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FOREWORD

Careful design and high quality of construction are prerequisites
for a safe nuclear power plant. However,the accumulated results of 30
years of operational experience have shown that technical design cannot
prevent all failure. Current plant designs are generally considered
acceptable. It is operational maintenance that is the Achilles heel.
The best designed plants can be operated in a poor manner. The poorest
plant, with trained and attentive staff can achieve a very high level of
operational safety.

In this connection, the activity of water chemistry plays an
important role in supporting operational safety of nuclear power plants.
It contributes to maintaining the integrity of the barriers retaining
radioactivity in the plant and to controlling the out-of-core radiation
fields that in turn influence the radiation doses to which the workers
are exposed.

Although more work has to be done in this field sufficient
progress has been made to encourage the IAEA to open further discussion
on this topic with a view to disseminating the available information to
those working with these problems.

Accordingly, the IAEA convened a group of experts to prepare a
document on safety aspects of water chemistry in light water reactors.

The present document therefore represents a review of the
developments in some Member States on how to implement a reasonable water
chemistry programme and how to assess its effectiveness through numerical
indicators.

The IAEA wishes to express its appreciation for the efforts of
the working groups and would welcome comments from interested parties.
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The zirconium alloy cladding, used to contain the fuel pellets within
the fuel rod, form the first barrier against the release of fission products
produced during power operation. Cladding integrity, therefore, is a major
objective for plant operational safety. Zirconium alloys can be affected by
corrosion, hydride embrittlement and the build up of corrosion product
deposits which increase the cladding temperature. All three processes are
influenced by water chemistry.

The primary circuit forms the second barrier against the release of
corrosion products. The integrity of the reactor pressure vessel is not
significantly influenced by water chemistry, but water quality has a major
effect on the integrity of piping in boiling water reactors (BWRs) and steam
generators in pressurized water reactors (PWRs). Apart from primary side
cracking which does not appear at the present time to be greatly influenced
by water chemistry, the main failure mechanisms in steam generators are
secondary side wastage cracking, pitting, denting and intergranular attack,
which have caused serious problems at many plants with poor water
chemistry. It is therefore important to maintain good water quality in PWR
secondary circuits.

Intergranular stress corrosion cracking (IGSCC) has been a major
problem in boiling water reactors (BWRs), affecting almost the entire
reactor system and particularly the primary recirculation piping systems and
reactor water clean up systems.
A correlation between the extent of cracking and poor water quality has been
demonstrated, and further improvements by hydrogen addition have been shown,
as discussed later.

The integrity of other components of the primary system, such as
pumps, valves and turbines in BWRs, are not significantly affected by water
chemistry, although of course adequate maintenance is required to avoid
leaks and to ensure system integrity. Balance of plant corrosion is mainly
of concern because it can reduce the quality of feedwater, as discussed
later.

The containment system (or other equivalent systems of leakage
isolation) which provides the third barrier, is not affected by water
chemistry. Chemistry monitoring and sampling in containment systems is
important, particularly for post-accident situations, but this is outside



the scope of this report. Waste treatment systems are not directly affected
by water chemistry. However, it is noted that the volume of radioactive
waste is reduced by maintaining good chemistry in primary systems, and care
must be taken to control chemistry in the waste handling systems themselves,
in order to avoid leakage of radioactive material.

Integrity issues concerning the first two barriers are discussed in
detail in Section 2.

1.3 RADIATION FIELD CONTROL

The goal of all plant operators must be to keep radiation doses to
workers as low as reasonably possible in order to minimize health effects.
Radiation exposure is a combination of the time spent by workers in a
radiation area, and the intensity of radiation, or the radiation field to
which the workers are exposed. The time of exposure can be reduced by using
remotely controlled equipment (outside the scope of this report) and by
reducing the need for extensive maintenance and repair work, which is
strongly influenced by chemistry, as discussed earlier.

This section is concerned with reducing out-of-core radiation fields,
particularly of pressurized water reactors (PWRs) steam generators, and BWR
recirculation piping and reactor clean up systems, which are responsible for
much of the doses experienced during inspection and maintenance work. As
discussed in more detail later, these radiation fields are the result of
fission products released from failed fuel and activated corrosion
products. Under normal operating conditions with little or no failed fuel,
activated corrosion products are responsible for over 90% of out-of-core
radiation fields. These corrosion products either come from in-core
components or are released from corroding and wearing surfaces in the
coolant system and transported by the water to the reactor core, where they
become activated and are subsequently deposited on out-of-core surfaces.
Cobalt isotopes (cobalt-58 and cobalt-60) are responsible for most of the
fields, and much is being done in new plants to reduce cobalt sources, by
controlling concentrations of cobalt impurities in construction materials
and minimizing as far as possible the use of cobalt-based hardfacing
alloys. However, once a plant is built, the operator has only limited
opportunity to reduce the sources further. Chemistry control is the main



technique available to the operator to reduce the rate of build up of
radiation fields. Preconditioning surfaces before and during initial start
up is important, involving careful control of water chemistry throughout
this period. Good control of water chemistry during operation and at shut
down is essential to minimize the release, transport and deposition of the
cobalt isotopes throughout the fuel cycle, and also to control iron input
from the feedwater in BWRs, which can result in high radiation fields in
crud traps. Worldwide plant operating experience shows that plants with
poor water quality control generally have higher radiation fields.

Many PWRs and BWRs operating with good water chemistry have annual
collective doses in the 1-2 man.Sv range, compared with five times that dose
for plants operated with poorer chemistry control.

Although effective chemical decontamination techniques have been
developed and demonstrated for both PWR and BWR applications, the cost and
downtime required for decontamination require that the use of
decontamination technology should be minimized by controlling radiation
field build up rates through good water chemistry. Control of radiation
fields is discussed further in Section 3.

1.4 CHEMISTRY CONTROL

Chemistry control to provide high quality water involves the
following:

Suitable chemical treatment (e.g. for pH and oxygen control);
Use of pure make up water;
Effective primary and secondary water clean up;
Avoiding ingress of impurities;
Quality assurance of purity of chemicals used in coolant systems;
Regulations on the use of chemicals in control areas of plants.

Achieving a high water quality requires a good make up water
demineralizer system, a high degree of condenser integrity, attention to
leaks to avoid oxygen ingress, and effective primary coolant and condensate
polishing systems. These are general principles applying to both BWR and
PWR systems.
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Each plant design presents its own potential problems. For instance,
ingress of resins, organics and inorganic impurities is of particular
concern in BWRs. Control of reactor feedwater quality is essential in a
BWR, since the combination of impurities and oxygen (formed by radiolysis of
the coolant water in the core) can be very damaging towards materials.

PWR primary system chemistry is complicated by the requirements to
use a decreasing concentration of boric acid throughout the fuel cycle to
control the nucleonics of the core. This requires an alkalizing agent,
generally lithium hydroxide or potassium hydroxide, whose concentration must
also vary if pH is to be stabilized. A hydrogen overpressure must be
maintained to suppress radiolytic oxygen formation, which would otherwise
lead to localized corrosion and heavy crud deposition on fuel.

PWR secondary systems typically use all-volatile treatment to
maintain alkalinity, and here particular attention must be paid to
mimimizing the ingress of oxygen and other impurities such as organics,
chloride and sulphate which can rapidly cause severe problems of steam
generator corrosion.

The control and specification of water chemistry for each plant
system is discussed further in Section 4.

1.5 WATER CHEMISTRY CONTROL PROGRAMMES

Improving operational safety by controlling corrosion and radiation
fields requires that nuclear power plant management establish procedures and
resources for monitoring water chemistry, corrosion and radiation fields and
for taking corrective action as required. These topics are discussed in the
Appendix.
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2. PROTECTION OF THE SAFETY BARRIERS
BY CONTROLLING CORROSION

2_i! FUEL CLADDING (FIRST BARRIER)

In a clean water chemistry, with no aggressive impurities, the
general corrosion and oxidation of Zircaloy or Zr/Nb alloy fuel cladding
are not considered a risk for the integirty of fuel cladding. The corrosion
rate is to some extent related to the metallurgical characteristics of the
actual cladding and also to the local temperature, so the oxidation
behaviour may vary considerably within the same reactor core.

2.1.1. Corrosion by aggressive elements

The risk of corrosion by aggressive elements is generally increased
in the presence of fuel deposits that give rise to high temperatures and
local boiling. The most important impurity related to the corrosion of
zirconium alloys in both PWRs and BWRs is fluoride. Fluoride enriched on
the fuel surface to high concentrations would considerably accelerate the
corrosion of zirconium alloys. Zirconium alloys are also sensitive to
corrosion from bases (LiOH, KOH) which are added to the coolant of PWRs for
control of corrosion of the stainless steel of the primary system. These
effects can only arise if enrichment of the bases occurs in the oxide film
due to the presence of deposits.

2.1.2 HydridinR of Zirconium Alloys

The take up of hydrogen into the metal matrix of the zirconium alloys
may be undesirable owing to the risk of hydride precipitation. Hydrogen has
a limited solubility in the zirconium alloys, and there is therefore a risk
of hydride precipitation and consequent embrittlement of the cladding.

Hydrogen solubility is lower in the Zircaloy-2 used in BWR fuel than
in the Zircaloy-4 used in PWR fuel. This is due to the presence of Nickel
in Zircaloy-2. In general, hydrogénation of zirconium alloys in steam (e.g.
in BWRs) is substantially higher than in water at the same temperature. The
problem with hydrogen embrittlement should therefore be of greater concern
for BWR operation than for PWR operation. The occurrence of severe hydride
embrittlement is mostly related to bad humidity control of the fuel rod
internal during the manufacturing.
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Hydrogen produced during the corrosion of zirconium alloys could
eventually cause an additional risk of hydrogen embrittlement. Molecular
hydrogen used for oxygen suppression in the reactor coolant has not been
considered to pose a risk of hydriding phenomena for PWR fuel, but is being
extensively studied for BWR fuel in connection with the implementation of
the hydrogen water chemistry regime for BWRs. Results from fuel examined
after one cycle in hydrogen water chemistry suggest that hydriding should
not be a problem.

2.1.3 Influence of deposits on the fuel cladding integrity

Deposition of corrosion products on the fuel cladding surface is a
well known process for both PWR and BWR operation. The amounts of deposits
are normally higher in BWR fuel as a result of corrosion products and other
impurities from the feedwater becoming concentrated on the fuel.

The corrosion products are present in dissolved or suspended form and
may deposit as oxides on the fuel surface. Depending on the amount of
corrosion products in the feedwater, relatively large amounts can be
deposited.

Normally these deposits are relatively harmless for the fuel
integrity but this will depend on their physical form and the influence they
can have on the heat transfer. A dense oxide that decreases the heat
transfer will increase the fuel temperature and make local boiling and
enrichment of corrosive impurities possible.

From experience it has been established that high amounts
(about 30%) of Cu in the BWR fuel deposit will significantly decrease the
heat transfer. For PWRs an additional risk comes from the presence of
adherent deposits (zeolites) composed of Si, Ça, AI and Mg.

2.2 PRIMARY CIRCUIT (SECOND BARRIER)

The primary circuit integrity is with few exceptions related to the
existence of stress corrosion cracking (SCO. Stress corrosion cracking can
occur when susceptible materials are exposed to water with a high oxidation
potential when under tensile stress. Figure 1 is a schematic diagram of
these relations.
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FIG.l. Corrosion factors.

The problem of concern for the chemist is to avoid poor chemistry in
which impurities and/or oxidizing species are present, causing a very
aggressive environment and leaving the safeguarding against SCC to the
absence of stresses or of material sensitization. Figure 2 is a schematic
diagram showing the relations between chemistry and SCC under BWR
conditions. The problems with SCC in PWRs are concerned mainly with the
steam generator tubing. Both the primary side and the secondary side attack
have to be considered (see Figure 3).

Oxygen content or
corrosion potential

Normal
BHR range

range

PWR primary JT
system range |_

Increasing
rate

Impurity concentration
or conductivity

FIG.2 . Schematic representa t ion of the resul t s of laboratory s tudies of
the e f f e c t of impur i t i es on SCC of sensi t ized austeni t ic s ta inless s teels .
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Section of
tube support
plate (enlarged)

Cracking of
tube U-bend

Deformationof Tube U-bend

Denting

Thinning

Cracking
Local
concentrationof impurities

FIG.3. Two mechanisms of steam generator damage, tube denting and
stress corrosion cracking have drawn remedial attention from
specially funded R&D programs managed by EPRI. Denting is a
corrosion phenomenon traceable to impurities in the secondary
loop. Stress corrosion cracking is influenced in part by water
chemistry and also by stress levels and material composition.

For BWRs the intergranular stress corrosion cracking (IGSCC) of
standard type 304 austenitic stainless steel has been one of the major
sources of operational disturbances. IGSCC does not represent a significant
safety issue, because no major breakage of piping is predicted; however,
repairs to cracked piping increase radiation exposure of power plant
workers. Irradiation-assisted SCC has been observed in in-core components,
but does not directly affect the integrity of the primary system. The
different chemistry aspects of these problems with primary system integrity
in BWRs and PWRs are treated separately here.

2.2.1 SCC of primary piping in PWRs

For BWRs operating with normal water chemistry without additives the
oxidation potential is always high. This is due to the excess of oxygen
that is produced by the radiolysis of water in the core and which remains in
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the recirculating water in concentrations of 200-400 ppb. This
concentration of oxygen is responsible for the relatively high corrosion
potential of the stainless steel in a BWR system. Potential levels between
0 and +100 mV SHE are normally observed. Originally for BWR operation there
was most concern about the chloride induced SCC that could develop rapidly
in a transgranular mode if chloride intrusions occurred in the primary
system. Later experience has shown that an IGSCC can develop in BWR piping
even if no impurities are present in the water. This is because it is hard
to avoid material sensitization in the heat affected zones of pipe welds
when the standard type 304 stainless steel with relatively high carbon
content is used. If this sensitization is combined with high tensile
stresses and an oxidizing environment there is a high potential risk of
initiation and growth of intergranular cracks. This problem is avoided by
the use of stabilised stainless steels.

Water chemistry is important in both the initiation step and the
crack growth step of IGSCC in sensitized materials. Especially during
start up, when the system is affected by the thermal movements in the
structure, there is an increased risk of oxide layer disruptions that
locally can leave bare metal exposed to the coolant. A synergetic effect
from an oxidizing coolant that includes anion impurities such as chloride or
sulphate could then be aggressive enough to initiate a crack that could
proceed to grow even in clean oxidizing water.

Impurities in the water generally increase the growth rate of
intergranular cracks. This applies especially to the anion impurities that
tend to concentrate in the anodic crack, reduce the pH and thus increase the
solubility of the corrosion products formed by the corrosion process.

Especially for chloride it is also important to be aware of the
cumulative effect of incorporation of the chloride into the surface oxide
layer. This incorporation will decrease the electrochemical resistance of
the oxide and therefore give a higher risk of rapid attack or a break
through of the oxide.

BWR operation with hydrogen water chemistry seems to eliminate the risk of
IGSCC if no impurities are present. In the presence of anionic impurities
the risk for IGSCC seems to be lower when operating with hydrogen water
chemistry but is not totally eliminated.
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Operation with hydrogen water chemistry will suppress the oxygen
concentration in the reactor water to levels at which the corrosion
potential of stainless steel is low enough to mitigate the stress corrosion
cracking. Typical values of oxygen concentration are 2-20 ppb, giving
corrosion potentials of about - 300 mV SHE.

Owing to these low potential values, the relative effect of oxidizing
impurities such as sulphate and nitrate can be greater when operating with
hydrogen water chemistry than with normal water chemistry. The origin of
these oxidizing species can be the ion-exchange resins used for condensate
polishing or reactor water clean up.

2.2.2 Corrosion of steam generators (S.G.)

The greatest number of problems affecting the S.G. comes from
corrosion of Ni-Cr alloy 600/800 or stainless steel tubing, which can take
many complex forms according to the chemical conditions to which the tubes
are subjected.

2.2.2.1 Corrosion from_j?rimar_y_site:_ s^re£s_corrosion_crackin& in
the_primarjr_medium

This phenomenon leads to cracking, starting from the primary side.
The defects are found at the ends of the roll expanded zones of the tubes,
or in the vicinity of the tube support plates when "denting" has occurred,
or also in the upper part of the tubes bent to a smaller radius. SCC has
been observed in parts of horizontal steam generator cover attachment bolts
made from high alloy steel immersed in primary coolant, resulting from
material impurities and high tensile stresses. These defects are attributed
to IGSCC which may occur under high stress even in pure, high temperature,
and oxygen-free water.

Heat treatment at 700 C gives Alloy 600 tubing a more resistant
structure to this type of corrosion which has never been observed on tubes
of Alloy 800 or stainless steel.

2.2.2.2 Corrp_sipn f_rom_the_secondary_si_de

Most of the damage to steam generator tubing from service exposure
has occurred on the secondary side. The requirement to boil water to
produce steam creates a mechanism for the concentration of impurities
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against a hot steaming surface. The need to support the tubing to prevent
vibration also inevitably creates creviced areas where impurities can
concentrate owing to the boiling process; the concentrated impurities may
subsequently:

precipitate on the tubes
accumulate on the tube sheet
redissolve.

Impurities that may cause corrosion of the tubing in these creviced
areas fall into several types:

caustic;
acid phosphates;

- chloride accompanied by oxygen;
- acid sulphates;
- copper and copper oxides.

The corrosion problems affecting the tubes can take the different
complex forms listed in the following

A. Caustic stress corrosion cracking (caustic SCC)

Most instances of caustic SCC have occurred in the sludge pile area, above
the tube sheet, on plants that used a phosphate treatment, where hydrolysis
reactions between the phosphate and corrosion product oxides led to the
production of free sodium hydroxide. A similar reaction may occur in the
crevices of tube support elements in horizontal steam generators if sea
water enters through the condenser. In this case, the corrosion of SS tubes
is usually by a combination of caustic SCC and intergranular attack.
Caustic SCC appears to affect the material quite similarly to the way it
affects the primary side (pure water) SCC.

B. Intergranular attack (IGA)

In many operating PWRs, the tubing is only expanded partially to the
tube sheet crevice. In some instances, the development of a caustic-forming
environment in these crevices has led to a general intergranular attack on
the tubing.
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This phenomenon has been observed in units
that utilize a phosphate water chemistry
that develop a caustic environment following conversion
of phosphates to an all volatile treatment (AVT)
chemistry
or in units with AVT having had leakage of caustic
forming impurities.

On the basis of laboratory tests, Inconel tubing that has been
thermally treated to improve its stress corrosion resistance to primary SCC
or secondary caustic SCC also appears to have improved resistance to IGA.

C. Wastage

The phenomenon of acidic sodium phosphate concentration leading to a
general attack on the tubes has been studied at length. It has largely been
eliminated by abandonment of phosphate water chemistry for AVT treatment.

D. Pitting

Pitting of tubes may occur in units where a combination of oxygen or
air in leakage through the condenser, chloride in leakage and copper ions
has set up local corrosion cells. Typically, the pits are observed as rows
of small diameter penetrations. Mechanical tests suggest that these pits,
while they may lead to primary and/or to secondary leakage, cannot seriously
reduce the rupture strength of the tube.

Pitting may also be observed where condensate demineralization is
used. Resin fines are known to hydrolyse to form acid sulphate impurities
at steam generator temperature.

E. Tube support plate corrosion (denting)

Denting consists of plastic deformation of tubes at the tube support
plates due to the accumulation of corrosion products from carbon steel
plates in the gaps between the plates and the tubes. Large tensile stresses
can be exerted by this plastic deformation on the internal surface of the
tube and can lead to SCC on the primary side.
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Also, deformation of the tube support plates can be sufficient,
especially in the case of the uppermost plate, to cause ovality to occur at
the top of the small radius U-bends. This can initiate tensile stresses,
leading to SCO.

The accelerated corrosion of the carbon steel plates or tube sheet
responsible for the accumulation of corrosion products is due to the
presence of acid impurities (chloride coming from condenser leakage)
combined with oxygen or oxide effects and accentuated by local concentration
phenomena in the sludge. These problems can be prevented by making the
material of the tube support plates from stainless steel, in combination
with a new design of support plate.
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3. PROTECTION OF THE WORKERS
BY CONTROLLING RADIATION FIELDS

The radiation dose received by plant workers in both BWRs and PWRs is
strongly dependent on out-of-core radiation fields. This is demonstrated in
Figure 4, which shows outage radiation exposure at French PWR plants as a
function of weighted-average dose rates for a number of out-of-core
locations. It is therefore important to reduce the rate at which radiation
fields build up during plant operation.
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FIG.4. Outage radiation exposure as a function of dose rate
for French PWRs.

3.1 IDENTIFICATION OF RADIATION SOURCES

The primary long-term sources of radiation fields in NPPs are
isotopes of cobalt. Cobalt-60 is formed as a result of neutron absorption
by cobalt-59 in naturally occurring cobalt. Cobalt-58 is formed by neutron
bombardment of nickel-58. Nickel is a primary alloying constituent in most
reactor coolant primary pressure boundary materials, whereas cobalt is found
as an impurity in these materials (up to a few tenths of one percent in BWRs
and PWR and less than 0.01% in WERs*). However, cobalt is the major
constituent in hardfacing materials, such as the Stellites, used in valve

*) WER is a Soviet design of PWR.
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seats, pump journals and other components that require outstanding wear
resistance. Therefore in BWRs and PWRs , cobalt-60 is the main source of
radiation fields, except early in the life in PWRs, when cobalt-58 from the
corrosion of steam generator tubing is important. In WERs, owing to the
weaker cobalt sources, cobalt-58 plays the main role for a longer period,
but owing to high gamma ray energy and radiation efficiency of cobalt-60,
the situation with increasing time becomes similar to that for
PWRs (Fig. 5).

Hot leg loop surface Cold leg loop surface

Hot leg !<>pjj_£urface

x
Cold leg loop surface

FIG.5. Relative doses from activated corrosion products in WER.

In some PWR plants, cobalt contamination of Inconel fuel grids has
resulted in large in-core source of cobalt-60. It is important to note that
such a source can dominate all others, resulting in high radiation fields
even in good water chemistry.

As shown in Table 1, fission products from failed fuel contribute
only rarely to radiation field build up.
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Table 1
Example of Collective Dose Rate by Origin (for French PWR)

Neutrons + 16N

Activated nucleus

Fission products

Activated corrosion products

5%

5 % f

5%

85% —————— -»».
______

100%

e°Co 60%

"Co 15%

Others corrosion
products 10%

___
85%

V.

Figure 6 shows the pathways for transport of corrosion products.
Figures 7 and 8 show the main transport processes that lead to corrosion
product activation in PWRs and BWRs respectively. Although corrosion of
pressure boundary materials does not result in degradation of the properties
of the materials, release of metal ions to the coolant is responsible for a
large proportion of the radiation fields on out-of-core surfaces. Corrosion
products are released from corroding and wearing surfaces as soluble,
colloidal or particulate species. Formation of the cobalt-58 and cobalt-60
radioisotopes takes place in the reactor core after the corrosion products
collect on fuel rod surfaces by precipitation, adsorption, or particle

OUT-OF-CORESURFACE
FILMS

FIG.6. Corrosion product transport pathways.
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FIG.8. Origins of BWR radioactive contamination.

deposition processes. Specific activity measurements on radioisotopes
indicate that residence times on the fuel are of the order of a few weeks
before re-entrainment in the coolant, whether as a result of dissolution or
of erosion.

The out-of-core steel and inconel surfaces that are in contact with
the reactor coolant pick up particles, colloids and ions, which are
incorporated into the growing corrosion film that exists on these surfaces.
Primary coolant cleanup systems in LWRs are relatively ineffective compared
with the half-life for corrosion product deposition on out-of-core surfaces.
Hence, radiation fields tend to grow over many years before an equilibrium
level is reached.
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3.2 CONTROLLING PRODUCTION OF RADIATION SOURCES

The requirements for PWRs and BWRs are similar, although the relative
importance of each action may differ. It is important to minimize the input
of cobalt into the reactor system, by specifying low cobalt impurity levels
for replacement fuel and in-core components, and replacing valves that
contain cobalt hardfacing alloys. Careful removal of debris from component
repairs and valve maintenance operations is also important.

It is necessary to precondition steel and inconel surfaces before the
plant starts operation in order to form a protective oxide film, which
reduces the subsequent release of corrosion products into the coolant when
the plant is at power and reduces the deposition of radioactive materials,
radionuclides. This is done by using high purity water during prestart
testing, with the plant at temperature for at least four weeks. During this
period, release of corrosion products is high until the protective oxide
film forms, but the corrosion products can be removed by the clean up
system. This preconditioning is particularly important for PWRs, owing to
the large surface area of the steam generator tubing.

Good feedwater quality is necessary to minimize the formation of
corrosion products during operation. This is particularly important for
BWRs, where the feedwater is the major source of corrosion products.
Mimimizing iron input will reduce the magnitude of radiation hot spots in
crudtraps. Figures 9 and 10 show the circuit for BWRs with back-pumped and
forward-pumped heater drains respectively. For the former, all steam
condensate is circulated through the condensate polishing plant, whereas in
the latter case only 60% is polished. In both cases, high efficiency
operation of the polishing plant is essential to minimize the ingress of
impurities and corrosion products. Maintaining 20-100 ppb oxygen in the

1. REACTOR
3. TURBINE
I. MOISTURE SEPARATOR - SUPERHEATER
5 CONDENSER
6 CONDENSATE POLISHING
7 LOW PRESSURE REHEATER
e FEEDWATER TANK
9 HIGH PRESSURE REHEATER
ID REACTOR CLEAN-UP

FIG.9. Scheme of a nuclear power plant with a boiling water reactor
(back-pumped installation).
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1 RE ACTOR
3 TURBINE
4 MOISTURE SEPARATOR • SUPERHEATER
5 CONDENSER
6 CONDENSATE POLISHING
7 LOW PRESSURE REHEATER
6 FEEDWATER TANK
9 HIGH PRESSURE REHEATER
ID REACTOR CLEAN-UP

FIG.10. Scheme of a nuclear power plant with a boiling water reactor
(forward-pumped installation).

feedwater has been useful in minimizing corrosion and corrosion release in
the feedwater system. This is often achieved naturally, but in some plants
oxygen injection has been used to increase the concentration above 20 ppb.

3.3 CONTROLLING TRANSPORT AND DEPOSITION OF CORROSION PRODUCTS

Control of the transport of corrosion products in the PWR primary
circuit is important, because the rapid release of activated corrosion
products from the core will otherwise result in very high radiation fields
in steam generators. This transport can be minimized by maintaining the
chemistry as constant as possible. The boric acid concentration ranges from
about 1100-2000 ppm of boron at start up to 10 ppm of boron at the end of
the fuel cycle. In order to maintain pH constant at about 6.8, 2.2 ppm
lithium hydroxide or 14-16 ppm potassium hydroxide is added at the start,
the concentration decreases during the cycle. An alternative approach is to
operate with constant lithium hydroxide (generally 2 ppm) until the pH
reaches 7.4, as discussed in Section 4.

PWR primary circuit chemistry changes greatly at shutdown, when the
coolant is oxygenated and dosed with boric acid. There are many PWR plants
in which during the cool down process oxygen, air or hydrogen peroxide is
injected into the primary cooling system to accelerate the release of
radioactive cobalt while the clean up system is still operating at full
power. This process simply expedites the natural oxygénation of the system
that occurs when the head of the PWR vessel is removed. When the chemistry
of the coolant is changed from reducing conditions which result from the
hydrogen over pressure to the oxidizing conditions described here,
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radioactive cobalt concentrations in the reactor coolant can increase by a
few orders of magnitude or even more. If such a release occurs as a result
of natural oxygénation following the removal of the reactor vessel head,
then the radioactive cobalt will be distributed into the reactor water
cavity and may significantly limit the access of personnel to this area.

Similar results were obtained by the continuous hydrazine dosage into
the primary coolant of some WER units. Strongly reducing conditions lead
to a reduction of radiation doses approximately three fold in comparison to
those at other WER plants.

BWR plants operate under,a chemistry of constant oxygénation
throughout the fuel cycle, so controlling the transport of activated
corrosion products does not present the same problem as in a PWR. In BWRs
controlling the input of corrosion products with the feedwater is most
important. The deposition of radioactive corrosion products on out-of-core
surfaces is also influenced by chemistry. This is because the deposition
rate is greatest when the corrosion rate is greatest, since the
radionuclides are incorporated into the growing oxide film. The morphology
of oxides in BWRs varies significantly from plant to plant, resulting in a
wide range of radiation levels, both in hot spots and on piping surfaces.

Two chemical methods are available to the operator to reduce
radioactive deposition in BWRs. The first involves preconditioning before
initial start up to give a protective film on stainless steel surfaces. The
use of carefully controlled oxygenated water ( e.g. 400 ppb 0 ) for
preconditioning has been found beneficial. During operation the goal must
be to minimize the oxidation rate of surfaces in both the feedtrain and
reactor coolant system by maintaining good water quality, since increases in
conductivity have been found to increase of the build up cobalt-60 .
Further work to passivate stainless steel surfaces is under way.

Although many factors influence radiation fields, assessment of data
from many PWR plants indicates that good control of water chemistry can
reduce radiation fields by at least 30%. The degree of benefit varies with
reactor type and system design, but is believed to be even greater for BWR
plants.
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4. CHEMISTRY CONTROL GUIDELINES AND SPECIFICATIONS

4.1 INTRODUCTION

It is important that all levels of management understand that
off-normal water chemistry may reduce operational safety by impairing system
integrity and increasing radiation fields.

Plant management must establish procedures for taking action to
correct off-normal chemistry. This involves specifying values of important
chemistry parameters that affect operational safety. These parameters are
defined as "control" parameters. Limits toceach control parameter should be
set, beyond which action must be taken to correct the problem. These
"action levels" should include both the specification (value) of the
parameter and the action to be taken if this value falls outside the
specification limits. Management must determine the frequency at which
control parameters are to be measured.

Other chemistry parameters are useful for determining the cause of a
problem, but do not directly affect operational safety. These "diagnostic"
parameters do not have action levels but management should define the
frequency for their measurement.

The implementation of a chemistry control programme is therefore an
important safety related issue for plant management, which must ensure that
the people involved are sufficiently skilled in the different parts of the
program . Management must also ensure that adequate hardware and
instrumentation are available.

For NPPs the capability to operate with an optimal chemistry regime
is largely determined by the design of the station, including materials of
construction and the effectiveness of the water purification systems. The
choice of resistant materials defines water quality requirements and the
design and dimension of the water treatment systems provides the basis for
achieving the best available chemistry.

Some features of plant design (e.g. copper tubing in PWRs, forward
pumped heater drains in BWRs) place limitations on the ability of chemists
to achieve optimal water chemistry. Therefore recommendations for water
chemistry specifications must be established with regard to plant design.
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Because water chemistry specifications are plant specific, that is
they depend on the particular design of the plant and the materials used in
its construction, complete specifications are not defined in this Section.
However, the key parameters are identified and ranges of normal values of
these parameters are listed for guidance. Examples of specifications and
action levels used with certain plant designs are provided but it is
stressed that plant managements must determine their own action levels after
consideration of their specific plant design. Generally a specification
guide must be applied by plant operators; this guide should contain
specified values for each sampling point and each plant status mode. The
definition of the specific values should obey the following prescription.

Ingress of impurities into the circuits should be kept to a practical
and achievable minimum.

Action levels should be based on quantitative information about the
effects of water chemistry variables on the corrosion behaviour of
materials, fuel performance or the buildup of radiation fields. In
the absence of quantitative data, prudent and achievable action level
values should be specified.

Control parameters should be measured reliably at the levels
specified using currently available equipment and procedures.

Although the specifications are to protect the integrity of the
safety barriers, they are established for the operation of the entire
circuits including these barriers (or a side of them). It is impossible,
for example, to assume a good S.G. water purity independently of the water
coming from the condenser.

The chemistry specifications and the different options available for
the chemist to maintain the water quality within the specification limits
will be presented in more detail in this Section. Examples of parts of
water chemistry control programmes relating to occupational safety thath are
used in different countries are given.
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4.2 PWR PRIMARY CIRCUIT

4.2.1 Objectives

The analysis of the phenomenon developed in the foregoing shows that
two main objectives must be attained by the conditioning of the primary
circuit.

1. To minimize general corrosion of the primary system and the reactor
auxiliary systems in order to ensure the barrier's integrity.

2. To minimize the production and transport of corrosion products to
control dose rates.

4.2.2 Methods

In addition to boric acid, the primary coolant is treated with
lithium hydroxide in PWRs or potassium hydroxide in VVERs, to minimize
general corrosion of materials of the primary system. This treatment is
monitored by means of Li or K (more exactly the sum of K + Na +
Li ) measurements, and has a direct influence on the pH, as discussed
further.

Other provisions are made to minimize corrosion by reducing the
levels of aggressive elements such as F or Cl .

The concentration of oxygen, coming from water radiolysis, is limited
by an excess of hydrogen, which is injected into primary water (in PWRs) or
arises from radiolysis of ammonia (continuously or periodically dosed in
VVERs).

Stringent control of chemical elements capable of forming zeolites
(calcium, magnesium, aluminium, silica) is mandatory, especially in make-up
water.

The second of the two objectives could be attained by maintaining
during operation a constant pH at temperature in the primary system. For
some time a pH of 6.9 (at operating temperature) has been recommended in
the absence of solubility data on nickel ferrite, since this corresponds to
the zero temperature coefficient of solubility of magnetite, which was used
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to model the behaviour of fuel crud. Comparative testing at two PWR plants
showed that a pH of 6.9 gave significantly less crud on the fuel than lower
pHs, and that radiation fields on piping and steam generators grew up more
slowly. Moreover-, when the low pH plant changed to a pH of 6.9 for the
second and subsequent fuel cycles, the increase in radiation fields ceased,
and new fuel remained clean even though the initial,
heavily crudded fuel retained its deposits. There is, therefore, strong
practical evidence for a chemistry regime with a pH of 6.9 or higher,
rather than a lower pH. More recent work involving the analysis of fuel
crud removed from discharged fuel assemblies showed a nickel ferrite
structure of varying stoichiometry. Subsequent measurements indicate that
solubilities tend to increase at higher pHs and the temperature of minimum
solubility decreases, which means that corrosion products will tend to
precipitate on out-of-core surfaces rather than on the fuel. These data
lead to a prediction that raising the pH from 6.9 to 7.3-7.5 would reduce
out-of-core radiation fields. Plant tests are in progress to determine
whether this is feasible. In any case, lower radiation fields have been
observed when the pH is allowed to increase at the end of the cycle, for
instance by maintaining a minimum of about 0.7 ppm of lithium. The
compatibility of fuel cladding and materials must be considered before
increasing lithium hydroxide concentrations.

4.2.3 Control parameters

The chemical primary specifications that are commonly applied in
almost all PWR plants are lithium or potassium for pH control and oxygen,
hydrogen, chlorides and fluorides for corrosion control.

There are several different pH control regimes used in PWRs, these
are described in Section 4.2.5.

Normal values for other parameters are:
Chloride 10-100 ppb
Fluoride Not detectable
Oxygen Fewer than 10 ppb
Hydrogen Between 25 and 60 ml(STP)/KgH 0

Water chemistry specifications in primary systems must ensure fuel
integrity. It is necessary to monitor fission products in the coolant to
ensure that fuel integrity is maintained. In some plants, fission products
are control parameters.
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4.2.4 Diagnostic parameters

Diagnostic Parameters are useful for determining the reason for
out-of-specification situations. Normal values of diagnostic parameters are

Boric acid:
Silica:
Calcium:
Magnesium:
Aluminium:

0-2500 ppm
fewer than 0.10 ppm
fewer than 0.08 ppm
fewer than 0.08 ppm
fewer than 0.08 ppm

4.2.5. PWR Primary Chemistry Specifications

In this section, examples of different specifications are given.
Each utility should define its own specification as appropriate to plant
design and materials.

4.2.5.1 Contro.1 and D_iagnpst ic_Parameter_Values_ in_PWR_and_VVER p_lants

A comparison of control values is presented in Table 2 and diagnostic
values in Table 3.

TftBLE 2____Primary Circuit Control Parameters during normal operation
Parameter

Lithium

Potassium

Oxygen

Chloride
Fluoride

Hydrogen

Oil

Unit

ppm

ppm

ppm

ppm
ppm

ml/STP/

ppm

PWR

Limit value

0 2 - 2 2

——

*001<'>

•i.0,15

25 -50

Control
frequency

3/week

——

daily

3/week
3/week

3/week

——

WER

Limit value

——

2 0 - 16 5

•<0 01

-CO 1
^ 0 1

30 - 60

t.0 05

Control
frequency

——

daily

2

daily
I/weekly (3)

daily

daily

(1) for WER 1000 sum of K+ +Na+ +• Li+ = 0 05 - 0 35 tnmol I"1
(2) Only if hydrogen is not controlled continuously or its content is below 25 ml/STP/ kg"1, or by

transients
(3) the first 1000 hours after start-up
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TABLE 3 Primary Circuit Diagnostic Parameters during normal operation

Parameter

Boric acid
Ammonia
Silica
Calcium
Magnesium
Aluminium
pH/25°C/
corr. prod.
Copper

UNIT

ppm B
ppm
ppm
ppm
ppm
ppm
—
ppm
ppm

PWR WER

Expected
value

0-2500
—
>0.2
;>o.5
>0.1
>0.1
—
—

Control
frequency

daily
—
monthly
monthly
monthly
monthly
—
—

Expected
value

0-2250
>5.0
—
—
—
—
5.7 - 10.2

*0.2 (1)
«0.02

Control
frequency

daily
3/day
—
—
—
—
automatic/dai ly
weekly
weekly

(1) recalculated on Fe

4.2.5.2 Control of_the_pH in_PWR_and_VVER

Figure 11 shows different pH control regimes for PWRs. Operation in
area A (low pH) is not recommended. Area B represents constant pH
conditions, which are used by a majority of PWR operators, sometimes with a
minimum of 0.6-0.8 ppm lithium at the end of the cycle. Area C (constant
lithium hydroxide) is used by a significant minority of PWR units
worldwide. In this regime, pH gradually increases to 7.4 (350 ppm boron),
at which point the lithium hydroxide concentration decreases to maintain the
pH at 7.4. A few plants are operating with elevated lithium hydroxide
concentration (e.g. 3.5 ppm), corresponding to a pH of 7.3-7.5 (Area D) .

AREA Elevated pH

1200 1000 800 600 400
Boric Acid Concentration (ppm)

200

FIG.11. Various lithium-boron modes of operation.
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Figure 12 shows the pH control used in WER plants.

Decreasing Potassium treatment
[K] = f [E]

/ 10 ppm ammonia added to solutions/

- 6

____t t

1200 1000 800 600 400 200 0

Boron concentration /ppm/

FIG.12. pH control in WER plants.

4.2.5.3 Makeuj?_Water_S£ecif>catiojis

Typical makeup water specifications for WER plants are shown in
Table 4.

TABLE 4 Makeup Water Specifications for WER Primary Circuit

Parameter

Boric acid
Sodium
Ammonia
pH/25°C/
Oxygen
Chloride
Iron
Oil

Unit

ppm B
ppm
ppm

ppb
ppm
ppb
ppm

Limit value

0 - 6500
^1
>5

6 - 10.5
< 20
•<0.1
•=: so
^0.5

Control frequency

if necessary
daily
3/day
automatic
daily
3/day
daily
daily
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4.2.5.4 Example of_PWR_Primary_Water_Chemi£try_guidel1ines for US_p.Lant£

This section presents PWR primary water chemistry guidelines used in
US plants. It defines expected values that are readily achievable for
particular operational status modes of plants defined in Table 5. Levels of
parameters at which remedial action should be initiated are suggested and
responses required of the plant operator are defined. Above the Action
Level 1 value, the parameter should be returned within the appropriate limit
within seven days. Above the Action Level 2 limit, the parameter should be
returned within 24 hours, and above Action Level 3, an orderly shutdown
should be initiated immediately. Tables 6 to 12 list control and diagnostic
parameters for various systems for the different status modes. Corrective
actions are also given.

TABLE 5

OPERATIONAL STATUS MODES

Plant Status Reactor Condition Approximate Technical

Specification

Corresponding Mode

Cold Shutdown

Startup
Power Operation

-Z 250°F
o>-250 F, but not critical

Reactor critical

5 & 6
3 & 4
1 & 2
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TABLE 6

REACTOR COOLANT SYSTEM
COLD SHUT DOWN CONTROL PARAMETERS

(Reactor <,250°F)

Control
Parameter

Chloride, ppm

Fluor ide, ppm

Oxygen , ppm

Sample
frequency

3/wk

3/wk

<a)

Expected
value

<0.15

-iO.15

H/A

Action
Level 1

^0.15

70.15

N/A

Value prior to
Exceeding 250°F

<0.15

•£0.15

^0.10

(a) Applicable only during heatup. Must be confirmed prior
to exceeding 250 °F.

TABLE 7

REACTOR COOLANT SYSTEM
COLD SHUTDOWN DIAGNOSTIC PARAMETERS

(Reactor 1.250OF)

Diagnostic Parameter

Conductivity,
/is/cm 6 25°C

Lithium, ppm

pH 6 25°C

Boron, ppm

Total Sulphur, ppra
as sulphate

Sample
Frequency

1/wK

——

1/wK

As required by
Tech. Spec.

1/wK

Expected value

——

Consistent
with
requirement
for shutdown
margin

£0.10

Value prior to
Exceeding 250°F

——

Consistent with
Station Lithium
Program

——

——

——
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CORRECTIVE ACTION GUIDELINES
for

TABLES 6 AND 7

Parameter out of range Corrective Actions

Chloride/Fluoride 1. Isolate makeup water source or change to
alternative source if required.

2. Check ion exchange beds in purification
system for flow and removal
efficiencies.

3. Check makeup water purity.

A. Check for high RCS ammonia or
conductivity that may cause chloride
leaching from resin.

Sulphur 1. Check for resin or sulphate release
from the purification system.

2. Check ion exchanger removal efficiency
and isolate if necessary.

3. Check makeup water purity.
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Table 8

ZEOLITE-FORMING SPECIES IN REACTOR MAKEUP WATER

DIAGNOSTIC PARAMETERS -- ALL MODES

Diagnostic parameter

Active silica, ppm
Aluminium, ppm
Magnesium, ppm
Total calcium and
magnesium, ppm

Sample
frequency

(a)
(a)
(a)
(a)

Expected
value

-=0.10
<0.08
•£ 0.04
0̂.08

(a) Consistent with recommendations fo fuel vendor

Note: This table addresses only zeolite-forming species and is not
intended to include all makeup water parameters.

CORRECTIVE ACTION GUIDELINES

for

Table 8

Parameter out of range Corrective actions

Silica/Aluminium/Calcium
Magnesium

1. Isolate makeup water source or
change to alternate source if
required.

2. Check operation/efficiency of
makeup water system.
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TABLE 9

REACTOR COOLANT SYSTEM
STARTUP CONTROL PARAMETERS

o(Reactor Subcritical and >250 F)

Control

parameter

Chloride, ppm
Fluoride, ppm
Hydrogen

cc(STP)/kg H O
Dissolved oxygen,

Sample

f requencqy

(a)
(a)
(a)

(a)

Expected
value

<0.15

<0.15

—

«CO. 010

action level Value prior to

1 2 3 criticality

—
—

^0.15

5-0.15

—

;=-o.io

>1.50

5-1.50

—

1.00

•£0.15
•£0.15

215

iO.10

TABLE 10

REACTOR COOLANT SYSTEM
STARTUP DIAGNOSTIC PARAMTERS

o(Reactor subcritical and >250 F)

Diagnostic paramter Sample
frequency

Expected value

Conductivity,>uS/cm 0 25 C
Lithium, ppm

Total sulphur, ppm as sulphate
pH 6 25°C
Boron, pmm

Suspended solids, ppm

(a)
(a)

(a)
(a)
(a)

(a)

Consistent with station
lithium program
<0.10

As required for reactivity
control
50.35

(a) Sample frequency shall be established by chemistry management based on
plant startup schedule.
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CORRECTIVE ACTION GUIDELINES FOR
Tables 9 and 10

Parameter out of range

Chloride/fluoride

Suspended

Sulphur

Lithium

Hydrogen

Dissolved oxygen

Corrective actions

1.
2.
3.

4.

1.
2.

1.
2.
3.

1.
2.

3.

1.

2.
3.

1.

2.

Isolate makeup water source or change to
alternate source if required.
Check makeup water purity.
Check ion exchange beds in prification
system for flow and removal efficiencies.
Check for high RCS ammonia or conductivity
that may cause chloride leaching from resin.

Maximize letdown flow.
Check makeup water oxygen concentration

Check for resin or sulphate release from
the purification system.
Check ion exchanger removal efficiency and
isolate if necessary.
Check makeup water purity.

Adjust lithium as required to bring within
specifications.
Ensure that the ion exchange bed is
lithiated.
Check to ensure reactor dilution is not in
progress .

Ensure adequate hydrogen overpressure in
the CVCS.
Ensure adequate letdown flow.
Check for indications of leaking valves.

Ensure all reactor coolant pumps have been
started,
Ensure hydrazine residual is adequate to
react with oxygen (prior to exceeding
250 °F).
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Table 11

REACTOR COOLANT SYSTEM

POWER OPERATION CONTROL PARAMETERS

(Reactor Critical)

Control
Parameter

Chloride, ppm
Fluoride, ppm
Lithium, ppm

Hydrogen,
cc (STP)/kg H20

Dissolved oxygen,
ppm

Sample
Frequency

I/day
I/day
3/wk

3/wk*

I/day

——————————————————————

Expected Value

<i0.15
<0.15

Consistent with
Station Lithium
Program

25 - 50

0.010

Action Level
1 2 3

__
—
—
—

-C25
>50

—

>0.15
X).15

—
—

>15

>0.10

>1.50
;>1.50
—
—

£5

7-1.00

^Increased frequency of sampling is recommended during operations that may
significantly impact hydrogen concentration ( i . e . , feed and bleed, purging
of pressurizer vapour, etc.)

Table 12

REACTOR COOLANT SYSTEM

POWER OPERATION DIAGNOSTIC PARAMETERS

(Reactor Critical)

Diagnostic parameter Sample
Frequency

Expected Value

Conductivity, uS/cm 0 25°C
pH 9 25°C

Boron, ppm

Total Sulphur, ppm as
Sulphate

Suspended solids, ppm

I/day
I/day
I/day

1/wk

1/wk

As required for reactivity
control

60.10

iO.35
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CORRECTIVE ACTION GUIDELINES
FOR

TABLES 11 AND 12

Parameter out of range

Chloride/ fluor ide

Suspended solids

Sulphur

Lithium

Hydrogen

Dissolved oxygen

Correcitve actions

1.

2.
3.

4,

1.

1.

2.

3.

1.

2.

3.

1.

2.
3.

1.

2.
3.
4.

Isolate makeup water source or change to
alternate source if required.
Check makeup water purity.
Check ion exchange beds in purification
system for flow and removal efficiencies.
Check for high RCS ammonia or
conductivity that may cause chloride
leaching from resin

Maximize letdown flow.

Check for resin release from the
purification system.
Check ion exchanger removal efficiency
and isolate if necessary
Check makeup water purity

Adjust lithium as required to bring
within specifications.
Ensure that a lithiated ion exchange bed
is in service.
Check to ensure reactor dilution or
boration is not in progress.

Ensure adequate hydrogen overpressure in
the CVCS.
Ensure adequate letdown flow.
Check for indications of leaking valves.

Check for abnormal concentration of
oxygen in makeup water.
Check for air leaks in CVCS.
Check hydrogen concentration.
Investigate the possibility of
abnormally high makeup water rate.
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4.3 PWR SECONDARY CIRCUIT

4.3.1 Objectives
The chemistry control of the secondary system is defined by the

different objectives that are listed in Table 13 (not all the objectivescome
from corrosion or chemistry considerations).

TABLE 13 OBJECTIVES OF THE SECONDARY CIRCUIT TREATMENT

Risks or drawbacks

1.

2,

3.

4.

5.

5 .

7.

8.

SCC, IGA

Acid corrosion (thinning)

Sludge build up causing
concentration of impurities
and reduction of heat
transfer

Pitting
Denting

Increasing of all
corrosion phenomenon
during power and shut
down conditions

Compatibility with other
components of secondary
circuit (turbine etc.)
Wastes in the environment
SG blowdown
economics

!

Objectives
Limit caustics and various
undesirable elements
Limit of ingress impurities

Limit corrosion products
(metallic oxides and precipitable
species)
Regular and effective blowdown of
SG.
Effective condensate polishing

Limit chlorides, sulphates
Limit chlorides, sulphates and
oxygen
Choose suitable material
(stainless steel) for support
plates
Eliminate oxygen
Keep the optimal pH
Stabilize the optimal redox
potential (e.g. by hydrazine)

Compatible treatment
(pH, no partially volatile species)

Compatible chemicals
Limit concentrations of chemicals

4.3.2 Methods

The secondary water regime is determined by the combination of addition
of chemicals for water treatment and removal of impurities by the cleanup
systems.
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The water treatment is based on the adoption of volatile treatment with
ammonia or morpholine (mainly in France in units having moisture separator
made of low carbon steel), and on seeking to create an environment of low
oxidation through limitation of the air that can enter, together with
hydrazine addition.

The other possibility for water treatment is continuous dosage of
hydrazinehydrate into the condensate or feedwater of steam generators. The
thermal decomposition of hydrazine leads to the ammonia formation and
therefore a combined hydrazine-ammonia chemical regime is obtained. Ammonia
ensures optimal pH and hydrazine ensures low corrosivity (negative redox
potential) of water in the entire circuit. This regime is especially
convenient for the units with different construction materials (copper
alloys, carbon and stainless steels).

Generally there are three methods of diminating the impurities from
secondary water:

Condensate polishing;
Feedwater deaeration;
Slowdown of steam generators.

It is best to use all three methods in all cases; the last two are
essential.

4.3.3. Guidelines

The secondary water specifications refer to a number of control
parameters used to determine plant operating modes. The different sampling
points and chemical parameters are used for control of separate parts of
secondary circuits, including polishing of condensate and blowdown water.
The main parameters used for general characterization of the secondary
chemical regime are given in Table 14.

On the basis of values presented in Table 14 the action levels for each
type of unit can be determined.
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Os

TABLE. JL4_ (conL. )

Sampling point

blow down of
SG

parameter

pH(25°C)
Chloride
cat . cond .
sodium

pH (25°C)

ChloridQ
cat .cond.
Sodium

Chloride

cat. cond.

Unit

ppb
/US/cm

ppm

ppb
/jS/cm

ppb

ppb

/us/cm

Limit value

7.8 - 8 8
5̂00

<3(6)(!)
<.1(2)(1>

85-9.0
8.5 - 9 5
-C20
•̂ 0.8
•420

<100

<:i

Control
frequency

automatic
3/day
automatic
aut./or daily

automatic
automatic
daily
automatic
automatic

3/week

automatic

Comments

(for WhR plants)

hydrazin treatment
with copper/ferrous systems
with ferrous systems

(e.g. US and French and
German plants)

hydrazine treatment in
ferrous systems
(e.g. German plants)

no condensate polishing



4.4 BWR PRIMARY CIRCUIT

4.4.1 Objective

The objective of chemistry control of the BWR primary circuit is
to ensure that ingress of impurities into the reactor coolant system is
kept to a practical and achievable minimum. Another important
objective is to minimize the radioactivity release from the fuel, both
the leakage of fission products and the release of activated crud from
the fuel surface.

Normally the primary water of a BWR is not conditioned by any
additives, but the possible implementation of hydrogen water chemistry
would add a third objective to the chemistry control of a BWR, namely
the control of the injection rate of hydrogen based on measurements of
oxygen or of corrosion potential in the recirculation water.

4.4.2 Methods

The primary water chemistry in a BWR is highly related to the
quality of the feedwater. Many of the actions that must be taken as a
result of primary water chemistry excursions therefore have to be taken
in the cleanup systems. Among these the condensate polishing, the
condenser itself and the makeup water treatment are of special
importance for the mitigation of impurity ingress to the primary water.

To be able to minimize the consequences of an eventual ingress of
impurities to the primary system, the reactor water cleanup system
should operate at sufficient capacity. If such an action is not
sufficient to take the system out of a chemistry excursion within a
specified time, a cold shutdown of the station might be necessary.

The specifications for chloride and conductivity are of special
importance for the primary system. Excursions of these parameters
are often the result of in leakage of cooling water to the condenser
hot-well. For BWRs without deep-bed demineralizers for condensate
polishing the specification limits are soon passed, and it is
therefore important to be able to find the leaking tubes for
plugging. Conductivity measurements on the individual condenser
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hot-wells enable the operator to stop the appropriate water pump and
the tubes can eventually be found and plugged without plant shutdown.

Conductivity level measurement downstream of the filter units
are normally used to determine the need for filter demineralizer
exchange or eventual regeneration of deep-bed demineralizers for the
condensate polishing system. Conductivity levels for the feedwater
must normally be less than 0.1 M S /cm to be able to keep
conductivity values at about 0.3 u S /cm in the reactor water.

To be able to keep the specified values for corrosion products
in the feedwater of a BWR it is essential to keep erosion-corrosion
in the turbine systems at acceptable levels. The problem with
erosion-corrosion on carbonsteel piping is related to the oxygen
concentration in the condensate. At concentrations lower than 20 ppb
accelerated corrosion on carbon steel piping can occur. If forward
pumping of condensate is used the oxygen content in the preheater
drains will normally be sufficient to provide the condensate line
with oxygen in excess of 20 ppb.

In some BWRs where all the preheater condensâtes are cascaded to
the condenser hot-well the oxygen concentration might be too low
owing to the de-aeration that takes place in the condenser. For
these stations injection of oxygen to levels between 20 and 100 ppb
provides the condensate lines with sufficient oxygen to prevent
excessive corrosion.

For good control and surveillance of the corrosion product input
to a BWR primary systems, integrated sampling on filter membranes is
recommended. This is normally necessary to reach the low detection
limits for some of the corrosion products that must be measured to
less than 1 ppb. The method is also necessary to catch the special
transient ingress of corrosion products that can arise during startup
of operation.

In BWRs operating with filter demineralizers for condensate
polishing, the increase in pressure drop over the filter units
normally determine the cycle length for the filter operation. In
some cases the leakage of corrosion product from the filters are
monitored and eventually gives the criterion for a filter exchange.
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The reactor water cleanup system in BWRs normally are specified
for flow rates between 1 and 2 % of the feedwater flow rate. This
figure will determine the concentration factor for impurities that
are introduced to the primary system. Unfortunately this is only
valid for dissolved species. Owing to the very efficient deposition
of suspended particles on the core surface, the cleanup system is not
very efficient for reducing the concentration of suspended corrosion
products in the reactor water.

Owing to the necessity of cooling down the water for the
ion-exchange process, it is not possible to increase the flow rate of
reactor water cleanup systems significantly. Some BWRs have
therefore tested different concepts of high temperature filtration
especially aimed at reducing the amount of corrosion products in the
primary system.

Startup deaeration techniques are generally adopted by several
BWR utilities. The procedures are site and design specific, but the
general aim is to suppress the oxygen content (e.g. below 300 ppb)

obefore the temperature increases above 100 - 150 C. Methods that
can be used are:

- Nitrogen blanketing of the reactor head;
- Stripping by introducing nitrogen through the core

spray system;
Vacuum deaeration by using the condenser vacuum;
Thermal deaeration at moderate temperatures by using
low steam extraction.

The radioactivity in the primary system is controlled by the
following means:

Radioactivity measurements of reactor water;
Radioactivity monitoring of the condenser off-gases;

- Gamma spectrometry survey of the primary piping during
refuelling outages.

The reactor water measurements are intended as a control of both the
fuel integrity and the radioactivity transport in the primary circuit. The
off-gas measurements are critical in the control of the fuel integrity.
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Finally the gamma spectrometry measurement of the primary piping is
an important part in the surveillance of the long term contamination process
in the primary system.

4.4.3 Control Parameters

In this section, control parameters for BWR water chemistry are
listed, together with normal values which are typical values achieved with a
range of BWR designs.

1. Conductivity in reactor water

The conductivity is an easily measured indicator of the total
concentration of ionic impurities that influences both the stress corrosion
cracking of reactor coolant systems materials and radiation field buildup,
and can also affect fuel performance. Normal value 0.1 - 0.3 yS/cm

2. Chloride in reactor water

Chlorides are among the most potent promoters of IGSCC of sensitized
stainless steels and also capable of inducing transgranular crackings of non
sensitized stainless steels. Normal value: below 20 ppb

3. Other impurities in reactor water

High input of other impurities (mainly iron species) have been
associated with excessive fuel deposit build up. Normal value: below 5ppb

4. Copper in feedwater

Input of copper to the reactor has been associated with severe fuel
corrosion. As it deposits very quickly on the fuel, it has to be measured
in the feedwater. Normal value: below 1 ppb

4.4.4 Diagnostic parameters

Diagnostic parameters provide useful information on identifying the
origins of impurity ingress.
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1. Oxygen in reactor water and feedwater

During power operation most of the oxygen content of reactor water is
due to radiolysis of water in the core and cannot be controlled through
traditional chemistry and operational practices, although a high value is an
indicator of leaks in condensate system.

Normal value in reactor water:
Normal value in reactor feedwater:

200 - 400 ppb
20 - 200 ppb

2. Anions in reactor water and feedwater

Control of anions such as sulphate, nitrate and carbonate could be
made to determine why the conductivity is out of the normal range.
Several anions have been found to promote IGSCC of stainless steel. The
sulphate concentration may be considered as a control rather than a
diagnostic parameter.

Normal value of the
Normal value of the

SO2- concentration: below 10 ppb
NO concentration: below 10 ppb

3. Metallic impurities in reactor and feedwater

Metals such as Fe, Cr, Ni, Co, Mn, Cu and Zn should be controlled to
determine the status of corrosion in the systems and the effectiveness of
the cleanup systems.

Normal values reactor water feedwater

Fe below 1.0 ppb
Cr below 5.0 ppb

Fe 0.3-1 ppb *
Cr below 0.1 ppb

*l-3 ppb in plants with forward
pumped heater drains

4. Sodium in feedwater

Measurement of sodium levels provide a means for determining the
status of the condenser and the cleanup system.
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5. pH in reactor water

pH has an important influence on the initiation of IGSCC. However,
accurate measurement is difficult unless the conductivity is greater than
10 S/cm. Because these guidelines recommend lower conductivities, pH is
not regarded as a useful control parameter for water chemistry. However, it
can serve as a useful control diagnostic parameter for interpreting severe
water chemistry transients.

6. Silica in reactor water

Silica is an indicator of general cleanliness and provides a valuable
indication of the effectiveness of the reactor cleanup system.

Normal value 100 - 1000 ppb.

7. Fluoride

Although fluorides are rarely found during power operation it
promotes many of the same corrosion phenomena as chlorides and may also
cause corrosion of Zircaloy core components.

It should be monitored during the startup of new plants and after
extensive weld repairs because it can appear as a result of incomplete flux
removal.

Normal value: not detectable.

8. Organics

Organics may be introduced to the reactor water, e.g. via leakage of
oil, organic growth in makeup water tanks or bad operation of radwaste
systems.

Of particular concern is the possibility that halogenated organic
compounds (e.g. cleaning solvents) may pass through the radwaste systems and
enter the reactor coolant system, where they would decompose, releasing
corrosive chlorides, fluorides and carbonates. The reason for concern is
that these halogenated compounds are undetectable by analytical methods such
as of the monitoring conductivity of the chloride concenration until they
thermally or radiolytically decompose in the reactor coolant system. New
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instruments like the TOG analyser might be helpful in monitoring makeup
water.

9. According to plant specific conditions, measurements should be made
of other parameters, such as:

- Electrochemical corrosion potential in reactor water;
Crack growth measurements in reactor water;

- Measurements of radionuclides in different systems.

4.4.5 BWR chemistry specifications

In this Section are given some examples of specifications used for
American and Swedish BWRs. As discussed previously, plant specific
specifications should be determined by plant management, as appropriate for
the materials and design of each plant.

4.4.5.1 BWRsJLn the USA

This section defines the achievable values for the water chemistry
parameters, suggests levels of the parameters at which remedial action
should be initiated, and defines the action responses required by the plant
operators. The achievable value refers to the lowest value of a parameter
achieved consistently over the long term at several BWRs. Above the Action
Level 1 value the parameter should be returned to its normal range within 96
hours. Above the Action Level 2 value the parameter must be returned to the
level 1 value within 24 hours, and above Action Level 3, the unit must be
shut down as quickly as possible. Cold shutdown, startup hot standby, and
power operation are the three plant status modes considered in Tables 15
to 20.
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Table 15

Chemistry guidelines reactor water cold shutdown

Parameter

Conductivity ( /^S/cm)
Chloride (ppb)
concentration

Frequency
of measurement

Continuously
Daily

Achievable
Value

2̂.0
<50

QAction Levels
1 2 3

>2.0
7500

a. All parameters must be below Action Level 2 of reactor

water - startup/hot standby table before startup is initiated.

Table 16

Chemistry guidelines-reactor water-startup/hot standby

Parameter

Conductivity (j/S/cm)
Chloride cone. (ppb)
Oxygen cone. (ppb)

Frequency
of measurement

Continuously
Every 4 h
Continuously

Achievable
Value

+ 0,5
<20

a bAction Levels '
1 2 3

•>i.o
>100

>5.0

>200

b

a. Prior to going to power operation mode all parameters must be below
Action Level 2 values of reactor water - power operation table.

b. Dissolved oxygen concentration must be less than 200 ppb before the

reactor water temperature is increased above 105 C.
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Table 17

Chemistry guidelines reactor feedwater/condensate prior to

initiation of startup

Parameter

Feedwater
conductivity(xiS/cm)

Feedwater suspended

corrosion products
(ppb)

Condensate
conductivity (^S/cra)

Frequency

of measurement

Continuously

C

Continuously

Achievable Action levels
Value

-iO.10

<15

<0.15

1 2 3

>0.15b

>100

^10

a. All parameters must be below Action Level 1 values of reactor
feedwater/condensate power operation table before power operation,

b. After establishing condenser vacuum,
c. Turbidometer or equivalent can be used for this measurement.

Table 18

Chemistry guidelines reactor water power operation

Parameter

Conductivity O/S/cm)
Chlorides (ppb)
Silica (ppb)

Frequency
of measurement

Continuously
Daily
Daily

Achievable
value

^.0.20
±20
.̂100

Action Levels
1 2 3

>0.30

^20

>200

XL.O

>100

>5.0

>200
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Table 19
Chemistry Guidelines-Reactor Feedwater/Condensate-Power Operation

Parameter

Feedwater
Conductivity (viS/cm)

Condensate
Conductivity (yS/cm)

Feedwater Total
Copper (ppb)
Feedwater Total
Iron (ppb)

Feedwater
Oxygen (ppb)

Frequency
of Measurement

Continuously

Continuously

Weekly-
Integrated
Weekly-
Integrated

Continuously

Achievable
Value

<0.06

<0.15

<0.10
<0.30a

<1.0
<2.0b

20-50

Action Levels
1 2 3

>0.07

>10.0

>0.50
>0.50a

>5.0
>5.0b

<10
>200

a. Applicable to plants wi th copper alloy condensers and powdered resin
f i l ter /demineral izers .

b. Applicable to plants with forward pumped heater dra ins .

Table 20

Chemistry Guidel ines-Control Rod Drive Waer-Power Operationa

Parameter

Conductivity (jiS/cm)

Dissolved
Oxygen (ppb)

Frequency
of Measurement

Continuously

Dailyb

Achievable
Value

<0.1

<SO

Action Levels
1 2 3

>0.3

>200

a. It is desirable to achieve these values dur ing all "Hot" conditions.

b. Comformance can be demonstrated by reference to the feedwater monitor
provided that the CRD source is confirmed to be polished condensate.
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4.4.5.2 Swedish BWRs

A. Unrestricted operation, specifications for reactor water

Chlorides: Max. 0.1 ppm
Fluorides: Max. 0.1 ppm
Conductivity (25 C): Max. 1 yS/cm
pH: No specifications
Impurities except additives: Max. 1 ppm
Filterable impurities: Max. 0.5 ppm
Oxygen: About 0.3 ppm recommended
Hydrogen No specifications

It is generally recommended to keep the conductivity level below
0.3 uS/cm.

B. Restricted operation, specifications for reactor water.

The chloride concentration is allowed to exceed 0.1 ppm for a
maximum of 330 h per year if the following criteria can be observed.

- If the chloride concentration exceed 1 ppm it must be reduced
to below that limit within 24 hours, otherwise cold shutdown
shall be ordered.

If the chloride concentration exceed 2 ppm immediate cold
shutdown shall be ordered.

The conductivity (at 25 C) may esceed 1 yS/cm during 330 hours
per year if the following criteria can be observed.

- The pH shall be monitored continuously as soon as the
conductivity exceeds 1 uS/cm.

- If the pH falls outside the range 5.6 - 8.6 a correction must
be made so that the pH is restored within this range wihin 24
hours. Otherwise cold shutdown shall be ordered.

- If the conductivity exceed 10 //S/cm or the pH falls outside
the range 4.6 - 9.6 immediate cold shutdown shall be ordered.
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C. Specifications for feedwater
Unrestricted Operation

The chloride concentration in the feedwater shall be kept at
low levels such that the specifications for the chloride
content in the reactor water can be maintained with a 2% flow
rate of reactor water cleanup.

The conductivity in the feedwater shall be kept at low levels
such that the specifications for conductivity in the reactor
water can be maintained with 2% reactor water cleanup flowrate.

The pH value in the feedwater shall be kept within the range
required to maintain the pH specifications for the reactor
water with a 2% reactor water cleanup flowrate.

The oxygen content in the feedwater may not exceed 200 ppb in
stationary operation. Operation over this limit is allowed at
startup before a condenser vacuum is established and at partial
vacuum break. It is recommended to maintain an oxygen content
of at least 30 ppb in the feedwater for all operational modes.

The concentration of corrosion products in the feedwater shall
be maintained as low as possible.

For steady state full power operation the following mean values may
not be exceeded.

Concentration of iron (Fe): 3 ppb
Concentration of copper (Cu): 2 ppb

The assessment of these corrosion product values shall be done by
integral sampling of the feedwater.
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5. CONCLUSIONS AND RECOMMENDATIONS

5.1 CONCLUSIONS

1. It is concluded that good control of water chemistry reduces
corrosion problems with fuel and structural materials. As a result,
operational safety is improved because the integrity of the safety barriers
is preserved under both normal and transient operating conditions.

2. Maintaining good water chemistry reduces the buildup of radiation
fields on out-of-core surfaces. As a result, radiation doses to operators
can be minimized and occupational safety improved.

3. Performance indicators provide a useful method for the evaluation of
a plant's water chemistry control programme. They do not give a
quantitative measure prevention of either corrosion or radiation exposure,
but comparison of values and analysis of trends of suitable indicators can
enable a plant's performance to be assessed.

The following control or diagnostic parameters are suitable
indicators:

PWR primary: pH of reactor water (by operating temperature);
Concentration of chlorides in reactor water;
Hydrogen (or oxygen) in reactor water.

PWR secondary: pH in feedwater;
Cation conductivity in steam generator blowdown;
Iron concentration in feedwater;
Oxygen concentration in condensate

BWR: Conductivity of reactor water;
Concentration of chlorides in reactor water;
Iron concentration in feedwater;
Copper concentration in feedwater.

These indicators can be evaluated by estimating the time spent
outside the control range specified by the plant management.
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5.2 RECOMMENDATIONS

1. It is recommended that plant managers establish a water chemistry
control programme to specify acceptable water chemistry, define a chemistry
analysis system, monitor water chemistry and provide procedures to ensure
that the chemistry is kept within specifications. An example of procedures
for water chemistry control is given in the Appendix.

2. It is recommended to the operating organizations that they monitor
the performance of the control programme and modify it at regular intervals
as a result of feedback from the operators and further experimental data.

3. It is recommended that performance indicators, as described in the
conclusions, are used to evaluate a plant's chemistry control programme. A
careful examination of a graphic presentation of these data is recommended
to observe both long term trends and transients. When evaluating the data,
the operating mode of the plant must be taken into consideration.
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Appendix

EXAMPLES OF PROCEDURES
FOR A WATER CHEMISTRY CONTROL PROGRAMME

1 MANAGEMENT RESPONSIBILITIES

1.1 Introduction

This appendix offers one approach to the establishment of a water
chemistry control programme. The approach described is an example of a
procedure that tends to be more formal and detailed than that used
successfully by many electric power utilities. It is recommended that each
utility examine and modify the programme as appropriate to their individual
situation, particularly with regard to the experience and qualification of
their chemistry staff and their requirement for written instructions.

The purpose of this appendix is to maximize operational safety, long
term integrity and availability of LWR plants by providing recommendations
on procedures for a water chemistry control programme. The recommendations
are consistent with current knowledge of material corrosion and radiation
buildup. The full support of the management of electrical power utilities
is required to implement these procedures successfully.

If an off-normal chemistry condition is found at a nuclear power
station, management is often confronted with a choice between keeping a unit
available to produce power to meet short term system demands, or maintaining
good control of chemistry to ensure the long term integrity of the reactor
coolant system and fuel. To deal with these choices effectively, it is
important that all levels of utility management understand that off-normal
chemistry will increase the probability of reduced operational safety and
unit availability. This long term loss in availability can be minimized by
limiting the magnitude and duration of off-normal water chemistry. For
these guidelines to be effective, each utility must support them both in
principle and in detail at all levels of management. A principal goal
should be to maximize the life of the components of the reactor coolant
system, thereby maximizing the cumulative availability of the unit while
providing an acceptable level of short term availability.
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The objective of this section is to provide a philosophy and
framework for utility management to ensure that water chemistry is managed
to minimize adverse effects on the power plant. All levels of utility
management should understand and support the philosophy and framework.

Although there is great variety between individual organizations,
there are functions which are common to all electric power utilities. This
section addresses the role of those functions and does not recommend any
specific form of organization.

1.2 Generic Management Considerations

This section lists and discusses the considerations that are common
to most utilities, including an organizational framework that is needed to
carry out the water chemistry programme effectively. One major element of
these considerations is the need for every level of management to understand
the action levels and their impact on and benefits to the utility; in
addition, there is a need for management to support the surveillance and
data management system of the next section.

1.2.1 Policies/Procedures

In order to have a successful management plan for water chemistry
control it is important to have a specific written policy that implements
these guidelines. The policy should:

(1) State the need for the policy;
<2) State the corporate goal regarding water chemistry control and

station operation;
(3) Highlight corporate management commitment to and support for the

policy/procedures ;
(4) Assign responsibility for:

(a) Preparation and approval of procedures to implement the policy,
(b) Water chemistry control including monitoring, analysis, and

evaluation;
<c) Surveillance and review functions, including data trending

analysis;
(d) Corrective actions,
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(e) Periodic evaluation of the success of the water chemistry
control programme in minimizing system corrosion, fuel
corrosion and radiation field buildup,

(f) Periodic review and updating of the water chemistry control
programme ;

(5) Establish the authority to:
(a) Carry out procedures;
(b) Implement corrective actions; and
(c) Resolve disagreements.

Procedures implementing these policies may be separate documents but
should when taken together, contain the level of detail necessary for
personnel at all levels to understand and carry out their responsibilities.
These procedures should reflect features of both design and operation of the
individual power plant.

During either the design or the post-operational modification phases
of a nuclear power plant, it is critical that chemistry control
considerations be evaluated. Plant design and modifications, if not
thoroughly considered, may have adverse effects on the potential for control
of operating water chemistry. Pre-operational modification or equipment
additions, however, may be identified as necessary to meet the water
chemistry control requirements. The design of the system and components of
existing plants should be evaluated and post-operational modifications to
improve water chemistry control should be considered, where indicated.

Utility personnel responsible for plant design or modification should:

(1) Understand system design and materials of construction and their
effect on the water chemistry of the nuclear steam supply system and
the balance of plant systems; and

(2) Obtain input on the system design from experienced plant operating
personnel, including the plant chemistry, vendors and consultants.

Plant operation is one of the most significant factors affecting the
lifetime of major components. The system's material condition, the
condition of the fuel cladding and the buildup of radiation are particularly
sensitive to water chemistry/quality. Operating procedures should include:
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(1) Water chemistry control Limits and corrective action requirements;
(2) A plant specific water chemistry monitoring programme to ensure that

chemistry excursions are quickly identified and evaluated;
(3) Detailed chemistry procedures containing action levels, specific

responses to each action level, and notification of and
responsibilities for corrective actions; and

(4) Review and surveillance procedures to ensure policy implementation.

1.2.2 Training and Qualification

A programme for periodic (continuing) training of all personnel
working in water chemistry control should be established. This programme
should incorporate the latest information available. Some education in the
basics of the programme should be considered for all employees whose actions
may affect water chemistry.

The training programmes should be designed for the qualifications and
experience of personnel being trained. The following elements should be
included in the training:

(1) A clear statement of the corporate policy regarding control of
primary water chemistry should be included in the programme. This
should include clarification of the effect of this policy on the
various areas of responsibility.

(2) The effect of poor chemistry control on the performance of major
components, unit availability and corporate economic performance must
be related.

(3) Techniques for recognizing unusual conditions and adverse trends
should be considered, particularly for the station chemists and
laboratory technicians. Potential corrective actions and their
consequences should be thoroughly discussed.

(4) The interaction of system operations and chemistry is a particularly
important topic for station managers and chemistry personnel. This
topic must be dealt with in a practical manner.
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Inclusion of these elements in both the training and retraining
programmes of the station will have a significant effect upon the general
awareness of the need for chemistry control.

1.3 Responsibilities

This section illustrates how a specific utility organization might
assign responsibilities for the implementation of a water chemistry control
programme.

1.3.1 Definitions

The following definitions are be used in the discussion:

(1) Corporate Management. Utility management responsible for nuclear
plant power production but with offices which may be remote from the
plant site. This includes personnel having line responsibility up to
and including the chief operating officer of the utility.

(2) Corporate Chemistry Control Staff. Persons reporting to corporate
management and having responsibilities for review and policy
initiation in the area of station chemistry control.

(3) Station Management and Operating Staff. On-site management
responsible for overall station performance and plant personnel
responsibile for the day-to-day operation of a nuclear unit.

(4) Plant Chemistry Control Staff. Plant personnel responsible for
implementing the day-to-day water chemistry control programme.
This group also has responsibility for the accuracy and timeliness
of the analytical results obtained from the plant's laboratory and
on-line analytical instrumentation.

(5) Plant Maintenance Staff. Plant personnel responsible for repair
and modification of plant equipment.

1.3.2 Responsibilities

The specific responsibilities of the various management elements
are as follows.
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1.3.2.1 Corporate management

Corporate management establishes the policies and procedures and
provides the resources necessary to support and enforce the guidelines. The
roles of corporate management may include:

(1) Periodic written restatement of commitment to the operating policy
and procedures;

(2) Maintaining a long term perspective of the plants operation;
(3) Maintaining an awareness of the real and potential operating

problems affected by plant water chemistry; and
(4) Assuring periodic review of the operating policy and procedures.

1.3.2.2 Corporate chemistry control staff

If the utility has a corporate chemistry control staff, it is
particularly important that this staff work with the assistance and
agreement of the station chemistry control staff and the operating staff.
If there is no corporate chemistry control staff, there should be a person
at the corporate office who is cognizant of the water chemistry control
programme. In this case responsibilities of the corporate chemistry control
staff should be met by the station chemistry control staff.

The staff responsible for the water chemistry control should
participate as follows:

(1) Relating current concerns of the industry about material corrosion,
fuel cladding failure and radiation buildup to plant specific
aspects of the water chemistry control programme,

(2) Managing the corporate chemistry control programme(s) with
responsibility for developing, with the assistance and agreement of
the station chemistry control and operating staffs, site specific
chemistry control programme(s),

(3) Periodically reviewing the water chemistry control programme and
providing input regarding changes;

(4) Conducting independent periodic surveillance of the station's water
chemistry control programme;
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(5) Supporting selection of corrective action priorities;

(6) Providing recommendations and technical support to the station for
the resolution of certain particular operational problems; and

(7) Periodically evaluating the success of the water chemistry control
programme.

1.3.2.3 Station management and operating staff

The responsiblity of station management and the plant operating
staff is to assure that the appropriate corrective actions are based upon
recommendations of the plant chemistry staff. The following elements should
be considered:

(1) An understanding of the impact of the water chemistry control
programme;

(2) Support for the water chemistry programme;
(3) Establishment of corrective action priorities; and
(4) Implementation of corrective action priorities.

1.3.2.4 Plant chemistry control staff

The plant chemistry control staff are responsible for the
monitoring requirements of the plant water chemistry control programme and
for making recommendations for corrective action to plant management and
operating staff. The plant chemistry control staff will often be the first
to recognize an unusual condition and to initiate corrective action by
specifically identifying the condition to the plant operating staff. In
many cases they can also be expected to recommend a specific corrective
action to the plant operating and maintenance staffs.

In order to fulfill this obligation, the plant chemistry staff must
have adequate training, personnel, and experience, and process monitoring
instrumentation and laboratory instrumentation, to implement the water
chemistry monitoring programme. The following responsibilities should be
considered:
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(1) Understanding the corporate management goals for the water
chemistry control programme;

(2) Implementing the monitoring requirements of the water chemistry
control programme;

(3) Timely and knowledgeable review of data to identify unusual
conditions quickly;

(4) Recommendation of any required corrective actions, and
(5) Making any necessary changes in the monitoring requirements to

improve the water chemistry control programme. Any permanent
changes that the plant chemistry control staff may want to make to
the water chemistry control programme should be reviewed and
accepted by the corporate chemistry control staff.

1.3.2.5 Plant maintenance staff

An important part of programme implementation is to assure prompt
and effective maintenance and repair of plant equipment. Consideration of
the following items will contribute to achieving this goal:

(1) Being aware of the corporate management support for the programme;
(2) Understanding the required corrective actions, and
(3) Providing timely assistance in implementing priorities for

corrective action.

1.4 Implementation

This section illustrates how a specific utility organization might
implement a water chemistry control programme. The following is recommended:

(1) Corporate management should state the need and provide corporate
support for the development and implementation of a water chemistry
control programme. The statement should be documented.

(2) Corporate management should establish schedules that reflect the
urgency of the problem for the development of a water chemistry
control programme and procedures that are specific to the utility.
The responsibility for the completion of the goal should be
assigned to the corporate chemistry control staff.
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(3) The station and corporate chemistry control staffs should determine
the specific applicability of this guideline for the utility's
nuclear power plant(s).

(4) The station and corporate chemistry control staffs should produce a
preliminary draft for a chemistry control programme. The plant
chemistry control staff should compare the draft chemistry
specifications and action levels with historical plant chemistry
data in order to determine whether there are any major areas of
concern. Action plans should be developed for the correction of
the identified problem areas. The action plans should have a
definite completion date.

(5) The station and corporate chemistry control staffs should determine
the chemical analyses, frequency of the analyses, process
instrumentation and sampling system improvements needed to
implement the guidelines. Action plans should be developed for any
improvements needed.

(6) The station operating and chemistry control staffs should develop
corrective action procedures. These procedures should instruct the
shift supervisor on what actions to take if the action level of
the chemistry control programme has been exceeded. In addition,
the station operating staff should revise the station's operating
procedures to incorporate the requirements of the water chemistry
control programme.

(7) The corporate chemistry control staff should review and modify as
required the preliminary draft of the water chemistry control
programme. This draft should take into consideration any actions
that were required in steps 4 and 5 above.

(8) The draft water chemistry control programme should be submitted to
the station management and plant chemistry control staff for their
review and approval. The programme should be modified if necessary.

(9) The water chemistry control programme should be submitted to
corporate management for their review and approval.
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(10) After the final corporate management approval has been obtained,
corporate management should, in writing:
a. Restate the need for the water chemistry control programme;
b. Restate the corporate goal regarding water chemistry control

and station operation;
c. State corporate management's support for the programme and

procedures.

(11) Station management should also state in writing its need for the
water chemistry control programme, the station's goal to control
water chemistry and its support regarding the programme and
procedures to the station's operating and chemistry control staffs.

(12) The water chemistry control programme should be implemented.

(13) The success of the water chemistry control programme should be
periodically evaluated.

1.5 Summary

The goals of the water chemistry control programmes are to maximize
operational safety and the availability and operating life of primary system
components, to maximize fuel integrity, and to control radiation buildup.
To achieve these goals an effective corporate policy should be developed and
implemented. Essential management responsibilities are:

(1) Recognizing of the long-term benefits of avoiding or minimizing:
a) system corrosion;
b) fuel failure; and
c) radiation buildup

(2) Providing clear support to operating procedures designed to avoid
the above degradation.

(3) Providing adequate resources of staff, equipment, funds and
organization to implement an effective water chemistry control
policy.
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The successful implementation of such a programme depends on
support from the utility's senior management. Defining the limits of
allowable water chemistry degradation for continued operation is not a
simple task, but is essential for a quality programme. Before implementing
the policy, management at all levels must agree on the action to be taken in
response to off-normal water chemistry. This support is at the heart of a
successful water chemistry programme.

2. DATA MANAGEMENT AND SURVEILLANCE

2.1 Introduction

To employ effectively and demonstrate conformity to water chemistry
specifications, chemistry data must be reviewed and required actions taken
in a timely manner. The purpose of this section is to define generic
objectives for a chemistry data management and surveillance programme which
will help assure that the recommendations are being met, that adverse trends
in plant chemistry are promptly identified and that effective corrective
actions are taken when necessary. The programme should provide for the
following:

(1) Data should be promptly recorded in a format that is easily
interpreted and retrievable. Unnecessary duplication of data
recording should be avoided.

(2) Data must be interpreted promptly by cognizant personnel by
checking against clearly established and understood criteria. The
need for any corrective action, if required, must be rapidly
communicated to appropriate personnel. Both short term (hours to
days) and long term (weeks to months) trends must be assessed.

One result of implementing a programme containing these above
elements is expected to be increased co-operation between the plant
chemistry staff and the operating staff. Increased unit availability can
also result. In particular, by being made aware of adverse chemistry trends
long before they result in a required power reduction or unit shutdown based
on chemistry specifications, the operating staff can take corrective actions
in a planned and organized manner. By continuing the monitoring of
chemistry data trends after corrective action has been taken, the
effectiveness of such action can be determined.
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2.2 General Considerations

Analytical instruments capable of achieving the necessary
sensitivity with sufficient reliability for routine plant application are
required for a successful plant chemistry programme. Sampling techniques
providing representative samples for analysis are required. It is
recommended that utilities establish a manual of appropriate analytical
methods and sampling systems for use by operator staff.

Certain basic elements must be incorporated into plant procedures
to ensure the accurate, timely and meaningful review of plant chemistry
data. For example, the technician performing the analyses or recording data
from continuous monitors should be responsible for the initial review of the
data. The technician's primary responsibility regarding data evaluation is
to note abrupt changes in system chemistry and to compare the chemistry data
to system specifications. Such an evaluation is critical for assessing
changes in water chemistry conditions over the short term.

To identify longer term trends towards abnormal water chemistry
conditions and to diagnose the causes for baseline chemistry aberrations or
major perturbations, the value of graphical trend analysis of system
chemistry parameters cannot be overemphasized.

Graphs should be prepared at least weekly for review by the
chemistry supervisor. Plant specification limits should be identified on
each figure. Several computer based systems capable of generating figures
of the types shown have been developed by individual utilities; several
commercial systems are on the market.

Because of serious ramifications of inadequate attention to primary
chemistry control relative to fuel status, buildup of radioactive matter,
and plant availability, it is mandatory that a high level of assurance be
provided by the chemistry department that all water chemistry parameters
remain well within specifications. This requires accurate and timely
chemistry results be generated by the responsible chemistry technicians,
that errors in the chemistry data base be identified and resolved promptly,
and that results be evaluated thoroughly to assess system status.
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By considering chemistry results from these standpoints, problems in
analysis, the presence of contaminants for which routine analyses are not
performed and trends towards out-of-specification conditions can be
identified and dealt with in a timely manner.

2.3 Data Recording

All chemistry results should be clearly recorded in a laboratory
notebook with an indication of relevant times and analysts' initials. Data
from laboratory datebooks must subsequently be recorded on log sheets.
Results should also be recorded on a computer based data management system.
Each data set must be reviewed both by the technician performing the
analyses and by the plant chemist to ensure that reported data are
reasonable and consistent. This is an extremely important function in that
all data evaluation, data trend analysis, data summaries or statistical
analyses require that the original data be accurate and consistent.

Data must be logged in a form that can be readily condensed and
presented in different formats. The easier the manipulation of the data
into various formats and summaries, the more likely that adverse trends will
be identified at an early stage and that problem diagnosis can take place in
a timely and efficient manner. Several specific forms of data summaries can
be employed, such as those in the following. Each utility should develop
and use data summary formats based on their specific requirements.

In previous sections, data trend analysis was indicated as a
critical component of the plant data evaluation programme. Trended
chemistry data, particularly data plotted against time, provide a rapid
visual method for assessing plant chemistry. Trends in plant chemistry data
are used to identify anomalies that may not be apparent from the evaluation
of single data points. In a successful trending programme, all trends will
be fully understood by the plant chemist. For those trends which are not
understood by site or corporate personnel, additional assistance should be
obtained in a timely manner.

The time duration of the trend plots should be varied to reflect particular
items of concern. For example, trend plots may cover periods of hours to
days during transient situations, e.g. iodine spiking during power
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transient, or may cover years for evaluation of long term trends, e.g.
changes in the concentration of activated corrosion products.

At a minimum, graphs of all data for which specifications exist
should be updated at least weekly. Current trend graphs should be available
in the chemistry laboratory at all times. In many cases, histograms can
provide a clear basis for evaluating trends in system chemistry over the
long term.

2.4 Data Storage and Retrieval

Original data should be stored in such a manner as to allow ready
access to completed laboratory notebooks and chemistry log forms. Before
filing, each data sheet must be reviewed by the plant chemist for
completeness, accuracy and consistency.

One useful technique for storing and managing the large quantities of
chemistry data is to use a computer based system. Such systems enhance the
usefulness, retrievability and flexibility of the management system for
plant chemistry data. Several computer and software systems are available
for processing chemistry databases. Others are being developed
independently by utilities. The system to be used should be selected
carefully with primary emphasis on ease of use, retrievability of data, ease
of modification and flexibility of database manipulation.

2.5 Surveillance

A chemistry surveillance programme should be established to re-assure
both plant and corporate management that specifications are being met. The
programme should provide management with a frequent basis for evaluating the
plant's ability to meet such specifications.

The following items should be considered when developing the plant
chemistry surveillance programme:

(1) A corporate programme to evaluate the effectiveness of the water
chemistry control programme to minimize fuel cladding failures, rise
of out-of-core radiation levels, and corrosion of primary system
materials.
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(2) A Quality Assurance/Control programme to assure that laboratory
analyses are accurate and reproducible.

(3) A Quality Assurance/Control programme for the on-line monitoring
equipment to assure that results from this equipment are accurate.

For the surveillance programme to be effective, personnel assigned to
conduct the programme must have a thorough knowledge and understanding of
the responsibility of the plant chemistry staff, the content and scope of
this document, and past and current problems of the industry related to
chemistry control.
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