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AXIAL OFFSET ANOMALIES AND LOCAL pH
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BACKGROUND.

Small radial and axial offset anomalies (AOA) in some Spanish PWR-type NPP's, in
addition to the knowledge of the existence of similar anomalies in U.S. PWR's, led us
in 1993 to study this problem. Important parameters were correlated for a database of
plant operating data consisting of six cycles of five different PWR plants (all of them of
the Westinghouse 3-loop, 12 ft., 17x17 fuel design). The parameters studied included:

1. the critical boron concentration;
2. the excore measured axial offset (A.O.);
3. the axial offset determined from the incore flux map using the moveable incore

detectors;
4. the cold pH (measured); and
5. the hot pH (function of the boron, lithium, and coolant temperature, f[B, Li, T]).

One of these cycles (the oldest one) followed the "standard" constant pH^ = 7.0, and
the remaining ones followed a "modified" elevated pH control strategy (the pH at EOC
is typically 7.4). Only for the oldest cycle that used the "standard" pH control was the
incore and excore axial offset values found to be in good agreement with the
predictions, and an anomalous soluble boron curve behavior not observed.

Keeping in mind that the 3-D local temperature distribution produces a 3-D local pH
distribution, the detailed analysis of these data led us to formulate the following new
hypothesis to explain the anomalous A.O. and soluble boron concentration behavior:

" When there is soluble boron present in the coolant, and the bulk pH [pH =f(B,Li,T,...)]
exceeds a threshold value (between 7.2 and 7.4), some mechanism produces the
plating out of the soluble boron from the coolant to the crud. When this bulk pH drops
below the threshold value, the boron is redissolved into the coolant."

According to (1) it looks like the same phenomenon was observed in the Callaway
NPP. This plant used a modified pH control program, maintaining the lithium
concentration at 2.2 ppm until a pH of 7.4 was reached, then keeping the pH fixed at
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that value for the remainder of the cycle (the same strategy that was followed in the
above mentioned Spanish plants). This strategy is intended to reduce the buildup of
crud. But, as concluded in (1), "unfortunately, an undesirable effect is that the higher
lithium concentration seems to be related to higher boron concentrations in the crud".

Ref. 1 also mentions that to correct the axial offset and soluble boron concentration
anomaly, "the key appears to be in reducing the concentration of corrosion products in
the RCS. This is believed to be possible because V.C. Summer and some German
plants with ever more aggressive core designs are operating without the anomaly".

Also, it is well known that operation below a pH(Tavg.) = 6.9 is not desirable because
of the expected decrease in the corrosion product solubilities in the core (ferrites and
nickel ferrites), which may lead to heavier core crud deposits.

So, we must search for a new mechanism responsible for crud deposits when the plant
operation goes above some threshold pH value, taking into account other kind of
corrosion products (metallic cations,...). These deposits also include boron products.

NEW PROPOSED THEORY

Metallic Cations Precipitation (pH threshold).

The metallic cations typically present in the primary coolant of PWR reactors are Fe+++,
Fe++, Ni++, and Co++.

It is a well known technique in analytical chemistry to separate cations in a solution,
using a base (NaOH, LiOH,...) because each cation precipitates like an hydroxide
when a threshold pH limit is reached. This precipitation pH for the most important
cations is shown in Table 1 (Ref.2)

TABLE 1

Precipitation pH threshold for some metallic cations
Men+ + nOK -> Me(OH)n

Hydroxide

Fe(OH)3

Fe(OH)2

Zn(OH)2

Ni(OH)2

Co(OH)2

Precipitation pH

2.2

5.8

6.8

7.4

7.5

Note: These precipitation pH threshold values were obtained at cold conditions for a
constant metal ion concentration. Consequently they should only be used as a
qualitative guide to understand the theory proposed in this paper.
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For instance:

Ni" + 2OH -> Ni(OH)2 -> NiO + H2O (Equation 1)

Some of these hydroxides are redissolved easily using weak acids (the precipitates of
Fe++, Ni++, and Co++), and others, require a strong acid to be redissolved (Fe+++).

In a PWR reactor, a weak acid [boric acid B(OH)3] is used to control the core reactivity
and a base [LiOH] is used to control the pH level.

Boron Anions Co-precipitation (AOA).

An undesirable effect in this type of separation is that some of these precipitations are
associated with the co-precipitation of some anions that are present in the solution.

One of the anions present in the coolant of a PWR is the B(OH)4" that is one of the
boric acid ionization products.

The following reaction occurs in the coolant:

B(OH)4 + Li+ -» LiBO2 + 2 H2O ( LiBO2 is the lithium metaborate) (Equation 2)

In a PWR, the pH at hot conditions is typically higher than the pH at cold. This means
that, when the pH is increased globally (modified pH strategies), the precipitation pH
threshold of some metallic cations might be reached in the hottest regions (upper-inner
parts of the core, hot coolant legs of the primary circuit, the steam generators, and
especially at the fuel cladding). These precipitations will take place when, in addition to
the pH level exceeding the pH threshold, the thermal-hydraulic conditions are the
appropriate ones (laminar flow or zones with stagnant or little forced flow). If these
precipitations were associated with the co-precipitation of some boric anions, the
formation of some boron compounds, like lithium metaborate, could take place in the
hydroxide precipitates instead of taking place in the coolant.

Ni~ + 2OH + B(OH)4 + Li+ - > {Ni(OH)2 + B(OH)4 }precIpHate+ Li+ - >

^ { N i O + LiBO2}precipRate+ 3 H2O (Equation 3)

During a reduction in power or shutdown of the reactor, the pH is reduced drastically,
not only because of the temperature reduction, but also due to the "chemically
uncontrolled" boric acid injection (used to compensate for the positive reactivity
insertion associated with the decrease of the moderator and fuel Doppler
temperatures, and the axial redistribution of the flux towards the top of the core). This
pH reduction might explain the subsequent redissolution of the boron in the "crud"
(metallic hydroxide + boron compound) to the coolant. This LJBO2 hideout-redissolution
phenomenom has been observed in some plants (1,6).

In Figures 1 and 2 a clear boron hideout effect is illustrated due to a change in the pH
level, where the standard pH control strategy (pH constant at 7.0) was changed in mid-
cycle to a modified control strategy instead (pH at EOC of 7.4). This hideout of the
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boron was maintained during the whole cycle (e.g., no redissolution of the boron
occurred) with the consequence that the cycle length was shortened by almost 7
effective full fjower days (EFPD's).

Figure 1: Boron - Lithium vs. Cycle Burnup
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Figure 2: pH and Boron Concentration (Measured-Predicted)
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Local pH Reduction (Localized Corrosion and Hydrogen Formation).

The hydroxide deposition is produced locally if the pH exceeds the threshold pH value
and the hydraulic conditions are favorable to create this deposit. In these zones, the
local pH drops abruptly (because the OK concentration drops) and, if this local pH
reduction is produced at the metallic surfaces, this could produce an acidic local
corrosion with metal dissolution (cation formation) and hydrogen (H2) production.

Generally, it's possible to say (3) that, If the bulk pH in the coolant is high enough to
produce metallic cations precipitation (hydroxides) at the metallic surfaces (especially
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the Zircaloy in the reactor core, the Fe in the coolant pipes and the Ni in the steam
generators), then, the local pH drops. If this local pH reduction at these surfaces is
sufficient enough to reach the acidic corrosion area in the Pourbaix Diagram of each
metal, then the following reactions will take place:

Anodic reaction:

the metal is oxidized to metallic cations

Zr -> ZrO" + 2e ; Ni -» Ni++ + 2e ; Fe -> Fe" + 2e (Equation 4)

Cathodic reaction:

the IT are reduced to hydrogen H2

2 H+ + 2e (Equation 5)

These corrosions could produce more Ni++ cations to close the whole process with
more hydroxides precipitates. Also, given the Ni cation precipitation pH threshold (see
Table 1) in some modified pH strategies, the coldest part of the steam generators
could be in the Pourbaix's acidic corrosion area producing Ni cations. These cations
will travel along the cold leg and colder part of the core, and will precipitate in the hotter
upper part of the core. Figure 3 shows an schematic representation of this process.

Figure 3 (a):
Chemical processes thought responsible for the boron hideout and localized

fuel clad corrosion
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Figure 3 (b)
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EFFECTS

This triple phenomenon (metallic cations precipitation + boron anions co-precipitation +
localized corrosion with hydrogen production) could explain the following facts:

1) "Clean" plants (with a small concentration of metallic cations) do not experience
A.O. anomalies. Also, plants with A.O. anomalies show higher inventories of metals
(Fe and Ni), because these experience localized corrosion with metallic cations
formation. The metallic cations precipitation threshold pH is a function of the
concentration of these cations. With higher concentrations, the pH threshold is lowered
and the AOA can occur from a lower pH, and also the risk of having an AOA is higher
with the same pH strategy.

2) Aggressive loading patterns (e.g., low leakage type) and higher coolant and fuel
temperatures produce, for the same global pH, higher local pH conditions, and A.O.
anomalies have been observed in these plants.

3) Bulk pH's are higher with an elevated "modified" pH strategy than with the standard
constant pH strategy. This could explain why some plants with aggressive loading
patterns, but using the standard strategy, did not experience an axial offset anomaly
since the precipitation pH threshold is not obtained in any local point of the reactor
during the whole cycle. Figures 4 and 5 show the typical evolution of the pH level
during the whole cycle in a PWR with both strategies.
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These figures represent the bulk pH during operation at full power (pH corresponding
to: a) the average core temperature, b) the core inlet temperature, and c) average core
outlet temperature), and the pH at cold conditions (measured).

Figure 4: Modified strategy pH EOC
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An A.O. anomaly (A.O. more negative than expected concurrent with hideout of the
soluble boron) starts when a zone in the core (the hotter inner-upper part) exceeds
some pH threshold level at around 7.4 (line 1 in Figure 4). Also, these cores use low
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leakage loading patterns where the peripheral assemblies are relatively "cold" (relative
assembly power of ~ 0.3 to 0.4) and experience a low pH history.

In a modified pH strategy, the pH is increased until the target pH value is reached
(typically 7.2 or 7.4), and then is held constant at this value (line 2 in Figure 4). This
means that, once the hottest part of the core has reached this pH threshold, the
affected area increases slowly, extending itself down from the top of the core towards
the bottom. This produces a continuous worsening of the AOA between lines 1 and 2.

After that, when the pH is held fixed at the target pH, this affected area remains
constant and the reactor begins to recover from the A.O. anomaly. The reasons for this
recovery are the following:

a) The B-10 in the boron deposits in the crud depletes away much more quickly than
the coolant boron products.

b) The upper part of the fuel in the core accummulates a lower burnup than predicted,
due to the depression of the flux produced there by the boron deposits in the crud. This
lower burnup means, in turn, that the fuel is more reactive (e.g., less depleted) so that,
with time, the neutron flux and power tend to redistribute to that zone of the fuel which
helps counteract the effect of the axial offset anomaly.

c) Also, recovery to the expected soluble boron concentration curve (associated with
recovery from the AOA) observed near the end of cycle (EOC) were due to small
variations in the lithium concentration. When the boron and lithium concentrations are
small, a slight reduction in the lithium can produce a high pH reduction.

4) The Ni/Fe ratio in the crud is higher in the plants with AOA (1). This fact could be
attributed to the nickel being concentrated in the hottest parts of the core due to these
precipitations. It's important to note that the nickel ferrite solubility studies show that a
higher pH (of around 7.4) strategy could avoid this kind of crud formation, and the
higher Ni concentration is difficult to explain if we think only in this kind of studies. The
theory proposed in this paper predicts a higher Ni/Fe ratio in the "crud" due to the
presence of nickel oxide (NiO) (See Equation 3). Nickel is the metal that has its
precipitation pH threshold (at least at cold conditions) in the range of the modified pH
strategies and above the typical pH values of the standard constant pH strategy (6.9 to
7.0). Also, the concentration of Ni in the coolant is big enough (much larger than that of
Co) to explain the observed amount of lithium metaborate hideout. Nickel also has the
property of being redissolved with a weak acid (boron return to the coolant) and to
produce co-precipitates (2).

5) The observed crud deposits after Zinc injection in IFA-585 PWR rod experiment (4):
..."the formation of a thick crud layer on the outer surface of the Zircaloy fuel cladding
was observed , and these anomalous diameter increases were correlated with short
term "spikes" in the concentration of Zinc in the circulating coolant....Dissolution of crud
occurred during reactor shutdown, when coolant temperature was reduced to around
70-809C".
The pH variations from normal operation to the shutdown conditions in this experiment
were the following:
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pH (315eC, 1000 ppm Boron, 2.2 ppm Li) = 7.21 (Operation)
pH ( 80-C, 1000 ppm Boron, 2.2 ppm Li) = 6.34 (Shutdown)

pH (315eC, 1000 ppm Boron, 4.0 ppm Li) = 7.46 (Operation)
pH ( 80eC, 1000 ppm Boron, 4.0 ppm Li) = 6.60 (Shutdown)

In both cases there was a drastic pH reduction and also, in both cases, the pH during
operation may have been higher than the threshold pH for the Zn++ precipitation, and
the pH during shutdown could have been lower than the limit pH (see Table 1).

Incidentally, it is interesting to note that, in the BWR conditions, the pH behavior is very
different:

pH (315QC, 0 ppm Boron, 0 ppm Li) = 5.80 (Operation)
pH ( 80QC, 0 ppm Boron, 0 ppm Li) = 6.30 (Shutdown)

In this case, the pH increases in the shutdown condition and the threshold pH may not
be reached in any hot operating condition (the Zn cation precipitation threshold can
only be obtained at cold shutdown), and this could explain why the Zn injection is more
successful in a BWR.

6) In some PWR plants with small A.O. anomalies and operating in the lower part of
the hydrogen band ([25-50] ccH/Kg) some oscillations of H2 have been observed
concurrent with boron hideout-redissolution (Figure 6). It's possible to see before line 1
in this Figure an average concentration of hydrogen of around 26 cc/Kg H2O and, after
this line (when the nickel cations pH threshold is reached), an average of 33 cc/Kg H2O
with H2 peaks close to 50. These hydrogen peaks could be an indication of a higher
acidic corrosion condition, due to these nickel cations precipitations. In the plants
operating in the upper part of this band, it's difficult to see this effect because the
hydrogen peaks are removed in order to maintain the H2 concentration inside the
allowable band.

Figure 6: Boron and Hydrogen vs. Cycle Burnup
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7) This theory explains why the steam generator nickel content is an important factor
in the AOA phenomenom (5). The plants with alloy 600 steam generators have twice
as much nickel than plants that use alloy 800. This higher nickel cations source
increases the risk of having an AOA.

8) The Westinghouse four loop PWR plants are more susceptible to an AOA than the
three loop plants. If we consider an AOA risk index based on the amount of subcooled
boiling, the 4-loop plants have a lower risk than the 3-loop cores (= 90 % of the 3-loop
risk factor) because the coolability is higher in a 4-loop plant (e.g., the ratio of the fuel
core surface area to the steam generator surface area is lower in a 4-loop plant).
However, if we change the paradigm, and consider instead a risk index based on the
nickel cations precipitation, one concludes that the AOA risk index for a 4-loop plant is
greater than that for a 3-loop plant (=110 % of the 3-loop risk factor). Also, if we
consider the total coolant volume in both plant types, the nickel cation concentration in
the coolant in a 4-loop plant is higher than in a 3-loop plant. This means that the AOA
will manifest itself at a smaller pH threshold. According to this theory, the 4-loop plants
have more risk of having an AOA and it is also more probable than this AOA manifests
itself at lower operating pH's.

CONCLUSIONS

Some indications of the cause-effect relationship between the local pH level and the
formation (high pH) or redissolution (low pH) of some "crud" have been established for
a limited database of plant operating data.

The precipitation of metallic cations in a PWR (especially nickel) in the form of
hydroxides when the local pH exceeds their precipitation pH threshold could produce
two important effects:

1) The co-precipitation of some boron anions. This could shift the formation of lithium
metaborate from the coolant to the "crud" (boron hideout), and could explain the
presence of an AOA. The redissolution of the nickel hydroxides and their borate co-
precipitates when the bulk pH drops below this threshold pH, would also explain the
return of this metaborate to the coolant, e.g, the redissolution of the boron in the
coolant. Both effects have been observed in plants with AOA.

2) The hydroxide deposition is produced locally if the pH is higher than the threshold
pH and the hydraulic conditions are favorable to produce this deposit. At these
locations, the local pH suddenly drops (because the OH' concentration is reduced)
and, if this local pH reduction is obtained at the metal surfaces, this could produce an
acidic local corrosion process with metal dissolution (cation formation) and hydrogen
(H2) production.

This kind of "localized crud" formation could produce higher corrosion and hydriding
rates in these regions.
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This new theory opens up new in-roads in the investigation to help resolve AOA, a
problem that has very important economic and safety implications (5J3). Some
experimental activities have been proposed based on this theory (7,8).

If this theory is true, the short term recommended chemical strategy to avoid an AOA is
a strategy with a sufficiently low pH to avoid the nickel cations pH threshold, if possible,
since there also exists another lower pH threshold (of 6.9) that we must not cross.
Also, it is better to maintain a constant pH (standard strategy) because, should nickel
cations be formed in the first part of the cycle (when the pH is low), it is better to
maintain these cations in the coolant and avoid their precipitation onto the fuel clad
and other metal surfaces.

In the longer term, if the higher corrosion rates in plants with higher pH strategies are
not due to a lithium effect but to a pH effect similar to the one described in this paper
(very low local pH due to the precipitation of nickel cations), then, it would be very
interesting to prove in an experimental reactor a strategy of very high and constant pH
(pH around 7.5 with high lithium concentrations, for instance 15 ppm, when the boron
concentrations are high) since the ideal would be to maintain any point of the steam
generator in the passivation area of Pourbaix's diagram for nickel, avoiding in this way
the generation of nickel cations. Equally interesting is the program supported by the
Robust Fuel Program Working Group 1 to operate Comanche Peak 1 at a constant pH,
of 7.4. This will require raising the BOC lithium to about 6 ppm (9).

An experimental project to investigate the theory proposed in this paper has been
jointly initiated by ENUSA INDUSTRIAS AVANZADAS S.A. and two Spanish Utilities
(IBERDROLA GENERACION S.A. and ASOCIACION NUCLEAR ASCO -
VANDELLOS II, A.I.E.). The objective of the activities that are being performed is to
check out experimentally the basic mechanisms that take place, analyzing the Ni++ as
well as the pH effects in the hideout-return processes. This will help to understand the
AOA phenomenon, as well as to find ways to minimize its adverse effects.
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