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Abstract

Examples of in plant redox and corrosion potential monitoring in light water reactors

are given. All examples are from reactors in Sweden. The measurements have either been

performed in side-stream autoclaves connected to the reactor systems by sampling lines, or

in-situ in the system piping itself.

Potential monitoring can give quite different results depending upon the experimental

method. For environments with small concentrations of oxidants sampling lines can

introduce large errors. During such circumstances in-situ measurements are necessary.

Electrochemical monitoring is a valuable technique as a complement to conventional

water chemistry follow-up in plants. It can be used for water chemistry surveillance and

can reveal unintentional and harmful water chemistry transients.

1. INTRODUCTION

Electrochemical methods are common tools for corrosion research, corrosion

engineering, and in plant monitoring. The measurements are often easy and straightforward

in systems working at temperatures close to ambient and at low pressures. However, in

high-temperature water experimental problems can arise. In this paper our experiences with

redox and corrosion potential monitoring in nuclear power plants are reviewed.

Potential monitoring offers significant advantages compared with conventional water

chemistry analysis. It is one of the few ways of obtaining a rapid response from water

chemistry changes in a plant. It is also of great value when exposing specimens for

corrosion testing in the water circuits of a plant.

In general terms potential measurements are considered a practicable approach for

corrosion monitoring when the corrosion behaviour is not very sensitive to small changes
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in the corrosion potential. The main disadvantage of the technique is, generally stated, that

a fair knowledge about the system studied is needed compared with some other methods

for corrosion monitoring.

Real time corrosion measurements by means of electrochemical noise techniques, or

other methods, may also be of great value for corrosion monitoring. However, such

methods are not treated in this presentation.

2. METHODS

In plant potential monitoring is performed in a number of ways. Two principal

methods are recognized:

(a) exposure of electrodes in side-stream autoclaves, and

(b) using in-situ electrodes.

2.1. Side-stream autoclaves

The first method is the commonly used on-line technique using autoclaves connected

to the process system to be monitored by means of sampling lines. In the autoclave

working and reference electrodes are exposed.

2.2. In-situ electrodes

The second method is the in-situ technique where the reference electrode is installed

directly in the process system itself. The corrosion potential of the plant material itself is

monitored.

In-situ measurements are preferred from a scientific point of view.

2.3. Selection of method

It is not always possible to install in-situ electrodes due to safety or other restrictions.

Thus, side-stream autoclaves connected to the process system via existing low-flow

sampling lines has often to be used.
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As the corrosion potential depends on local conditions, variations inside a plant

system occur if the environment is not identical in the whole system. When side-stream

autoclaves are used, it is strongly recommended to qualify the influence of the sampling

system by flow-rate changes, dosage of selected species, or by other means.

It is also wise to remember that an unfilmed electrode behaves differently than a

filmed electrode.

2.4. Modelling work

It is not possible to perform measurements in all locations of a process system. Thus,

it is of great value to develop models that can predict potentials between measuring

locations and even estimate potentials outside measuring locations. Such work is in

progress.

3. CORROSION POTENTIAL MONITORING IN BWRs

In boiling water reactors (BWRs) corrosion potential monitoring is an established

technique to follow the effect of hydrogen dosage to the feedwater when applying so-called

hydrogen water chemistry (HWC). Results from corrosion potential monitoring in Swedish

BWRs are presented to illustrate the different results that can be obtained depending upon

the measuring location and the experimental method.

3.1. Hydrogen water chemistry surveillance

Hydrogen addition to the feedwater of a BWR is used as a remedy for intergranular

stress corrosion cracking of weld-sensitized stainless steel piping. The purpose of the

addition is to suppress the corrosion potential of the steel below a critical potential where

intergranular stress corrosion cracking does not occur, or where the crack growth rate is

substantially reduced.

In Fig. 1 an example of installations for corrosion potential monitoring in the residual

heat removal system of a BWR is given. The installations were used for hydrogen water

chemistry surveillance. The autoclave was installed with sampling lines connected to the
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measuring point

Transport time: 30 s
Flow-rate: 70 kg/s
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Autoclave

Transport time: 42 s
Flow-rate: 0.5 kg/s

Fig. 1. Corrosion potential monitoring in the Barseback 1 BWR using both in-situ
reference electrode and side-stream autoclave.

reactor system. For the in-situ measurements a platinum electrode was used as the

reference electrode. The design of the platinum electrode is shown in Fig. 2. The platinum

electrode was installed with a fitting to a pipe welded to the system pipe. Such electrodes

are presently used in several Swedish BWRs.

3.2. Results and experiences

A few results from the above hydrogen water chemistry surveillance are shown in

Fig. 3 and 4. It is obvious that too low corrosion potentials were measured by conventional

corrosion potential monitoring in side-stream autoclaves. From this follows that the

hydrogen demand is underestimated and that the relevant system parts will not be protected

from intergranular stress corrosion cracking.

The major oxidants in BWR environments are hydrogen peroxide and oxygen, which

will be consumed during transport in the high temperature piping. The different corrosion
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Fig. 2. In-situ platinum electrode.

potentials measured in-situ in the piping itself and in side-stream autoclaves are explained

by differences in the environment due to decomposition of hydrogen peroxide and

consumption of oxygen in the piping and particularly in the sampling lines. Due to oxidant

consumption in low-flow sampling lines, potential monitoring in side-stream autoclaves

may give erroneous results. In these cases it is necessary to measure the corrosion

potentials in-situ, that is inside the piping itself. Also surface conditions of the working

electrodes and mass transfer conditions are important.

The in-situ monitoring is a more sensitive technique: It has a fast response and is

much more sensitive to transients in reactor operation. Some transients were only possible

to detect by the in-situ monitoring.

Another example of corrosion potential monitoring in a BWR is shown in Fig. 5

through 7.

In summary: Corrosion potential monitoring can give significantly different results

depending on experimental methods. In-situ corrosion potential monitoring is considered

necessary for hydrogen water chemistry surveillance (in Swedish BWRs).

3.3. Recommendations

In-situ corrosion potential monitoring is strongly recommended to follow the effect

of hydrogen dosage to BWRs. Significant errors can be introduced by relying on
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Fig. 3. Corrosion potentials recorded in system piping (In-situ potential) and in
side-stream autoclaves (Type 304).
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Fig. 5. Principal illustration of the locations of measurements in the Ringhals 1
BWR. Results for the different flow directions are shown in Fig. 6 and 7.

conventional measurements and the required hydrogen dose rate can be underestimated.

For the hydrogen dose rates presently applied to establish hydrogen water chemistry

conditions in BWRs, the corrosion potential of the stainless steel piping can differ

considerably between different locations. The corrosion potential criteria for HWC is

therefore without meaning if not the measuring technique and the location of measurement

are specified.

4. CORROSION POTENTIALS IN THE REACTOR WATER OF A PWR

In plant measurements have been performed in Ringhals 4, which is a 915 MWe

PWR of Westinghouse design. A side-stream autoclave was used; it was installed as a by-

pass in the primary coolant sampling system.

Measurements were performed during steady reactor operation, during deliberate pH

changes, and during start-ups and shut-downs.
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Location l
Location 2

— Location 3
Location 4

-200 .—.i ,..

-400 -

-600 -

-800

90-06-17 90-06-19 90-06-21 90-06-23 90-06-25

Fig. 7. Corrosion potentials when pump 2 (see Fig. 5) was in service.
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4.1. Results and experiences

The results from the measurements at steady reactor operation show that the

corrosion potentials of the plant materials exposed, including nickel-base alloys, stainless

steels, and a pressure vessel steel all coincide within a few mV with the potential of

platinum, that is with the hydrogen equilibrium potential.

During a 24 h period the lithium hydroxide content of the reactor water was kept at

four levels. The response of the pH-changes on the electrode potentials was direct and in

good agreement with calculated high-temperature pH-values. The results are illustrated in

Fig. 8.

During start-ups and shut-downs of the reactor the corrosion potentials differ

significantly. The major changes from an electrochemical point of view occurred well

below full reactor temperature, see the examples in Fig. 9 and 10.

4.2. Recommendations

With the presently used water chemistry with high hydrogen contents electrochemical

monitoring seems to be of limited practical value; the corrosion potentials coincide with
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the hydrogen equilibrium potentials and can be calculated. If considerably lower hydrogen

contents will be used in the future redox and corrosion potential monitoring will be helpful.
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Fig. 10. Corrosion potentials in Ringhals 4 during shut-down in 1987.
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5. REDOX POTENTIAL MONITORING IN PWR FEEDWATER

The water chemistry in PWR steam generators is of prime importance to prevent

corrosion degradation of the tubing. Reducing conditions in the feedwater have to be

secured. Redox potential monitoring in condensate and feedwater offers a complement to

the conventional water chemistry follow-up.

In plant potential monitoring is presently performed in the Ringhals 3 and 4 PWRs.

Side-stream autoclaves are used at different locations in one of the feedwater trains, see

Fig. 11. Deliberate dosages to the sampling line and deliberate flow-rate changes have been

performed to qualify the potential readings.

Condenser

Condensate
Pumps

Feed Water
Pumps

High
Pressure
Heaters

Steam Generators

Autoclave 1
T=30°C

Fig 11. Locations of side-stream autoclaves in one of the Ringhals 3 turbine loops.
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5.1. Results and experiences

Changes in redox potentials and water chemistry during unintentional oxygen

inleakages are exemplified in Fig. 12 and 13. Changes during deliberate oxygen dosages

are shown in Fig. 14.
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Fig. 12. Changes in redox potentials due to an oxygen transient from the shift of a
condensate pump.
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Fig. 13. Changes in redox potentials during air ejector outage.
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Fig. 14. The redox potential versus oxygen dosage for different hydrazine concentrations.
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Fig. 15. Redox potential domains in the secondary system of a PWR.

Possible oxygen
consumption

The different redox potential domains in PWR feedwater are visualized in Fig. 15. In

this figure an example of a possible error in the potential measured due to the use of a side-

stream autoclave is also depicted.
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Electrochemical monitoring offers an improved water chemistry surveillance method

in PWR secondary systems compared to conventional oxygen and hydrazine analyses.

Present monitoring of feedwater redox potential by means of oxygen measurements is not

satisfactory: oxygen is partly consumed in the sampling line and the response is slow.

5.2. Recommendations

Elecrochemical monitoring should be recognized as a possible future method for

routine use in seconday systems of PWRs.

6. CORROSION POTENTIAL MONITORING AND CONTROL IN THE

LABORATORY

Corrosion testing in the laboratory is often performed in low-flow systems. For

careful environmental control of corrosion experiments it is considered necessary to

monitor the corrosion potential of the specimen itself. Electrochemical monitoring on

separate electrodes should either be avoided, or carefully demonstrated to be valid.

7. SUMMARY

In plant corrosion potential monitoring offers an important complement to

conventional water chemistry measurements.

Corrosion potential monitoring can give quite different results depending upon

experimental method. Side-stream autoclaves are most commonly used, but for some

applications it is necessary to use in-situ electrodes.

For environments with small concentrations of oxidants sampling can introduce large

errors. During such circumstances in-situ measurements are necessary.

It is favourable to measure at several locations. This helps in interpreting and

qualifying the obtained data.

However, it is not possible to perform measurements in all locations of a process

system. Thus, modelling work is of great interest in predicting potentials in between and

outside measuring locations.
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In-situ measurements are preferred from a scientific point of view. However, in-situ

measurements cannot always be used and one has to rely on measurements in side-stream

autoclaves. It is then of utmost importance to validate the measurements.
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