Wick boiling model in which the ther-
mal hydraulics is coupled with the chemistry. All
the chemistry that is relevant to crud deposits on fuel
pins is considered, including the radiolysis chemistry
of water. The model provides credible explanations
for many of the observed fuel crud/AOA phenom-
ena, such as the onset of AOA at crud thicknesses
above 35 pum, the presence of bonaccordite in only
thick deposits, the presence of ZrO, layers in thick
crud and chromium depletion in thick deposits. Fur-
ther work is being carried out to try and understand
the composition of the crud and in particular the rel-
ative amounts of Ni and Fe present.
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