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Introduction

During a pressurised-water nuclear reactor (PWR) operation, the physicochemical conditions to which
the primary coolant is subjected vary very significantly, depending on the reactor status and the circuit
region considered [1]. For example, the reducing and alkaline environment that predominates in the
core at 300°C during the power-production operating phase becomes acidic and oxidising at 80°C
during oxygénation, one of the steps in the reactor shutting down process. These different primary
coolant physicochemical states, combined with the reactor thermohydraulic variations, contribute to the
release, possibly followed by re-deposition, of corrosion products (Fe, Ni, Co, Cr, Mn, Zn, Ag, Zr, etc.)
and their activation or decay products, as well as fission products (I, Cs, etc.) and actinides in the case
of fuel cladding defects [2, 3].

To minimise the chemical and radiochemical impact of these release products on reactor operation,
on-line purification of the primary coolant is performed [4]. However, experience feedback has shown
over the last few years that an optimisation of the purification conditions is necessary. Today, this
action is an important issue for EOF nuclear reactors: increase of the plant units availability, operating
quality improvement, in particular through a reduction of dose rates associated with plant units
shutdown, reduction in solid waste volume and liquid waste activity.

Placed on the chemical and volume control system (CVCS) of the primary circuit and typically made up
of mechanical filters and columns filled with ion-exchange resins, the purification equipment has as
main function the on-line extraction of radionuclides responsible for contamination. However, the ion
exchangers columns behaviour, i.e., their ability to retain or liberate species, is dependent both on the
intrinsic resins properties and the overall physicochemical composition of the fluid passing through the
columns. Thus, by changing the fluid pH and redox potential, therefore inducing shifts in hydrolysis,
complexation and dissolution/precipitation equilibria of metallic elements, the variability of the reactor
operating chemical parameters - temperature, boric acid and lithium hydroxide concentrations,
hydrogen and oxygen partial pressures - along with erosion effects due to reactor thermohydraulic
fluctuations can play a determinant role in the purification media functioning, specially ion exchangers.
And by their possible release action, these ones can inversely influence the chemical composition of
the primary coolant. Reactor operating chemical parameters and ion-exchange resins behaviour
therefore appear to be closely linked.

The study of ion exchangers retention/release mechanisms during an operating cycle is therefore
essential and implies a prior knowledge, as comprehensive as possible, of the physicochemical
composition of solutions that pass through the columns. More precisely, the nature and concentration
of all the possible forms of the different elements, stable and radioactive, in soluble state must be
determined and insoluble forms should be identified and, if possible, quantified (an operation
commonly referred to as speciation).

This paper purpose is to bring up some speciation results obtained by simulation for a complete
reactor operation cycle. Calculations were performed at 25°C, which is close to the operational
temperature of the CVCS purification system (30°C to 50°C). Due to the lack of a number of data, a
totally predictive quantitative study proved impossible. The present modelling aims at identifying trends
and giving orders of magnitude for concentrations, an essential information for clarifying the fluid
evolution over a cycle. It is based on the few coherent results we were able to extract from experience
feedback and on the most recent and accessible thermodynamic databases.



Tool: the CHESS chemical speciation computer code

The large number of chemical equilibria simultaneously involved requires the use of a powerful
computer code, able, as a principle, to perform the fluid behaviour modelling for the different circuit
regions and for all the reactor states (from start-up to cold shutdown, including the power-production
operation).

Software selection

Two commercial software packages for chemical speciation were tested: MINEQL+ v 4.0 [5] and
CHESS v 2.5 [6]. CHESS was preferred over MINEQL for two essential reasons. CHESS is
associated with several thermodynamic databases, issued from the extended database of the Lawrence
Livermore National Laboratory (LLNL) version 8.06, which are more complete and more up-to-date than
the MINEQL one. Besides, it offers four calculation models for activity coefficients, allowing coverage
of a large range of ionic strengths, when MINEQL only proposes one possibility, based on Debye-
Huckel formula. Additionally, the possibilities for calculation control and results edition are clearly better
than those of MINEQL+ v 4.0.

CHESS "Chemical Equilibrium of Species and Surfaces", was developed at the Fontainebleau
Geological Computing Centrer (Ecole des Mines de Paris) by J. Van Der Lee [6]. This software is more
often used in the areas of safety analysis, waste storage, water quality and environmental studies. It
has numerous functionalities allowing to perform the aqueous solution speciation in presence of gases
and solids. In particular, it takes into account:

- precipitation and dissolution of mineral phases at thermodynamic equilibrium or rate-controlled
reactions assuming that kinetic parameters are known;

- oxydation and reduction reactions;
- temperature dependency between 0 and 300°C, when thermodynamic constants variation with

temperature is available.

In addition, CHESS offers two models - surface complexation and ion exchange - oriented towards
surface reactions in mineral or colloidal systems. It also incorporates reaction path models useful for
simulating titration or leaching reactions.

Software adaptation

CHESS allows two approaches to be envisaged.

The first one consists in proceeding by calculation only, based on solubility predictions of the solid
compounds present in the different primary circuit regions. This method implies that all the solid
compounds likely to be formed have been identified and quantified in terms of their volumetric content,
and that the solubility products of these solids are known as well as their variation with temperature. It
assumes that thermodynamic equilibrium has been reached at all points. Therefore, it does not take
into account kinetic aspects, thus considering the dissolution of solid species instantaneous.

Due to the lack of a number of data and the complexity of implementing this type of modelling, we
adopted a second approach, not totally predictive, but easier to use, which consists in performing
speciation calculations from element concentration measurements. Based on experimental data
obtained from nuclear power plants, this method requires the most complete information concerning
the chemical composition of the solution in the circuit region under consideration, namely CVCS intlet,
and in the current cycle phase. This way allows to predict, not only the nature and concentration of all
species present in solution, but also the type of insoluble compounds likely to exist in the circuit region
being studied. In the present case, we used, as a basis, results issued from analysis campaigns
carried out during a mid-cycle of a 1300-MWe Framatome PWR and during a cold shutdown of an old
305-MWe Westinghouse PWR which is no longer in use. It is worth noting that these analysis results
are the sole significant operational data made available to us.

CHESS first makes a survey of all the chemical reactions likely to occur between the reactants entered
(H3BO3, LiOH, H2 and all the elements in solution). This means that the following will be taken into
consideration:

- acid-base dissociation equilibria of boric acid and lithium hydroxide and polycondensation
equilibria of borate species;

- complexation equilibria of the elements with hydroxide and borate ions;

- redox equilibria;



- dissolution/precipitation equilibria of metallic oxides (single and mixed) and metallic borates.

Calculations were performed using the most extended CHESS database. This database was enriched
through the addition of a number of equilibrium constant values, relevant to boric acid
polycondensation, metallic elements complexation by borate ions, silver hydrolysis and silver
precipitation with borate ions. Furthermore, all pertinent species and constants, relating to iron, nickel,
cobalt, manganese, zinc and chromium (normal potentials, hydrolysis constants, solubility products of
hydroxides, oxides, oxyhydroxides and ferrites) were systematically checked and corrected whenever
necessary. The new values entered were selected mainly from the NIST v 5.0. [7] database, after
critical examination of the literature [8 - 12].

Resolution of the problem is obtained by combining all the equilibrium constant expressions, that
correlate concentrations of the different species in solution, with the mass balance equations relevant
to boron, lithium and metallic elements, as well as with the general equation of solution
electroneutrality:

m . + m , + I C = m +m +m +m + 2m , + IA",+,H+ OH

where IA and ZC represent, respectively, the sum of the concentrations of all the other anionic and
cationic species present in solution.

The software operates in two steps. First, it performs the medium speciation by ignoring precipitation
reactions, i.e., by assigning to the total concentrations of elements in solution the respective
concentration input data. Calculations are worked out by successive iterations until pH converges, after
which the program deduces the redox potential value of the solution and the concentrations of all the
species present.

Then, it carries out a precipitation test for each element with respect to each of the concerned solid
phases that are referenced or admitted by the experimenter. To do this, it calculates the saturation
index, noted ls. This index reflects the difference between the concentration in solution of the
considered element in its free form, calculated without taking into account precipitation, and the
concentration of the same species in equilibrium with the precipitated phase shown to be the most
insoluble amongst the solids referenced. If ls < 0, precipitation does not arise and the element total
concentration in solution is equal to the concentration input data. Otherwise (ls ^ 0), there is a solid
phase precipitation and iterations are repeated on the basis of a new estimation of the element
concentration in solution. Operations are thus continued until overall calculations convergence.

Application to nominal operating conditions

Five situations, each representative of different phases of an operating cycle, were considered:
experimental case of a 1300-MWe Framatome PWR mid-cycle and extrapolation to a beginning of
cycle, an end-of-cycle, a cycle stretch-out and a phase of boration under hydrogen prior to a cold
shutdown.

Mid-cycle: case of a 1300-MWe Framatome PWR

The analysis campaign was performed during power-production operation, i.e., in reducing conditions
(about 395 ppm of boron, 1 ppm of lithium and 37 cm (NTP)/kg of hydrogen). The analysis results are
summarised in table I.

Based on these data, simulations were carried out by assigning to boron and lithium concentrations the
values corresponding to the plant unit state, and to the other elements, the total stock values (i.e., the
sum of the concentrations of soluble and insoluble fractions determined experimentally). Hydrogen
partial pressure of was set at 2 bar (corresponding to a hydrogen concentration close to 37 cm3(NTP)/kg,
typical of normal operation) and temperature was defined as 25°C, a value close to that existing at
CVCS purification station inlet. The simulation software deduced the following information:

- pH and redox potential values of solution;
- nature and solubility of precipitated compounds in equilibrium with dissolved forms;
- for each element, distribution of the different species likely to coexist in solution.



A comparison between calculated and experimental solubilities is given in table II. As a rule, a good
agreement is observed between measurements and calculations, except for silver, copper and nickel.
Simulations predict a near total insolubility for silver and copper in Ag(0) and Cu(0) states and a total
solubility for nickel under Ni2+ form (figure 1), whereas measurement results lead to the conclusion that
silver is predominantly in soluble form and that copper and nickel are distributed between soluble and
insoluble fractions. The apparent experimental solubility of silver and copper could be explained by the
presence of colloidal metallic forms, which were not trapped by the mechanical filter of the sampling
equipment used to stop elements in the insoluble state. On the other hand, the nickel insoluble fraction
could be attributed to the existence of metallic nickel and/or nickel ferrite particles which were not
completely dissolved for kinetic reasons.

Table I : Analysis results for a mid-cycle. Case of a 1300-MWe Framatome PWR (a)

Elements

Cu

Ni

Zn

Co

Mn

Fe

51Cr
54Mn

57Co
58Co
59Fe

60Co
65Zn

110mAg
134Cs

137Cs

Average concentrations in
solution

ppt

<2.2

137.9

288

6.4

166.8

2319.7

Bq/m3

<1.82x05

3.96x1 06

2.77x1 04

5.46x1 06

2.76x1 05

9.69x1 0s

1.94x1 0s

1.67x105

1.17x107

1.23x107

mol/kg

3.46x1 0"11

2.35x10'9

4.40x1 0'9

1.08x10'10

3.0X10'9

4.1 5x1 (T8

mol/kg <">

1.04xO'15

2.54xO'13

1.55xO'13

8.00xQ-14

2.54xO'15

3.86x10'13

9.79x10'16

8.65xQ-15

1.82x10'12

2.67x10~11

Average particulate
concentrations

ppt

2.19

56.29

6.63

0.49

2.55

101.25

Bq/m3

6.50x1 0s

1.69x104

1.11x103

7.07x1 05

1.27x104

3.85x1 04

3.12x103

5.37x103

< 7.38x1 02

2.81x103

soluble/particulate
ratio

< 1.0

2.45

43.44

13.06

65.41

22.91

<0.28

232.5

24.95

7.72

21.73

25.17

62.18

31.1

> 15854

4377

(a) average concentrations: boron (Cs) 395 ppm, lithium (Cu) 1 ppm, hydrogen 37 cm3/kg NTP
(b) concentrations calculated from measured activities

Table II: Compared values of total experimental stocks of metal elements and concentrations
in solutions calculated by CHESS



Elements

Cu

Ni

Zn

Co

Mn

Fe

51Cr
110mAg

Total experimental stocks
Framatome power plant

PPt

<4.39

194.19

294.63

6.89

169.35

2420.95

Bq/m3

<7.32x105

1.72x1 0s

mol/kg

6.90x1CT11

3.31x10'9

4.51x10'9

1.68x10'10

3.08x1 0"9

4. 33x1 U8

tnol/kg'a>

4.77x1 0'15

8.91x10'15

Calculated solution concentrations

PPt

1.33x10'5

194.19

294.63

6.89

169.35

2420.95

Bq/m3

mol/kg

2.09x1 0'16

3.31x10~9

4.51x10'9

1.68x10'10

3.08x1 0'9

4.33x1 Q-8

mol/kg<a>

9.97x10'16

3.73x10'21

(a) concentrations calculated from measured activities
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Figure 1: Speciation of Ni, Fe, Co, Mn, Zn, Cu, Cr and Ag in the primary coolant. Case of a mid-
cycle 1300-MWe Framatome PWR.
Conditions: pm = 2 bar, T=25°C, CB = 395ppm, Cu = 1 ppm, pH^ = 6.78, E& = - 0.410 V/NHE



According to simulations, cobalt, manganese and zinc would be totally dissolved, mainly in Co2+, Mn2+

and Zn2* free forms, cobalt hydroxide, zinc hydroxide and zinc borate complexes only existing as minor
species (figure 1). Iron also appears to be fully dissolved as a mixture of Fe2+ (84%) and a borate
complex FeB(OH)4

f (16%). Present in the medium in oxidation state +III, chromium would be
distributed between soluble forms (21%), essentially Cr(OH)2

+, and insoluble ZnCr2O4 zinc chromite
(79%), a prediction consistent with experimental observations. Let us also note that caesium (not
represented in the figure), only exists in theory under the totally soluble Cs+ species, which is
confirmed by measurement results. Finally, it must be noted that the elements shown to be completely
soluble according to simulations and considered as such after analysis (Fe, Co, Mn and Zn) all display
experimentally, except caesium, an insoluble fraction of the order of 1.5% to 12% of their total content
in the fluid. This observation, combined with the very low concentration levels of these elements,
suggests either adsorption phenomena on pre-existing solid phases (magnetite for example) or
presence of low quantities of ferrite, two types of solids which would be incompletely dissolved for
kinetic reasons. Consequently, simulations results must be only considered as general predictive
trends.

Extrapolation to other operating states

In order to assess the primary coolant physico-chemical evolution over a complete power-production
cycle, the speciation study was extended to other cycle phases, namely, beginning of cycle, end-of-
cycle, cycle stretch-out and boration phase prior to a cold shutdown. Modelling was performed for
fluids of arbitrary composition, made of various mixtures of boric acid and lithium hydroxide containing
the main metallic elements usually present. Simulations were carried out according to the same
approach as previously used. Total boron and lithium concentrations were assigned the values
corresponding to the given situation, and metallic element concentrations, the stock values
experimentally determined in the Framatome PWR primary coolant under consideration (table II).
Hydrogen partial pressure and temperature were set at 2 bar and 25°C, respectively.

Results are presented in figures 2 and 3. During a conventional cycle, without stretch-out at very low
boron content before the hot shutdown boration phase (figures 2a to 2c, see also figure 1), no solubility
variation is observed, except for that of chromium (still in oxidation state +III), which decreases as pH
increases. Thus, at the considered zinc and chromium concentrations, chromium should move from a
total solubility state at beginning of cycle (pH = 6.25) (figure 2a) to a near total insolubility under zinc
chromite form at end-of-cycle (pH = 7.13) (figure 2b), then should return to a fully soluble state during
the boration prior to cold shutdown (pH = 5.25) (figure 2c). Simulations also predict a continued
insolubility for copper and silver in metallic state throughout the cycle duration. Concerning solution
speciation, nickel, cobalt, manganese and zinc should stay predominantly in their M2+ free form. Iron
should remain under a mixture of Fe2+ and FeB(OH)/ species, with a free form to complex ratio
increasing as the concentration of free borate ions (given approximately by the product CBx10pH)
decreases. The chromium soluble fraction should mainly consists of a mixture of CrOH2+ and Cr(OH)2*
hydroxide complexes, the concentration of the second species increasing at the expense of the first
one as solution pH increases.

The situation is quite different in the case of a cycle stretch-out. The large increase in pH, due to the
drastic decrease in boric acid content, emphasises hydrolysis phenomena, the more as solution
alkalinity is higher. This type of operation involves, as a rule, a rise of hydroxide to free forms
concentration ratio in solution and an insolubility enhancement of single and mixed oxides, with the
possible occurrence of new solid forms.

These predictions are illustrated in figures 3a and 3b. For all transition metallic elements, the M2+

proportion drops to the benefit of hydroxide complexes M(OH)+, M(OH)2 and possibly M(OH)3", the
hydrolysis extent increasing with pH. Furthermore, in addition to zinc chromite, pre-existing at end-of-
cycle and whose insolubility is accentuated, manganese ferrite occurs, leading to the possible
disappearance of this element in solution (figure 3b). The pH increase also involves a redox potential
drop of the solution, as a result of the I-T concentration decrease. The lowest oxidation states are thus
consolidated (case of Ag(0) and Cu(0)) and new reduced forms are likely to appear, such as metallic
nickel as displayed on figure 3b.



Figure 2: Speciation of Ni, Fe, Co, Mn, Zn, Cu, Cr and Ag in the primary coolant for different
states of an operating plant unit.
Conditions pH2 = 2 bar, T = 25°C; total stocks of metallic elements: see table II;
(a) beginning of cycle: CB = 1300 ppm, CLi = 2 ppm, pHca, = 6.25, Ecal = - 0.378 V/NHE;
(b) end-of-cycle: CB = 100 ppm, Cu = 0.5 ppm, pHcal = 7.13, Eca, = - 0.431 V/NHE;
(c) boration: CB = 2000 ppm, CLi = 1 ppm, pHca, = 5.25, Eca, = - 0.319 V/NHE.



Figure 3: Speciation of Ni, Fe, Co, Mn, Zn, Cu, Cr and Ag in the primary coolant for different
states of the operating generating unit. Conditions pH2 = 2 bar, T = 25°C ;

(a) cycle stretch-out: CB = 10 ppm, Cu = 0.5 ppm, pHcal = 8.16, Era/ = - 0.410 V/NHE ;
(b) limiting cycle stretch-out: CB = Oppm, Cu = 0.5ppm, pHcal = 9.85, £ca/ = - 0.592 V/NHE.

Application to cold shutdown conditions with primary coolant oxygénation

During this phase, the basic and reducing medium that predominates at end-of-cycle (pH2s > 7.2,
E25 = - 0.4 V/NHE) becomes acidic, as a result of boric acid addition, then oxidising, owing to hydrogen
peroxide injection and/or air sweeping of the CVCS tank gas space (pH25 < 5.5, E25 = + 0.4 V/NHE).
Combination of the three phenomena - temperature and pH drop, then redox potential increase -
results in liberation and dissolution of a number of corrosion products, specially magnetite, mixed
ferrites, metallic nickel and metallic silver, which are assumed to have been previously formed in hot
zones and/or deposited on cold points [13-15].

Speciation was worked out on the basis of measurement results obtained at the oxygénation peak
during a cold shutdown of the old 305-MWe Westinghouse PWR. As for the Framatome 1300-MWe
power plant primary coolant study, simulations were performed by ascribing to boron and lithium
concentrations the values corresponding to the plant unit state (CB = 2000 ppm, Cu = 1 ppm), and to
metallic elements concentrations (iron, nickel, cobalt, manganese, chromium), the measured values,
considered to be representative of the total respective stocks. We added silver, whose isotope 110mAg
is very prejudicial in terms of dosimetry, and which consequently requires better understanding of its
physicochemical behaviour during the oxygénation phase. It was assigned the total concentration
of 10~8 mol/kg, an average value generally accepted at the oxygénation peak.

Contrary to the reducing medium, for which the redox potential is apparently controlled by the H*/H2

couple, the potential in oxidising conditions does not seem to be determined by the O2/H2O couple, as
the solution composition would lead to suppose it. Consequently, contrary to the reducing medium,
where the redox potential has been deduced from calculations, simulations for oxidising conditions were
carried out by adopting an arbitrary potential value. This was defined as + 0.4 V/NHE, value most often
encountered at the oxygénation peak.



Simulation results are shown in table III. Five scenarios were considered, corresponding to different
solid phases likely to precipitate. In the case of nickel, manganese, cobalt and silver, a general
coherence is observed between calculated and measured concentrations in solution. At the given
experimental concentrations, these elements are proved fully soluble under their Ni2+, Mn2+, Co2+ and
Ag+ respective forms. For iron and chromium, however, calculations predict the existence of an
insoluble fraction, in varying quantity depending on the nature of the precipitate formed.

Dissolved in ferrous state in reducing conditions, iron can be subjected, during the oxygénation phase,
to a partial oxidation leading to precipitation of ferric hydroxide, oxyhydroxide or single or mixed oxide.
Of course, this precipitation reaction will only occur if iron(ll) concentration in solution before
oxygénation is greater than iron solubility after oxygénation. This situation was probably encountered
during the "old" Westinghouse power plant cold shutdown where the fluid iron content was high.
Several precipitates can be foreseen depending on the oxygénation working conditions (initial metallic
element concentration, temperature, hydrogen peroxide injection location, injection flow rate, solution
mixing, presence of nucleation particles, etc.). These are, in order of decreasing solubility:

Fe(OH)3 > Fe3O4 (magnetite) > ferrites > FeOOH (goethite) > Fe2O3 (hematite)

When all the solid phases are taken into account, calculations predict the precipitation of hematite, the
most insoluble compound, corresponding to the thermodynamic equilibrium state (table III, scenario 1).
This scenario leads us to assume that 96.5% of the iron determined in the "old" Westinghouse
power plant primary coolant was in insoluble state, which is not very likely, especially since
hematite only forms after precipitate ageing over several days at 100°C [16]. Elimination of hematite
from the database orients calculations towards the formation of goethite, another crystallised iron(lll)
oxide, with a slightly higher solubility than hematite (scenario 2). Under these conditions, 91.2% of iron
would have been precipitated, which does not longer seem plausible, although goethite is able to form in
24 hours in contact with a solution at 60°C [16]. If these two phases are ignored, simulations indicate
formation of manganese ferrite, a more soluble compound than iron(lll) single oxides. This possibility
would result in precipitation of 23% of iron in the fluid considered, a more likely situation than the
previous scenarios (scenario 4). Finally, without formation of ferrites or crystallised oxides, simulations
predict the possible precipitation of iron(lll) hydroxide, typically 18.4% in the present case (scenario 5). It
should be noted that the metallic element soluble part is, in any case, mainly represented by Fe2+ ion.

As for iron, thermodynamic calculations predict precipitation of almost all of chromium (97.6%) in the
crystallised chromic oxide Cr2O3 form, a situation that seems, here again, not very likely (scenario 1).
But, contrary to iron, this scenario rejection does not reveal chromium(lll) hydroxide precipitation, the
total Cr(lll) concentration in solution (10~6 mol/kg) being too low for the solubility product of Cr(OH)3 be
attained. When iron concentration in solution is sufficiently low, as shown in scenario 3 (for which more
than 90% of iron is precipitated in the goethite form), chromium is entirely soluble, predominantly under
the Cr3* and CrOH2* species. For higher iron contents, it is able to precipitate in iron chromite FeCr2O3

(scenario 4). Note that without precipitation of crystallised oxide and chromite, increasing pH does not
longer lead to precipitation of chromic hydroxide (scenario 5). It only results in a raising of soluble
hydroxide complexes to free form ratio (scenarios 3 and 5).

In summary, whatever the nature of the solid phase considered, calculations relevant to the "old"
Westinghouse power plant cold shutdown show that iron has undoubtedly undergone a partial
precipitation reaction during the oxygénation phase. This phenomenon is likely to arise for any cold
shutdown with primary coolant oxygénation, the nature and quantity of precipitate formed depending on
the oxygénation working conditions, in particular the iron concentration in the fluid prior to hydrogen
peroxide injection. Such a precipitation can be detrimental for the overall primary circuit, including the
purification unit, especially in case of fine particles formation. In addition to the possible clogging of
upstream mechanical filters and/or columns (if columns are not preceded by a mechanical filter), the
finest particles are able to cause chemical poisoning of resin beads, resulting in a deterioration of the ion
exchangers retention properties. Some fraction may also run away from the columns and deposit
throughout the primary circuit. Knowing the oxides and hydroxides ability of sorbing foreign ions, a trend
which is accentuated if the precipitate is more amorphous and finely divided [17, 18], such a leakage
could represent a non-negligible dissemination vector for contamination.
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Table III: Speciation of the primary coolant in an oxidising medium at 25°C. Different precipitation scenarios for iron and chromium1(a)

El'

Fe

Ni

Mn

Cr

Co

Ag

CT
mol /kg

5.37x1 0"5

1.19x10"5

6.19X10"6

1.00x10"6

1.50x10"7

1.00x10~8

oxydation
state

Fe(ll)/
Fe(lll)

Ni(ll)

Mn(ll)

Cr(lll)

Co(ll)

Ag(i)

Speciation

Fe2t

FeB(OH)4
+

Fe(OH)2*

FeOH2+

FeCr2O4rrt>

MnFe2O4]ty

FeOOHnj)

Fe2O3tr(>

NiFe2O4lïl)

CoFe2O4rç>

Fe3O4|ty

Fe(OH)3rç,

Ni2*

NiFe2O4tty

Mn2*

MnFe2O4rt^

Cr3*

CrOH2+

Cr(OH)2
+

FeCr2O4rH)

Cr2O3tlfc

Co2+

CoFe2O4irç>

Scenario 1

PH.*, = 4.02

%

3.45

0.01

-

-

-

-

-

96.54

-

-

-

-

100

-

100

-

0.64

1.70

0.02

-

97.64

100

-

Ag* || 100

Coal

mol/kg

1.85X10"6

5.37x1 0"9

-

-

-

-

-

-

-

-

-

1.19x10"5

6.19X10"6

-

6.40x10"9

1.70X10"8

2.00x1 0"10

-

1.50x10"7

-

Scenario 2

pH ,̂ = 4.04

%

8.78

0.01

-

-

-

-

91.21

*

-

-

-

-

100

-

100

-

0.54

1.52

0.01

-

97.93

100

-

1.00X10"8 || 100

CCal

mol/kg

4.71X10"6

3.37x10"9

-

-

-

-

-

-

-

-

-

1.19x10"5

-

6.19X10"6

-

5.40x1 0"9

1.52x10"8

1.00x10"10

-

1.50x10"7

-

Scenario 3

pHcal = 4.05

%

8.32

0.02

-

-

-

-

91.66

*

-

-

-

-

100

-

100

-

25.75

73.65

0.60

-

*

100

-

1.00X10"8 || 100

Coal

mol/kg

4.47x1 0"6

1.07x10"8

-

-

-

-

-

-

-

-

-

1.1 9x1 0~5

-

6.1 9x1 0~6

-

2.58x10"7

7.37x1 0"7

6.00x1 0"9

-

-

1.50x10"7

-

Scenario 4

phU, = 4.42

%

75.80

0.33

0.07

-

0.83

22.97

*

-

-

-

-

100

-

0.40

99.6

1.40

9.38

0.18

89.04

*

100

-

1.00x10"8 || 100

Coa,

mol/kg

4.07x1 0"5

1.77x10"7

3.76x1 0"8

-

-

-

-

-

-

-

1.19x10"5

-

2.48x1 0"8

1.40X10"8

9.38x1 0"8

1.80x10"9

-

1.50x10"7

-

Scenario 5

pH^ = 4.61

%

80.90

0.54

0.16

0.02

*

18,38

100

*

100
#

8.65

88.76

2.59

*

100

*

1.00X10"8 II 100

Coa,

mol/kg

4.34x1 0"5

2.90x1 0"7

8.59x1 0"8

1.07x10"®

-

-

-

-

-

-

-

1.1 9x1 0~5

6.19X10"6

-

8.65x1 0"8

8.88x1 0"7

2.59x1 0"8

-

-

1.50x10"7

-

1.00X10"8

(a) conditions: CB = 2000 ppm, CLI = 1 ppm, £25 = 0.4 V/NHE, metallic elements concentration input data: Westinghouse power plant total stocks

(*) species not considered in the Speciation calculations
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However, the data used for these simulations are not completely representative of the whole of current
power plant units. The old-designed Westinghouse power plant used iron-based alloys (stainless steel)
steam generators tube bundle, whereas the current French power plants, designed by Framatome, are
equipped with nickel-based alloys (Inconel 600 and 690), generating corrosion products with higher
nickel and lower iron contents than the former ones. So, the current shutdowns with oxygénation let
predict an inversion in nickel to iron concentration ratio compared with the fluid studied, with a nickel
enrichment and iron weakening.

Recent measurements, performed during a Framatome-designed 900-MWe PWR cold shutdown
display that the nickel concentration in the primary coolant is about three times higher and the iron one
four times lower than in the fluid studied (CNi2+ = 3.4x10"5 mol/kg and CFe2+ = 2.07x10'6 mol/kg) [19].
Simulations carried out on these data basis reveal that iron concentration is equal to the limiting value
for iron(lll) hydroxide precipitation and that nickel speciation remains unchanged. Information drawn
from the previous simulations thus remains valid.

Conclusion

This study demonstrates that the use of an appropriate simulation tool, based on extensive
measurement data, allows the speciation of the elements present in the primary coolant to be
predicted for all reactor operating conditions (under power production or during cold shutdown phase).
These simulation results will provide the means of studying the purification media behaviour
(mechanical filters and ion exchangers) on consistent physicochemical basis.
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