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FOREWORD

Chemistry control is one of the most important iglilces and activities in NPP
operation. WWERSs are currently in operation in anbar of countries (Russia, Ukraine,
Hungary, Czech Republic, Slovakia, Bulgaria, Arnaemiinland, China) and will shortly
start operating in Iran and India, all of which balifferent national capabilities and, in a
number of cases, different circuit chemistry guikd, criteria and the philosophy
underlying the control and management of water csteyn The position with WWER
guidelines is that there is no single document deatribes the rationales for controlling
individual chemical species and the limit valuesoramended. There are standards
produced by design and research organisationgydodbcument has been prepared by a
wider chemistry community that includes plant chasifrom different WWER
operating countries, which addresses operationain@@iry optimisation issues and is
available to WWER operators in all countries.

In contrast with this position, there are threeanagts of PWR chemistry guidelines: the
EPRI guidelines, the VGB standards and the EDFispations, which generally follow
very similar water chemistry control principles.

The need to harmonise WWER water chemistry reginteslisseminate best practices
and to incorporate advanced PWR water chemistryergxpces has been repeatedly
expressed in many occasions. Such a harmonisedagbpto WWER water chemistry

would be helpful and PWR water chemistry experienoeuld then be used to improve
WWER water chemistry performance.

The subject of this publication was suggested BYIAEA Technical Working Group on
Life Management of Nuclear Power Plants. The agtiwas organised in 2006-2007
under the IAEA program on nuclear power plant ofiegaperformance and life cycle
management.

This Nuclear Energy Report (NER) describes spegticlance and the technical bases
for the control of chemistry parameters, impuriffeets and the application of action
levels and zones for WWER NPPs. It covers primany secondary systems, as well as
auxiliary systems. It is intended to be useful &tev chemists and chemistry supervisors
at all WWER NPPs, to chemistry specialists in WW&nt engineering and fuel design
institutes, to nuclear regulatory bodies and toeaeshers in technical support
organisations.

The report is intended to be used as a referencenuent. It is not mandatory and the
different guidance specified for some of the manportant circuits in each country are
reported. A more consistent approach may follofuiare from the information presented.
The document is also intended to serve an additiomgortant function, which is to
educate or inform any personnel that may be inbWwith WWER plants in the important
aspects of water chemistry strategy and control.

When any NPP, including any WWER NPP, is first cassioned, it is normal for it to
operate to the manufacturer’s or designer’s spatibns for the initial warranty period
of power operation. In producing this IAEA NER, andhere they are available, the
design and research organisation specification® Hmeen considered as part of the
assessments made by the expert group that protheeetbcument. In a number of cases,
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impurity limits proposed in this document are mstengent than those specified by the
manufacturer or designer, since there are otheznpiat plant operational issues that
must be assessed by the Plant Operator in addditme material warranty issues alone.
For example, dose rate limits, liquid waste reductisafer and longer steam generator
operation and feedwater train corrosion productdpart limits may not be fully covered
by the designer’s requirements, but are the redipititysof the Plant Operator.

Finally, it is a Regulatory Body’s right to decida the technical support that must be
used to meet any requirements it imposes on thet @aerator. Although this IAEA
document is not mandatory, it is acknowledged tihat Regulatory Body of some
countries with WWER may include this document iaitlreview when discussing with
the Plant Operator what regulation should be agpl&®EA has no right and no desire to
interfere in such discussions.

The work of all the contributors to the draftingdareview of this publication who are
listed at the end of this report is greatly apmtd. IAEA acknowledges the
contributions of: KGarbett (UK), F. Nordmann (France), V. Yurmanov ¢Ban
Federation), J. Schunk (Hungary)Siiesko (Slovakia), V. Hanus (Czech Republic) and
V. Kozlov (Ukraine). The IAEA officer responsiblerfthis publication was H. Cheng of
the Division of Nuclear Power.



1 INTRODUCTION

Nuclear power plants with WWER (Light Water Coolaad Moderated Nuclear Reactors)
have a large number of different water systems dénatessential to their safe and reliable
operation. Of these systems, the primary and secgrglde systems are the most obvious
important circuits, but there are a number of aaryland safety systems with water that are
equally essential to reactor operation. The lattelude the reactor safety systems containing
borated water, the spent fuel storage pond, réfigeppond, primary and secondary circuit
make-up systems, a number of closed cooling wattemss and service water systems.

Each water system in a WWER serves a differenttfon@nd has its own chemical dosing
and chemical control requirements. These are spddifi this NER, but may differ in each
country that operates this type of reactor. In tiiSR all the significant water circuits at
WWER plants are considered, the basis of the cbat diagnostic parameters specified are
outlined and the options based on long-term WWE&htpgood practice for the different
water chemistries that can be used are discussed.

1.1 Scope and Objectives of the Publication

This publication describes the specific guidance &echnical bases for the control of
chemistry parameters, impurity effects and actitmst should be taken in response to
abnormal chemistry conditions in WWER NPPs. Itngended to help WWER operating
plants understand the important issues of watemidtey control and improve water
chemistry program performance.

1.2 Other IAEA publications and activities

The publication was organised under the IAEA progre on nuclear power plant operating
performance and life cycle management of 2006-0dt. Water chemistry control and
management in general, there is an IAEA Safety &uithemistry Programme for Water
Cooled Nuclear Power Plan(®S 388), under preparation in 2006-08" [1], whasnumber of
related IAEA publications are listed in Referen2ds 5.

In parallel with this programme, there is an onagoCoordinated Research Project entitled
“Optimisation of Water Chemistry Technologies anérdgement to ensure Reliable Fuel
Performance at High Burnup and in Ageing PlantdJ\\FAC, 2006-2010), which aims to
understand the mechanisms of the following phena@antaking into account high burn-up
operation, mixed cores and plaging:

» Deposit Composition and Thickness on the Fuel,

e Crud Induced Power Shift (CIPS) and Power Limitatio
» Fuel Oxide Growth and Thickness,

» Corrosion Related Fuel Failure,

e Crud Induced Localized Corrosion (CILC).

1.3 Structure of the publication



Chapters 2 and 3 of the report cover the primadysatondary coolant systems, respectively.
Each of these sections has four sub-sections. if$testib-section describes the main design
characteristics of the system, the second describesimportant issues that must be
addressed, the third discusses possible chemggignes and the final sub-section proposes
operating control parameters and limits. Chapteroders the auxiliary systems used in
WWER NPPs. Finally, the report has three appendibas describe the overall design

characteristics of WWER NPPs, pH and conductivig§calations and chemical quality

requirements.

1.4  Historical Development of WWER Designs

WWERSs are a type of pressurised water reactor dpedlin the former Soviet Union that are
in operation in Russia, Ukraine, Hungary, Slovakizech Republic, Bulgaria, Armenia,

Finland and China. Two major types are in operationnder construction, the 6-loop designs
rated at 440 MWe (1375 MWth) and the later 4-loepigns rated at 1000 MWe (3000 MWth)
[6 to 8.

Thirty-six WWER-440 MWe units have been built, ohieh eight have shut down, and
eleven further units were cancelled or still awaimpletion. There are two basic WWER-440
designs. These are the first generation WWER-A40ih includes the initial V-179 design,

the V-230 design and the V-270 design with enhansesmic features. The second
generation WWER-440 is standard V-213 design withllaaccident confinement system.

Twenty-seven WWER-1000 MWe units have been comgblated nine further units are still
under construction. Further planned units were eled, but there are plans to build
additional units in Russia and elsewhere. Thereaanember of WWER-1000 variants, the
initial prototype V-187 design, the V-302 and V-3&8signs and standard V-320 design. The
new export V-392, V-428, V-466, V-412 variants haaehanced safety features, but are
otherwise similar to the V320 design. All the WWHEBO0 units have a full containment
building. The following stations completed or aearing completion:

List of WWER units that were completed or are underconstruction

WWER-440 WWER-1000

V-179  Novovoronezh 3 and 4 (Russia) V-187  Novovean5 (Russia)
V-230 Kola 1l and 2 (Russia) V-302  South Ukrain@kraine)
V-230 Kozloduy 1 to 4 (Bulgaria) V-338  South Ukraif (Ukraine)
V-230 Bohunice 1 and 2 (V-1, Slovakia) V-338  Katirli and 2 (Russia)

V-230 Greifswald 1 to 4 V-320 Balakovo 1 to 4 (Russia)

(Eastern Germany)
V-270  Armenia 1 and 2 (Armenia) V-320  Rovno 3 an@l4raine)

V-213 Lovisa 1 and 2 (Finland)V-320 Zaporozhe 1 to 6 (Ukraine)
(Containment Version)

V-213 Kola 3 and 4 (Russia) V-320  Kozloduy 5 an@6élgaria)
V-213 Rovno 1 and 2 (Ukraine) V-320  South Ukrain@8raine)

V-213  Bohunice 3 and 4 (V-2, Slovakia) V-320  Khmtki 1 and 2 (Ukraine)
V-213  Paks 1to 4 (Hungary) V-320 Temelin 1 an{@2ech Republic)
V-213 Dukovany 1 to 4 (Czech Republic) V-320 Volgodk/Rostov 1 (Russia)
V-213 Greifswald 5 and 6 V-320  Kalinin 3 (Russia)

(Eastern Germany)



V-213  Mochovce 1 to 2 (Slovakia) V-428  Tianwan Hda&n(China)
V-412  Kudankulam 1 and 2 (India)
V-446  Bushehr 1 (Iran)

Of the WWER-440 units that commissioned, Armeni&fgifswald 1 to 5, Kozloduy 1 to 4
and Bohunice-1 have been shut down, Greifswald § egmcelled before fuel was loaded,
Greifswald 7 and 8 were cancelled before commigsipand Mochovce 3 and 4 remain part-
complete. The cancelled units were Zarnowiec 1({®¢-213 design, Poland) and Juragua 1 and
2 (V-318 containment version, Cuba). Currently, A&ma 1, Kozloduy 3 and 4 and Bohunice-1
remain in a state where they could be restarted.

Three lower power prototype designs (Novovoroneamd 2 (WWER-210 and WWER-365)
and Rheinsberg (70 MWe, Germany) were built in1i®@0s, but these are now shut down [6 to
8]. Five further standard WWER-1000 V-320 units, Balaké, Volgodonsk 2, Kalinin 4, and
two V-466 units at Belene have been ordered, botesearlier planned V-320 units were
cancelled, including Temelin 3 and 4, Stendal &edoriginal Belene project units.

Modified export versions of the WWER-1000 desige amnder construction or planned.
Originally these were given the generic V-392 desigpn, but they now carry site-specific
designations shown in the list above. Of theseaosisit the two units at Tianwan (China) have
AES-91 power plants with a slightly taller reacfmessure vessel and greater passive safety
features, whilst the two units at Kudankulam (Indiave AES-92 power plants with extra
seismic protection. Of these new units, Tianwand Zare operational and Kudankulam 1 and
2 are under construction. In addition, one AES-8R i3 under construction at Bushehr (Iran)
and two further units AES-92 V-466 units have besdered for construction at Belene
(Bulgaria).

There are plans to construct standardised evoartyo?W WER-1200 (AES-2006 power plant)
units at Leningrad (V-491) and Novovoronezh (V-392MRussia based on the WWER-1000
design and further units are planned.

An overall description of these types of WWER NPR is given in Appendix Al.
REFERENCES TO CHAPTER 1
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2 PRIMARY SYSTEM

2.1  WWER Primary Circuit Design Characteristics

The following sections summarise the design charetics of the primary circuits of the
main types of WWER reactors, the characteristictheffuel, the purification and auxiliary
circuits associated with the primary circuits ahd primary circuit safety systems. Schematic
layouts of the primary and auxiliary circuits in WVBR-440, V213 units and corresponding
layouts for WWER-1000, V-187, V302, V-338 and V3#tits are shown in Appendix Al.

2.1.1 Primary Circuit
WWER-440 Designs

The primary circuits of the WWER-440, V-179, V-23a@d V-213 designs have a reactor
pressure vessel (RPV) and six loops, each congisfia hot leg, a horizontal steam generator
(SG), and a cold leg in which is mounted a maiowating pump (MCP). Two isolation gate
valves are fitted to the hot and cold legs of daop, one between the RPV and SG and one
between the RPV and RCP. These enable individugisldo be drained for inspection and
repair, whilst circulation is maintained in the etHoops. There is no separate residual heat
removal system and decay heat is removed via thamstgenerators. A pressuriser
(compensator tank) is connected to the cold legnef of the loops (to two loops at Loviisa)
and a spray line to the cold leg of the same |dem (spray lines, one to each loop, at
Loviisa). Typical operating conditions arg,297C, Tcoq 267°C, 12.3 MPa. When Loviisa
was uprated, jb; was increased by’G.

The compositions of the most important steels avengin Table 2-1 and cobalt impurity
levels and surface areas are given in Tables 2d422&® [1]. All primary circuit surfaces in
contact with the primary coolant are either madaenfrstainless steel (main loop pipework,
main coolant pumps, steam generator tubing, steamrgtor tube headers (collectors), gate
valves and auxiliary systems pipework), from loviowlsteel (reactor pressure vessel) or
carbon steel (pressuriser, type-22K carbon steeldl wlad with stainless steel. Stainless steel
components, pipework including SG tubing and thesguriser clad are normally made from
the Russian-type titanium stabilised stainlesd §i@€r18Nil10Ti, (08X18H10T equivalent to
AISI (ANSI) 321). The reactor pressure vesselsraagle from low alloy steel (15Cr2MFA,;
Loviisa 12Cr2MFA), weld clad internally with twoashless steel layers. The inner layer is a
non-stabilised stainless steel (Sv-07Cr25Ni13, laiib AISI 309) and that in contact with
the coolant is a niobium stabilised stainless s{&-08Cr19NilOMn2Nb (Loviisa Sv-
07Cr19Nil10Nb), both equivalent to AISI 347). Recsutveys at the Finnish stations Loviisa
1 and 2 show that considerable numbers of St#lltalves are present in the auxiliary
circuits and some antimony/graphite in the mainlaoiopump seals of these stations [1], but
other stations do not use components or valvesigfiellité™ hard facing alloys.

WWER-1000 Designs

The primary circuits of all WWER-1000 designs haveeactor pressure vessel (RPV) and
four loops, each consisting of a hot leg, a horiabsteam generator (SG), an intermediate
leg, a main coolant pump (RCP) and a cold leg. ddmty V-179, V-302 and V-338 designs

have two isolation gate valves fitted to the had anld legs of each loop, but the V-320 and



the new export designs do not include isolatiorvesl A pressuriser (compensator tank) is
connected to the hot leg of one of the loops aedsfiray line to the cold leg and auxiliary

sprays are connected to the charging line beyoaddbenerative heat exchanger. Operating
conditions are {Jot 322C, Teoq 29C°C, 15.7 MPa.

Steel compositions, cobalt impurity levels and acefareas are also given in Tables 2-1 to 2-
3 [1 and 2]. All primary circuit surfaces are eithmeade from, or are clad in, stainless steel
[2]. 08X18H10T stainless steel (08Cr18Nil0Ti, Al®21) is used for the core structures,
main coolant pumps and steam generator tubing,stthiie main loop pipework and steam
generator collectors are made from type 10GN2MFfbaa steel, clad internally with
08Cr18Nil0T stainless steel. The pressuriser i mlade from 10GN2MFA carbon steel,
clad with an inner layer of Sv-07Cr25Ni13 (simitarAIS| 309) stainless steel and two layers
of Sv-08Cr19Ni10Mn2Nb niobium stabilised stainlegsel (similar to AISI 347). The reactor
pressure vessel and head is made from the low atkgl 15Cr2MNFA, also clad with an
inner layer of Sv-07Cr25Ni13 stainless steel anal layers of the niobium stabilised stainless
steel Sv-04Cr20Ni1lOMn2Nb (again similar to AISI 34%mall amounts of other grades of
stainless steel and ferritic stainless steel ae ptesent in the core internal structures, but no
Stellite™ hard facing alloys are present in the primarywodilary circuits.

The primary circuits of the new AEA-91 and AES-92NER-1000 reactors are identical to
those used in the WWER-1000 V-320 (and V-392) mmdathough Tianwan 1 and 2 do not
have high temperature titanium sponge filters lleda(see Appendix Al). The primary

circuit of the new evolutionary AES-2006 WWER-1200491 design is based on the
existing WWER-1000 design and will also be similaut will have a higher core power

(3200 MWth initially) and will operate at slighthhigher pressure (16.2 MPa) and
temperature (Jo:~330°C), have a slightly larger reactor pressussek slightly larger steam

generators and be designed for fuel cycle lengtH&4 months and have a design life of
60 years. These three designs all have greatlyneeldasafety features (see Section 2.1.4).

2.1.2 Fuel

All WWER cores are based on a hexagonal geomettly,the individual fuel assemblies and
control rods having hexagonal symmetry. WWER-44€) Assemblies have a hexagonal cross
section that contain fuel rods arranged on a tukmgitch, which are contained within an outer
solid sheath that limits cross flows. Perforateglashs are used in the fuel for the first WWER-
1000 unit, Novovoronezh 5, but other WWER-1000suda not have a sheath.

A WWER-440 core contains 349 fuel assemblies, éastimg 126 fuel rods. In V-230 and V-
213 cores there are 37 control assemblies. Theatcedsemblies are twice as long as the
standard assemblies, with the upper half made &drmaxagonal boron-steel (20%Cr, 16%Ni,
2%B) absorber segments in a Zr-2.5%Nb sheathed filie lower part (fuel follower) is
similar to a standard fuel assembly. In normal apen thirty control assemblies are totally
withdrawn and the lower fuel section forms parttlteé core. The remaining seven control
assemblies are used for reactor power regulatiom. reactor trip all the control assemblies
are inserted (by gravity) so that the absorberi@edies within the core and the fuel section
sits below the core. At Loviisa, Bohunice V-1, Kalaand 2 and Novovoronezh 3 the
outermost 36 fuel assemblies were replaced withniyrsteel assemblies to limit neutron
irradiation of the reactor pressure vessel.



Except for Novovoronezh 5 where there are 151 &ssemblies, all WWER-1000 unit cores
have 163 fuel assemblies, each containing 312raad. In WWER-1000 units the control
assemblies used in the WWER-440 design was replagesixty-one PWR-type reactor
control rod clusters (RCCASs) containing either lmocarbide (Russian fuel) or silver-indium-
cadmium absorber (Westinghouse fuel).

Standard Russian fuel supplied by TVEL has urardioride pellets with a central hole. The
fuel has a zirconium-1% niobium allog+{10) clad and when outer sheaths are used they are
made from zirconium-2.5% niobium alloy. Spacer grahd end caps were made from the
same 08X18H10T stainless steel as used in othés parthe primary circuit up to about
1998, but later Russian fuel has Zirconium-1% niabialloy spacer grids. Fuel supplied by
Westinghouse and BNFL has either Zircaloy-4 or ZIRtlad and Zircaloy-4 spacer grids.

Standard WWER-1000 Russian TVEL fuel also has mitocno-1% niobium clad and

08X18H10T spacer grids and end caps. With the éxrepf Novovoronezh 5, WWER-1000
fuel assemblies do not have an outer sheath. AteliemVestinghouse fuel with Zircaloy-4
clad and spacer grids was loaded from the first-sfaand ZIRLO clad fuel is now loaded, but
Westinghouse fuel will be replaced by TVEL fuelrfr@010, whilst Westinghouse fuel with
ZIRLO clad is being tested at South Ukraine 3.

Until 1998-2000, WWER fuel cycles were essentialyways 12-month cycles and the fuel
loaded had an enrichment of up to 3.6%J in WWER-440 units and 4.4% in WWER-1000
units. The burn-up is up to 40 GWdtth a typical lifetime of four fuel cyclesHigher
enrichment next generation fuel (‘profiled’ fueljttvan enrichment of 3.82%U has been
loaded from 1998 and fuel assemblies with enrichmerd up to 4.25%U containing
gadolinium burnable poison and a lifetime of ugdite fuel cycles and a burn-up of up to 57
GWd tU* were being loaded by 2005-2006.

Newer fuel designs with higher enrichments of ug.8%**U and design burn-ups of up to
68 GWd tU*, also supplied by TVEL, are being tested at a remolp Russian, Ukrainian and
Bulgarian WWER-1000 units. In addition, longer fegtles are under consideration and tests
are underway in the Ukraine into load-following og@n for the WWER-1000 units. These
new fuel designs will be used in the AES-91 and ARSreactors being constructed at
Tianwan, Kudankulam, Bushehr and Belene.

For the evolutionary WWER-1200 reactors the adévagth of the fuel in the fuel assemblies
will be increased from 3.53 to 3.78 m, the top &ottom end-cap lengths reduced and the
central fuel pellet hole eliminated. This will etalthe fuel mass to be increased by 18%,
compared with the TVEL advanced fuel supplied faAMBR-1000 reactors.

2.1.3 Purification and Auxiliary Systems

All WWERs have a number of coolant purification 8\ Special Purification Circuit) and
auxiliary systems designed to carry out the follogvoverall functions:

» purification of the primary coolant and the recovaf the boric acid and water
discharged from the primary system during a fueleyor later reuse,

* minimisation of the volume of radioactive wasteattimust be stored as radwaste, and

« removal of the main radionuclides generated dugifigel cycle ¥'Cs and®Co) on to
solid ion exchange or other substrates for longrtstorage as solid radwaste.
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e control of primary chemistry (potassium and ammaaacentrations)

The purification systems provided for the primaggtem, reactor coolant system (RCS),
include the following subsystems:

(1) Primary Coolant Letdown Purification System (SVO-1)

(2) Letdown Purification System (SVO-2)

(3) Leakage and Drains Water Purification System (SYO-3

(4) Fuel Cooling Pool and ECCS Tank Water Purificatéystem (SVO-4), and
(5) Boric Acid Concentrate Purification System (SVO-6)

All valves and pipework and most equipment in th&S1, SVO-3 and SVO-6 systems are
made from 08Cr18Nil0T stainless steel, but the mstmmctural material in the SVO-2 and
SVO-4 systems are made from 08Cr18Ni9T stainlesed.st

The two main coolant purification systems are SV(@therwise called the High Pressure
Primary Coolant Purification System) and SVO-2 éottise called the Low Pressure Primary
Coolant Purification System). The SVO-1 and SVOy&tams installed in WWER-440 and

WWER-1000 units differ significantly, as do the ffigation systems in the different WWER-

440 and WWER-1000 variants. The principal diffeesh@re given in Table 2-4. The two
purification systems have the following main fuoos:

SVO-1 (@ Primary coolant impurity and radionuclideean up using either ion
exchange resins beds (WWER-440 and early WWER-1@00igh temperature
filters (WWER-1000 V-320).

(b) Removal of excess alkali metals and boric &cdh the coolant during the
fuel cycle.

SVO-2 (a) Clean-up to remove corrosion and fispiducts from the coolant let down
from the controlled leakage system from both thennwolant pumps and
primary make-up water pumps.

(b) Clean-up to remove corrosion and fission preslutom the coolant
discharged to the boron recovery system as pdheoflaily boric acid dilution
programme.

(c) Removal of excess alkali metals and boric &@dh the coolant during the
fuel cycle.

The way that these purification circuits interlinith the primary circuit are shown in
Appendix Al, Figures Al-3, A1-6 and Al-7 and theade of each circuit are summarised
below. The volumes of the resin beds at each tysation are summarised in Table 2-5 and
the characteristics of the high temperature filtestalled in WWER-1000 V320 are given in
Table 2-6.

WWER-440 Designs

SVO-1 (Primary Coolant Letdown Purification System)
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In WWER-440 V-230 units SVO-1 consists of a sinigiep operating at full circuit pressure
driven by the pressure drop of 0.52 MPa acrossraie coolant pumps. In later units (e.qg.,
Bohunice and Kozloduy) SVO-1 circuit has three eéssontaining ion exchange resin
mixed-beds in the kNH,"/borate form, a cation bed in thé Fbrm and an anion bed in the
OH form. It does not contain a resin catcher filtértakes and returns its flow to all six
loops. Normally, only the mixed bed is used cortimly to remove fission and corrosion
product radionuclides, but the anion bed is usedogeally to reduce boric acid
concentrations when the concentration falls belo® @ 1.0 g/kg and to remove anionic
impurities if necessary. The cation bed is usedoparally to adjust the potassium and/or
ammonium concentrations and cations. The flowigat®rmally 15 to 30 tonnesénd, since
there is only a single clean-up loop, total coolantification rates are 50% of those in the
V213 design. Earlier V-230 units have slightly diént ion exchange resin bed
configurations. Thus, Novovoronezh 3 and 4 haveammen and one mixed-bed ion exchange
bed, whilst Kola 1 and 2 have one cation and omenaion exchange resin bed (Table 2.4).

In WWER-440 V-213 units (including Loviisa 1 and 8YO-1 consists of two loops, each
connected to three of the primary circuit loopse ¢mop containing a single mixed bed ion-
exchange resin in the'MNH, /borate saturated form and the second two sepeaitn and
anion ion-exchange resins. At most stations tharsép cation and anion beds also operate in
K*/NH4" and borate saturated forms. The two SVO-1 loopscannected across the main
coolant pumps and operate at full primary circuggsure. The primary coolant is cooled to
45 to 60C, which is close to the upper limit for ion exchanresin operation) by a
regenerative heat exchanger, followed by a nonreggive heat exchanger. The loops are
located entirely within the primary circuit hernegily sealed confinement area, except at
Loviisa where they are in the containment. Theeerar purification loop pumps and the 0.4
MPa pressure drop developed across the main coplanps drives the purification flow.
Each loop contains a resin fines catcher filterséaib at Loviisa). At most stations the two
loops take water from the downstream sides of tbfabe main coolant pumps and return it
to the upstream sides of the main coolant pumpisarsame three loops. Differences exist in
the groupings used at each unit. At Dukovany thap loontaining the mixed-bed resin is
supplied by RCS loops 2, 3 and 4 and that contgitiie separate cation and anion beds is
supplied by RCS loops 1, 5 and 6. In other Russiations the equivalent groupings are RCS
loops 1, 2 and 6 and RCS loops 2, 3 and 4, whil&baiisa both SVO-1 loops take water
from the downstream side of the pumps in loops @) 6 and return it to loops 1, 3 and 4,
but in one case it is returned to the hot legsrepst of the steam generators and in the other
to the cold legs upstream of the main coolant pufpe operating pressure is 12.3 MPa and
flow is controlled at 20-25 tonnes/h {fm) (27 tonnes/h at Loviisa) in each loop by a flow
regulating valve; the design pressure is 18.0 MPa.

SVO-1 can be operated in a number of ways. At IsayiDukovany and Bohunice 3 and 4
(V-213 design) all beds operate saturated witheetsp K, Li*, NH;" and borate and at
Loviisa and Bohunice 3 and 4 both purification Is@perate at all times (the flow rate of 50
tonnes/h corresponds to 0.12 % of the total princaglant flow). However, only one loop is
used at Dukovany, and this is alternated from cyaleycle (with the second loop operated
periodically to maintain the bed at equilibrium kvthe coolant). At Bohunice 1 and 2 (V-230
design) only the mixed bed is operated in the agddrform and the separate cation and anion
beds are used in the "Hand OH forms to adjust the potassium/alkali and boron
concentrations. Separate anion and cation bedslsvaised at shutdown at Paks. At Loviisa,
Mochovce and Bohunice 3 and 4 the potassium coratemt during the fuel cycle is
controlled by reducing the ammonia concentratidms Rlters the KLi*/NH,;" equilibrium
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on the cation resins, enabling the resin bedsttnrénore potassium as the cycle proceeds.
At all stations the saturated #IH," cation resins also equilibrate with respect tolitéum

as Li is formed during the cycle. Although the ion exaparbeds are designed to be

regenerated, they are replaced when their capacttyhausted every two years at Dukovany,
three to five years at Bohunice 3 and 4 and foarg/at Paks.

SVO-2 (Letdown Purification System)

SVO-2 is a low pressure primary coolant purificatimop in the Letdown and Make-up
System that in most units operates at 0.2 MPa &86-40 ni/h and the design temperature is
50°C. In both V-230 and V-213 units, SVO-2 is udedpurify the “Organised Primary
Coolant Drains” (all boric acid solutions that da@ reused), which are stored in the “Dirty
Condensate” tanks (capacity 1008)mSVO-2 takes water from downstream of the main
thermal deaerator and after purification eithemunmst the water to the second thermal
deaerator, or to contaminated water (boron recQveosid up tanks. The purified boric acid
leaving the system is normally concentrated by exatjpon and re-used. In V-230 units SVO-
2 cannot be used for low pressure coolant puricaduring normal operation, as there is no
continuous primary make-up under these conditidmsV-213 units SVO-2 can be used
during normal operation for “direct” coolant puciition. At both Bohunice and Dukovany
the SVO-2 resin beds are regenerated if they exhalternatively they were regenerated
before the annual shutdown (Dukovany), or if theg axpected to exhaust during the
shutdown (Bohunice). At Loviisa the beds are regiialsefore the shutdown. The V-230 units
have three beds, two cation beds and one aniofibétke borate form)

In all V-213 units, SVO-2 has a single train of faesin beds, each of 3°niThese are a
cation bed in the Hform (used to remove potassium during the cya@a)anion bed in the
borate form (used to remove anionic impurities migimormal operation and shutdown after
the main coolant pumps have been stopped) and mvem deds in the OHorm (used to
reduce boron concentrations at end-of-cycle whenbibric acid concentration is <0.2-0.5
g/kg). However, Loviisa has three beds, of which tation bed (B and the anion bed
(borate form) are used for coolant purificationtfbmainly during the shutdown. The third
larger anion bed (OHorm) intended for boron removal is not used aadeasins are loaded.

Letdown and Make-up System

In V-213 units, SVO-1 and SVO-2 are both linkedhe Letdown and Make-up System. The
Letdown and Make-up System takes letdown from SY@edluces the pressure and passes
the letdown to a thermal deaerator operating at4%100.12 MPa. The deaerator has a
gas/vapour flow of 130 kg/h that flows to hydrogercombiners in the off-gas system. After
deaeration, the coolant is returned to the Prin@rguit Purification System via charging
pumps operating at 13.5 MPa. At most V-213 plaat$ pf the charging flow is routed to the
main coolant pump seals (except at Loviisa wheeepilimp seals are mainly supplied from
downstream of the SVO-1 ion-exchange beds). Purap lsak-off (~50% of the total) is
returned to a collection tank (which is part of @entrolled Leakage System) and from there
either to the charging pump suction line, or to thiet of the thermal deaerator. Excess
charging flows and leak-off from the charging punpsouted to the thermal deaerator. At
Dukovany and Bohunice 3 and 4 most make-up entesptimary circuit via the main
coolant pump seals, although more commonly parhast of the make-up is added via the
charging line.
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In V-230 units, the absence of main coolant pumfhk shaft seals means that only small

amounts of coolant are routed continuously to teédbwn and Make-up System during

normal operation. Therefore, only a single deaeratonstalled in the letdown system and

there is no means of purifying the coolant usirg ltketdown Clean-up System, SVO-2. The
small quantity of coolant that passes to the CdletioLeakage System is collected in a

Controlled Leakage collection tank from which itraited either back to the primary make-

up deaerator, or to the ‘Dirty Condensate’ tank #redcontents are processed periodically by
the boron recovery system.

WWER-1000 Units

The coolant purification and letdown and make-ugtay installed in the earlier V-187, V-
302 and V-338 designs are similar to those instableWWER-440 V-213 units (see Figure
2.3). However, each loop only contains a singleeaiked ion exchange vessel and a resin
catcher filter. Each loop operates at 20-30hnand at about 40°C. In these plants SVO-2 is
identical to that in the WWER-1000 V-320 units.

SVO-1 (Primary Coolant Letdown Purification System)

In WWER-1000 V320 units the Primary Circuit Letdovfiltration System (SVO-1) is
located in the containment. It has of four ideritloaps each containing a high temperature-
high flow rate mechanical filter containing a titam metal sponge filter medium, followed
by a catcher filter. The four loops are connectess each of the GTsN-195 main coolant
pumps and the flow rates are determined by thespreq0.62 MPa) developed across each
pump. The filters operate at 2@) 15.7 MPa and have a design flow rate of 60 to 80
tonnes/h per loop (100 tonnes/h per loop maximuraximum 0.5% of the total coolant
flow). The loops are intended to remove fine pattte thus reducing radiation fields, but as
the coolant should normally contain only small camtcations of particulate they are
probably only effective at start-up and shutdowine Tharacteristics of the filters are given in
Table 2.5.

SVO-2 (Letdown Purification System)

In V-320 units the low pressure SVO-2 Controlledak&ge Filtration System is located
outside the containment in the Auxiliary Buildinghas two parallel ion-exchange resin bed
trains, each of which has two separate cation bedéhe H and K-NH,-Li* forms,
respectively (i.e., six beds overall), a singlecanbed in the borate form and a resin fines
catcher filter. The normal SVO-2 flow rate throuthie resin beds is 30 tonnes/h at 0.2 MPa
(0.035 % of the total primary circuit flow for eastream) and a temperature of about 30°C.

Letdown and Make-up System

In V-320 units the Letdown and Make-up System ideki SVO-2. Letdown flow is taken
continuously from the intermediate legs of two loé primary circuit loops (in practise from
the hot filtration loops) and flows in turn throughregenerative heat exchanger, a non-
regenerative heat exchanger and one of two papsessure reducing valves, all of which are
located in a containment. The flow at about 30°@én directed to the SVO-2 system. After
purification, the coolant passes to the thermakdsar operating at ~10&, 0.12 MPa (130
kg/h gas/vapour flow to the hydrogen re-combinerthe off-gas system) in the Letdown and
Make-up System and then to two out of three chgrgumps, which return the make-up at
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17.8 MPa to the cold legs of all four primary citcloops via the regenerative heat
exchanger. Part of the charging flow is routedn® Wo.1 seals of the main coolant pumps
and the leak-off is returned to the letdown upsired the thermal deaerator.

AES-91, AES-92 and AES-2006 Units

The coolant purification and letdown and make-uptays installed in the new AES-91,
AES-92 and AES-2006 designs are similar to thosliled in the earlier WWER-440 V-320
units, but with the following changes:

» The two AES-91 units at Tianwan (WWER-1000 V-428fibhave a single
coolant purification train installed, consisting af continuously operated
mixed-bed resin and two periodically operated cafind anion resin beds. No
SVO-1 high temperature titanium filters are fitted.

» The AES-92 units at Kudankulam (WWER-1000 V-412ysBehr (WWER-
1000 V-446) and Belene (WWER-1000 V-466) all follothe standard
WWER-1000 V-320 coolant purification circuit condigations and all have
four high temperature titanium filters and two @udl purification trains, each
with two cation beds and one anion bed.

» The coolant purification trains to be installedtle AES-2006 units is still to
be finalised.

In addition to these design changes, the new reatiave adopted the later German VGB
standard Identification System for Power Statid€isS (Kraftwerk-Kennzeichnungssystem)
first used for nuclear power stations in the Siesn&wonvoi’ PWR design in the mid-1980s.
Other plants use the earlier VGB AKW system idécdations. These are all defined in the
Glossary, paragraph 3 under SVO definition.

2.1.3.1 Other Purification Circuits

Purification circuits are installed in a number ather systems, particularly those in the
radwaste plant. The systems associated with tineapyi circuit are the Leakage and Drainage
Water Purification System (SVO-3), the Cooling Pantl ECCS (Emergency Core-Cooling
System) Tank Water Purification System (SVO-4, Wwhk also used to purify the refuelling
cavity) and the Boric Acid Concentrate PurificatiBpstem (SVO-6), as the contents of these
systems can mix with, or can be added to, the pyiro@olant.

All the ion exchangers installed in these purifmatsystems are designed to be regenerated
periodically to restore the exchange capacity sfnteThe process includes: back-washing,
regeneration, post-regeneration washing, hydralidicharge of the spent resin, and hydraulic
loading of a fresh resin. During regeneration, fiters are disconnected from the main flow
line.

SVO-3 (Leakage and Drains Water Purification Sy¥tem

The leakage and drainage water purification syst8MO-3) is used to treat primary and
other water that has been lost by leakage (leakader) or is otherwise unsuitable for reuse
in the primary circuit and, separately, to treatrdmecontaining water (borated water)
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discharged from the primary system during normaidtid of the boric acid concentration
during the fuel cycle (boron control), as well thdischarged during reactor cool down,
refuelling and start-up.

The system typically consists of several partavadiquid radwaste collection, borated water
collection, filtration and collection of leakage g evaporation of the collected liquids,
condensation and degassing of the steam productekl®vaporators and final purification of
distillate. There are two nominally interchangeatl@porators used to process the borated
water and leakage water, each of which has a dgpacr tonnes/h and operates at 0.25 MPa
(in a heated chamber), two purification loops comitggy a charcoal filter, a cation bed in the
hydrogen ion form and an anion bed. The purificatioops can be connected to either
evaporator, however in practice one evaporatoedaated to boron recovery and second for
waste treatment. Essentially identical systemsratalled in all WWER units.

Leakage and rinse water (‘wash’ water) is collectedeakage water sumps, which in
WWER-440 units serve both units in the reactor dng. The water and other liquid
radwaste are pumped from the sumps by lift-pumpsstla@n through leakage water filters for
remove mechanical impurities. After filtration, tleakage water is collected in leakage water
tanks (normally with a capacity of 250°rand is pumped to the leakage water evaporator.
The concentrate (salt concentrate) produced by czaipn of the leakage water is
transferred to the liquid waste storage tanks &eddistillate is re-used for primary system
make-up and for auxiliary purposes, or if it is uitable for reuse it is discharged as liquid
effluent. The leakage water is concentrated tdtaceacentration of 60 g/1 and is distributed
under gravity from the base of the evaporator $e@nd evaporator, where it is concentrated
further to 200 - 400 g/1 (‘still’ residue). The sadary steam produced by the second
evaporator is returned to the main evaporator dred ‘still’ residue is pneumatically
transported to the ‘still’ residue tank in the liduadioactive waste storage.

Borated water and primary coolant discharged duthweg fuel cycle and that discharged
during start-up and shutdown is collected in ‘didgndensate tanks (with capacities of 636
and 534 min earlier V-230 units). The contents of theseksaare transferred by ‘dirty’
condensate pumps to the boron recycle evaporatbthrEnpumps can also be used to pump
the liquid to the SVO-2 system for purificationremove potassium and lithium. The ‘dirty’
condensate system in WWER-440 units serves theuhits housed in the reactor building.
Concentrated boric acid and pure water (‘cleantilfise) produced when borated water is
processed are both re-used in the RCS. The bonatest is concentrated in the evaporator to
40-50 g/l and is distributed under gravity to theit acid sump tank of the SVO-6 system
for further purification and recycling in RCS.

Secondary steam from the evaporators is condensdtiei condenser-degasser and the
condensate is pumped out through filters to renaweoil. Some condensate is returned to
the evaporator to wash down the secondary steam-cBhiodensed steam and gaseous
impurities from the condenser-degasser are remavada relief device. The gases are
purified before they are discharged, whilst the d=orsate is returned to the condenser-
degasser. After filtration, the oil-free condensetecooled in a condensate cooler, passed
through ion exchange filter beds and a mechanitter ftrap and is finally collected in
‘check’ tanks (normally of 70 fhcapacity). After radiochemical analysis, the carsdge is
pumped to the ‘clean’ condensate tanks for re-ndeGS, but any poor quality condensate
can be returned to leakage water tank for treatmettradwaste storage.
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SVO-4 (Fuel Cooling Pool and ECCS Tank Water Peatfon System)

The cooling pond and ECCS tank water purificatigatem (SVO-4) is used to purify the

boric acid solution used in the fuel cooling papént fuel pool), refuelling cavity, the ECCS
tanks and, in WWER-440 V-213 units, the bubble emseér trays. Its function is to remove
chemical, radiochemical and corrosion productsntfsiructural materials) impurities during

normal operation (to maintain the required watearaistry) and after an accident (to prevent
environmental radioactivity release). The systeronly operated periodically during normal

power operation.

Boric acid solution from ECCS tanks, the coolinglpand the bubble condenser is pumped
by the corresponding pumps to the SVO-4 system,reviiteis treated in a single train
consisting of two cation and one anion exchandgetkywed by resin filter trap, and it is
returned to the ECCS tanks, the cooling pool antherbubble condenser. If the required
purity standards are not achieved in the SVO-4esysthe liquid can be drained to the ‘dirty’
condensate tanks for further processing by thealgakvater evaporator.

In the early first generation WWER-440, V-179 ane230 units, both units of the twin
reactors contained within the single reactor bogdwere provided with only a single train
consisting of a charcoal filter and ion exchangssets. In the later WWER-440 V-213 units
each reactor has a separate interchangeable S¥@-édxchange train. At the WWER-1000
V-320 units at Temelin, SVO-4 consists of a sirtghén containing two cation exchange beds
in the H form (the first of which is called a mechanicdtefi) and finally a single anion
exchange bed in the OHbrm. At Loviisa the spent fuel pool purificati@ystem has two
mechanical filters followed by a cation bed andntla® anion bed and is also used for the
clean up of the emergency coolant tank. At Tem&MQ-4 is used in a similar manner, in
addition to if main function of removing caesiurorr the spent fuel pool.

Some of WWER plants use additional filtration syst® provide high transparency of water
in reactor and refuelling cavity during reactoruedfing. For example, Paks, Novovoronezh,
Balakovo use BALDUF/GAARD glass fibre-based caggadilter candles for fine filtration.

SVO-6 (Boric Acid Concentrate Purification System)

The boric acid concentrate purification system (S8)Qs designed to purify the boric acid
concentrate produced by treatment of the boratadrveand drain water discharged from the
RCS for reuse in the fuel cycle. The system cossita cooler, sump tanks, pumps and two
ion exchange beds, a cation bed in the hydrogerfaon and an anion bed in the borate
form. Boric acid concentrate supplied from the Ilmorecycle evaporator is cooled in the
cooler and is collected in the sump tank (normefl§ nt capacity), from which it is pumped
through cation and anion exchangers designed tatgpat 1 MPa and 50°C and a resin trap.
An additional pump is used to recirculate the cotee through a boron meter. The purified
concentrate is passed to the boric concentratestdbiring normal system operation, the
boric acid concentration is controlled automaticély changing the flow rate of concentrate
supplied from the evaporator.

2.1.4 Primary Circuit Safety Systems

WWER-440 Units
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WWER-440 V-230s were originally designed withouteanergency core-cooling system (or
secondary-side auxiliary feedwater systems), afhasome later units (e.g., Bohunice V-1)
were fitted with both these systems and a spraiesy§3]. The original accident localisation
system (which acts as a reactor confinement sysbeitnywas of small volume) had a poor
leak tightness and a poor hydrogen mitigation céipgland was only designed to cope with
a 100 mm pipe rupture with a hole of 32 mm diameliea large LOCA occurred, the
accident location system was designed to venta@aatmosphere when the internal pressure
reached 0.02 to 0.05 MPa overpressure.

These safety systems features were modified intMEER-440 V-230 units that were still
operating in the mid to late-1990s (Novovoronezéng 4, Kola 1 and 2, Bohunice 1 and 2
and Kozloduy 1 to 4) to improve their ability tospond to major LOCAs. The measures
taken included:

* Annealing of the reactor pressure vessels.

* Reducing primary system leakage rates,

* Rebuilding the emergency core-cooling system tovide two fully
independent trains for each unit,

* Installing additional confinement area spray systeim provide two fully
independent trains for each unit,

» Installing primary and secondary circuit bleed &@ed accident management
systems,

* Improving the leak tightness of the confinementtesys by factors of up to
forty and fitting confinement boundary isolatioriwes,

* Installing hydrogen monitors and recombination syréind

* Improving the fault diagnosis, emergency controleceical, seismic,
ventilation and fire systems.

WWER V-213 units were designed with an emergencg cooling system (ECCS), several
secondary-side cooling systems to remove heat filoensteam generators following an
accident and an engineered accident localisatigtesy capable of coping with a 500 mm
main loop pipework break [3]. The former includeif@accumulators connected to the upper
part of the reactor pressure vessel and three emeyd200% redundancy high pressure and
low pressure core cooling trains (plus two auxylif@edwater trains, see Section 4). The
latter comprises a hermetically sealed confinenspatce, which is designed to withstand an
overpressure of 0.15 MPa, but do not have the daatetightness that characterises a full
containment building. In a LOCA, the confinemenhtgeto four large receiver volumes that
act as air traps through a ‘bubble condenser’ tomleere the pressure is reduced in large
pressure suppression trays filled with boric aadutson which will also partly remove
(scrub) some fission product gases from the steaterwnixture released in the LOCA. The
boric acid for the three emergency high pressudel@n pressure core cooling trains is taken
from high pressure injection/recirculation systeardbed water storage tanks containing 40
g/kg boric acid and later from the low pressuredtipn/recirculation borated water storage
tanks containing 12 g/kg boric acid.

The ECCS comprises three independent sub-systemsh wgive full protection across the
entire spectrum of loss of coolant accident (LO®ASak sizes. The systems are:

(1) The core flooding system (CFS),
(2) The high-pressure injection/recirculation systerP&jand
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(3) The low-pressure injection/recirculation system$).P

The high-pressure injection system (HPS) prevenits ancover in a small LOCA, when the
high system pressure is maintained, and it delages uncover for intermediate sized LOCAs.
The passive CFS is an additional method of addawant into the primary system and due
to high pressure set point for discharging coofesrn the accumulator, this system support
the function of HPS during small and intermediated LOCAs. Under certain conditions
(e.g., a small break LOCA with secondary "feed &feed" cooling), the CFS may even
replace the short term cooling function of the hpghssure injection system. The low-
pressure injection/recirculation system (LPS) isigieed to recover the core cooling at low
pressures. For larger LOCAs, up to a double-endelibtine failure of the main coolant
pipework, the LPS and the CFS operate togetherigiray coolant to cool the core. The
recirculation mode of the LPS is designed to pefmiton concentration control and long-
term core cooling after a LOCA.

Secondary side cooling systems are important nibigaystems for very small LOCAs and

for small LOCAs when the HPS is totally unavailal$econdary side cooling is achieved by
delivering feedwater to steam generators using gemey feedwater or auxiliary feedwater
systems, whilst simultaneously dumping steam tlcers#ary circuit via the SG safety relief

valves, or by atmospheric steam dump or procesdermer steam dump stations (part of
secondary decay heat removal system).

The reactor building pressure suppression systethtla@ reactor building spray system
prevent overpressure of the accident localizatiommartments during a LOCA and, in
addition, remove (scrub) fission products from skeam-water mixture as it is discharged to
the atmosphere. The pressure suppression traydledewith 12 g/kg boric acid solution.
The reactor building spray system (RBS) is desigt@dprevent overpressure of the
localization compartments if ‘feed and bleed’ coomling via HPS is used. There are three
reactor building spray systems, which take thenmagpvater from the three low pressure
emergency core cooling trains, to which hydrazind potassium hydroxide is added from
three separate hydrazine-dosed spray additive tHratsalso contain boric acid. Later the
sprays take their water from the building sumpsesEhspray water in to the reactor
compartments following a LOCA or a steam line briaiiting pressure rises and the release
of fission products to the environment. Operatidntiee pressure suppression and spray
systems do not affect operation of ECCS, but iteasful mitigation of the LOCA cannot be
achieved and core melt ensues, the consequencasyofccident will be reduced if the
functions of containment overpressure protectiahradioactivity removal are performed.

At Loviisa, the standard WWER V-213 safety featunesre replaced by a full PWR-type
containment building, within which these safetytteas were installed. The containment
building was also fitted with ice condensers tous temperature and pressure if a large
LOCA occurred.

WWER-1000 Units and New Reactor Designs

WWER V-1000 units are all fitted with a containmdniilding and have four accumulators
connected to the upper part of the reactor presseseel and three high pressure and low
pressure emergency core cooling trains (plus twaliaty feedwater trains) [3]. There are
also three reactor building spray systems, whidrally take their spray water from three low
pressure emergency core cooling trains, to whidrdgine and potassium hydroxide is added
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from three separate small hydrazine-dosed spraiiwaitanks (of 10 mvolume in WWER-
440 V-213 units and 6.5 in WWER-1000 V-320 units), and later from the @nment
sumps. These sprays are designed to limit contaihrpeessure and iodine volatility
following a LOCA or a steam line break.

The AES-91, AES-92 and AES-2006 designs all hawmable containment building and

have enhanced active and passive safety systemsndet Russian, IAEA and European
Reactor Requirements. All are designed to cope hatin design-basis and beyond-design-
basis accidents and have the following systemaliesit[4]:

Active Pumped Safety Systems

= Active Emergency Core Cooling and Containment S@ystems.
= Active Heat Removal via the Steam Generators.
= Active Containment Annulus Ventilation System.

Passive Natural Circulation Safety Systems

= Passive Quick Boron Supply System.

» Passive  Sub-system for Reactor Flooding HA-1 (Btage
hydroaccumulators).

» Passive Sub-system for Reactor Flooding HA-2 (sé&tage
hydroaccumulators).

» Passive System to Maintain Low Inter-containment p Géannulus)
Atmospheric Pressure.

» Passive Residual Heat Removal System via the SB&marators (PHRS).

= Passive Core Catcher

Table 2.1 Compositions of Important Alloys in Contat with the Primary Coolant in
WWER Primary Circuits

COMPOSITION (PERCENT BY WEIGHT)
ALLOY C Si Ni Cr Fe Mn Co Others Zr
07Cr25Nil13 <0.09 <1.2 11/14.5 22/ Bal. 0.8/2.0 <0.05 - -
26.5
08Cr18Nil0Ti(a)| <0.08 <0.8 9/11 17/19 bal. | <15 <0.05 TE5C-0.6 -
08Cri19Ni10Mn2Nh <0.10 <1 8.5/11 17.5/ bal. 1.3/2.5| <0.05 Nb=0.7/1.2 -
20.5
04Cr20Ni10Nb (b) 0.03 0.6 10 18 bal 1.1 <0.05 Nb=0.7 -
Zircaloy-4 (c) <0.027 | <0.012 | <0.007 | 0.07/ | 0.18/ | <0.005| 0.002 Sn=1.2-1.7 | bal.
0.13 0.24 Fe+Cr=0.28/0.3)
ZIRLO 0.005/ - 0.03-0.08| 0.03/ | 0.07/ - - Sn=0.9/1.5 bal
0.022 0.08 0.14 Nb=0.5/2
Zirc.1 % Niobium | <0.05 <0.05 | <0.025 - <0.07 | <0.002| <0.007 Nb=0.8/1.2, | bal.
0<0.1
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Zirc.2.5 % Niobium| <0.027 | <0.012 | <0.007 | <0.02 | <0.15 | <0.005| <0.007 | Nb=2.4/2.8, | bal.
(b) 0=0.09/0.13

€) Early WWER-440, V-230 units (excluding Bohunicerid®) used 12Cr18Nil2Ti stainless steel;

Loviisa used 08Cr18Nil2Ti for loop pipework (seable 2-3).
(b) Russian data quote 04Cr20Ni10Mn2Nb (0.04%C, @Q%0%Ni, 2%Mn, 0.5%Nb)

(c) ASTM Standard, Zr-1%Nb is Russian typd 10
(d) WWER-1000 primary circuit weld metal — 04Cr128iMo3

Table 2.2 Cobalt Impurity Levels in WWERSs

Impurity Level (Percent by Weight)
Alloy Composition WWER-440 WWER-
Specification | Loviisa (a) 1000
Stainless Steel  Core Internals <0.05 - <0.025
Main Coolant <0.05 0-0.04 <0.025
Pipework
RPV/SG Clad <0.05 - <0.025
SG Tubing <0.05 (b) 0.03-0.06 <0.025
RCP Bearing Rings <0.05 0.0012 -0.14| <0.025
Fuel Assemblies/ <0.05 0-0.12 <0.025
Dummy Elements
Zirconium Fuel Clad - <0.00003 -
1 % Niobium
Zirconium Fuel Assembly - - -
25% Outer Sheath
Niobium
(@) Actual Values
(b) Russian manufactured SG tubing in Paks 1 @04 - 0.06 % Co

Russian manufactured SG tubing in Bohunice 12ard03 - 0.04 % Co
Russian manufactured SG tubing in Dukovany 0.05% Co.

Czech manufactured SG tubing in Bohunice 3 andddukovany 1 to 4:
0.015 to 0.02 % Co.

Dukovany 3 has three Czech and three Russian meoued SGs.
Dukovany 2 has five Czech and one Russian manuétt®Gs.
Dukovany 1 and 4 only have Czech manufactured SGs.

Table 2.3 Surface Areas of WWER stations

Surface Area (nf)
Alloy COMPOSITION | WWER- WWER-1000
440 V320
Stainless Steel Core Internals 402.8 980
RPV Clad
RPV Head 150

21




Main loop 700
Pipework 15300
SG tubing 16400
Zirconium Fuel Clad 3200 4870
1 % Niobium
Zirconium Fuel Assembly 920 -
2.5 % Niobium Sheath

Table 2.6

Table 2.4 Examples of Configuration of SVO-1 and \BO-2 Resin Beds and High
Temperature Filters in WWER Designs
NPP unit Power, Cation Anion Mixed bed High
MWe Exchanger | Exchanger Temp. Filter

Novovoronezh 3-4
(V-179) 440 - 1 1 -
Kola 1-2
(V-230) 440 1 1 - -
Bohunice 1-2,
Kozloduy 1-2 440 1 1 1 ]
V-213 Units 440 1 1 1 -
Novovoronezh 5,
Kalinin 1-2. 1000 4 2 2 -
S. Ukraine 1-2
V-320 units 1000 4 2 4
Table 2.5 Examples of Volumes (f) of lon Exchange Resin in the Primary Coolant

Purification System

Primary Coolant Purification

Type System
WWER-440 (1) | WWER-1000 (2)
Mixed Bed 1x1.0 -
Cation Bed 1x1.0 4x1.2
Anion Bed 1x1.0 2x1.2

(1) SVO-1 Coolant Purification System, which ha® foops in the V213 design and
one loop in the V230 design.
(2) V-320 design.

Filters

Operating Parameters for WWER-1000 Titaium High Temperature

Parameter
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Value




Maximum Flow Rate, tonne’h 100 per filter
Nominal Flow Rate, tonne’h 60 to 80 per filter
Operating TemperaturéC 288
Operating Pressure, bar 157
Maximum Pressure Drop, bar 4
Volume of Titanium Sponge Sorbant® m 0.7
Average Grain Size, mm 13
Bulk Density, g cri? 1.4
Linear Flow Rate of Filter, mh 100-150
Filtration Efficiency, % 80

2.2 Rationale for Chemistry Control Measures

The main aim of any primary water chemistry regadepted for WWER primary circuits is to
create conditions that will:

(1) Ensure the integrity of the primary system pipewor&ssels, and other
components

(2) Ensure the integrity of the fuel assembly cladding,

(3) Minimise the formation and transport of corrosiomduct radionuclides
around the primary circuit, so as to minimise ot@re radiation fields and
personnel doses,

(4) Minimise fuel crud deposition on the fuel to avaPS (Crud Induced
Power Shift),

(5)  Suppress the products of radiolysis, and

(6) Optimise the ammonia concentration to minimadwaste and carbon-14
formation.

In general, these aims are achieved by operatiggrumildly alkaline reducing conditions,
where the hydrogen used to create reducing conditdso suppresses the products of coolant
radiolysis. Alkaline conditions are achieved by iagdpotassium hydroxide to counteract the
boric acid present in the coolant to control caractivity and reducing conditions by adding
ammonia, which is decomposed to hydrogen in the.cAs many corrosion processes are
accelerated by impurities in the coolant, thesetmlg® be minimised, and as corrosion product
formation and transport are dependent on cooldwlimity, pH must be optimised. The
presence of other materials that can become hagitiyated must also be minimised.

The following sections describe the main procedsgsmust be controlled.

2.2.1 Structural Materials

2211 General Corrosion and Oxide Formation

Primary circuit stainless steel alloys in WWER anitndergo general corrosion in high
temperature, deoxygenated, mildly alkaline solutmform thin oxide films. The oxide films

are protective and diffusion control gives an oxide whose thickness, x, ideally varies

parabolically with time, t (i.e.,>= kt). The corrosion rate of 08Cr18Ni10Ti (08CHIBN)
stainless steel is a function of the temperatuedpx conditions and pHbut at WWER
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operating temperatures data from different soustesv that after several thousand hours the
corrosion rate is <0.1 pgfsec (<0.4 mg it hh) [2] or ~0.07 pg rif se¢' [1 and 5]. In-pile
loop tests show corrosion rates are largely unedteby the different chemistries used in
WWERSs, although some loop results suggest thatosmm rates increase in the order
“Hydrazine Water Chemistry” < “Standard Water C i’ < “High pH Chemistry” [5].

Normally, duplex oxide films are formed, although @& part of the outer layer is lost by
dissolution into the coolant and is replaced byater deposited oxide layer. For stainless steel,
the inner layer is an iron-chromium-nickel invesggnel (iron chromite), enriched in chromium
and depleted in iron and nickel relative to thekbmletal. The outer layer is an iron-nickel
spinel (effectively a substituted magnetite) camtag some chromium and trace amounts of
other transition metals [1 and 5 to 18]. Chromigmettained in the inner oxide layers because it
has low solubility in the coolant under reducinghditions. The inner oxide thickness is
normally about 5-10 um thick on primary circuitistess steel surfaces and <1 um thick on the
steam generator tubing. In WWERS, the outer oxagerl instead of being formed entirely by
diffusion from the metal, contains material depagifrom the coolant and the very outer
surface is usually covered by small amounts ofdoparticulate material. Thick outer layer
oxides are found in a number of stations after maaays of operation (e.g., the loop pipework
at Bohunice, [19], which are due to the prolongedasition of corrosion product oxides over
many years operation [6 to 8.

Stainless steel corrosion rates are influencedhkysurface finish [5 and 6], which affects
surface micro-roughness and modifies surface ptiegerBoth determine the lifetime
corrosion rate, as only a few microns of the metatode over the lifetime of any WWER
station. Machining or grinding increases micro-rongss and introduces sub-surface damage,
which increases grain boundary diffusion ratesitggatb a higher corrosion rate and thicker
oxides. Conversely, electropolishing removes sufasa damage and produces a thin
smooth chromium rich surface layer, giving a lowrasion rate and a thin oxide layer. Cast
or weld clad surfaces do not contain damaged sesfand, moreover, initially have a thin air
grown oxide film. These differences result in tbédwing order for the corrosion rates and
activity uptake [20 to 25]:

Machined= Coarse Ground > Fine Ground > Electropolishé&tiast/Weld Deposited

Activity uptake on machined surfaces can be upv® times higher than on electropolished
surfaces, because of the differences in surfate. Sthese differences are the reason for the
much thicker inner layer oxides found on the rougf@mmmonly machined or ground)
stainless steel surfaces of the primary circuiepiprk [6 and 7], compared with the very thin
inner layer oxides on the smooth drawn surfaceth@fsteam generator tubes, even though
the machined main loop pipework and the drawn Sfhtuare made from the same type of
stainless steel. Decontamination using concentistdions also produces a relatively rough
surface, which has a high corrosion and corroseglrase rate and tends to have a high
activity uptake and recontamination rates (althotggontamination rates at Loviisa 2 were
low). The high post-decontamination release ratestle basic reason for the problems
experienced at Paks and Novovoronezh, and to arlessent Loviisa 2, where increased
corrosion and corrosion release resulted in fupbdis.

Although the normal oxides formed on stainlesslste protective duplex oxides, this is not

always the case. At Loviisa 2 the rapid increaseathation fields after 1988 was due to the
formation of an anomalous thick (1&n) non-duplex iron-nickel chromite oxide layer that
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did not have an outer nickel ferrite layer on tb&ldeg primary circuit surfaces. To minimise
personnel doses during work planned for the 199dAualn refuelling, a full-system
decontamination was carried by Siemens using th&CBRD UV process (permanganic
acid/oxalic acid), after which radiation fields ugted similar values to those at Loviisa 1,
indicating that normal duplex oxides had develogker the decontamination [26].

2.2.1.2 Stress Corrosion Cracking and Pitting

In addition to general corrosion, 08Cr18Nil0Ti stess steel can also suffer from pitting,
intergranular attack and stress corrosion cracKimergranular attack or pitting has not been
reported on the inner surfaces of the primary diratWWER reactors operated in accord
with the operating specifications for the primaigcait and the main cause of any primary-
side degradation that occurs is probably due toigh kthloride contamination during
manufacturing, transportation and lay-up of steamegator tubing in a new plant.

Transgranular stress corrosion cracking (TGSC@Bafr18Nil0Ti stainless steel does occur,
but only from the secondary side of the steam geaes, where higher chloride concentration
can occur (e.g., in steam generator tube suppevioas) [27] and it can also occur due to
intergranular stress corrosion cracking of theratganerator tubing, where it originates from
secondary-side pits and general corrosion in ceeveavironments with high impurity
concentrations [28]. Tests carried out in Franaengd that there is a risk of stress corrosion
cracking in cold worked stainless steels in conegatl potassium hydroxide environments,
compared with lithium hydroxide, but such enviromtsedo not exist in WWERs and no
examples of WWER primary-side stress corrosionkingchave been reported.

2.2.1.3 Corrosion Release

Corrosion causes both the formation of an adhesgioke layer and the dissolution of some
part of the metal into the circulating coolant. Tatter is termed corrosion release. Corrosion
release has a similar time dependence to thatdisosion [11 to 14 and 29], which is also
due to the low cation diffusion coefficients foretimnner chromium-rich oxide layer, which
control iron and nickel transport from the metafface to the outer layer and their dissolution
into the coolant. As the inner layer thickness @éases with time, diffusion rates reduce and
corrosion release rates reduce. In experimentakwgy to half of the total possible oxide
thickness tends to be released, accounting fomiierity of the outer oxide, whilst the less
soluble inner layer is always retained. The comoselease rate is, therefore, tied to the local
corrosion rate and this gives it a similar time elggience. For 08Cr18Nil0Ti stainless steel,
the corrosion release rate is 30 to 60% of theoson rate [12]. Although most corrosion
release processes probably decrease initially witie, they will always tend towards a
constant rate as the processes of net oxide famaind release become equal because of
removal via coolant purification and depositiontba fuel.

22.14 Effect of Impurities and Chemicals and orhie Corrosion of Structural
Materials

22.14.1 Dissolved Oxygen
Minimising coolant oxygen concentrations will minga both general corrosion of the

stainless steel primary circuit surfaces and thk that stress corrosion cracking will occur.
Low oxygen concentrations are achieved by degadsiagnake-up water and by adding
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hydrazine to the coolant during start-up. At power steady state oxygen concentration is
effectively zero at normal primary coolant hydrogemcentrations and any oxygen added to
the primary circuit in the make-up water or bor@dawill react radiolytically with excess
dissolved hydrogen in the coolant in the first feentimetres of the core. At PWR and also
WWER operating temperatures and neutron fluxesgreentration of only ~1 to 5 Nml/kg
hydrogen is required to suppress radiolysis artégent the creation of oxidising conditions
in the coolant that would favour stress corrosi@acking. [30 and 31]

2.2.1.4.2 Dissolved Hydrogen

Dissolved hydrogen is required to maintain primarguit reducing conditions to minimise any
risk of stress corrosion cracking. As indicatedva)o-1 to 5 Nml/kg will suppress radiolysis at
normal WWER primary circuit operating temperaturbsi this increases to about 10-15
Nml/kg at ambient temperature (<50°C).

In WWERSs, hydrogen is formeiah situ by the radiolytical decomposition of ammonia (eith
added directly or produced by the decompositionhypdrazine) in the primary coolant.
Ammonia breaks down to a mixture of hydrogen artdogen, which are removed in the
thermal degasser in the letdown and make-up syatehare replaced by ammonia added in the
make-up water added to the primary coolant. Thecifspé primary coolant hydrogen
concentration at power is 2.2 to 4.5 mg/kg (25 @oNinl/kg). At Temelin NPP the lower
hydrogen concentration limit specified is 20 Nmlikgorder to limit ammonia primary coolant
concentration, thus reducing the volume of liquiddwaste produced; an ammonia
concentration of about 15 mg/kg gives a hydrogertentration of 20 Nml/kg H

Although the hydrogen concentration range is sinidahat in reactors where hydrogen gas is
added directly, in WWER reactors the ammonia amdtdgen concentrations in the primary
coolant are steady state concentrations deterntipete letdown rate and pump seal leak-off
rate to the thermal degasser and the corresponuikg-up water rate.

Hydrazine is added instead of ammonia to genesatmben in a few of WWER reactors. This
decomposes in a similar way to ammonia, produciagiy a mixture of ammonia, hydrogen
and nitrogen and only a small steady state hydeazamcentration. There are indications that
the steady state hydrogen and ammonia concensatib®WWERSs that add hydrazine are
higher than in those that add ammonia.

It is planned to inject hydrogen gas into the pryr@bolant make-up water at the WWER-1000
stations South Ukraine 1 and 2, replacing the anmramtditions used currently, but this has not
yet been carried out. Here, the objective is toicatbe drawbacks of ammonia presence
described in Section 2.2.1.4.7, mainly its impagtresin behaviour. Similar proposals were
made previously for both Temelin and Kalinin.

2.2.1.4.3 Chloride, Fluoride and Sulphate

Chloride-induced stress corrosion cracking occuremaustenitic stainless steel is exposed to
chloride ion in high temperature, particularly ioligions containing oxygen. However,
experimental data indicate that the risk of SC@xgemely low at normal WWER primary
coolant hydrogen and oxygen concentrations. Neskedk the chloride concentration is
controlled at low concentration to avoid any rigkSCC occurring. Although fluoride ion
concentrations are normally controlled to limit Ifuedad corrosion, fluoride-induced stress

26



corrosion cracking of austenitic stainless steal @ecur at high fluoride concentration, but is
suppressed if boric acid is also present. In gractihe limits imposed to prevent fuel clad
corrosion are well below those required to pre®@C. Both chloride and sulphate have been
shown to cause SCC in stainless steels in nonkis&bstainless steels [32], but SCC does not
initiate as rapidly in the stabilised 08Cr18NilGtainless steel used in WWERs [27, 33 and
34]. Sulphate has been shown to be at least ass®ijgge as chloride with respect to SCC of the
non-stabilised austenitic type-304L stainless stesked in Boiling Water Reactors operating
under oxidising conditions [32], but the risk ofphate-induced SCC for the titanium-stabilised
stainless steel used in WWERSs is not as well cheraed as that for chloride. Most experts
consider that the sensitivity to SCC due to sulplats is not greater than that of chloride and
that it is the acidity or the simultaneous presesfcexygen are the key factors [32 and 33]. A
specific study using the 08Cr18NilOTi stainlesselsiegsed in WWER concluded that the
number of microcracks was lower in presence offetfpthan chloride. Finally, in presence of
chloride and sulphate ion, sulphate was found taaaan inhibitor of chloride-induced SCC
initiation [34]. However, since sulphate is an aggive anion that can initiate SCC, it is now
accepted that sulphate concentrations should biotled in essentially all nuclear plants at
similar content to the limits applied for chlorie.

Of these anions, chloride ion mainly enters thenpry coolant in the make-up water and is
controlled by ensuring that the water supplied gy make-up water plant is of the correct
purity. It may also be released from the aniomrésithe coolant purification system by partial
regeneration during injection of ammonia and pasasshydroxide (where the chloride
accumulates on the resin over several years ope)yakinally, chloride ingress can occur if the
correct controls to exclude chloride-containing eniats are not applied during fuel transport or
maintenance activities (Foreign Materials ExclugiBME) controls). While fluoride can enter
the primary coolant in the make-up water, the nsaurce is considered to be fluoride residues
from fuel clad etching during manufacture and thsreequirement to monitor fluorides for
defined period after unit startup after refuellmgage. Other sources are either solid boric acid
added to the coolant or weld fluxes used when regaor modifying the primary circuit or its
auxiliary circuits. The latter two sources can obly avoided by applying an appropriate
specification when purchasing solid boric acid aBgdapplying correct procedures to minimise
contamination of the primary circuit during mairdece.

Sulphate ions can also enter the primary coolatitarmake-up water, but its main source is the
sulphonic acid functional groups on cation ion exuaye resins in the SVO-1 and SVO-2
coolant purification systems. An especially higbkrof contaminating the primary coolant is
associated with the release of resin beads or fiesg into the primary system when they break
down at primary circuit temperature to release lsatp into the coolant. This can be avoided if
there are efficient mandatory protection measwgesh as resin traps to prevent resin ingress
and procedures in place to avoid operational ergally serious, the cation resin in the spent
fuel pool purification system is decomposed slobajythe hydrogen peroxide that builds-up in
the spent fuel pool water, which in a PWRs fuellpsdypically about 4 mg/kg and a similar
concentration should be present in a WWER fuel.dadPWRs, examples have occurred when
the sulphate concentration in the aerated spehpba water has reached several mg/kg and
where IGSCC of the non-stabilised 304L stainleselstuel assembly upper guide tubes
occurred [35]. This caused separation of the uppdrassembly nozzles from the remainder of
the fuel assembles when the fuel assemblies wekedndNormally, the anion resin in the
mixed-bed charge removes any sulphate released lthis case a layered bed was used and
the sulphate was not removed. There have beemmiarsexamples reported for the titanium-
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stabilised stainless steel used in WWERSs, thid ste®t expected to be immune from similar
damage although crack initiation may be much slower

22144 Nitrate

Nitrate is normally an anionic impurity that is ¢aolled by ensuring that the make-up water is
of the correct purity. However, a number of the Exchange resins used in the coolant
purification circuits are designed to be regenerated as nitric acid is used to regenerate the
cation resin, there is a risk that nitric acid d@rates will enter the primary circuit. Nitrate
ingress during power operation has occurred atrmbeu of WWER units, either through
accidental ingress of nitric acid during the regatien process or due to incomplete rinse down
of the ion exchange beds before they are retumedrvice. In the most serious example of this
type of ingress event, the protective oxide presenthe inner surfaces of the primary circuit
was also attacked, releasing large amount of domgsoduct radionuclides into the coolant
and, possibly, altering the surface roughness aohigher release rates of the type seen after
primary circuit decontamination might result. lositd be noted that not all WWER units, e.g.,
Loviisa, regenerate their resin beds and thes@ssaare not normally susceptible to nitrate
ingress.

Nitrates are not normally considered as impuritiest induce stress corrosion cracking of
austenitic stainless steels, but there is at le@streport [36] that indicates that mg/kg nitrate
levels will cause cracking of AISI 304 stainlessestunder oxidising conditions at boiling water
reactor operating temperatures (288°C). Howevernthin threat arises because nitrate reacts
radiolytically with the hydrogen in the coolant afidarge quantities enter the coolant it will
cause the coolant to become oxidising. This theates a risk that stress corrosion cracking of
the stainless steel primary circuit alloys willtiate.

During normal operation, the build-up of nitratencentrations is suppressed by the presence of
hydrogen in the coolant, which ensures that reducionditions exist and very low nitrate
concentrations normally exist. However, during atdbwn under aerated oxidising conditions,
the shutdown reactor gamma flux causes radiolyxiclation of ammonia in the primary
coolant and the nitrate concentration increasesdlyago mg/kg levels. However, the
concentration falls rapidly when the SVO-4 cirasiin operation.

2.2.1.45 Organics

Organic materials can enter the primary circuitrf@ variety of sources, including the make-up
water, ion exchange resin fines, oils and the cbaiiadded to the circuit, but one of the most
important potential sources in WWERSs are residdé¢lensolutions used to decontaminate the
primary side of the steam generators where irohatxg@recipitates are not easily flushed out
after the decontamination. In general organic madteare not corrosive and they will normally
be decomposed in the high temperature radiatideh tiat exist in the core. In most cases the
organic material will be converted into methanesgome ethane, and will be removed by the
thermal degasser. In larger amounts it may, howeler converted to graphite and be
incorporated into the oxides present on the fudl@mary circuit surfaces.

In WWER units that have been decontaminated by tagitentration reagents containing citric
acid or oxalic acid, the oxides present on the @anjncoolant surfaces have been shown to
contain relatively large amounts of carbon-basedenzd It is not known if this alters the
protective nature of the oxide film present ongtanless steel surface, but it may be a factor in
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the high release rates observed in WWERSs that begg decontaminated repeatedly and that
have then suffered from increased deposition ofuttleclad and grid surfaces.

2.2.1.46 Potassium, Lithium and Sodium

In WWER reactors a concentration of up to 20 mgfi@assium, added as potassium
hydroxide, is added at the start of each fuel cilereate the alkaline conditions that minimise
corrosion release and fuel crud deposition, whiehtlae main factors in the generation of out-
of-core radiation fields and potentially of Crudiuted Power Shifts. During the fuel cycle, the
potassium concentration is reduced at the sameadsrtbe boric acid concentration, so as to
maintain the optimum pH for radiation field develognt. However, lithium-7 is also produced
during the fuel cycle via th€B(n,0)’Li moderation reaction, which makes simple conabl
the total alkalinity more difficult as it requiréise control of more than of one alkali metal. The
lithium-7 concentration reaches its maximum valuenid-cycle, when the concentration can
reach 0.6 to 1.0 mg/kg. A further contribution tee tpH is due to the sodium hydroxide
contained as a minor component in the potassiumoRige used in WWERs. The sodium
concentration also changes throughout the fuelecyatlt is highest at start-of-cycle when the
potassium hydroxide concentration is highest. Tlaximum sodium concentration is often
~0.35 mg/kg and falls to about 0.03 mg/kg by the ehthe fuel cycle, but when good quality
potassium hydroxide is used the sodium concentraionuch lower (40-60 pg/kg at Temelin)
and its contribution to pHs very low, compared with potassium.

To accommodate these three alkali metal ions, Ikadiraty is normally controlled on the basis
of the total alkali metal Molar concentration, sdme older WWER plants still use an
equivalent potassium concentration. These paramaterexpressed either as a concentration in
mg/kg or as a Molar concentration in mmol/litreegfuivalent potassium or total alkali metals
(K*+ Li" + N&). To calculate the equivalent potassium, sodiuntentrations are converted to
equivalent potassium concentrations by multiplyayg39.1/23 and lithium-7 by multiplying by
39.1/7.

At Temelin NPP, sodium concentrations are <100 gugékd pHlis controlled on the basis of
on-line ammonia, Na K*, Li* and boric acid measurements, from which Hcalculated.
Consequently, in this case, pHt is defined as draloparameter instead of total alkali in the
plants operational procedures and; pHkept as constant as possible within the range’ .2
for the complete fuel cycle. A similar approachusing calculated pHas a control parameter
may be used at other WWER units.

One advantage of the presence of potassium inrthiay coolant is that the short-livéek
isotope (f, = 12.36 hours) can be used to monitor primaretmsedary leakage.

2.2.1.4.7 Ammonia

Although ammonia is added to generate hydrogerathplysis, or is produced when hydrazine
is added. It does not influence the primary caotah at high temperature significantly, as it is
a very weak base at high temperature. Howeverjdhst the case at low temperature in the
SVO-1 and SVO-2 coolant purification circuits, wh@mmonia and the boric acid added to the
coolant are partially ionised and ammonia affebts pH of the cooled coolant slightly. An
additional consequence of the partial ionisatia@t ticcurs in the SVO-1 and SVO-2 circuits is
that ammonium ion competes for the cation exchamagacity of the mixed-bed and cation
resins, reducing its ability to remove potassiurd hfium from the coolant. In practice, the

29



cation resins all operate at equilibrium with redpé& potassium, lithium, sodium and
ammonium ions. This equilibrium is used at Loviigichovce and Bohunice 3 and 4 as a way
of controlling coolant alkalinity, since reducirtgetammonia concentration increases the alkali
metal capacity of the cation resins and reducesitbelating alkali concentration.

Ammonia also causes radwaste processing problethe iS8VO-3 system, where, at high pH,
ammonia is removed in the steam from the evaporéle ammonia collects in the evaporator
distillate stream, which is purified by the SVOe® iexchange beds, increasing their exhaustion
and regeneration rate. The regenerant liquors et@ned to the evaporator, causing the
ammonia to remain within the system and the masultas to increase the regeneration
frequency of the cation resin in the ion exchanggsb

22.1.4.8 pH

The primary coolant pH at the primary circuit operg temperature determines the overall
corrosion product behaviour in the primary circas, it determines the corrosion and corrosion
release rates, the way that corrosion productspgitae out and deposit in the fuel clad, and,
finally, the way that the activated corrosion prctduadionuclides deposit on out-of-core

surfaces. This aspect is described in more det&ekrtions 2.2.2, 2.2.3 and 2.2.4.

2.2.1.49 Additional parameters

In addition to the parameters discussed above, SWMWER plants still measure the primary
coolant conductivity and the pH at 25°C, whilstesth measure the turbidity and suspended
solids concentration. However, none of these paemnas of direct significance for the
corrosion of the primary circuit structural alloymd they are only used as diagnostic
measurements.

2.2.2 Fuel Clad Behaviour

In addition to stainless steel, the only otheryalpresent in most WWER primary circuit in a
significant amount are the Zr-1%Nb fuel clad usedVWER-440 and WWER-1000 units
and the Zr-2.5%Nb fuel sheath material used in WWER units and at Novovoronezh 5.
However, fuel supplied by Westinghouse and BNFLLéwiisa and Temelin reactors used
Zircaloy-4 clad and the latest Temelin and Southaitte fuel has ZIRLO clad.

The main function of the clad is to act as a batieefission product release during power
operation, but the clad is thin to minimise the penature gradient across the clad. As a
result, the permissible amount of corrosion overlifetime of the fuel is also small. For the
Zr-1%Nb fuel clad in WWER-440 units the design basrrosion limit for a LOCA is 17%
of the fuel clad thickness of 0.685 mm (0.116 m28§][ whereas for the Zircaloy-4 and
ZIRLO fuel clad supplied by BNFL and Westinghoulse torrosion limit is equivalent to the
formation 0of<100 um zirconium dioxide corrosion film on the outarface of the fuel clad.
In practice, the fuel clad oxide thickness formed WWER-440 Zircaloy-4 and Zr-1%Nb
fuel clad is typically <5 um after three cyclest musomewhat greater in WWER-1000 units
due to the higher operating temperature (8-12 punemgdly and 10-15 pum at the end-plug
welds [2]). More corrosion is expected when ZIRL@l aparticularly, Zircaloy-4 fuel clad is
used, but at Temelin and South Ukraine good cladosmn behaviour has been observed,
although whether this is due to the lower lithiuamcentration, the presence of potassium or
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differences in the fuel duty is not yet known. Undquivalent conditions to those quoted for
Zr-1%Nb fuel clad above, the oxide thickness orawy-4 would be up to 40um [2].

In normal operation no significant fuel crud dep®s$iave been observed on either WWER-
440 or WWER-1000 fuel [2], except under the abndromnditions that existed in some
WWER-440 units after repeated steam generator decamation (see Section 2.2.1.1).

No corrosion occurs on the inner surface of thd,ahhich is in contact with the helium filled
gap between the fuel pellets and the clad.

2221 Fuel Clad Corrosion

Zirconium alloys corrode in high temperature waterform zirconium dioxide. Initially,
corrosion forms a thin black protective layer dfagonal zirconium dioxide, which is of the
order of 2-5 um thick. At greater oxide thickneb® form of the oxide changes to a lighter
coloured oxide, which consists of alternating vémn porous bands of the tetragonal and
monoclinic forms of zirconium dioxide. This oxide not protective and in the absence of
temperature changes the oxide thickness would Ipected increase linearly with time.
However, zirconium dioxide has poor thermal conphtgt and the inner clad surface
temperature rises as the oxide thickens. In tume, Higher inner clad wall temperature
increases the corrosion rate. This feed-back meésmais the main reason that clad corrosion
rates accelerate with increasing fuel burn-up axideothickness, and is the reason for the
limits placed on maximum burn-up for fuel assengoilath different zirconium alloy clad.

The underlying corrosion rate of all zirconium gas very dependent on:
(a) Minor alloying metals present in the alloy,
(b) Trace impurities present in the alloys, and
(b) The effects of species present in the coolant.

In addition, hydrogen is produced as the zirconmetal corrodes to form zirconium dioxide.
Some of the hydrogen is absorbed into the clad,imgak brittle and increasing the risk of
fuel leaks due to hydriding failures.

Zr-1%Nb clad is currently available in two mainrt. These are the standard Russian alloy
€-110 made from electrolytically produced zirconimnetal, and the AREVA (Framatome)
M5 clad and the new Russian clad used in advaneddasemblies, both of which are made
from zirconium sponge produced by the Kroll procdéssddition, the standard Russian alloy
has an HF-etched outer surface, whilst M5 and #e Russian clad have polished outer
surfaces. Standar€-110 clad used in WWER fuel has been shown to hserg good
corrosion resistance, both in WWER-440s and WWEBQ1@nits. Operating data show that
the maximum oxide thickness in WWER-440 units gdglly <5 um [37 and 38] and there
IS no transition to linear breakaway corrosion kicge(at least up to 30000 hours exposure at
<350°C). In addition, its corrosion rate does natrease in a radiation field. However, it is
more sensitive to oxygen levels than Zircaloy-4.

Two forms of Zr-1%Nb clad differ in their trace inmity levels. The sponge used in M5 clad
is lower in fluoride, but is higher in calcium, rmagium, aluminium, iron and yttrium,
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whereas the electrolytic zirconium used#110 clad is purer, but has a higher trace fluoride
concentration derived from the molten salt bathaddition the outer surface 6£110 clad is
higher in fluoride because of the acid etch treatm®f these impurities, Ca, Mg, Al, Fe and
Y are beneficial impurities with respect to oxidati whereas F is detrimental towards
oxidation [39].

In general, tests show that the ductility and otxadabehaviour of the different Zr-1%Nb clad
alloys is very sensitive to the microchemical imfpucomposition and surface finish [39].
The current€-110 clad has an optimal microstructure, but Zr-¥oblad made from
zirconium sponge has a significant reduced oxidatimte and zero ductility threshold in
LOCA (loss of cooling accident) tests, whilst pblisg the clad surface gives an additional
improvement in oxidation and ductility. The resslthat whilst€-110 clad appears to have a
lower general corrosion rate than M5, it is worseler oxidising conditions when boiling is
present and under LOCA conditions; however, M5 #nednew Russian clad can be expected
to behave essentially identically during power agien. Both types of Zr-1%Nb clad can be
used in fuel assemblies designed to operate atupsof up to 60-70 GWd/tU.

Zircaloy-4 clad containing 1.2-1.7% tin has a higlgeneral corrosion rate than Zr-1%Nb
clad and even when the alloying elements have bpamised for corrosion resistance, the
zirconium dioxide film thickness can approach tB@ fum limit at high burn-up in PWRs (of
the order of 50 GWd/tU). However, such high burs-ape not currently reached in WWERSs.
ZIRLO clad containing both 1.2-1.9% tin and 1.3%.%iobium has a lower general
corrosion rate than Zircaloy-4, but the rate ishleigthan that of all types of Zr-1%Nb clad.
However, ZIRLO clad is still suitable for burn-upkup to 60-70 GWd/tU in PWRs.

2.2.2.2 Effect of Impurities and Chemicals on théuel Clad

Fuel clad alloys do not suffer from enhanced ceoroglue to the potassium, sodium or
ammonia present in the primary coolant, but theoston rate is affect by oxygen, fluoride
and lithium. They are also affected by species thah deposits on the fuel clad surface.
These deposits include zeolites, formed from alwmmn calcium, magnesium and silica, and
corrosion product species that form fuel crud dépdsor grown on the fuel clad surfaces.
These are summarised below.

22221 Dissolved Oxygen

The corrosion rate of all zirconium alloys increas@der oxidising conditions when there is a
radiation field and in some alloys, e.g., Zircalyy#t can result in nodular corrosion. The
corrosion rate of Zr-1%Nb clad increases undertedraonditions even when there is no
radiation field and it has been shown that oxygemcentrations of between 0.5 and 6 mg/kg
will accelerate the corrosion rate by a factor t@wahree times at 280-320°C. Even though
oxygen accelerates Zr-1%Nb clad corrosion, in pracbperating the primary circuit under
reducing conditions prevents any additional comoesluring power operation. However, since
hydrogen is only produced by radiolytic decompositat power in WWERS, there is a finite
risk that some corrosion will occur during startwpen the reactor is at full temperature and
pressure, but is not yet critical. To avoid anykrig is important that the coolant is
deoxygenated fully by hydrazine additions befoeetédmperature is raised above 100°C.

222272 Fluoride
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Fluoride has been shown to accelerate the corr@atenof zirconium alloys including the Zr-
1%Nb clad used in WWERSs at a concentration of betmd and 100 mg/kg. For this reason it
is usual to include a fluoride limit in the primacgolant specifications, which is also intended
to avoid any risk of SCC of the stainless steahpry circuit materials. A number of slightly
different limits are in use in different WWER optmng countries, but most apply a limit of
<100 pg/kg fluoride during normal operation, althbun some cases this values is set as a
combined fluoride plus chloride limit.

2.2.2.2.3 Lithium, Potassium and Ammonia

In the absence of boric acid, lithium hydroxidekiown to accelerate the corrosion rate of
Zircaloy-4 used as PWR fuel clad. Tests showed that corrosion rate was increased
significantly at a lithium concentration of 70 mg/&t 350°C and some increase was found at
concentrations of as low as 7 mg/kg. However, enfghesence of ~6 g/kg boric acid (~1000
mg/kg boron), there was very little effect evermatoncentration of 100 mg/kg lithium. Since
lithium will concentrate in thick porous oxides wndboiling conditions, all PWR fuel
manufactures impose an upper primary coolant kthiimit for plants operating with
Zircaloy-4 clad fuel. This limit is also generalyplied for fuel with ZIRLO clad. For many
years the limit was set at 2 to 2.2 mg/kg lithidmat for 18-month fuel cycles this is now
generally set at 3.5 mg/kg lithium (which is ideatito the 0.5 mmol/litre total alkali metal
limit specified for WWER units). In U.S. PWRs, amber of stations using ZIRLO clad are
starting to operate with lithium concentrationsupfto 6.5 mg/kg lithium at the start of each
fuel cycle, so that they can operate at constapthpblughout the cycle to minimise fuel crud
formation.

There is still considerable debate over the rolktimum in accelerating Zircaloy-4 corrosion
in PWRs. Westinghouse use a model that includagkiarh-squared term. However, AREVA
(formerly Siemens) use a model that only predictsoaosion rate increase if the lithium
content of the oxide is <100 mg/kg. Both modeldmtean increase in the corrosion rate due
to lithium at high burn-up, when the zirconium dix layer is thick. However, fuel
inspections have failed to show that any enhanceimetie corrosion rate actually occurs.
Thick oxides that increase the corrosion rate shaot occur in WWER units operating with
Zircaloy-4 clad fuel and no lithium effect is exped. This is also true for ZIRLO fuel clad,
as the corrosion rate for this alloy is lower thiaat of Zircaloy-4. For Zr-1%Nb clad the type
of thick oxide that is implicated in acceleratedcttorrosion due to the presence of lithium in
the coolant is absent and no lithium effect is exgeé This view is supported by the fact that
the maximum lithium concentration seen in mid-cyidl@VWER units is only about 0.6-1.0
mg/kg, compared with 3.5 mg/kg lithium at the stdran 18-month PWR fuel cycle.

As stated earlier, the presence potassium andreadithe coolant do not affect the corrosion
rate of Zr-1%Nb clad, which is normally attributéml the much larger ionic radii of these
cations, compared with the smaller ionic radiuditbium ion which allows lithium to be
incorporated into the growing zirconium dioxide ¢ayUntil the mid-1990s the maximum
potassium concentration permitted by the Russiahrhanufacturer at the start of each fuel
cycle was 16.4 mg/kg K This was increased to 20 mg/kd K the mid-1990s after Zr-
1%Nb clad corrosion tests at 20 mg/k§ Kad showed no increase in the corrosion rate,
compared with earlier tests at lower potassium eptration. Unfortunately, this
concentration is not high enough to permit operata a full fuel cycle at constant pHt, as is
beginning to be adopted in PWRs. Ammonia has onigrg small effect on high temperature
pH in WWERSs and because of this no effect on fla corrosion is expected.
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2.2.1.4.8 pH

One of the main objectives of pH optimisation igrimimise corrosion product deposition on
to the fuel clad is to avoid CIPS (also called atahOffset Anomaly, AOA). Whilst this has
occurred at some PWRs, there are three main reagong has not been observed in WWER
plants:

a) The core power characteristics are lower in WWHRstin those PWRs that have
suffered from CIPS,

b) WWER steam generators tubing material is 08Cr18NiHdainless steel, instead of
the nickel base alloys used in most PWRs, wherkehieleased produces porous
nickel-rich deposits within which boron species camirate, and

c) Potassium salts are more soluble than lithium sadtshis may avoid the precipitation
of the metaborate salts responsible of CIPS.

CIPS is being studied in detail in the IAEA Coomtied Research Project on the “Optimisation
of Water Chemistry to ensure Reliable Water Redétel Performance at High Burn-up and in
Ageing Plant (FUWAC).

22224 Zeolite Forming Species

Aluminium, calcium, magnesium and silica, are knotwnbe capable of forming insoluble
zeolite deposits within the porous crud deposié thrm on fuel clad. The reason is that most
calcium, magnesium and aluminium oxides and sd&ahave retrograde temperature
coefficients of solubility and tend to precipitatet in the hottest part of the circuit, which ig th
crud layer on the fuel clad. If this occurs, tleelie deposits will tend to block the pores in the
fuel crud, which reduces heat transfer to the cdobnd increases the fuel clad surface
temperature and, therefore, the corrosion rate.

For zeolites to form, both an alkaline earth metdlon (calcium, magnesium or aluminium)
and silica must be present in the coolant. In génalkaline earth metal ions are only present at
very low concentrations, but silica is more comnaml at the start of a fuel cycle can be as
high as 1 to 3 mg/kg. The latter is more commotiéf boric acid used to refill the primary
circuit after each refuelling was recovered by @vapon and concentration in a boron recycle
system. Little data exist on the risks from silidane and limits of 1 to 3 mg/kg are applied in
PWRs that operate with low levels of sub-cooledeate boiling in the core and <1 mg/kg in
PWRs with higher core duties. When silica limityéndeen applied to WWER units, the value
adopted ranges from <200 to 500 pg/kg.

For calcium, magnesium, aluminium and silica thennragress route is the make-up water or
the solid boric acid used to prepare the boric aoitcentrate added to the coolant. However,
they can also enter the primary coolant duringaiig when the coolant mixes with the water
in the spent fuel pool. Additional sources are riwrouple and heater element packing
materials (aluminium or magnesium) and the glabsefimatrix of some types of coolant
purification filter (silica). Due to the nature tifese sources, the main method of control must
be the purity of make-up water and the purity @ $lolid boric acid used to prepare boric acid
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concentrate. However, because there are less @asitjtored sources, the concentrations of
these species should also be measured during nop@dtion.

2.2.2.25 Corrosion Product Deposits

In addition to the zirconium dioxide oxide film tharms on the fuel clad, corrosion products

deposit to produce fuel crud that increases thé dlael surface temperature and the clad
corrosion rate under some circumstances. Normalyt or all of the crud deposits are

formed by precipitation from dissolved iron andkacfrom the coolant, but some originates

from particulate in the coolant. Both precipitatiand particulate deposition rates are higher
on the heat transfer surfaces of the fuel, paditylf sub-cooled nucleate boiling occurs on

some fuel assemblies. This aspect is considered fally in Section 2.2.4.

2.2.3 Radiation Field Control

Inactive transition metal cations that depositwed €rud, plus any transition metals in alloys
that form part of the fuel assemblies or in alloyshe core structure exposed to a significant
neutron flux (e.g. the top and bottom core plates the core barrel), are activated to form
radioactive corrosion products. These activatedispeare then released into the coolant and
deposit on out-of-core surfaces, which in turn Ipeeactive, causing occupational radiation
exposure (ORE) to personnel engaged in maintenaodeduring refuelling shutdowns [40].
There are two basic out-of-core activity productiontes:

(1) Direct activation and release, where fuel asserahly pressure vessel internal parts
are activatedn-situ in the core neutron flux, are released and thgosieon out-of-
core surfaces, and

(2) Indirect activation and release, where the taeéements are released primarily from
out-of-core surfaces into the coolant, depositmeodre surfaces (particularly the large
fuel clad surface area), are activated and are teenleased into the coolant to re-
deposit throughout the primary circuit.

In WWERS, the most important radioactive corrogooducts contributing to radiation fields
(or dose rates) are usuaffCo and>®Co, but in some WWER-440 statiohS"Ag and*?‘Sb
are also significant contributors (e.g. Loviisak®and Temelin). In addition, significant
amounts of’Cr, >*Mn and >°Fe are present, although these are minor contrbuto the
radiation fields, and small amounts BZn, **Nb, *zr, '¥*Sb and'®*W are detectable on
surfaces and in the coolant. In WWERs most of tesgnnel dose originates frotfCo. In
PWRs the main source 8ICo is considered to be the hard facing materidli®t®, but in
WWERs high cobalt alloys are normally absent andnoa be the source &fCo. Here,
differences in radiation fields are probably duedifierent cobalt impurity levels in SG
tubing in steam generators [41 and 42]. At Lovitb&, auxiliary circuits contain considerable
numbers of valves containing Stellite seats [1}, dnbalt enrichment of the primary circuit
oxides has not been observed and radiation fieldsganerally similar to those at other
WWER-440 stations [7 and 8]. This observation sstgéhat auxiliary circuit sources are
less important that primary circuit sources [43 44i

For indirect activation and release, the first staggenerating out-of-core radiation fields is

the release of the elemental transition metals timoprimary coolant. These are transported
round the primary circuit before being depositeseelhere on the primary circuit surfaces,
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with a proportion depositing on the fuel clad. Aféetivation, some of the radioactive species
are re-released to the coolant and re-deposit tifexore surfaces. Some of the transitions
metals in the core structure are also activatean fwhich radioactive corrosion products can
be released directly into the coolant. Coolantdpanmt in the can occur via either soluble,
colloid or particulate species, but soluble spe@es probably the most important under
steady full power operating conditions (except wiieick fuel clad deposits are present).
Corrosion release from the coolant purification make-up system pipework at low
temperature is believed to be small. Some activeosimn products can be released by recoil
following (n,p) fast neutron activation, but thisanly possible for®Co and®*Mn and is not
the dominant re-release mechanism.

Although the same elemental and radionuclide cmmoproducts contribute to the radiation
fields of both WWERs and PWRs, it is important tienis that the concentrations of the key
species (nickel, cobaf®Co and®®Co) circulating in the coolant and incorporateaitite out-
of-core oxides are significantly less in WWERs thanmost PWRs. This is because the
nickel content of the materials in contact with {tvmary coolant is lower in WWERS,
particularly that in the stainless steel steam genetubing that forms the major surface area,
which in many PWRs is made from Alloy 600 or All®@20. Consequently, the nickel
corrosion release rate WWERs is lower, as are tbkehand®®Co concentrations in the
coolant [1] and th&®Co surface activity on the primary circuit surfacEsparallel with this
change, elemental cobalt corrosion release raiesylating elemental cobalt anfCo
concentrations anfCo surface activities are also lower in WWERS dsattecontaining hard
facing alloys such as Stellite-6 are not used, ed®ethey are used in most PWRs. The effect
of these differences is that whereas PWR primawguitisurfaces activities range from about
500 to 6000 kBg/ch®Co and 50 to 2000 kBg/cni°Co, the equivalent values in WWERs
are 10 to 100 kBg/chT®Co and 3 to 50 kBg/chf°Co. However, it must be noted there is
considerable variability from plant to plant amanigsth PWRs and WWERs [45 to 53].

It would be expected thatMn and®Fe activities should be similar in WWERSs and PWgs,
the amounts present in the primary circuit struadtamnaterials are either similar or, for iron,
greater. In practise, the surface activities amalar, although they still tend to be somewhat
lower in WWER circuits due to the lower corrosi@iease rate for stainless steel. However,
it could also be linked to the lower operating tengpures in WWER-440 units for which
most data are available. The typical values redose 20-200 kBg/c>Mn in PWRs
versus 2-50 kBg/cAT™*Mn in WWERs and 5-80 kBg/ci®Fe in PWRs versus 1-40 kBg/€m
>Mn in WWERS.

In solution, soluble corrosion product ions are mharemoved rapidly from the coolant by
adsorption onto the primary coolant surfaces, Wdd by absorption into the oxides. At low
temperatures adsorption is almost completely réwersbut at high temperatures corrosion
product ions diffuse into the oxide layer, from wathithey are not easily re-released. If the
coolant becomes super-saturated with respect tdiiselved corrosion products, nucleation
and crystallisation can occur forming a layer gbalgted oxide crystals on top of the grown-
on oxide layer produced by corrosion. If the oxidgew from solution, minor elemental
species in the coolant, such as cobalt isotopds,b@iincorporated into the bulk crystal
lattice. Deposition on to, and re-release of sauigins from, the oxides can either be
kinetically or mass transfer controlled. Kineticntm| occurs at temperatures below about
12C°C [54], when surface absorption/desorption kindbesomes rate controlling, whereupon
deposition effectively ceases. Mass transfer cootrours above about 200, when the rate-
controlling step is transport of the dissolved osion product ions across the laminar
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boundary layer from or to the turbulent bulk cotlaviass transfer control exist in all the
high temperature parts of the primary circuits, ot in the low temperature letdown parts of
the coolant purification loops of WWER stations. dgn mass transfer control the
concentration at the oxide-coolant boundary lay¢erface is equal to the oxide solubility
under the prevailing local redox conditions andndee will also be dependant on the
temperature and coolant pH.

In addition to soluble transition metal specieg tlvolant contains particulate and colloidal
species. Particulate are normally present in tledaoh at concentrations of the order of 1 to
10 pg/kg, with a median particle size of aboyind. Particulate sources are nucleation in the
coolant, erosion or spalling from developing oxidexl wear from rubbing surfaces, but
under most circumstances the main source is reesgg&m of particulate that has already
been deposited around the primary circuit. Nuobeaticcurs in the coolant if a sufficient

degree of super-saturation exists at certain logatiaround the primary circuit. Re-

suspension, erosion and spalling are sources tityate released when the main coolant
pumps are first switched on during a start up, wbentrol assembly movement is tested
during power operation and when changes are madaitve rapid fuel temperature changes
(e.g., spalling of loose fuel deposits during readtips). Transient particulate releases are
rarely a problem if the amount of fuel crud presergmall, but they are a significant factor in

PWRs that have experiences CIPS due to the formafithick crud deposits.

Since out-of-core radiation fields are the restlpmducing activated elemental corrosion
products in the core, in principle, they can betcled by minimising any of the key steps in
the overall process. For soluble species the lepssire:

(1)  The corrosion release rate from out-of core stagteel surfaces,

(2)  The rate of fuel crud formation,

(3)  The release rate of activated corrosion produots fihe fuel crud, and

(4)  The deposition of activated corrosion productsmthe out-of-core surfaces.

For colloids and particulate the key parameterhis deposition rate on to the fuel clad

surfaces. Each step depends on the coolant pHegtritnary circuit temperature and, to a

lesser extent, the dissolved hydrogen concentratrahthese two parameters are the main
parameters that can be used to control radiatieldsi There may also be links to the

ammonia and hydrazine concentrations used to peodissolved hydrogen, but these are
second order effects, compared with the pH.

In practice, all of the methods used for radiafietd control in both WWERs and PWRs are
based on minimising fuel crud deposit formatiormreoluble iron and nickel in the coolant
entering the core. Normally the assumption madéas the fuel crud deposits formed are a
non-stoichiometric form of nickel ferrite, Mie;O4, phase, where x lies in the range
0.4<x<0.8 and that, overall, the solubility is detmed by the change in the thermodynamic
ferrous iron solubility through the core. Althoughs sometimes assumed that the optimum
pH corresponds to the minimum ferrous iron soltyilihe correct definition of the optimum
pH if is that it corresponds to the pH above whtble iron solubility increases at the
temperature rises through the core (i.e., the pbivalbwhich the coefficient of solubility
changes from negative to positive across the c@ayinally, this pH was that defined for
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magnetite at PWR operating temperatures, whichigestlan optimum pH of pido-6.9.
Later, when it was recognised that the pH shouldhbé for nickel ferrite, the optimum pH
for PWRs was increased to gjtc/.4. When this approach is applied to WWERs, dight
different optimum pHt are estimated, which recognikat the operating primary circuit
temperatures are somewhat different from the PW#Rswhich the method was original
developed. These revised pHt are described in ohetgel in Section 2.3.

2.2.4 Thick Fuel Crud Deposits

During normal WWER operation the fuel crud depotitt form are very thin and have little
impact on fuel clad corrosion rates or core behaviGenerally, part or all of the fuel crud

deposit is formed by precipitation from dissolveahi and nickel from the coolant, where the
precipitated crud composition is determined by twncentrations of iron and nickel

circulating in the coolant. However, not all fueud is formed from solution and particulate
in the coolant will also deposit on the fuel cldeuel crud is very porous and boiling

‘chimneys’ form if the crud is greater than abo@ 2m thick, although deposits of this
thickness do not form in operating WWERSs as the warmh@f sub-cooled nucleate boiling

even in a WWER-1000 core is smaller than in PWRs.

In early PWR operations, thicker fuel crud depositsre observed when the operating
primary coolant pH was low, but after the pH wasiosed and increased to at least.GBl

in the mid-1980s fuel crud thicknesses reducednesdhat was comparable to those seen in
WWERSs. This situation changed in the late-1980 4880s, when the core duty was
increased to cater for longer fuel cycles and mghly enriched fuel, both of which
increased the degree of sub-cooled nucleate boailitige core. The increased boiling resulted
in the formation of thick porous fuel crud depositsa number of U.S. 4-loop PWRs. Under
these conditions a thick porous crud layer contgmickel oxide formed in the upper part of
the core where boiling was greatest. Consideralfitet® have been made to understand the
reasons for the formation of these thick poroud @wed layers in PWRs and on ways to
prevent them forming, but for WWER operation, thaimquestion is whether similar thick
fuel crud layers will form and whether CIPS canwrcc

So far CIPS has only been observed in PWRs that Adley 600 steam generator tubing,
which are able to sustain the higher nickel releases necessary to account for the thick
nickel-rich fuel crud deposits that characteriseB®/Nhat have experienced CIPS. In PWRs
with Alloy 600 steam generator tubing, fuel crucht@ins a non-stoichiometric nickel ferrite
under non-boiling conditions also probably contamstallic nickel. In a high duty core,
when there is a larger amount of sub-cooled nuelbatling nickel oxide forms instead of
metallic nickel. Under these conditions a thick qu@ nickel-rich crud layer forms in the
upper part of the core where boiling is greate#thiw which lithium metaborate precipitates
producing a crud-induced power shift (CIPS, otheengalled an Axial Offset Anomaly).

CIPS has not been observed in PWRs that have gieaprator tubing with a lower nickel
content (and lower corrosion release rates, elipyA90 or Alloy 800) or in WWERSs. In
WWER units, the coolant contains much lower conediains of nickel and it is not clear
whether the nickel-rich fuel crud deposits that r@sponsible for CIPS can form, even if fuel
duty is increased and sub-cooled nucleate boilioguis on the upper parts of some fuel
assemblies increases. Instead of these thick riteldeposits, the fuel crud layer normally
present in WWER is normally composed of an irom-non-stoichiometric nickel ferrite.
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However, under some circumstances thick fuel crapodits have been formed in some
WWERSs. These are a nickel-substituted form of magnand have been observed when
high release rates exist following primary circdécontaminations, as at Loviisa 2, Paks 2,
etc. However, these deposits do not correspontidgbrous deposits formed in high duty
PWRs and not only form in a different location imetcore (at the bottom of the fuel

assemblies), but they are not associated withyghe of sub-cooled nucleate boiling that is
responsible for lithium borate precipitation and tmnset of CIPS.

Since fuel crud formation from solution also depemsh the coolant pHand particulate
deposition is linked to suspended solid conceminati both must be controlled to limit the
formation of thick layers of fuel crud. Both aspeetre, however, linked to radiation field
control and the selection of the optimum pH Cheristgime and are considered in more
detail in Section 2.2.3.

2.25 Shutdown and Start-up

For WWER-440 and WWER-1000 reactors, the availai¢hods of chemistry control during
shutdowns are determined by the lack of a sepagatdual heat removal systems, the use of
nitrogen to pressurise the primary circuit durirmplcdown and the loss of the main SVO-1
coolant purification loops when the main coolantimps are stopped. In addition, ‘soft
decontamination’ procedures are used before shutdd®] at many stations to solubilise
corrosion product radionuclides, so that they camdmoved by the ion exchange beds in the
coolant purification systems during the shutdownthe WWER-1000 and WWER-440 V-213
units coolant purification can be transferred tadO8% when the main coolant pumps are halted,
but there is no further clean up in WWER-440 V-28(@s. Drain down of the primary circuit is
carried out under nitrogen pressure (0.3 to 0.5)MiAd oxygenation of the circuit only occurs
when the reactor pressure vessel head is removed.

In WWER-440 and WWER-1000 units, acid-reducing ¢omas exist at the end of boration,
but the dissolved hydrogen concentration is redftidow. Acidic reducing conditions are
generally maintained throughout the cool down, luiié reactor pressure vessel is opened
allowing oxygen ingress into the circuit. Althougkygen normally enters the primary circuit by
air ingress, forced oxidations using hydrogen peeat 140/158C were carried out at Loviisa
on two occasions to remove antimony as part ofstieps taken to combat the increasing
radiation fields at this unit, but this approack hat been used at other stations.

During start-up the circuit is pressurised withragen. The ion exchange resin beds are borated
before or during the start-up and are saturated patassium and ammonia shortly after reactor
start-up. Hydrazine is added to deoxygenate theagpyi coolant at about 30 (100C at
Loviisa) and oxygen must be <10 ppb oxygen befloectémperature can be raised to =20
(although lower temperatures are defined at soati®iss because of transition temperature from
ductile failure to brittle fracture), but hydrogesnonly produced by radiolysis once the reactor is
at power.

Considerable scope exists for optimising both thatdown and start-up procedures in
WWERSs, but these are outside the scope of this NER.

2.2.6 Radwaste Optimisation
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Most WWER-440 units in current operation were @itlesigned in the late 1960s or adopt
similar operating philosophies, and these philogaphlso apply to most WWER-1000 units.
The basic principles include:

« Very low liquid radwaste releases to the environtnen

» Treatment of liquid wastes by concentration andstioeage of the concentrate at each
plant, and

* Final treatment of wet (evaporator concentratesnsmpn exchange resins and filter
cartridges) and dry solid radwaste during decomiongsg [55].

Although, in principle, radwaste philosophies shiolé similar to those in PWRs, in practice
the quantities of both solid and liquid radwasteduced in WWERSs are significantly greater
[62]. In part, the greater amount of solid radwgsteduced is due to the greater number of
components present in WWER designs and conseniaspection frequencies, but for liquid
radwaste it is also due to the generally greatddge flows and regeneration of ion exchange
resin. For ion exchange resins, larger volumesuassl in the various auxiliary circuits of
WWER units and, typically, the volume of resin useWWER systems is about three times
greater that used in PWRs. In the absence of futiieatment this will result in larger
amounts of spent resin radwaste [55].

One consequence of these differences is that theneoof evaporator concentrate produced
Is greater in a WWER and, since no processing chtyabas included in the original design
concept, either additional storage capacity hastbhae constructed at individual sites or
additional evaporation capacity has had to be liest#o further concentrate lower level boric
acid concentrates. A second consequence is thdatiomoexchange beds are designed to be
regenerated, so that the spent resin volumes peddcen be reduced from several times that
produced in a PWR to a similar volume. However,ilsimamounts of other wet radwaste
streams (sludges, liquid organic wastes) are pediucboth WWERs and PWRs.

In most WWERSs, there are programmes in place toaethe amount of liquid and wet solid
radwaste produced, where the most common approaskésare:

* Recycling of purified water,

* Recycling of boric acid,

* Recycling of decontamination solutions,

* Regeneration and reuse of ion exchange resins, and

» Leak reduction for sources other than seals degdigméow partly to waste.

In addition, other volume reduction techniques hsas reverse osmosis, higher capacity ion
exchange resins and ultrafiltration may also beluse

Similar programmes are in place to reduce the velwidry solid wastes produced, which
now includes segregation of the different radwdstens and techniques such as super-
compaction of the drums that contain the solid rzste:.

In addition to these general principles, and aschat Section 2.3.3, the addition of hydrogen
gas to the primary coolant instead of ammonia tonfaydrogen by radiolysis is a specific
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method of liquid radwaste minimisation is currentlgder consideration at some stations.
Here, the volume of liquid radwaste produced catem@lly be reduced via the reduced
frequency of the SVO-3 cation resin regeneration.

Although radwaste programmes are normally concewitdminimising radwaste containing
the main radionuclides produced in WWER units, \wtace the fission product and corrosion
product radionuclides, in some countries the disggdhaf other radionuclides is becoming of
increasing importance. These include the activatimulucts®H (t,,12.4 years), which cannot
easily be separated and stored, #@(t, 5730 years), which is not normally removed from
gaseous discharges.

Of these two radionuclide$'C is of particular importance as it is responsfbiethe highest
general population dose due to its very long htdfdnd dispersal in the gaseous discharges.
At Temelin, for example'“C is the largest contributor to the effective dosenmitment for
the site. In additiom*C is one of the critical nuclides identified foretlong-term storage of
Intermediate Level Waste (ILW). A similar positiae being taken in other European
countries. Methods for removing these radionuclides limited, but for*C at least the
amount formed can be minimised the by eliminathmguse of aerated primary coolant make-
up water and aerated boric acid, sifd@ is produced from botffN and!’O. If degassed
make-up is used only ~2% of the tot4C production arises frorfN, but this increases to
~45% if aerated make-up is used (so that the totadunt produced approximately doubles)
The amount formed is even greater if nitrogen bdsedt tanks are used and the ammonia
added to the coolant is also a major addition saurc

2.3 Chemistry Control Options

The primary coolant chemistry regimes used in WWIRs are similar to those used in
PWRs and are based on the high temperature soyusiliron in magnetite or nickel ferrite.
They differ, however, in that different pH contiehnds are recommended for WWER-440
and WWER-1000 units to reflect the different opeigttemperatures (265-295°C v. 289-
322°C).

2.3.1 Historical Development of Primary Coolant pHRegimes

From the late 1970s until 1991-92 all WWER-440 ANWVER-1000 units operated to a
primary coolant pH specifications, developed by $Rars Institutes, known as the ‘Standard
Water Chemistry’ regimes [1 and 40]. Different dfieations existed for WWER-440 and
WWER-1000 units. For WWER-440 units this regime ggavconstant high temperature pH
of pHasrc7.3 (Where 260C was the original WWER core inlet temperature) el control
band was defined as:

with [Keqd (the total alkali metal (K+ Li" + Na") concentration expressed as an equivalent
potassium concentration) defined in mg/kg angB6k] in g/kg(maximum 8 g/kg). An upper
limit of 16.5 mg/kg kqu (equivalent to 2.96 mg/kd.i) was set to limit fuel clad corrosion.

For WWER-1000 stations two equivalent specificatiomere defined in 1982 and 1988.
These were similar, but had lowerc[}§ values at all boric acid concentrations reflegtthe
Russian view that the solubility minimum occursaatower pH at the higher operating
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temperatures of WWER-1000 stations. The 1988 dpatidn incorporated an end-of-cycle
equivalent potassium plateau, but was not adopteel two variants were defined as:

1982 Specification [kd = 0.1 + 0.0148[kBO;] = 0.05
1988 Specification [kd = 0.1 + 0.05 ([6BO3] <1.5)
[Keqd = 0.065 + 0.0235[kBO;] + 0.05 ([HBOs] >1.5)

where [Keqd is in mmol/kg and [HBO;5] in g/kg (maximum 10 g/kg). The WWER-440 and
1000 regimes are shown in Fig. 2.4.

Although these regimes were intended to be congtEintegimes, the pHt were calculated
used a method developed by Meek in the early 1fE&]sbut when calculated using updated
methods, the pH actually increases continuouslyuiinout the fuel cycle. For example, the
calculated pH for an operating WWER-440s calculatethg the EPRI method increases
from about pHyrc7.0 to pHorc7.5 during the cycle. Most WWER operators movedyawa
from the ‘Standard Water Chemistry’ regimes to tlever constant pH regimes in the early
1990s, but it remained in use at Loviisa until 2@®@l currently it is still used in a modified

form at Paks [52], Mochovce and Bohunice [57] (vehat Paks the initial pH is low and only

increases to reach the target control band in patecs lithium grows-in).

The non-constant pHs obtained with the "Standartevw@hemistry” regime were recognised
by a number of the WWER operators in the late 19&Gsding to revised primary coolant
specifications based on the new methods of caloglg@H [57 to 69]. In the Czech Republic,
the Nuclear Research InstituteRatZ used its DISER code (incorporating the EPRI oubthf
calculating pH to predict the optimum pH for WWER-440 and WWEBBQ units [62 to
64]. These calculated values for minimum solubilapd minimum corrosion product
formation for WWER-440 and WWER-1000 units arespd7.2 and 7.1, respectively. This
regime was initially used at Dukovany 3 in 1991 @whthe co-ordination band was
pHsorc7.2 £ 0.05 at <4.5 g/kg boric acid and there was@yer equivalent potassium limit of
14.5 + 1.7 mg/kg Kqy and corresponded to the “Modified Chemistry” regs used in PWRs
[1]. In 1992, the upper limit was raised to 20 ngphequ (= 3.59 mg/kg/Li) [67 to 69] and the
control band redefined as pigc7.2 + 0.1, where the higherel limit was based on new
Russian work on Zr-1%Nb fuel clad and stainlesslsterrosion. This specification has been
used at Dukovany (Czech Republic) since 1992. Anvatent WWER-1000 primary coolant
regime was defined for use at Temelin with the mlir@mtion band set at phirc7.1 + 0.1 and
has been used at Temelin since commissioning. Treggees are shown in Fig. 2.5. A
feature of the new Czech specifications was th&|ES®yle action levels were introduced.

The Russian Institutes issued revised specification 1992-1993, based on new boron-
alkaline metal calculations [70 to 72]. Althoughesle regimes had apparently identical
optimum pH bands calculated using the Russian dbég,gave slightly higher optimum co-
ordination pHt of approximately pltrc7.25 £ 0.1 for WWER-440 units and pdgc7.15 +
0.1 for WWER-1000 units when calculated using tRRREmethod, due to slight differences
between the Russian and EPRI pH codes. The newfispgons increased the uppereds
limit to 0.5 mmol/litre (19.5 mg/kg kK, which was agreed with the Russian fuel
manufacturer. Otherwise it was very similar to @eech specification. This variant is also
included in Figure 2.5 and was used in both thesRnsand Ukrainian units until 2001.
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New Russian specifications developed in responsewo chemistry guidelines issued by the
Russian Regulators in 1998 were introduced in 2091Russian research and design
organisations [73 and 74]. These required thatwager chemistry should maintain the
integrity of the barriers against radioactive reks minimise corrosion, minimise deposition
on heat transfer surfaces, reduce primary ciradgtation fields and limit the consequences of
radioactive releases following an accident. The rstandards followed the practice of
separating the parameters into control and diagnpatameters and introduced action levels
for control parameters, but more importantly introeld pH action level zones for the first
time. These new specifications are currently usedRussia, the Ukraine, Bulgaria and
Loviisa.

18 0.4

Equivalent Potassium (ppm
Equivalent Potassium (mmol/kg)

Boric Acid (g/kg) Boric Acid (g/kg)

Figure 2.4 Original “Standard Water Chemistry” Spedfications for WWER-440 (left)

25 % 25
pH(300°C)7.2 -
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20 frreeeen e
VNIIAES

Equivalent Potassium (mg/kg)
Equivalent Potassium (mg/kg)

Boric Acid (g/kg) Boric Acid (glkg)
oric Acid (g/kg

Figure 2.5 1992 Czech and Russian Specificationsr fthe WWER-440 (left) and
WWER-1000 (right) Units (Russian specifications wes actually defined in
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terms of total alkali metals (K" + Li* +Na") or equivalent potassium in
mmol kg™ (0.5 mmol kg* = 19.5 mg/kg)) [1]

2.3.2 Boric Acid and pH control

In all WWER-440 and 1000 units, boric acid conistarried out by discharging boric acid
to radwaste and diluting the coolant with make-ugtes;, or by adding concentrated boric
acid. Most of the boric acid discharged is recodeng evaporation in the boron recycle
system and is reused. Make-up water is added apstod the thermal deaerator, but boric
acid and other chemicals (potassium hydroxide, annand hydrazine) are added upstream
of the charging pumps. WWER-440 units have borid aoncentrate tanks containing 40
g/kg boric acid and boric acid tanks used for bogathe primary circuit containing 12 g/kg.
When large quantities of make-up water are addedirtake-up system has a second thermal
deaerator to remove oxygen before the water ischtiléhe charging pump suction line, but
otherwise the make-up water is fully aerated. Reahof alkali metals (except at Paks which
mainly uses one of the SVO-1 loops) is carriedusihg the SVO-2 system, but at Loviisa,
Bohunice and Mochovce alkali metal control is akftected by reducing the standing
ammonia concentration in the primary circuit durthg cycle, which increases the SVO-1
cation resin capacity for potassium and lithium.

2.3.3 Hydrogen

In WWER-440 and WWER-1000 stations, ammonia (or rhgohe decomposed into
ammonia) is added to generate hydrogesitu. In WWER-440 V-213 and WWER-1000
units, ammonia is added either intermittently (tgbly once or twice per shift) or
continuously (depending on the letdown flow rate}le make-up water, as all the letdown
flow passes through the thermal deaerator wherehgdyogen, nitrogen, fission gases and
some ammonia is removed. In stations that operéte avhigher letdown flow rate, higher
steady state primary coolant ammonia concentratamesrequired to maintain the target
hydrogen levels and more frequent ammonia additronst be made to the feedwater, or
ammonia must be added continuously. The earlier VRWEO V179 and V230 units do not
have shaft seal pumps and do not require a conisugeal water injection flow.
Consequently they only add small amounts of ammanahlower ammonia concentrations
exist in the coolant. Steady-state ammonia conagotrs in stations with shaft-seal MCPs are
typically 12-25 mg/kg, but are lower at 5-10 mgikg?WWER-440 V-230 units with canned
rotor pumps. They are also lower at Novovoronezivtich has a hydrogen recovery system
(5-8 mg/kg).

When hydrazine is added instead of ammonia, thedgtetate ammonia concentrations are
higher that at station that add ammonia directtga8y-state concentrations are 31-36 mg/kg
(range 9-58) at Kola 3 and 4 and 40-60 mg/kg atsPakilst the steady-state hydrazine
concentrations are very low (5-15 pg/kg).

At Dukovany and Temelin there were plans to injagtdrogen gas instead of adding

ammonia, using an injection system in the high saress charging pump discharge line of the
Make-up Water System. However, the proposed chahges not yet been agreed. Similar
plans have been developed at Kalinin and Southiblk@nd it is expected that those at South
Ukraine [75] will be implemented within the nextwfeears.
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The advantages of changing to direct hydrogen adaditat Temelin and Dukovany were
reported to be:

(1) improved start-up and shutdown redox control, idirlg the formation of nitrate ion,

(2) simplified hydrogen concentration and corrosion toan which is independent of
reactor power,

(3) improved coolant purification system ion exchangsin performance and resin life,
absence of interference and release of cation flmmexchange resins due to the
presence of ammonia,

(4) simplified pH control, as the cation resin only ggies in the potassium/lithium form,
and

(5) radwaste optimisation, due to the lower regeneamafiequency of the boron recycle
system distillate demineraliser when ammonia i€aband, therefore, a reduction in
the amount of active regenerant solution radwastelyzed (although this can be
offset to some extent by operating past ammoniaw@stion).

At South Ukraine similar advantages were reporiq, [plus:

(6) better alkali metal concentration and gross coadativity control, particularly at the
end of a fuel cycle when the boric acid concendratias low (<1 g/dr),

(7) lower silica concentrations due to the additionh@fher amounts of lower quality
make-up water, and

(8) the absence of on-line monitors and the abilitcatculate high temperature pH to
enable corrective actions to be taken.

To underwrite the planned changes at South Ukrainepsion tests were carried out to
confirm that the planned change would have no efiaduel clad corrosion rates or primary
circuit stainless steel general and localised siororates [2].

However, there are also disadvantages to the daddition of hydrogen gas instead of
ammonia, which are mainly concerned with safetyassdue to the presence of hydrogen gas
and the greater ease of operating at lower hydreganentrations when ammonia additions
are used. Consequently, before changing from amantnhydrogen additions, a thorough
study must be carried out.

2.3.4 Impurities

As discussed in Section 2.2 there are a numbempiuiities that are associated with
degradation mechanisms that either cause stresssmor cracking of the primary circuit, or
enhanced corrosion of the fuel clad alloys. Thenfar can cause loss of coolant accidents
(LOCA) and the latter the release of fission prddacionuclides into the primary coolant.
The species primarily associated with these detjaadanechanisms are oxygen (but only at
primary coolant temperatures of >80-100°C), chierisulphate and fluoride. Each must be
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controlled in the primary circuit and chloride, gliite and fluoride must also be controlled in
any auxiliary system that can be connected to timegpy circuit.

During power operation radiolytic reactions in tbere ensure that oxygen and hydrogen
cannot coexist and the latest work shows that <5/Rgmdissolved hydrogen will be
sufficient to suppress radiolysis of water, so tredtucing condition exist in the primary
coolant [35].

Chloride, sulphate and fluoride are normally colterb by ensuring that the make-up water
and any chemical added to the primary coolant casntaery low levels of impurities, but
there are other ways that these impurities thatecder the primary circuit. For sulphate, the
most important route is cation resin degradatidmgctvreleases sulphate into the system. For
fluoride, the most obvious route in WWERSs is the &tEh solution used during-110 clad
manufacture, but a second well known source iswtblel flux used when welding work is
carried out on primary system components. Therdeaer routes for chloride to enter the
primary coolant, but examples have occurred whearar-chlorides have been released into
the coolant from a fresh weak-anion ion exchangenreharge, whilst the use of materials
containing chlorine during maintenance work caratsource of chloride (and sulphate and
fluoride) when the reactor returns to power. In th#ter case, strict Foreign Materials
Exclusion (FME) controls are normally applied teyent this type of problem.

It is due to importance of these anionic impuritiggat they are all rigorously controlled in
the primary coolant and there is a consensus vieangst both WWER and PWR operators
that the limit for each impurity that can be allalvin the primary circuit and any of the
related auxiliary circuits is 0.15 mg/kg, although most WWER units the limit is set
somewhat lower at 0.1 mg/kg. If the concentratises above this value, corrective actions
are required that include reactor shutdown if thiecentrations rise to unacceptable levels.

As was discussed Sections 2.2, there are a nunilo¢her impurities that affect the integrity

of the primary circuit or the fuel clad. Howevénese do not pose the same degree of threat
to circuit and fuel clad integrity and for this they are normally only defined as
diagnostic parameters.

2.3.5 Zinc
Zinc is added at a number of PWRs [76] because:

(1) At 5 pg/kg zinc it reduces out-of-core radiatioeldis by blocking the uptake 8fCo
and®“Co into the inner iron chromite layer on the outofe oxide films. However, it
is not incorporated into the outer nickel ferritdde film or nickel ferrite-based fuel
crud and does not prevent the formation®&fo and®®Co in the core.

(2) At 10-40 pg/kg it displaces som&Co and®°Co from the inner iron chromite layer in
the out-of-core oxide films, but more importantty PWRs it is also used to reduce
PWSCC cracking initiation and possibly crack proyamn rates.

(3) At 10-20 pg/kg it reduces the corrosion and coomwsrelease rates from new
replacement steam generator tube surfaces.
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In WWERSs, radiation field reduction alone may netasignificant reason for adding zinc in
the short-term, as radiation fields are already thve to the absence of cobalt-containing
Stellite-type alloys and the use of stainless dtmgb pipework and steam generator tubing
with a low nickel content. However, adding zinc nimyevaluated on a plant basis if there is
a long-term benefit for dose rates reduction (ALARciple).

2.3.6  Shutdown Chemistry

Refuelling shutdowns in WWER-440 and WWER-1000suare carried out in similar ways and
most stages during a shutdown are similar to tho$®8@/VRs. However, there are a number of
significant differences, which are the result oftte different systems installed in the two reactor
types. The main differences from PWRs are the alesef separate residual heat removal
systems in WWER units, the use of high pressureogenh to pressurise the pressuriser
steam/gas space during cool down rather than éaimgf to a water-solid system and the fact
that the SVO-1 main coolant purification loops c¢am longer be operated when the reactor
coolant pumps are stopped. As the SVO-1 coolarfigaiion system is progressively during a
shutdown, coolant purification is transferred te 8VO-2 system when the main coolant pumps
are halted in WWER-1000 and WWER-440 V-213 unitg, there is no further clean-up in
WWER-440 V-230 units.

In addition to these differences, WWER units ugSWO-2 OHform anion beds remove born
in the final weeks of each fuel cycle when boridas < 0.5 g/kg and many units carry out a
‘soft decontamination’ in the final week of the Ifegcle [1]. To carry this out, fresh SVO-1 and
SVO-2 resin beds are normally loaded before a sutdA ‘soft decontamination’ is intended
to solubilise corrosion product radionuclides, Isat they can be removed by the ion exchange
beds in the coolant purification systems during shatdown and it is achieved by using the
SVO-1 or SVO-2 cation beds to remove potassium l@mdm in the last one to two weeks
before shutdown, reducing pkb 6.7-6.9. Experience shows that ‘soft decontations’ have
no adverse effect on station operation [77]. ‘Std@tontaminations’ were first developed at
Loviisa in 1976 and are used in Russian WWER-106i@s,uwhere the procedure used was
developed at Novovoronezh 5, Kalinin and South lerérom 1985 to 1993 [78 to 80].

In parallel with the ‘soft decontamination’, ammarand potassium dosing is halted 16 to 36
hours before a shutdown. Normally, the halting amiaodosing early enough before a
shutdown and operating one or both thermal degasseseries will ensure that hydrogen
concentration at shutdown is reduced to <5 Nml&dhe time cool down commences during
the shutdown. At some units one of the thermal sisgya is used to degas the boric acid being
added to the coolant during the shutdown, butishi®t done at all units. In addition to reducing
the hydrogen concentration, the thermal degassdused thé**Xe below the head lift criterion
before cool down starts. As ammonia is not remobgdhe thermal degassers and is in
equilibrium with the SVO-1 cation resins, not ahdbe removed and a few mg/kg remain in the
coolant throughout the shutdown. Due to the ammibr@tiexists in the coolant during the shut
down, oxygenation of the coolant generates niatenitrite ions by radiolysis.

Boration normally commences when the reactor s, with the target concentration being
>12 g/kg boric acid in WWER-440 units and >16 ghayic acid in WWER-1000 units. At
WWER-1000 V-320 units, boration is carried out witle high temperature particulate coolant
purification loops isolated to prevent the releakany previously absorbed radionuclides from
the titanium sponge filter medium.
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Cooling commences when boration is complete an@.@tMPa high pressure nitrogen is
admitted into the pressuriser, transferring pressontrol from saturated steam to nitrogen gas.
At the same time the pressuriser water level sechto the level of the sprays to limit nitrogen
dissolution into the coolant. Cooling continues abhd90C the first of the main coolant pumps
is halted (to reduce corg, which would otherwise lift the reactor internalst 140-150C the
steam generators are filled and decay heat cotwingferred to single-phase decay heat removal
using one of the two installed decay heat loophénsecondary circuit (each using three of the
steam generators). Cool down continues and ‘& 8te final two or three main coolant pumps
are stopped, halting all flow through the two ndrpramary circuit purification loops (SVO-1)
and natural circulation decay heat removal is éstad using two of the primary coolant loops
(with a third loop in reserve). Drain down of thenpary circuit is carried out under nitrogen
pressure (0.3 to 0.5 MPa). Finally, the circuitdepressurised and the reactor pressure vessel
head removed, allowing oxygen ingress into the anyncoolant.

In all WWER units, the conditions existing at thedeof boration are similar to those in most
PWRs, i.e. acid-reducing conditions, but with a loydrogen concentration. Acid-reducing
conditions are normally maintained throughout thel down, although some oxygen can enter
the coolant with the boric acid, until the reactwessure vessel is opened allowing oxygen
ingress into the circuit. Oxygen ingress does iotinduring draining, because of the nitrogen
blanket in the pressuriser. Although oxygenationalyyingress is the normal procedure at all
WWERS, Loviisa have carried out forced oxidatioasg hydrogen peroxide on two occasions.
These were at Loviisa 2 in 1993 and 1994 and wienechat antimony removal as part of the
steps taken to combat the increasing radiatioddiek this unit. On both occasions hydrogen
peroxide was added at the relatively high temperaiti140/150C, during the temperature hold
when the steam generators were being filled foagldeat removal duties. Before hydrogen
peroxide addition, on both occasions the hydrogarcentration was already below the limit
value of <5 Nml/kg.

At the Paks WWER-440 units a somewhat differenttdsbwin strategy is followed, which
followed work carried out at the station to meastse Mn, Co, Ag, Sbh, Zr and Cr radionuclide
decontamination factors across the ion exchangs tveth which it was postulated that most
corrosion products were present as colloidal spg8g]. This has led to the installation of an
ultra-filtration system to remove colloids duringet shutdown and a modified method of
shutdown, which is designed extend resin bed flifesi (to reduce radwaste) by minimising
oxide solubility during the shutdown. To minimigeetsolubility, an alkaline pH is maintained
during the shutdown, with a target of atf-6.8-6.9, although the calculated pHt quoted [88] ar
approximately 0.3 pH high when compared with vakedsulated using the EPRI method. This
higher alkaline pH achieved by not removing theapsium or ammonia from the coolant and
maintaining hydrazine dosing until boration is céetg (when potassium is <2 mg/kg). As part
of this different strategy, purification is carriedt using all three the SVO-1 resin beds, the
borate form anion bed in the SVO-2 system and fhafilier and coolant purification is
continued until the coolant temperature falls t&C70

In WWER reactors residual ammonia in the coolamingurefuelling can result in the radiolytic
production of nitrate and nitrite ions and a regturctn the coolant pH, which can be countered
by adding hydrazine to the coolant [61 82 and 83].

2.3.7 Start-Up Chemistry.
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Start-up of WWER reactors is also very similar kattfor PWR reactors, but the main
differences are that the circuit is pressuriseth witrogen up to 24T, the ion exchange resin
beds are boric saturated with potassium, ammonib bamate during the start-up and that
hydrogen is only produced by radiolysis once tlaetar is taken critical. There are also detailed
differences between different plants.

Before start-up the coolant contains >12 g/kg badd (WWER-440 units) or >16 g/kg boric
acid (WWER-1000 units) [>12.4 at some plants beeanfsburnable poisons] and is fully
oxygenated. The pressuriser is filled to high whdeel and nitrogen gas admitted to pressurise
the primary circuit to 2.5 MPa (3.0 MPa at Loviis@wo or three main coolant pumps are
started to increase coolant temperature to°c8Muring the shutdown there is no coolant
purification and the SVO-2 system is only placedenvice just before start-up. Clean-up using
the primary circuit purification loops (SVO-1) is-established once the main coolant pumps are
started and SVO-2 is isolated for the remaindéhefstart-up. However, at Paks, SVO-1, SVO-
2 and the ultra-filtration system are all used ematinue in service until the minimum controlled
power level is reached.

Ammonia (Loviisa) is added to the charging linesasn as the main coolant pumps are started
and SVO-2 is isolated. Below 80°C oxygen removalasied out using the thermal degassers,
but hydrazine is added to deoxygenate the primaojaat at >80C (100C at Loviisa) and
oxygen must be <10 pg/kg before the temperature bmarraised to >10C (>80CC at
Dukovany) At Paks hydrazine dosing is started @C8and potassium dosing at 120°C; at Paks
oxygen must be <10 pg/kg before the temperatux&59°C. After the coolant is deoxygenated,
heat-up continues to ~18D, when there is a temperature hold for the steanergtors to be
drained down to their nominal water levels and iogokwitched from the single phase decay
heat loops to the normal steam/water circuit. Hgathen continues using five of the main
coolant pumps (the sixth pump cannot be used arltamperatures to avoid creating too high a
Ap across the core). Some heat is also supplieduxdiary steam to the steam headers of the
steam generators.

At 200-220C ammonia and potassium hydroxide dosing is statiédviisa to saturate the ion
exchange resins in the SVO-1 loops so that corat@ris of 10-14 mg/kg potassium and 55
Nml/kg hydrogen (from the ammonia) will be presantstart-of-cycle (120°C at Paks). The
SVO-1 resins at Loviisa must be re-saturated asdhereplaced with resins in thé Bhd OH
forms immediately before a shutdown. At Dukovanyramia dosing is started during heat-up,
but potassium hydroxide is not added until 30% pawechieved, but at Loviisa, the SVO-1
resins must be saturated during the start-up. 8t@@he final main coolant pump is started and
at 240C the nitrogen is vented from the pressuriser amedsore control is transferred from
nitrogen gas to saturated steam. Heat-up contiautbe hot zero power temperature of 260
12.3 MPa, the boric acid is diluted to the startyfle concentration of ~8 g/kg and the reactor
taken critical. Since hydrogen is only formed bgiodysis, it is not formed until the reactor is
critical and then builds up to its normal operatlagel as power is raised. At Dukovany 72
hours are allowed from criticality for coolant pegaum, ammonia and hydrogen concentrations
to reach normal operating levels.

In WWER-1000 stations the start-up is essentidigntical to that for WWER-440 units, except
that the initial boric acid concentration is >1&gyf (diluted to ~8 g/kg for start-of-cycle) and the
oxygen limit is <20 pg/kg before heat-up above€@O0Coolant purification using the ion

exchange beds is only carried out using the SV@igoy coolant purification system in the
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letdown and make-up system. The SVO-1 loops in ¥4@ats, which contain high temperature
titanium sponge filters, are only placed in sendnee the coolant temperature reacheSQ00

2.3.8 Surface Preconditioning

WWER primary circuit surfaces are preconditionetbbe first start-up. Currently, there are
two sets of cold and hot functional tests (HFTYge.

The basic Russian WWER-1000 specifications specifie following:

(1) Circulation tests with the RCS >100°C pH 6.5510xygen <0.02 mg/kg.

(2) Hydro-test with RCS >100°C Iron <0.2 mg/kg,<il.1 mg/kg, chloride
(circulation flushing) <0.05 mg/kg, oxygen 20ng/kg, transparency
>95%.
(3) Hot functional test (HFT) pH 10.0-11.0, chilaiglus fluoride <0.1 mg/kg,

total alkalinity (K+ Na) 0.02-0.07 mmol/kg,
oxygen <0.02 mg/kg, ammonia 10-100 mg/kg,
iron <0.2 mg/kg.

SVO-1 and SVO-2 must be fully operational for preditioning, with one mixed bed filter

filled to a depth of 0.5 m, and make-up water memtform to the normal operational
standard. To maintain oxygen free conditions inghmary circuit, the letdown and make-up
systems, and the water fed to the main coolant pagajs must also be deaerated.

The newer Czech specification was used at Mochd®&evakia) and Temelin (Czech
Republic). This is a modified form of HFT chemistwhich was designed to give fully
reducing conditions to produce a better initialachium rich passive layer. The revised
recommendations [84 to 86] were:

HFT chemistry phsoc5.6-7.5 (before dosing), 9-10.5 (after KOH dosimhsoged.9-
7.5, chloride plus fluoride <0.1 mg/kg, potassiurb Bng/kg, oxygen
<0.02 mgl/kg, silica <0.2 mg/kg, suspended solids2<éng/kg,
hydrogen 2-5 Nml/kg.

Ammonia and boric acid were not added, but oxyges meduced by adding a stoichiometric
amount of hydrazine to the make-up water above 6P%fassium hydroxide dosing starts
above 170°C and dissolved hydrogen concentratioesneaximised by minimising the
operation of the thermal degasser in the letdovatesy. Corrosion products are removed by
operating the primary coolant purification loopfieTtarget HFT temperature was 260°C at
Mochovce and 285°C at Temelin. Mochovce 1 and 2 @dednelin 1 and 2 were
commissioned using this method and samples indidht duplex oxide layers up to g
thick were produced. These were mainly magnetitestsuted with nickel and chromium
(e.g. 60-65% Fe, 18-28% Cr, 9-12% Ni, <1% Mn an2P4-Si on a stainless steel primary
circuit sample.

Following the Full System Decontamination carriedt @t Loviisa 2, a short ~8 hour
passivation stage was carried by adding hydrogeoxjuke as the circuit was heated up from
~100 to ~150°C. This, however, did not prevent fhrenation of fuel crud deposits in the
subsequent fuel cycle. An alternative method ofese pre-treatment using a hydrothermally
produced chromium rich layer produced by pre-oxaatwith a solution containing
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potassium dichromate at temperatures up to 260%¥Cals been developed for WWER
reactors, but has not yet been used operationally.

2.4 Proposed Control Parameters and Limits for thé’rimary Coolant and Associated
Primary Auxiliary Systems

2.4.1 Definition of Terms Used for the Control of the Prmary Circuit Systems
24.1.1 Plant Status

Four basic primary circuit plant states can berdefifor the plant start-up, power operation
and shutdown, which are defined relative to thenta and hydraulic conditions existing in
the primary coolant system as these determinehtemistry environment. These states are as
follows:

Cold Shutdown

This covers cold shutdown of the primary coolanhew the temperature is low and the
circuit is borated to cold shutdown boric acid cemications (>12 or >16 g/kg boric acid). It

covers two regimes: cold shutdown with the primaimcuit intact (coolant temperature

<150°C t0>60°C), or cold shutdown with the primary circuitemged, or the reactor pressure
vessel head closure bolts de-tensioned or refgellcoolant temperature <60°C). It also
includes the primary coolant state during a reinglshutdown when the reactor is defuelled
and the reactor circuit is open for maintenanceemwthe refuelling cavity may also be is
filled.

Start-up and Hot and Intermediate Shutdown

This state covers that period of the start-up efrdactor when the temperature is being raised
to that for normal operation, but the reactor is erdgical. 260°C for WWER-1000 units or
>190°C for WWER-440 units) and Intermediate Shutddqaoolant temperature <260°C or
190°C t0>150°C). It also applies to hot shutdown, when #etor is shutdown, but normal
operating temperature and pressure is maintained, t@ the condition defined as
intermediate shutdown, when the primary circutbéing cooled towards cold shutdown.

Power Operation

This covers the states when the coolant temperaw£90°C (WWER-440 units) or >260°C
(WWER-1000 units) and the reactor is critical. divers power operation when the power is
in excess of the minimum sustainable level of pooeration ¥2% power) and operation
with the reactor critical but power less than thaimum sustainable levek@% power).

Shutdown

At the end of each fuel cycle each reactor shutendior refuelling and during the fuel cycle
a reactor may need to be shut down for repairs i(kcycle shutdown). In a mid-cycle
shutdown the coolant is borated to hot shutdownicbacid concentrations, but the
temperature and pressure is maintained at normedatipg temperature and pressure (hot
shutdown or hot stand-by). In a refuelling shutdothe pressure and temperature is also
reduced and the coolant boric acid concentratiomaised to cold shutdown levels. In
WWERSs the primary coolant temperature during hotédwn and hot stand-by corresponds
to a temperature of >190°C (WWER-440) or >260°C (BRVY1000).

51



2.4.1.2 Definitions of Control Parameters, Diagnostic Paramters, Action Level
Ranges and Zones

The definitions of the various parameters (contedpected, diagnosis) are given in the
Glossary, which are applicable throughout thisrenNER document. The definitions given
below are those that apply specifically to Chagter

In the description given below, the terms Actiorvéle'Range’ and ‘Zone’ are used to define
the corrective actions required to return a conpratameter (or parameters) to a value
(values) that are within the limit values. Theeeaso defined in the glossary

For Chapter 2, Ranges are used in all cases ekmeptrimary coolant Boron-Total Alkali
curves (Fig 2.6 and 2.7) that use various Zones.

Expected Values
The expectedvalues represent the range of values that shailchét during normal power
operation with the correct treatment and in absehsgynificant amount of impurities.

Limit Value and pH Zone A
This range represents the admissible values fay term operationThe definition of theimit
value is given in the glossary

For primary coolant pH control, the maximum and imum allowable pHt are defined by

the upper and lower limit lines on the total alkaletal-boric acid diagram (Figures 2.6 and
2.7), which then defines an area within which poogeration can continue indefinitely. This
zone is defined as pHone A.

Action Level 1 (AL1) and pH Zones B and C

If the value is outside the limit range, then thage defined in this NER aAction Level 1

is entered and corrective action should be impléetean a medium-term basis. The allowed
maximum time limit is 7 days without it having asygnificant effect on safety or other
important considerations, such as component liketindose rates or radioactive discharges. If
the corrective action is not able to allow the waitcome back below the Limit value within
the allowed time of 7 days, the power of the uhitidd be decreased to hot stand by or a
lower state (such as hot shutdown or cold shutdown)

For primary coolant pH control, the upper and lovetion Level 1 zones are defined, which
are defined appH Zones B and C For these pH zones, if the total alkali-boricdaci
concentrations cannot be returned to values withimes B or C within 7 days power should
not be reduced, but the reason for the problem brigtvestigated.

For primary circuit auxiliary systems only an Action Level 1 range is defined in thisRIE
For these systems the allowed duration is alsoyg,daut if corrective actions cannot be made
in this time power does not have to be reduced.

Action Level 2 (AL2) and pH Zones D and E

If Action Level 2is entered, corrective action should be implemente@ short-term basis.
The allowed maximum time is 24 hours without it imngvany significant effect on safety or
other important considerations. If this time linsitexceeded, the power of the unit should be
decreased to hot stand by or a lower state (subbtashutdown or cold shutdown).
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If the value of the parameter can be reduced t@wewvithin Action Level 1 within 24 hours,
then the 7 day time limit for Action Level 1 shoudgply, but with the 7 day limit starting
from when the parameter first entered Action Lelvel

For primary coolant pH control, the upper and lovetion Level 2 zones are defined, which
are defined apH Zones D and E

For primary circuit auxiliary systems only an Action Level 1 range is defined and Action
Level 2 corrective actions do not apply (unlessunegl by the plant operating instructions).

Action Level 3 (AL1) and pH Zone F

If the Action Level 2 range is exceeddttion Level 3 is entered and the power should be
decreased immediately. The allowed time limit didur (unless plant operating procedures
for a normal shutdown dictate a different time)ingended to allow a normal shutdown

procedure in order to avoid a detrimental emergesiaytdown and to give time to confirm

that the parameter has effectively entered AL 3.

However, if the value then falls to within the Aarti Level 2 range before power reduction
and shutdown is complete, power operation may resanud the allowed corrective action
time reverts to 24 hours, but with the time defirfien the original time that the parameter
entered Action Level 3.

For primary coolant pH control, the equivalent ActiLevel 3 zone in Figures 2.6 and 2.7 is
defined on the basis of a total alkali metal cot@ion, above which value there is a risk of
severe fuel clad corrosion. This zone is definepgFh&one F.

Measurement Units

In this NER, all units (other than mmol/litre which retained for consistency with normal
Russian practice) are expressed on a mass/mass tadiser than a mass/volume basis (e.g.,
mg/kg or mg/kg, rather than mg/drar mgllitre, where the sample volume (or its mass)
always that of the solution being analysed). Thibecause it removes any uncertainty over
the measurement temperature and the compositidtmrecfample analysed and, therefore, the
density of the sample. Mass/mass measurement aneiteased in most counties that operate
nuclear and fossil power stations.

For dilute solutions, such as those from the makevater tank the differences between the
two approaches is small, but they become more fignt in concentrated boric acid
solution. Changes in sample composition and deasé\a significant factor in the analysis of
the primary coolant, as the sample compositiors fiatim ~8% to 0% boric acid during a fuel
cycle.

2.4.2 Primary Coolant Specifications

Control of a WWER primary coolant during power cgdén can be separated into two main
aspects. These are:

» The choice of the calculated optimum high tempeeaprimary coolant pkdo-c for
each type of reactor to select the recommendedopldsz and
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» The definition of the appropriate expected valuag action levels for the individual
control and diagnostic parameters.

The specifications for the primary coolant are raynsub-divided into three operational
conditions. These are Cold shutdown (Table 2.8t$p (Reactor sub-critical and coolant
temperature >150°C) (Table 2.8) and Power Operati®eactor critical at full operating
temperature) (Table 2.9). The pH control bandspfower operation are shown in Figures 2.6
and 2.7. These specifications are based on theune@asnts made at the inlets of the SVO-1 or
SVO-2 primary coolant purification loops, normalijter the coolant temperature has been
reduced, but before the coolant is purified byitlreexchange resin beds.

The parameters defined are separated into contwbldeagnostic parameters. Of the anions
defined as control parameters, the need to inathttgide is normally accepted in all WWER
and PWR units, but sulphate and fluoride are sonestionly considered to be diagnostic
parameters. However, sulphate has been shown tmopeolGSCC under a number of
operating conditions, as for example the spent fpoel, and it is one of the few impurities
where a clear ingress route from the coolant mation resins is well established. It is,
therefore, included as a control parameter in &R with similar limits to chloride, as is
now mormal in PWR guidelines. Fluoride is also naltgnincluded as a control parameter in
PWRs because of its effect on fuel clad corrosand it is a required control parameter in
WWER units using Westinghouse fuel. Although itelspected to be equally detrimental
towards Zr-1%Nb fuel clad, it is normally only inded as a diagnostic parameter when
TVEL fuel is loaded. In this NER it is also defined a control parameter for consistency
with other anionic impurities.

Since the high temperature pH effectively only aelseon the boric acid and the total alkali
metal concentration it is unaffected by changesnig other primary coolant parameter. In
addition, the high temperature pH is not measureecttly and must be calculated. For all
WWER units it has been agreed that the high teryrergpH should be calculated using a
reference temperature of 300°C, as is used by RMAR operators outside the U.S.A. In this
NER the pH control band is defined as approxima#€lyl pH units. Calculations indicate

that slightly different optimum pHt should be agplifor the two groups of reactor. For
WWER-440 units the calculated optimum pH isgpt7.2, whilst for WWER-1000 units the

calculated optimum pH is pigbec7.1.

In many WWER operating counties, actualsplt values are not normally calculated to
control the operating pldo-c values. Instead, they are inferred from total lalikeetal-boric
acid diagrams of the types shown in Figures 2.7 2a8dHowever, calculated plhay also
be used as the control parameter, either calcutateaddaily basis (as is used in most PWRS),
or calculated semi-continuously on-line. Controkdx on-line pHcalculations is used at
Temelin, where pHis calculated at 5-10 minute intervals, based hen data from on-line
boron, ammonia, potassium and lithium monitors. ofndtic alarms are included in the
software package to identify if the calculated; pplue moves into one of the action level
ranges. Plant data shows that good pH control eaachieved by this approach and that igH
kept between 7.0 and 7.2 throughout each fuel citaeust be noted, however, that using this
method of calculating pHequires that all alkali metal ions must be mea$uaihough the use
of high purity potassium hydroxide at Temelin mednat sodium concentrations are not
required.
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Methods for calculating the high temperature pHehéeen developed by a number of
organizations. The method developed by EPRI is asdtie basis of the calculations used for
the Czech and Slovak pH specifications and is usatis NER to calculate to the pd-c
values corresponding to the latest Russian and itdara pH zones (see Appendix A2,
Figures A.1 to A.4). From these it is apparent thatpH bands are not strictly constant, since
the curvature actually present in boric acid-alkaétal plots at constant p#d-c values was
omitted when defining the pH specifications. Instnespect they differ from the Czech and
EPRI PWR specifications, which are based on theutatied pH values.

As noted above, many WWER operating countries donnomally control to the operating
PHsp0ec values, but instead infer the high temperature fphin alkali metal-boric acid

diagrams of the types shown in Appendix A2, Figuke$ and A.2. In this NER, these
diagrams are also used to define the action lirhitsthey give a relatively low lower Action
Level 2 pH limit (pH <6.7 (WWER-440) or pH <6.6 (W&R-1000)). At Czech stations,
where pHooec values are calculated routinely, a tighter lowettide Level 2 limits are

applied, namely pH <6.9 at Temelin (WWER-1000) &7d0 at Dukovany (WWER-440),
which are significantly higher than those giveTables 2.7 and 2.8.

Table 2.7 WWER Reactor Coolant Specifications durig Cold Shutdown

Parameter Range of Range for Limit Action Level 1 Range
Expected Value values

Control Parameters

Boric Acid (g/kg) | Actual values may vary at individual plants | <Limit Value and
dependent of the core fuel loading and as | as defined in the plant
defined in the Technical Specifications for | Operating instructions (a
each individual plant

Chloride (mg/kg) <0.05 <0.10
Fluoride (mg/kg) <0.05 <0.10
Sulphate (mg/kg) <0.05 <0.15 Not Applicable
Hydrogen (Nml/kg <5 <5
or (mg/kqg)) (c) (<0.45 mg/kg) (b) (0.45 mg/kg) (b)

Diagnostic Parameters

pH(25°C), Silica (mg/kg), TOC or oil (mg/kg), Trgaency (%)

Notes: (a) Individual plants will generally define whattians must be taken if the boric acid
concentration falls below the limit value, e.g.tle plant Technical Specifications.
(b) During shutdown, as determined from calcufetioarried out for each unit before opening
the RCS.
The hydrogen limit only applies when there issk that oxygen may be present (particularly
when vessels are to be opened) and, thereforehiratis a risk of forming an inflammable or
explosive mixture.

Table 2.8 WWER Reactor Coolant Specifications durig Start-up
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Parameter Range of | Range for Value Before | Action Level 1 | Action Level 2
Expected | Limit values | Criticality (a) |Range (AL1) Range (AL2)
Value <7 days <24 hours (b)
Control Parameters
Chloride (mg/kg) <0.02 <0.10 <0.10 Not >0.15
Fluoride (mg/kg) (c)| <0.02 <0.10 <0.10 applicable >0.15
Sulphate (mg/kg) <0.02 <0.15 <0.15 during start-up >0.15
Oxygen (mg/kg) (c) <0.02 <0.1 <0.1 >0.1
Ammonia (mg/kg) >3 Not Applicable >3 Not Applideb
Hydrogen (Nml/kg) Not Applicable > 15(d) Not Applicable

Diagnostic Parameters

Boric Acid (g/kg), pH(25°C), Total Alkali Metal Caentration (mmol/kg), Iron (mg/kg), Copper (mg/k(

Nitrate (mg/kg), Silica (mg/kg), TOC (mg/kg)

Notes: (a) Before the reactor is taken critical.
(b) If the Action Level 2 range time limit of 24 s is exceeded, start-up should be halted.

(c) Oxygen must be < 0.1 mg/kg before the primaglant temperature is 20°C

(d) Only if hydrogen is added as hydrogen gas.
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Table 2.9

WWER Reactor Coolant Specifications durig Power Operation

Parameter Range of Range for Action Level 1 Action Action Level
Expected Limit Range Level 2 3
Value values (AL21) Range Range (AL3)
(AL2)

Time Allowed | Unlimited Unlimited <7 days <24 hours | <6to 12 h for
a controlled
shutdown to
hot stand-by

Control Parameters

Boric acid Actual values at individual plants dependent orctiedy during the cycle
(9/kg),

Chloride <0.05 <0.10 0.10to 1.0 >1.0
(mg/kg)

Sulphate < 0.05 <0.15 Not Applicable 0.15t0 1.0 >1.0
(mg/kg)
Fluoride <0.05 <0.10 0.10to 1.0 >1.0
(mg/kg)

Dissolved <5 <5 510 20 20 to 100 > 100
Oxygen

(Lg/kg) ()

Dissolved 22t04.4 22o0r4.4 13t02.2 05t01.3 <05
Hydrogen and and and
(mg/kg) (b) 44t07.2 7.2109.0 >9.0
Total Alkali Zone A Zone A ZonesB & C Zones D & Zone F

Metal X K + (© (© (© E (©
Na + Li (©
pH(300°C) 71t07.3 7.1t07.3 | 7.0to 7.1and7.3 <6.8 and -
alternative (WWER-440) or to 7.6 or >7.6or
control 7.0t07.2 7.0t07.2 | 6.9t07.0and7.2to | <6.6 and >
_ parameter | (WWER-1000) 75 7.5
instead of Alkali
(d)
Diagnostic Parameters (€)
pH(25°C), Ammonia (mg/kg), Iron (mg/kg), Copper (km), Silica (mg/kg), Nitrate (Mg/kg), TOC
(mg/kg) (f), Conductivity (uS/cm), Aluminium (mg/kgCalcium (mg/kg), Magnesium (mg/kg)

Notes to Table 2.9

@)
(b)
(c)
(d)
(e)
(f)

Oxygen and hydrogen cannot co-exist during pavperation and when hydrogen is
present at >0.5 mg/kg the oxygen concentratiorbeataken to be essentially zero.

A number of units define these values in Nml/kgriogeén, where 1 mg/kg hydrogen =
11 Nml/kg hydrogen.

The various pH zones of total alkali versus bocid @re defined in Figures 2.6 and 2.7,
respectively, for WWER-440 and WWER-1000 units.

The control of calculated pkbo-c IS an acceptable alternative approach to comiglli
the primary coolant pH.

Fuel vendors may require that some diagnostic peteny are treated as control
parameters.

Oil may be measured instead of total organic carfb@C). Not all diagnostic
parameters are measured at all units.
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Figure 2.6
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Figure 2.7
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In addition to the measurements made on the priroaolant itself, there is a requirement to
measure the effectiveness of the purification edraut by the ion exchange beds in the coolant
purification circuits. This is determined by measgrthe decontamination factors (DFs) across
each bed for a variety of gamma emitting radiomlesli (including™4, **3, 34cs, 3'Cs, *®Co
and®°Co) and both chloride and fluoride.

The requirements for these beds are summarisedhle R.10. Very similar specifications are

placed on the ion exchange beds in the SVO-3 systéich is used as one of the sources of
make-up water for the primary circuit.

Table 2.10 SVO-1 and SVO-2 Purification Loops Dowriieam of the lon Exchange
Beds

There are no control parameters, only the diagngstiameters given below.

e Chloride (mg/kg) and Sulphate (mg/kg) measured afiged beds and after anion
beds (on both the borate or hydroxide-form bedgeddent on the system).

» Decontamination Factors: All beds, gamma-emittexdjonuclide decontamination

factors should be measured periodically to meatha@@erformance of the individual
beds.

Table 2.11  SVO-3 Purification System After the lorExchange Beds

There are no control parameters, only the diagngstiameters given below.
» Boric Acid (g/kg) after anion bed,
e Chloride (mg/kg) and Sulphate (mg/kg) measured atigon and anion bed,
» Alkali Metals (mg/kg) after Cation bed,

» Transparency (%) after mechanical filter.

2.4.3 Specifications for Other System
2.4.3.1 Make-up Water (Clean Condensate)

WWER make-up water is either supplied from the MagéNater plant, which is supplied to
the ‘clean’ distillate tank, from which the watexr supplied on demand to the letdown and
make-up water system.

Since the make-up water is one of the simplestefior impurities to enter the primary
coolant (and its auxiliary systems), the purity tbe make-up water must be strictly
controlled. This can be achieved by making critiogburities such as chloride, sulphate and
fluoride control parameters (as at Temelin), andr®asuring each impurity independently,
but the approach used in most WWERSs is only toigpeonductivity as a control parameter
and to treat all other impurities as diagnosticapaters. This leads to a simpler method of
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control, whichrelies on the conductivity value to show that tbaaentrations of all impurity
species are low.

As noted in Section 2.2.6, the make-up water isntlaén source of th&'C produced during
each fuel cycle, either fro{O in the water (plus a small amount from dissolesgigen) or
from N from dissolved nitrogen from dissolved air. Usidgaerated make-up water will
reduce the amount &fC produced.

The specification for the primary make-up watektengiven in Table 2.12.

Table 2.12  Primary Coolant Make-up Water

Range of Range for Limit Action Level 1 Range
Expected Value values (AL1)
<7 Days
Control Parameters
Chloride (mg/kg) <0.02 <0.10 >0.10
Oxygen (mg/kg) <0.1 <0.1 >0.1

Diagnostic Parameters

pH(25°C), Silica (mg/kg), Magnesium (mg/kg), Alunum (mg/kg), Calcium (mg/kg) (c)

2.4.3.2 Boric Acid Tanks

WWERSs have a number of boric acid storage tanksagong either~12 g/kg or~40 g/kg
boric acid, which is either recovered from the @rapors or made up from fresh solid boric
acid. These tanks are used for both primary cootekte-up and to supply the emergency core
cooling system during a LOCA.

For these boric acid solutions it is normal to wefthe boric acid concentration as a control
parameter, together with chloride and fluoride emmiation (where the latter are normally set
at the same values as are used in the primary rdpofather impurities may be normally
defined as diagnostic parameters. In this NER suépis also treated as a control parameter.
The specification for these tanks is given in Talad2.

Table 2.13  Boric Acid Tanks (12 and 40 g/kg Boric é&id Tanks)

Parameter Range of Range for Limit values | Action Level 1 Range
Expected Value (AL1)
<7 Days

Control Parameters

Boric acid (g/kg) Actual values may vary at individual plants depema¢ the core fuel
loading and as defined in the Technical Specifuretifor each individual

plant
Chloride (mg/kg) - <0.10 >0.10
Fluoride (mg/kg) (a - <0.10 >0.10
Sulphate (mg/kg) - <0.15 >0.15
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Diagnostic Parameters

pH at 25°C | >4.20r>3.8(b) - | }

Notes: (a) Individual plants will generally defimdat actions must be taken if the boric acid
concentration falls below the limit value, e.g.tlie plant Technical Specifications, in
tanks that form part of the emergency core coddiygiem.

(b) Depending on the boric acid concentration

2.4.3.3 Spent Fuel Pool and Refuelling Pool

In WWERSs the spent fuel pool operates at a borid aoncentration that corresponds to a
concentration that ensures that the spent fueddtorthe pool cannot go critical. In addition, as
it interconnects with the refueling pool and thegrimary circuit, it is normal for the boric

acid concentration to be set at the value correfipgnto the cold shutdown concentration,
including a shutdown margin to prevent any riskt ttiee core can become critical during
defuelling and refuelling.

Since its function is to prevent criticality eithaumring fuel storage or refuelling, the boric acid
concentration is defined as a control parameténisiINER. For WWER-440 units the typical
boric acid concentration is >12 g/kg boric acid,ilgthfor WWER-1000 units it is >16 g/kg
boric acid. However, these values may be revisetheaf core characteristics change, e.g.,
following uprating or if the cycle length increagesl8-months.

In addition to these limits, the concentrationgldbride, sulphate and fluoride in the spent fuel
pool are also defined as control parameters, vhéhlimits set at the same values as those
specified for the primary coolant.

The spent fuel pool specification is given in Tabl&4.

Table 2.14  Spent Fuel Pool

Parameter Range of Range for Limit Action Level 1
Expected Value values Range (AL1)
<7 Days (b)

Control Parameters

Boric acid (g/kg) | Actual values may vary at individual plants deperiae the core fuel
loading and as defined in the Technical Specificetifor each
individual plant (a)

Chloride (mg/kg) <0.10 <0.10 >0.10
Fluoride (mg/kg) <0.10 <0.10 >0.10
Sulphate (mg/kg) <0.15 <0.15 >0.15

Diagnostic Parameters (c)
pH(25°C), Iron (mg/kg), TOC (mg/kg), Transparents) (

Notes:

(a) Although the boric acid levels are determined leyamount required to ensure that a critical fuel
mass cannot be achieved in the spent fuel pogltaotice the same concentrations are always
used as those for cold shutdown used during refgeds the spent fuel pool and refuelling cavity
are interconnected.
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(b) Operating in Action Level 1 does not requiratshg down the plant, but the reason for the drop
in concentration must be investigated and corrected
(c) Other impurities, such as silica, may be inetlids diagnostic parameters.

2454 Safety Systems

The primary circuit safety systems include a nundiatifferent tanks and systems that serve
different safety functions. Of these the high andw | pressure core cooling
injection/recirculation trains take their flows fothe high pressure borated water storage
tanks containing ~40 g/kg boric acid and the lovesgure borated water storage tanks
containing ~12 g/kg boric acid.

The boric acid concentration is considered to lerarol parameter for all tanks associated
with the emergency core cooling system. The spatibns of these tanks are included in the
general specifications for the boric acid tanksegiin Table 2.13.

In addition to these tanks there are the accunmslditted to flood the core if there is a LOCA,

the reactor building spray system tanks and in WWER V-213 units the spray suppression
trays fitted in the ‘bubble condenser tower. Tlatdr are also filled with boric acid at a

concentration of ~12 g/kg and are also coveredhbgpecification given in Table 2.13.

The accumulators at most WWER units are filled whibric acid, to which potassium
hydroxide is added to raise the pH to approximateytral, but at Loviisa the accumulators
only contain boric acid. As with other boric acigs®ms in stainless steel pipework or tanks,
chloride (and sulphate) impurity concentrations usthdoe limited to prevent SCC of the
stainless steel vessels. The accumulator spedaificat given in Table 2.15

The smaller reactor building spray additive tankg/®VER-440 V-213 and WWER-1000 units
contain similar amounts of boric acid and potassibyaroxide to that present in the
accumulators, but they are also dosed with hydeazihe latter ensures that the confinement
area sprays or containment sprays provide a reglucegdium, which will prevent any fission
product iodine released in a LOCA from oxidisingddmecoming volatile. Any iodine will,
therefore, remain in solution as iodide ion andeablin the coolant that collects in the base of
the confinement area or containment building, rathat escaping to the environment. As in
other boric acid systems, chloride (and sulphatgurity concentrations should be limited to
prevent SCC of the stainless steel vessels. atdzothe spray additive tanks only contain 18-22
g/kg potassium hydroxide and 4-6 g/kg hydrazinee Sphray tank specification is given in
Table 2.16.

Table 2.15 Accumulators

Parameter Range of Range for Limit Action Level 1
Expected Value values Range (AL1)
7 Days

Control Parameters

Boric acid (g/kg)| The actual values for each plant will be defineth@plant Technical
Specifications and the values quoted are typictiase currently used in
WWER units, but may change if the core duty changes

Chloride <0.10 | <010 | -
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(mg/kg) | |

Diagnostic Parameters

Sulphate (mg/kg), Potassium (mg/kg), pH(25°C)

Table 2.16  Reactor Building Spray System (Low Prease Emergency Injection)

WWER-440 Building and WWER-1000 Containment Spray Alditive Tanks

Parameter Range of Range for Limit | Action Level 1 Range
Expected Value values (AL2)
<7 Days

Control Parameters

Boric acid (g/kg) | The actual values for each plant will be definethsplant Technical

Specifications and the values quoted are typictiase currently used in
WWER units, but may change if the core duty changes

Hydrazine (g/kg) 10 to1l5 (WWER-440 <10 <10

or
>10 (WWER-1000)

Potassium (g/kg) 140 to150 (WWER- <140 <140

440)
or
> 100 (WWER-1000)

Chloride (mg/kg) <0.15 <0.15 -

Diagnostic Parameters

Sulphate (mg/kg)
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3 SECONDARY SYSTEM

3.1 Main Design characteristics of WWER secondargystem

The main characteristic difference between the sdmy systems of WWER and PWR
Nuclear Power Plants is the Steam Generd@) (design, which is horizontal in WWER
designs instead of being vertical in western PW8&lgihs. Amongst commercial reactors, the
overall design of WWER SGs, which are horizontatcépt in the 70 MW prototype
Rheinsberg, Eastern Germany) and have collec®nshnigque. A second difference between
WWER and PWR SGs is the tube material, which iserfagim an austenitic stainless steel
(18% Cr, 10 % Ni stabilized with titanium) in WWERsstead of the nickel-based alloys
(Alloy 600 and 690) and higher chromium-containaipys (Alloy 800) used in PWR SGs.
The WWER alloy is equivalent to AISI 321.

The overall lay out of horizontal SG is shown orp&pdix Al, Figures A1-8 to A1-10.

The steam generator tubing material is a stabilegstenitic stainless steel 08Cr18Nil0Ti
with the following composition in mass % of elense[it].

Table 3.1. WWER Steam Generator Tubing material corposition: 08Cr18Nil0Ti

C Cr Ni Ti Mn Si Co Cu S N P
<0.08| 17to| 10to | >5xC | <1,5 <0.8 | <0.05 <0.3 <0.02 <0,05 <0.035
19 11,5 to 0,6

Table 3.2. Mechanical properties of stainless ste@8Cr18Nil0Ti

Ultimate tensile strength Rm | Relative elongation | Yield strength Ry
in MPa at 20 °C Asin % at 20 °C in MPa at 350 °C
549 35 196-343

The main characteristics of WWER440 and WWER-1G66ara generators are shown below:
[2]
Table 3.3. Characteristics of WWER Steam Generatar (SG)

WWER Type (MWe) Unit V-440 V-1000
Number of SG per unit 6 4
Thermal Power per SG MW 229 750
Pressure of steam at SG outlet MPa 4.61 6.27
Temperature of steam at SG outlet °C 259 279
Primary coolant temperature at SG inlet °C 297 320
Primary coolant temperature at SG outlet °C 270 9 28
Heat Flux KW/ 90 123
Heat transfer coefficient kKWATC 4.7 6.1
Number of Tube per SG - 5536 11 000
Tube diameter (internal) mm 16 16
Tube thickness mm 1.4 1.5
Total Tube surface for all the SGs “m 15 060 24 460
Recirculation number - 4-6 1.5-1.9
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There are respectively 6 and 4 steam generat®8MER 400 and 1000 MW units.

WWER steam generators have a horizontal tube bumdiech is located in a shell with
elliptical heads. The moisture separating equipmstgam collectors, steam nozzles and
steam lines are located in the upper part of thesB&l above the tube bundle. Due to the
single-stage moisture separators used in WWER ®@&steam has a higher moisture content
than that in PWR SGs. Feedwater enters the SGdhrauside penetration above the tube
bundle and then flows down to feedwater headeratéolcwithin the tube bundle. There is
also an emergency feedwater line. Blowdown is tdkem a number of locations along the
bottom of the shell, where the drainage nozzlesk®Ilocated. More design details are given
in reference [1].

The SG heat exchanger tubing is attached to thieofvalo vertical cylindrical headers called
collectors, the inlet “hot” collector and the otitfeold” collector. Primary coolant from the
core enters through the inlet collector, passesutfit the SG tubes and leaves via the outlet
collector. In WWER-440 units the temperature of bhod cold collectors are 297°C and
270°C, respectively, while in WWER-1000 units tlaeg 320°C and 289°C, comparable with
those in a PWR steam generator of western desjgn [3

In WWER-440 units, the collector material is 08QOXLBOTi austenitic stainless steel, while
in WWER-1000 units, the header material is theigpelow alloy steel 10GN2MFA with a
08Cr18Nil0Ti stainless steel clad layer on thengry circuit side. In the first Russian-made
WWER-1000 SG, the manufacturing method of expanthegubing into the drilled walls of
the collectors was by explosive expansion, whidh decrevice and introduced significant
stresses into the collector walls. In addition, phecess of drilling deep holes in the collector
walls and the subsequent method of explosively edipg the SG tubes led to the formation
of a layer of embrittled cold-worked metal in tha@lector wall ligaments near the holes. In
later Russian and all Czech WWER-1000, the SG tulsnhydraulically rolled into the
collectors and these problems are avoided. The ositign of the 10GN2MFA steel is given
in Table 3.4 [3].

Table 3.4. WWER Steam Generator collectors materiatomposition: 10GN2MFA

C Cr Ni Mn Mo Si V Cu S P
0.08 | <0.3 1.8 0.8 0.4 | 0.17 | 0.03 |<0.23|<0.02| <0.02
to to to to to to
0.12 2.3 1.1 0.7 | 0.37 | 0.07

In addition to the tube material, another importaharacteristic of WWER SGs is the
temperature, significantly lower in WWER-400 thanWWER-1000 where it is comparable
to that of PWRs and with a direct influence on osion behaviour.

All WWER-440 units and the first WWER-1000 unit (Wavoronezh 5) have two turbines
and two condensers. All the other WWER-1000 uretgehone turbine and one condenser. In
the early plants, the low-pressure heaters haderogifpys or carbon steel tubes, while the
high-pressure heaters had carbon steel tubesne saits, the carbon steel of high pressure
heater tubing has been replaced by stainless gigehn exception, high pressure heater
tubing at the first WWER-1000 unit (Novovoronezhwigs made of austenitic stainless steel.
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For Low Pressure and High Pressure heaters, nlatar@ replaced by stainless steel, when
not initially in stainless steel as it is the casef Bohunice, Dukovany, Mochovce (WWER
440) and Temelin (WWER-1000) where the secondarguiti was designed by Skoda
manufacturer. The MSR (Moisture Separator Reheaterge carbon steel tubes that were
replaced by stainless steel in some units.

In Temelin, the original material for MSR was a lalloyed steel CSN 15 313 steel, with 2 to
2,5% of Cr and 0,9 to 1,1% of Mo. Later on, MSR weglaced by stainless steel material,
but operational experience showed that this wasangbod solution because chloride and
other anions may be present in a crevice of reheatehich the last part of liquid phase after
MSR is evaporated (although no condenser leak cedurAccording to the Czech expert in
charge of the evaluation, this may have been thegsecaof stainless steel cracking.
Consequently, low alloyed carbon steel tubes, taasi£nough to FAC, will be selected back
again.

Originally, as in many other plants, the WWER caomsbs had copper alloy tubing. Now,
due to the disadvantages of this material, coplbeysa(LP heaters and condensers) are more
and more eliminated. For condenser tubing, theyrgpaced by stainless steel or titanium,
butin some cases (Bohunice), they are being re@ldwy brass condenser tubing for
economical reasons [4].

The advantages are (i) the possibility to increhsgoH value of the secondary system, which
gives lower carbon steel corrosion rates, lowesiratgenerator tube fouling, lower corrosion
of carbon steel, lower fouling and (ii) a higheteigrity of condenser tubes, with less impurity
ingress and consequently a lower risk of SG tulsrgosion.

Appendix Al, Figure Al-5 shows the Primary systemmponent layout at WWER-1000
plant . In Figure Al1-9, can be seen the inside vigwhe horizontal Steam Generator of a
WWER.

3.2 Important issues to be addressed

There are five important issues to be address#tkisecondary system:

* The first and most important issue is corrosiongatton. This impacts on the safety
and lifetimes of components, their operationaktality and availability, on operating
costs and maintenance activities. These aspecidismessed in Section 3.2.1 for the
steam generator, Section 3.2.3 for the carbon steaponents of the feedwater train
and Section 3.2.4 for the copper alloys used faresoondenser tubing and feedwater
heater tubing (and the Moisture Separator Rel®ater

« The second and most important issue, which is tjreonnected to the previous one,
is safety, due to the primary coolant integrityisihot only linked to material integrity
related to secondary side corrosion of SG tubing abso to primary side corrosion of
the tubes. This explains why primary to secondeak Icontrol is described in Section
3.2.6, in addition to the associated safety aspe@ection 3.2.1.

* The third issue, of growing importance, is the hegahsfer capacity with a direct
impact on plant performances. It has however ingpaot maintenance activities that
may be required to recover the pressure. In additiohas also an almost direct
impact on SG tubing integrity since fouling, at trigin of heat transfer decrease, is
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one of the main contributor to corrosion associatégth the concentration of
impurities in the deposits. This is detailed int®et3.2.2.

* The fourth issue, which is also of growing impodeanis detailed in Section 3.2.5 and
IS concerning environmental and economic aspecishwimay be opposite to other
objectives, such as corrosion resistance or pno@ntenance.

* The fifth issue is a combination of the first ammurth issues, and is related to
corrosion mitigation and the associated environalecdnstraints that occur during
the lay-up of components. Possible options inclabig:or wet lay up, and the use of
octadecylamine to insure a better protection againgnd corrosion of carbon steel.

3.2.1 Steam Generator (SG) Corrosion and Integrity

As explained above, there are two main characiesisft WWER SGs: the horizontal design
and the use of the austenitic stainless steel @GLDTi for the tubing. This is of great
importance for degradation mechanisms.

Historically, the very first of western PWRs had &®Bing made of non-stabilised austenitic

stainless steel type (18% Cr — 10 % Ni) similamuat is used in many components in the
nuclear power plant and commonly used in nucledustry. However, in western design, this

alloy was not selected anymore after the 60’s aasl itnfortunately replaced in most cases by
a nickel base alloy, very sensitive to Stress GioroCracking.

The reason for this change in PWRs was the highitsaty of the non-stabilised austenitic

stainless steel (type 304) to localised corrosgtne¢s corrosion cracking) by chloride and
oxygen at high temperature. Unfortunately, theae@inent material, Alloy 600, with a high

nickel content, is even more sensitive to stressosmn cracking in pure water or alkaline
environments [5 - 6]

For WWER SG tubes, thaustenitic stainless steel 08Cr18Nil0Ti has beésctssl with a
better resistance than non-stabilised austendiolsts steel type (18% Cr — 10 % Ni).

While the pressure all over the primary system @néy from significant risk of impurity
ingress by other systems during power operatiom,sdme situation does not apply to the
secondary system where the condenser operates ratilered pressure (below atmospheric
pressure). Thus, in case of leak in any condendm br at the tubesheet, there will be
impurities ingress into the secondary system bygaaling water.

The ions contained in the cooling water will coritate by two processes:

- Evaporation, which will concentrate the salts ire thquid phase, as the steam
solubility and concentration is very low (about*lte bulk SG concentration):;

- Local concentration in areas where the flow velodt restricted, such as in oxides
deposits in some locations or crevices, accordirtfe law describing the elevation of
the boiling point of a solution as a function oétboncentration of a dissolved salt
(ebullioscopic law). According to this law, in regs of low flow, the temperature at
the heat transfer surface of the SG tube is higeer that in the bulk SG water, which
corresponds to the pressure and boiling point afe pwater. Soluble ions will
concentrate to a point corresponding to ATe which is the difference between the
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temperature in the deposit and that in the bulkw&@er. The higheAT becomes, the
higher will be the concentration of the soluble pounds while the low solubility
species will precipitate. As an example, the sodiwdroxide concentration may
reach 280 g/l for AT of 20°C and 450 g/l for AT of 40°C. When soluble impurities
are concentrated in areas of restricted flow (acstef being removed by the SG
blowdown), this is the hide-out, depending on theoant of heat transfer. During a
shutdown, the reverse process occurs, and paneafdmpounds that had hidden-out,
are released into the bulk SG water. This reversegss is called hide-out return.
However, the reverse process is rarely completesante of the chemicals, trapped in
the oxides deposits, will remain and may re-stagt ¢orrosion process when further
operation at high temperature resumes [7].

Impurities of low or retrograde solubility will may precipitate in the steam generator.
They rarely induce direct corrosion but may resulthe formation of an environment in
which soluble and corrosive species may concenttfaigally, in most cases, volatile
species have a lower impact on corrosion excegftéfr having been transported by steam
they may deposit on the turbine and induce corrosioundesirable deposits. However, in
most cases, the purity required for the SG wateuh that no additional constraints are
required to meet turbine corrosion requirements® Gse of silica is of concern for fossil
fired or other units operating at higher tempematas compared with PWR or WWER,
since silica volatility increases with temperatudgganic acid and carbon dioxide are also
volatile but did not cause any significant degramain WWER units.

- In addition, there is a specificity of WWER. Thesfitng system and SG blowdown
system were reconstructed in WWER 1000 so thasd#fts concentrate in a location
outside the collectors and are blown down froméh&emelin measurements in 32
sampling points confirmed that the feedwater rettanson during manufacturing
enabled concentrated species to be eliminatediesfflg by the blowdown system,
with a concentration 10 times higher than in thélwater (the content outside of
specific areas) of the SG.

Cold Header cracking- Steam Generator replacemenni WWER-1000

As described in Section 3.1, crevices existed enabld collectors of the early WWER-1000
SGs. Salts concentrated in these crevices, causiigking and pitting corrosion in the
stressed areas. The collector cold work layer veag sensitive to cracking, especially under
acidic conditions [8]. The later Russian and the@zSGs have been manufactured with a
modified hydraulic expansion process with a lonmeess level and do not have the same
problem.

Cold collector cracking was the reason for many WRAED00 SG replacements between
1986 and 1991 and further modification to the desas well as the repair of the SGs at other
stations. However, no SG has been replaced in W\WHRudNits.

The first WWER-1000 replacement for other reasoas the replacement of the four SGs at
Balakovo 2 in 1991, where 10% of the SG tubing dasaged at locations that were mainly
in the lower rows near the hot collectors [9].

Temperature influence.
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As mentioned in Section 3.1, the operating tempeegatn WWER-440 is lower than in

WWER-1000. Both the stress corrosion cracking pgagian rate and initiation threshold are
strongly dependant on the temperature (thermallyvated). In addition to the design

influence of collectors, this is explaining thefdience in corrosion behaviour between
WWER-440 and WWER-1000 steam generators, the feet being much more affected.

In western reactors, SG degradation problems ons#w®ndary side have mainly been
associated with high concentrations of impuritiesflow-starved regions where locally
aggressive solutions formed. For the WWER-440 aesagstudy was carried out at Loviisa
unit 2, in Finland, on the influence of new feedsvatlistributor design and the start of the
hydrazine dosing on concentration process and igtghbadition of impurities in the SG. [10].
This has also been done in other units, like Bateini-2 and Dukovany, but with other
designs of feedwater distributor. In Paks NPP féeelwater distributors have been changed
in all the SGs.

Figure A1-10 in Appendix Al shows the position loé¢ ibld and new feedwater distributors in
horizontal SG in Loviisa unit 2. The continuousvattown is carried out from the primary
collector pockets and periodic blowdown from both &nds [10].

The study gave the following conclusions:

- The new feedwater distributor did not change iti@urity distribution in the steam
generator significantly. Measured sodium and ironcentrations were the highest in the
“cold” end of the tube bundle and ammonia conc¢ioina were the highest in the “hot”
end. However, acetate was evenly distributed tHrougboth SGs.

- A small difference was observed in sodium coneians in the two different designs at
successive measurement points. Sodium levels wigtie ahigher in the SG with the old
design, but due to the small concentrations, a dig@rence is difficult to verify.

- Due to the low impurity concentrations in the featky, the new design did not result in
an increase in impurity levels as has been obseatvedme other plants with horizontal
SGs. This clearly indicated that good secondarg svdter quality allowed component
designs to be used that could cause problems imtsplavith higher impurity
concentrations in the feedwater.

- The new location of the feedwater distributor vgash that it could be easily inspected
and repaired, thus resulting in shorter maintenginoes during outages.

Steam Generator Blowdown (SVO-5)

The blowdown of each SG in WWER-440 is designedperate at a continuous flow rate of
0,5% of steam generation, i.e. 2,2 8tour, but the actual flow is ranging from 2.2 to
5 m*/hour. There is also a periodic blowdown of 12 Son#/hour, with a frequency which
differs from plant to plant (twice a day for abddt hour in some units, permanently in
others). This “periodic” higher blowdown is design® allow a better elimination of sludge
and impurities from crevices without the disadvgetéoss of heat, increased treatment) of a
permanent high blowdown flow rate.
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As mentioned in Section 3.2.1, the feeding systamd &G blowdown system were
reconstructed in WWER-1000 so that the salts canagenat the end of the SG shell in a
location outside the collectors and are blown dénom there.

In WWER-1000, the blowdown of each SG is desigeopterate at a continuous flow rate of
7.5 to 10 n¥hour and a periodic blowdown of 20 to 2&Mhwour, with a frequency which
differs from plant to plant (twice or three timesrmlay for about 2 hours) during which the
continuous blowdown flow is reduced by a factor aifout 3. This “periodic” higher
blowdown has the same objective as for WWER-440.

Degradation mechanisms

The main degradation process that occurs in a stgamarator is localised corrosion of the
tubing, which depends on several parameters:

- the material characteristics (composition and meiclaa characteristics, and therefore
the relative sensitivity or immunity to various ggof corrosion;

- the temperature which has an influence in manysygbeorrosion, all those which are
thermally activated, but not all of them, some beiable to appear at room
temperature;

- the stress level for the most frequent type of asan, which is stress corrosion
cracking;

- the environment, which can vary with time and whiglthe main parameter that can
be controlled once the plant is operating.

The great variability in the corrosion behaviourS% tubing throughout the world depends
on these parameters.

Initially, (before 1960) a non-stabilised austengtainless steel (type 18 % Cr — 10 % Ni)
was selected for first few western-designed low @oRMWR steam generators. No significant
degradation occurred, but for the next generatibiigher temperature, higher powered
Nuclear Power Plants, a different alloy was setétte the American industry. The selected
alloy, Inconel 600 which has a high nickel cont@t2%), was chosen to give high corrosion
resistance in a chloride environment, as this gfpeontamination was possible if there was
cooling water ingress through a condenser leaktia@when there was no method of safely
operating without such leaks.

The most important type of degradation occurredPWR SGs with Alloy 600MA tubing
(where MA refers to mill annealing), as this alloyntains insufficient chromium due to its
high nickel content and has a more susceptible astiarcture. Alloy 600MA is highly
sensitive to stress corrosion cracking, particularlalkaline environments and even in pure
water for locations with a high stress level. All6QOTT (where TT refers to Thermally
Treated) has been used in the 1980s in many PWRs.

Although it is still sensitive to stress corrosinacking, there is a significant improvement to
corrosion resistance and no secondary side degyadats been observed except in a few
cases when there had been manufacturing anomalieg.600 was replaced in the 1970s in
German-designed SGs by Alloy Incoloy 800, which aadightly higher chromium content
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and a much lower nickel content. This Alloy hasegivgood operating results, with a lower
sensitivity to corrosion in many environments.

However, in most other countries, new SGs put s&lvice after the early-1990s used Alloy
Inconel 690TT tubing, which is highly resistant ttee corrosion in the many types of
environments normally encountered as it contairfiscgnt amounts of both chromium and
nickel. No corrosion has been observed, or is éegeimn SGs using this type of tubing. In
addition to these alloys, Alloy 800 and Monel 408vé also been selected in some other
cases.

As mentioned above, non-stabilised 18% Cr + 10%ab#tenitic stainless steel is quite
sensitive to stress corrosion cracking at operatngperature in presence of chloride and/or
oxygen. In the WWER design, the addition of titanias a stabilizing element significantly
decreases its sensitivity towards corrosion, coegpavith the American AISI 304 (or 316)
stainless steel grades, but it does not providenfwhunity.

The main advantage of the austenitic stainles$ 88€r18Ni10Ti used in WWER designs is
its lower sensitivity to stress corrosion crackingpure water in presence of stress, compared
with Alloy 600 in which the chromium content is ufScient. Thus, WWER SG tubes do not
suffer from stress corrosion cracking on the primar secondary side in absence of
impurities, such as occurs in Alloy 600 in regiongth high stress levels and high
temperatures.

On the contrary, 08Cr18Nil0Ti is much more sensitio acidic corrosion in presence of
chloride and this is the main risk of corrosiortlus material in operating WWER units, since
chloride may easily enter the secondary systenugfireondenser leaks.

Transgranular stress corrosion cracking (TGSCCP&Er18Nil0Ti stainless steel could
develop from the secondary side of the steam gamweravhere higher chloride concentration
can occur (e.g., in steam generator tube suppeviaas) [17].

In summary, it needs to be emphasized on the kegsion behaviour of various alloys when
evaluating the risk of degradation and selecting ¢brresponding chemistry regimes and
guidelines (section 3.4.4).

e Alloy AISI 304 is sensitive in chloride environmeand, more generally, in presence
of several types of contaminants,

» Alloy 600 is very sensitive to stress corrosionckrag in alkaline environment and
even cracks in pure water in presence of high steasl,

* Alloy 800 has a much better resistance in mostrenuments,

« Alloy 690 has the best corrosion resistance in atrah environments, except in very
few ones which are not representative of normataipey conditions (e.g. extremely
oxidizing environment with copper or high lead @nitnation),

» Stainless Steel 08Cr18Nil0Ti used in WWER SGs ha$ightly lower corrosion
resistance, compared to Alloy 690 or even 800 bag Mmuch better corrosion
behaviour under normal operating conditions thaleyA600 and does not require as
restrictive chemistry guidelines. On the contraryAtioy 600 which is very sensitive
to stress corrosion in alkaline environments, #am steel 08Cr18Nil0Ti is more
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sensitive to acidic conditions while a slightly @like environment is not detrimental
and should be preferred if necessary.

Laboratory tests specific to 08Cr18Nil0Ti stainlegsel confirmed the high sensitivity to
corrosion by chloride in acidic environment [11hi§ showed that SG tubes are sensitive to
transgranular environmentally assisted cracking GEAiIn the three concentrated
environments, i.e. alkaline, neutral and acidichwhe most dangerous environment being
the acidic one.

The initiation time to cracking was extremely sh@thours), whereas the initiation process
took a long time under neutral and alkaline labmsatconditions on C-Ring specimens at
270°C, with oxide layers covering the C-Ring suefaand in presence of rarely random
shallow pits. The measured EAC crack growth raaeged from 2 x18to 2x 10° m/s in the
three environments, based on C-Ring extrapolatanatidic environment and on Single
Edge Notch Tensile (SENT) for the two other cher@st

The governing phenomenon for the corrosion reststah tube in service is consequently the
initiation time which is very long, if any initiain, under neutral or slightly alkaline
conditions (pH 9.8) while it is very short undeidac conditions at pH 2.7. This is of great
importance to evaluate the risk of degradation @bog to various potential impurities.
These results do not mean that under strongly iatkatonditions, which may be easily
formed in crevices due to the low volatility of s@th as compared to chloride, WWER SG
tubing is immune. However, it is the reason whyewlacidic impurities are present, a small
addition of LiOH in the secondary system has bgmgiied in several plants to try to mitigate
the corrosion process.

The main difference between stainless steel AlISI &drrosion resistance and the Czech —
NRI results on WWER stainless steel equivalent I81821, is the higher resistance of this
last stabilized steel in alkaline environment.

A second Czech study confirmed the lower sensjtitatcracking and pitting under alkaline
and neutral environments, compared with an acidisrenment in presence of the identical
concentrations of 100 mg/kg chloride at 275°C [12].

Some laboratory electrochemical experiments perdrm Finland showed that sulphate ions
are even worse than chloride for breaking the padiim at the tube surface [13] but there is
no clear demonstration from these specific tesisttie corrosion resistance behaviour of the
SG tubes is more important in the presence of sidpthan chloride. Most experts would
consider that there is no higher sensitivity opsalte as compared to chloride and that acidity
or simultaneous presence of oxygen are the kepracAn abundant and historical literature
data always considered the high sensitivity of emiit stainless steel to corrosion in
environments containing chloride and oxygen at béghperature [14-15-16].

Moreover, another laboratory study on this AlloyCo88Ni10T (AISI 321) allowed to
conclude that the number of microcracks were lowgresence of sulphate than chloride, in
two different acidic environments (100 or 500 mK/kg anion added as the corresponding
acid). Finally, in presence of chloride + sulphaltés last anion (sulphate) was found to be an
inhibitor of chloride induced SCC initiation [17].
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Lack of condenser tightness can results in airesgbringing oxygen, also very detrimental
to 08Cr18Nil0Ti stainless steel. This is why itimsportant to maintain a low oxygen
concentration and a reducing environment in thamstgenerators.

08Cr18Nil0Ti stainless steel is also sensitive itbng corrosion in presence of chloride,
even at low temperature. Thus, the absence of coméats containing chloride or sulphur
during manufacturing, transportation and lay-upnsndatory. It is forbidden in any type of
nuclear power plant but is of even greater impagam WWER units than for any other
design to prevent rapid degradation.

In addition, laboratory tests on various alloys & tube alloys (any of those selected in
WWER or PWRs) have shown a great sensitivity taagion in presence of reduced sulphur
or lead contamination [18].

Finally, the feedback of WWER 440, with a lower fmrature as compared to WWER 1000
and PWRs of western design, did not show degradatequiring steam generator
replacement and thus demonstrating a satisfacésigtance of SG tubing.

+ Lead corrosion

Degradation associated with lead has been idemiifi¢he case of Kozloduy NPP. The steam
generators low alloy perlitic steel of 10GN2MFA ¢ypf the vertical cylindrical headres
suffered from corrosion which was attributed to gresence of lead observed by Scanning
Electron Microscope of tube specimens. [19]. TemBIPP experienced lead presence in the
secondary system of one unit due condenser pairfiegeral tens of kg of lead have been
introduced in the system with a concentration @fdl@t SG Blowdown decreasing versus
time from about 90-120 pg/kg in 2005 to 20-40 pgitkg2007. Laboratory investigations
allowed to conclude that the risk of degradatiors waainly associated with lead within
crevices in a acidic environment. No degradatios len seen up to 2007 in the SG, likely
due to the absence of lead in the oxide film ageadton SG tubes analyses

» Condenser leaks mitigation

Whatever the type of condenser cooling water, lit @antain chlorides that are deleterious to
WWER SG tubing. This is why it is of utmost importa to avoid condenser leaks,
particularly in sea water-cooled units where magmeschloride hydrolysis will induce an
acidic environment according to the following reawct due to the precipitation of magnesium
hydroxide, which has an extremely low solubilityhggh temperature.

MgCl, + H,0 — Mg(OH), ¥ + 2HCI

In contrast, most river waters have compositioas tasult in an alkaline environment under
thermal decomposition and after carbon dioxide iglation in the steam phase.

NaHCG; - CO, 2 + NaOH
Thus, early replacement of condensers with coppleysa (brass) tubing is important,
necessary, particularly for WWER cooled by sea wgeidic forming cooling water), if the

condensate polishers is not any more able to math@geomplete elimination of impurities
entering the circuit from the condenser leak. Acidirming cooling water is mainly observed

80



for sea water and there are very few of such WWERtp. With river water cooled plants,
the consequence of a condenser leak is not samdetial since the river water is alkaline
forming under heat thermal decomposition, and tecentration of ions in river water is
much lower than in sea water. Nevertheless, depgndn the decarbonisation method
applied to the treatment of the river water in ¢fesed cooling water system (in the presence
of a cooling tower), the water may become lessliakand even slightly acidic under steam
generator condition in concentrated areas.

Whatever the cooling water, it is never desiraldecbntinue operating with a leaking
condenser and to attempt to eliminate the impgripermanently using the condensate
polisher resins. In addition, the permanent use cohdensate polishers has many
disadvantages described in Section 3.2.5. Cons#yguénis better to consider using the
condensate polisher as a temporarily method ofimditimg impurities, e.g., during start up,
after a condenser leak, or any other source of iitypungress, before having to shut down
the unit or to decrease power to fix the leak.

» Condensate and Feedwater oxygen control

As described earlier, the stainless steel usetMWER SG tubing is particularly sensitive to
cracking in oxygen environment. This is why airregs in condenser should be limited to the
minimum reasonably achievable value of no more thdew pg/kg (ppb). This needs to be
applied even when the secondary circuit has a deaddeaerating feedwater tank), since the
oxygen entering the condenser will react with thetah producing oxidising oxides that will
enter the steam generator and maintain an oxidedgpotentially corrosive environment.

The feedwater oxygen concentration should geneballyery low in order to be sure to avoid
an oxidizing environment inside the steam generatoere it could induce cracking of the
tubes.

It is important to be aware of the fact that oxygeeasurement, like suspended solids, is very
sensitive to the characteristics and particulanky fength of the sampling line. This is even
more important for samples from a circuit at highnperatures, since oxygen may easily react
with the sampling line materials. Thus, a particdare should be taken to the sampling line
for the measurement of the oxygen concentratiortjcpéarly from the feedwater at high
temperature.

Another way to evaluate the presence of an oxigisimvironment or oxygen transients, that
may be detrimental for the Steam Generator, isdkena specific on-line measurement of the
ECP (Electro Chemical Potential) [20].

However, the oxygen concentration in the condensater should not be too low since it is
not optimum for mitigation of Flow Accelerated Casion (FAC) of carbon steel in
feedwater train heaters (see Section 3.2.3).

High oxygen pollutions are also to be avoided wtienconditioning reagent is morpholine
since oxygen will increase its thermal decompositicto organic acids that will adversely
increase the cation conductivity in the whole seleoyn water system.

3.2.2 Steam generator fouling and heat transfer
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Fouling is due to the deposition of corrosion praddumainly iron oxides on the SG tubing
itself (which is different from sludge formation lgyavity), with several consequences:

* A decrease in heat transfer, a reduction in thiebsteam pressure and, when these is
severe fouling, a power reduction;

e The formation and transport of corrosion produci® ithe steam generator can
increase the corrosion risk, due to the conceptradf chemical compounds in the
deposits.

The oxides that deposit on the tube surface aengally coming from the corrosion of large
surfaces of carbon steel materials, mainly the duipethe feedwater train, such as the
feedwater heaters, the moisture separator reheatetgpotentially the condenser.

The quantity of deposited corrosion products isdly related to several parameters:

» the corrosion rate of material which is more impottfor carbon steels than for
stainless steel or low alloy steels,

e the corrosion rate of carbon steel which is morg@artant when the pH at the
operating temperature decreases and consequertlyeiof the main objectives of
correct chemistry selection,

» the deposition rate on the tubes, which dependefbaency with which oxides
particles are eliminated by SG blowdown,

e the deposition rate on the tubes which dependshenspecific properties of the
chemical reagents (zeta potential) in front ofttilee material.

Oxides may deposit either on the tubes with thevalmmnsequences (thermal heat transfer
reduction) or in areas of restricted flow or at blmttom of the steam generator by gravity.

Oxide deposition in restricted areas may cause @ibanges with in some extreme cases the
potential risk of flow and water level instabilitgs has occurred in some PWR steam
generators of western design. Such problems havéeen reported in WWER SGs, but
should be taken into account as it has a direduente on operation and safety. Any
instability can increase flow-induced vibration aa@id cracking of some tubes due to cyclic
fatigue. In WWER SGs, relatively large amounts lofdge can accumulate below the tube
bundle, but in some extreme cases the sludge tagehed the tube bundle and had direct
operational consequences. Thus, although there dract impact of impurity concentration
in the sludge deposited on a WWER SG tube undenaloconditions, as it is the case for
western PWR designs, a very large amount of slutdgg also be avoided.

Although the consequence of deposits on the SGigutm in areas with restricted flow is the
same in PWR and WWER designs, there is one maimeficeal difference for WWER
designs. This is that horizontal SGs do not noryrfalim sludge pile around the tube bundle,
which in a vertical SG is another location where themicals may concentrate and induce
corrosion. On the contrary, in horizontal SG thedgk will deposit at the bottom of the SG
away from the tubes. Sludge should be eliminatethgwshutdown maintenance in WWER
SGs but not with the same acuity and chemical aigais mainly requested to recover the
heat transfer due to deposit on the tubing itself.
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The presence of copper has the main disadvantadgeuiing of imposing an operation at a
low pH (9.2 at 25°C) for avoiding ammoniacal coroms Such a low pH does not provide a
sufficient protection to carbon steel against FASedtion 3.2.3). The progressive replacement
of copper alloys in the secondary system of someBRWInits allows an increase of room
temperature pH at a value depending on the reagédnth decreases the generation of
corrosion products. This results in lowering thenaantration of iron in feedwater, the
guantity of sludge and fouling, of corrosion undposits, and better control of the SG
operation.

The use of an alternate amine treatment as deddrbsections 3.2.3 — 3.2.5 and 3.3 should
also be considered for fouling and corrosion transmitigation.

3.2.3 Flow Accelerated Corrosion (FAC) for Carbon &el components

FAC in an important issue as has been demonstogtéte severe accident that occurred on a
feedwater pipe at the Finish WWER-440 Loviisa, #heerican PWR Surry 1 and the
Japanese PWR Mihama 2.

This phenomenon, an accelerated generalized corradi carbon steel, is depending on 3
conditions:

- a material with very low content of chromium (4%),
- a high velocity of the flow, quickly eliminatirthe dissolved iron,
- an insufficient alkaline environment, in absen€exygen.

This FAC problem may be easily solved by:
- the selection of stainless or low alloyed steeléplacement of carbon steel),
- the protection against high flow velocities,
- the selection of proper chemistry using ammoniggh pHs-c of 10 or an amine,

- an adequate non destructive examination progpaeferably based on computer codes,
taking into account the required thickness of tipeng, the previous measured thickness,
the applied chemistry regime and the chromium tedidontent of the carbon steel [21].

The higher local pH at the secondary system opgyaémperature that reduces carbon steel
FAC rates can be obtained either by increasing pghe with the alkalising reagent
concentration, or by selecting a reagent that giviegher pH in the area to be protected. This
is related to the reagent partition coefficient ethinduces different concentrations in various
parts of the secondary system and to the reagehiten of alkalinity versus temperature.

One option is to use ammonia at thexpHof 10, but this cannot be an universal option for
all WWER plants, since many of them have coppe@yalin the secondary system that would
suffer from unacceptable copper corrosion at sugH éSection 3.2.4).

Thus, the most applicable option in order to aveiLC is to select an amine. Morpholine is
mainly used in France while ethanolamine (ETA) basn widely used in USA since the
early 1990s and in several other countries. Bo#igeats or dimethylamine (DMA) used in
some cases, are generally able to give sufficidotyFAC rates.
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However, reducing FAC rates under single-phaseitond (mainly in the feedwater heaters)
is favoured by the use of an amine that gives gb lai pH as possible at the operating
temperature, which means that there should beiteimeduction of its dissociation constant
versus temperature. On this basis, for the samg-gHhe capacity to protect carbon steel
from FAC at high temperature is:

morpholine > ETA= ammonia [3].

On the other hand, reducing FAC rates under twe@hzonditions (SG internals, MSR)

requires the use of an amine that has both a lozderction in its dissociation constant versus
temperature and a lower distribution coefficienttween steam and water (which

approximates to its relative volatility). Thus, the SG internals, the moisture separator
reheater blowdown and wet steam lines, the aliitgrotect carbon steel from FAC, for the

same pHs-cis:

ETA > morpholine > ammonia.
Consequently, ammonia may be used only at a higbesdration and phd-c value.

FAC is also strongly depending on the Redox Paéknfn oxidizing environment is
beneficial for FAC but not acceptable for the S®irtg corrosion, particularly with the
WWER austenitic stainless steel. Consequently, dlggenated treatment is not an
appropriate option. The selection of an adequatapdHreagent is the safest option to avoid
FAC [22].

Consequently, the chemistry options for protecteceybon steel against FAC through
chemistry selection are as follows:

- when copper alloys are absent and if the overallesy is able to cope with a high
ammonia concentration (see Section 3.2.5), thesmanonia treatment at a feedwater
pHzsecclose to 10 can give satisfactory results withbetise of condensate polishers
(or with these bypassed) if the condensers are ighk free). This is used in some
countries such as Germany and in some WWER undis as Temelin or Paks and
may be selected for other WWER if the other crdtetescribed in other parts of this
document are met. Using an amine is an alternatiwien which has to be used when
operating at low pH due to the presence of copleysa

- when copper alloys are present, the feedwateg-phhust be limited to about 9.2 with
ammonia (or potentially at a slightly higher valugh amine treatment). In presence
of copper alloys, an amine must be selected togatéi FAC, but the amine choice
will depend on many of the aspects developed iergthrts of this document.

3.2.4 Copper Alloys corrosion

In order to mitigate ammoniacal corrosion of copakwys, pH 25°C in feedwater has to be
limited to = 9.2 to 9.3, to avoid the formation of soluble ceppmmonia complexes, but

even with this low pH, corrosion of copper alloydl xists in a number of plants. A pH of

9.2 with ammonia is not acceptable to keep carbesl sorrosion at a sufficiently low level.

Thus, an amine has to be used in this case.

Copper corrosion is less sensitive in the presehseme amines as compared with ammonia
and plant experience have shown that the pH withesamines may be increased slightly
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above 9.3 while keeping an acceptable copper alloyssion rate. The pH limitation will
also depend on the location and number of the coes with copper alloys.

In addition to pH limitation, the presence of coppdloys has the inconvenient of being
corroded and bringing copper to the steam genewvdtere it may increase the risk of tubing
corrosion, especially with an oxidizing environment

Finally, an important problem of brass condenserhé abrasion on the cooling water side
which may easily occur after a couple of decadesaty depending on the cooling water
properties. Consequently condensers may leak aing bmpurities in the condenser and
finally into the steam generator.

Copper alloys are not appropriate for sea watereco@lants, where a small leak is
unacceptable unless an adequate condensate pglislaint is operated. The high chloride
concentration and moreover the acidic reaction utetaperature are very detrimental for the
WWER SG tubing, even in the absence of sea water.

But, even for units cooled by river water, the sgte of design without copper alloys in the
secondary system will be very beneficial for theatment selection.

The presence of copper alloys:

- prevents from operating at a sufficient pH for cartsteel corrosion, with several
impacts,

- prevents from adding a sufficient hydrazine conmn if blowdown resins are
operated after exhaustion with the pH reagent arabsence of condensate polishers,

- induces the presence of copper in the steam gengrdeleterious for the tubing.

This is why more and more WWER units are replativegr brass condensers, although there
is still copper alloy tubing, either in original m#ensers, or in a few cases, in replaced
condensers

Thus, for hydrazine-ammonium water chemistry regissdeduling a replacement of copper
condensers reheaters or other components madeppércalloys, is a good decision which
should be taken as soon as possible, accordin@itmtenance and costs possibilities.

3.2.5 Economic and environmental aspects

With the sustainable development required for rarcenergy, environmental aspects should
be considered in addition to economical ones, iaddpntly of other constraints such as
safety and long-term behaviour of materials, wiaoh the core of the objectives in chemistry
options.

These economic and environmental aspects are myptioked to the limitation of reagents
concentration but particularly to
- the selected resin, length of working cycleesin between regeneration if any;

- the release of chemicals into the environmempedding on recycling of the
chemical, operating mode of the resin;
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- the reagent selection, composition and cormeding concentration.
Each point is specifically discussed below.

» Blowdown operating mode, resins selection

As detailed in Section 3.1.2.1. the blowdown desighiVWER is optimized for minimizing
heat loss and water use while keeping a sufficegfitiency of impurity removal by SG
blowdown purification system.

In presence of copper alloys, an amine treatmeatldhbe selected for mitigating Flow
Accelerated Corrosion of carbon steels (SectiorB33.2Dn the units without copper alloy, an
amine treatment may be also preferred. Ethanolamimeorpholine are the most commonly
used amines although some other amines are alsttesttin PWR units. For the operation of
steam generator blowdown resins, morpholine, adiemppn French units, allows the
operation of SG blowdown resins in morpholine fand with a sufficient duration without
high sodium at resins outlet. This is due to thengarative affinity of sodium, which is
higher than the one of morpholine on cation reswvtsle ammonia affinity is more
comparable to sodium one. The advantage of sucbparating mode is the possibility to
operate with resin saturated by morpholine, duangund one year, without regeneration.
After about one year, the resin is replaced byw resin. Selecting a Nuclear Grade Resin
will increase the guarantee of a high quality resiith fewer impurities during in service use,
and potentially longer duration before reachingrémacement criteria.

All the advantages of such a design and options are
- Lower investment costs,
- Absence of risk of pollution by regeneration redgemd resin fines,

- Less liquid wastes into the environment, for 2 o®as no regeneration reagents
releases and less addition of amine or ammonidensystem since the resins are
operated after exhaustion by the alkaline reagent.

Ethanolamine having a higher affinity than morphelith resin, the cation resin duration in
saturated form is theoretically shorter but thecpical feedback shows that this option should
not be eliminated.

Consequently, if operation of the cation resin withregeneration and in saturated form is
possible, morpholine treatment is an interestingpapwhile if the resin must be regenerated,
ethanolamine, with a lower molar concentration Ieetier option.

Ammonia at high pH (close to 10 at 25°C) may bedugethere is not constraint on
regeneration and release of chemicals.

In Temelin, when hydro ejectors for vacuum are ubgdrazine is not sufficient for reaching
the pH of 10 and ammonia addition is necessarys lobsammonia from secondary side via
ejectors might cause pollution of cooling systemd affect discharges of ammonia and/or
nitrates. In this plant, blow-down resin are regatesl once per 3 - 4 months because of Si
release.

Other amines or mixing of amines may also be cansitl
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* Reagents type selection and concentration,

All Volatile treatment (AVT) is based on the additi of an alkaline volatile reagent for
obtaining the selected pH and hydrazine as a redutiemical.

Two main types of AVT reagent may be used:

- Either ammonia, frequently obtained directly bgrmal decomposition of hydrazine,
with, in this case, the small advantage of addingy @wne chemical for the two
purposes,

- Or an amine, as the main reagent for the regyak¢ in addition to hydrazine which is
producing some ammonia in lower quantities.

The organic amine used is chemically similar to ami&, in which one or several atoms of
hydrogen are replaced by an hydrocarbon chainsseTlaines have alkalinity generally
higher than ammonia and better characteristics.

The selection of the reagent is strongly dependimghe materials in the secondary system
and the subsequent risks of corrosion, such as (S&€ Section 3.2.3) or copper corrosion
(see Section 3.2.4).

Presence of copper alloys in the secondary system
It has been explained that in presence of coppeginane selection is mandatory since the pH
at high temperature cannot sufficiently be raisé&tt @ammonia.

In this case, the only reliable option is an anohevhich the most widely used reagents are
morpholine or ethanolamine (ETA) that have alreadgcessfully tested in WWER, at a
pH.sec of = 9.2. This pH could be increased slightly on a pkecific basis if it has been
demonstrated that the copper alloys corrosionreate&ins acceptable.

Absence of copper alloys in the secondary system
When copper alloys are absent, two types of secgivdater treatment are possible:

- Ammonia at a feedwater pKc of about 10 (9.8 -10), which corresponds to an
ammonia concentration of about 10 mg/kg, as usednme PWR and WWER,

- An amine, used at the highest possible feedwdierompatible with other constraints
(blowdown ion exchange resin lifetimes or regenemtpresence or absence of
condensate polishers, operating costs, waste esleabypically, a feedwater pkic
of about 9.5 - 9.7 is a good compromise, with aimum pH value of 9.4 to minimise
FAC, corrosion product transport and SG foulingfisigihtly. The corresponding
reagent concentrations depend on the amine selaotethe contribution of ammonia
to the feedwater pH.

Table 3.5. Example of pH values with ammonia plus orpholine or ethanolamine

PH2sc Ammonia (mg/kg) Morpholine (mg/kg) Ethanolaminegfiky)

9.2 0.3 3.7 0

9.2 0.3 0 0.63
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9.3 0.5 4.3 0
9.3 0.5 0 0.65
9.3 0.3 7.8 0
9.3 0.3 0 1.2
9.4 0.8 5 0
9.4 0.8 0 0.7
9.4 0.3 0 2.0
9.5 1.3 5.3 0
9.5 1.3 0 0.7
9.5 0.8 14.4 0
9.5 0.8 0 1.9
9.5 0.3 0 3.1
9.5 0.3 25 0
9.6 2 6 0
9.6 2 0 0.7
9.6 0.8 30.4 0
9.6 0.8 0 3.6
9.96 10 0 0

There are general advantages and disadvantages wérious amines potentially used, mainly
morpholine or ethanolamine. Table 3.6 give a gérmrarview on the two most commonly
used amines in presence of copper alloys in thenskecy system. Table 3.7 gives the same
comparison but also including ammonia in absencecagper alloys. Ammonia is not
considered a viable option at low pH in presenceopper alloys. Detailed information is given
in section 3.3.

From an environmental point of view, the main adage of ethanolamine (ETA) over
morpholine is the potentially smaller amount ofregien compounds released to the
environment because of the higher basic naturesddiation and alkalinity) of ETA.
However, all parameters have to be compared, inguthe blowdown resin duration, the
quantity of sludge and the protection of the vasigarts of the secondary system against
FAC.

Table 3.6. Advantages and inconveniences of 2 améi@ the presence of copper

alloys[22].
Morpholine Ethanolamine
Distribution coefficient of = High alkalinity =» lower

constant concentration throughout theconcentration® more favourable
secondary system® good protection |for the environment and good

D of many parts of the system against | compatibility with the use of

% carbon steel FAC. condensate polishers

= Good feedback experience for SG | Very low concentration of organig
‘>U fouling and corrosion acids produced by thermal

g decomposition

Compatibility with the operation of | Good protection against FAC in
blowdown resin beyond breakthroughsome parts of the system, where the
in its exhausted form (after saturationjgH is higher than with morpholing
~1 year for the cation resin
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Low alkalinity =» high molar content | Partition coefficient < non-
not always compatible with the use gfhomogeneous protection for the

n condensate polishers various parts of the secondary

8, system

8 Limited stability=>»presence of some | Lower possibility of blowdown

% organic acids, increasing the cation |resin operation beyond

% conductivity in the SG blowdown and breakthrough in the exhausted

$L decreasing the detection sensitivity gfform, due to the higher affinity of

o other impurities ETA for cation resins compared
with morpholine=» lower Na
elimination

Table 3.7. Advantages and disadvantages of morpheé, ETA and ammonia_in the
absence of copper alloys in the secondary system

Morpholine Ethanolamine Ammonia

Coefficient distribution of| High alkalinity=» lower |Easy treatment and

1 =>» constant concentration® more monitoring, with potentially
" concentration all over the favourable for the only hydrazine added if the
@ |secondary system. environment. ammonia is recycled.
% Good protection against | Good protection against | No organic acids produced
= |FAC and corrosion FAC and corrosion as by products.
f>5 transport throughout the | transport throughout the | Thus, no impact on cation
T |system at high pH system at high pH conductivity and impurity
< Compatibility with the Low concentration of detection.

operation of blowdown | organic acids produced by

resin in exhausted thermal decomposition

(saturated) form

Low alkalinity =» very Partition coefficient <1 |Requires a high plgc

high molar content hardly = non-homogeneous | (almost 10) to give sufficier

compatible with protection for the various| protection against FAC and
v | condensate polishers parts of the secondary | for corrosion product
% system transport.
o High nitrogen release into
= the environment.
'c>3 Limited stability Lower possibility of blow | Limited possibility of blow
@ | =>presence of some down resins operation in | down resins operation in
O | organic acids, increasing| exhausted form (relative | exhausted form (relative

the cation conductivity in| affinity) = lower Na affinity) and high frequency

the SG blowdown. elimination or more of regeneration required.

frequent regeneration or | Not compatible with
replacement. condensate polishers.

» Condensate polisher operation.

The first environmental advantage of having tigaak-free) condensers is the possibility of
deciding not to install a condensate polishing ptarto bypass it for most or part of the time.

In addition, a condensate polisher system has radwgrse effects [21].

- Investment costs,
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- Operating costs for chemicals, resins and the tspent for regenerations and
monitoring,

- Risks of contaminating the secondary system byn@ggion reagents,
- Risk of contaminating the secondary system by rizsas,

- Difficulty to operating with the optimum pH and amsi concentrations in the
feedwater, thus causing adverse effects as dedali®ve (fouling and FAC),

- Release of important liquid waste streams intogh@ronment, which is one of the
most important concerns for the future, sustaindbleelopment.

The only advantages of condensate polishing pkmets

- Possibility of continuing the operation in presemtecondenser leak, although the
operation with large sea water leaks is not feasibl

- Eliminating the impurities by the time the plansisutdown in case of large leak,
- Shorter time during start up.

Nevertheless, if condensate polishers must be perntly used to mitigate condenser leaks,
the reagent selection may be different.

The high molar concentration required with morphelitreatment has, as with a high pH
ammonia regime, an impact on the condensate ordaawv polishers. This is why only a few
plants with condensate polishers have selectedmbne.

Ethanolamine has the advantage over morpholing laiwer molar concentration for the
same pH, due to a higher dissociation, and willabgood option if condensate polishing
plants are used regularly.

3.2.6 Primary to secondary leak control

Primary to secondary leak control is an importafiety issue. Monitoring for the presence of
activity in the steam and SG blowdown to deterntireeleak tightness of the SG tubing has a
number of objectives:

- to avoid any sudden large leak (burst ) of arstgenerator tube,

- to trend small leaks due to the presence of@uth-wall defect to see if there is any
risk that it will develop into a tube rupture (b)rs

The consequences of leaks are:

- dissemination of radioactive compounds out & firimary system and into the
environment;

- the loss of primary coolant for keeping the temat its nominal temperature.
A small amount of primary to secondary side leakangg be tolerated and steam generator
tubes with small cracks can be allowed to remaingaration provided that they have been

evaluated as not susceptible to evolve toward aacceeptable leak during the following
period of operation up to the next inspection amihtenance shutdown.
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As a safety measure, the primary to secondary lesiksmust be measured during operation.
The main method of on-line monitoring is to measeaeh steam generator blowdown stream
for total gamma activity, or to make laboratory swe@ments of’Na or**K (or any other
suitable radionuclide). In addition, other activityeasurements are carried out on samples
taken from the main steam line and the condens®rna off-gas extraction line.

Finally, a sudden primary to secondary leak mayegaly be avoided by a quick reaction in
case of significant increase N on-line monitored and immediately detected in steam
line going out of each steam generator. This methad be used for quick and safe detection
of large leaks but is not accurate for monitorintpll leaks, due to the large steam generator
water volume and the time taken for radionuclidesfleaking primary coolant to appear in
the steam when there are small cracks in the d¢ofiec

Other methods of avoiding tube burst should relyooitical length of defect which is
acceptable and which is determined according tdaubieg, considered degradation and plant
specificity. Burst tests and corresponding prim@rgecondary leaks for different identified
types and sizes of defects contribute to such atuatton which must include some safety
margin.

For example, at Temelin, such a Leak Before Brealuation showed that applying a limit
of primary to secondary leak of 8 I/h per SG isedl prevent from uncontrolled situation of
SG tube burst.

3.2.7 Make-up Water Options for Good Water Quality

Good make-up water quality is a key factor for neimng good chemistry control in the
various systems, since it is normally the main sewf impurities, i.e. in the absence of
condenser leaks and of impurities released frondleosate polishers.

In addition to economical and environmental reasdns a good reason to minimise steam
and water losses from the secondary system ancftihe, the make-up water flow rate and
corresponding impurities introduction in the seamydsystem by the make-up water.
Temelin tried to reduce this flow below 15 m3/h ;660 MW unit.

The make-up water to the secondary system is deafised water, which may or may not
contain the alkalising reagent used for the AVRtingent of the secondary system.

Demineralised water is generally produced in tvepst

- the first pre-treatment stage is aimed at elatng non or slightly-ionised
compounds, i.e. suspended solids, colloids, siboganic compounds and some of the
calcium and magnesium bicarbonate present in theesavater;

- the second stage normally uses ion exchangasrésids to produce demineralised
water and includes cation, anion and mixed-bechresa number of configurations.
The oldest systems have weak and strong cationaarmmh beds for regeneration
optimization while the more recent systems haveoeertimited number of resin beds.
For a good water quality, it is necessary to haveniaed-bed in the final
demineralisation step in order to eliminate thalffimaces of ions more efficiently in a
neutral environment. This is the only resin bedaptbecause if the final bed is a
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separate cation or anion bed it would operate islightly acidic or alkaline
environment and consequently would give a loweitypur

There are now new processes of producing demisethlivater with physical methods such
as reverse osmosis or electrodesionisation thatattegnatively be selected, particularly for
new stations.

Any solution is acceptable, provided it meets theecffications recommended in
Section 3.4.6.

3.3 Chemistry Regimes Options

The challenges described above for selecting tls¢ $®condary water chemistry for the
secondary system of PWR plants include:

- avoiding ammoniacal corrosion of copper alldythey are present in the system,
- minimising flow accelerated corrosion of cartsteel (FAC),

- mitigating stress corrosion cracking (SCC) efsh generator (SG) tubing,

- reducing steam generator fouling,

- decreasing operating costs,

- reducing the amount of chemical waste produ@sdwell as their effect on the
environment, through the use of acceptable reagaemis concentrations and their
impact on the ion exchange resins of the SG blowdamd condensate polishers.

» History of Regimes

The two Loviisa Power Plant WWER-440 units startggbration by using neutral water
chemistry in the secondary side. The oxygen feee\ivater (reducing environment) and low
impurity concentrations resulted the steam genesdtonless steel tubes remaining in good
condition and therefore no tube leakages have cedtwaturing the operation.

Also, the horizontal position of the SG and thekladf tube sheet have prevented the
formation of alkaline cracks, which are typicallguhd in vertical steam generators. The
drawback of the applied water chemistry has beenF#&C in other parts of the secondary

circuit. Due to the feedwater line breaks in uditeind 2, as well as the observed erosion
corrosion damage in the SG blowdown system, a ideciwas made to re-evaluate the

applied water chemistry and the possibilities af@asing the pH value of the feedwater. As a
result, a change to hydrazine water chemistry fake in 1994 at Loviisa unit 2 and in 1995

at unit 1. In both units, the hydrazine concentrativas increased until a pH value between
9.1 and 9.2 in the feedwater was achieved.

The following main conclusions were reached assalteof the extensive water chemistry
measurements in Loviisa unit 2:

- Iron concentrations in the feedwater were higtering neutral water chemistry
operation than after the hydrazine water chemigtag introduced. This is a clear
indication of the reduced corrosion product releastes from the carbon steel
feedwater lines.
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Electrochemical corrosion potential measuresaittypical construction materials
and Pt showed that a reducing environment existe@top of the tube bundle in both
studied SGs. This means that concentrations ofismgl species (oxygen, copper,
etc.) in feedwater are low enough. This is impdrtaacause hydrazine/ammonia
water chemistry is used mainly to increase the pth® feedwater to the target value
of 9.1 -9.2 [10]

The hydrazine-ammonia treatment with potentialrlatidition of lithium hydroxide had been
traditionally used for the secondary system of WWiahts.

Increasing ammonia content at new WWER Units (TeamwPaks, Dukovany or Volgodonsk
Unit 2, Balakovo Unit 5, Kalinin Unit 4, Temelinjyhich do not use copper alloys in the
secondary systems, can inhibit flow-acceleratedosayn (FAC). On the contrary, this
countermeasure cannot be used at operating WWEfsphath copper alloys.

HAVT (High All Volatile Treatment with ammonia), @pplied in Temelin NPP, is a high
pHzs-c associated with a flow of ammonia of:

= 37200 g/h in the final feedwater,
= 22.3 g/h at SG blowdown,

= 9.7 g/h in demineraliser cationic ion exchangérbsd.

Morpholine chemical treatment was proposed by dgper the South Ukraine (SU) NPP
under a European Community TACIS programme.

Morpholine and the alternative amine ethanolamiE€A) have been tested at a number of
WWER plants that have copper alloys in their seaopdystems and have been more widely
adopted since 1998 and particularly since the eggnof years 2000:

Morpholine at the South Ukraine NPP since 18@&aporozhe NPP since 2001, and
at Volgodonsk NPP since June 2005

ETA at Bohunice V-2, Rovno-3, Balakovo 2 sin@pt&mber 2006.[24]

The beneficial results of using morpholine in WWEHRts are:

corrosion mitigation, as an increased SG sludgeovaimefficiency by “washing
effect” has been observed in Ukrainian NPP,

compliance with the chemistry specification appiied)krainian NPP,

a reduction in the FAC rate and wall thicknessdsssf carbon steel piping,

a significant and permanent decrease of the irorosion products concentration in
feedwater, which has been reduced by a factor ouitabvo from ~12 pg/kg to
~5 png/kg. A much lower limit can be readily achiéwehen copper alloys are absent
and the secondary system feedwater pH is higher,
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- a large reduction in the primary to secondamgkleate of the SG tubing due to
corrosion mitigation, which is probably the mostpiontant result as it has a direct
beneficial impact on safety issues.

The morpholine treatment required a higher culafrproper chemistry operation in order to
produce its maximal benefit. These were:

- decreasing the oxygen concentration in the secgrgyatem to an acceptable level,

- eliminating leaks and the ingress of impuritigem the condensers and other
components of the steam-water system,

- adequately controlling oxygen, organic acidsyrasion products and sulphates
concentrations in the circuit [25].

Ethanolamine has been selected at Bohunice V-2/gBia) after a theoretical study and
mainly for a cost/benefit comparison and gave ttiewing results [4-26-27].

A concentration of 1.5 - 2 mg/kg ETA in feedwateashbeen shown to be efficient at
decreasing the iron corrosion product content Eactor of about 10 in MSR and by 30 to 50
% in feedwater. This enabled achieving a satisfgatoncentration of 3 ppb in feedwater.

The main benefits of ETA were to be able to miegeAC of carbon steel in presence of
copper alloys (condenser tubing) and to minimizeasion product transport, while keeping
the same duration of condensate polishers (praésemtits 3 and 4) between 2 regenerations.
The iron concentration in SG respectively decre426d 18.8 - 15.6 - 9.4 pg/kg) when ETA
was increased in feedwater (O - 0.5 - 1 - 1.8 mg/KeG heat transfer coefficient
measurements showed an improvement when using ETArapared to ammonia.

Organic acids concentration remained at low val(@20 pg/kg) of formate and acetate.
Based on AECL results, morpholine is supposeddoige a lower fouling rate of SG tubing,
as compared to ETA, but the Bohunice results didshow any fouling issues with ETA [4].

* Ammonia - Low and High pH Operation

In most early nuclear power plants, ammonia was aseit is easy to implement, there is a
large amount of experience with its use, it haswkmocharacteristics, there are no

decomposition products, it has a low cost andstriadverse effects except for corrosion by
ammonia of copper alloys due to the formation diilsle copper-ammonia complexes if

feedwater pH is above 9.2 at room temperaturedditian, its use is even easier as it is the
main decomposition product of the hydrazine geheratided as a reducing agent. This
allows the use of a higher hydrazine content, tlsamequired just to obtain a reducing

environment.

In Temelin, the addition of hydrazine is not suéitt to reach the pid-c of 9.8 - 9.9 when
hydro ejectors for vacuum are used and in this,cadditional ammonia additions are
required to give a concentration of ~5 mg/kg.

However, ammonia has one disadvantage, which is dahaigh molar concentration is
required to give a high enough feedwater,ga¢ito minimise corrosion product transport
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along the feed water train due to general carbeal storrosion and to protect carbon steel
components from single-phase FAC. This will inceedlse amount of either the liquid or

solid chemical waste released into the environm@ftien copper alloys are present, the
maximum pHs.c of 9.2 — 9.3 that can be tolerated leads to acaemable FAC rate.

When copper alloys are absent, the feedwateg-pldan be increased to 9.9 to 10 to avoid
FAC and to minimise corrosion product transportwedweer, when condensate polishers are
always in operation and only operate in the hydneiggdroxide ion form, the regeneration
frequency will be too high. However, when there apeinstalled condensate polishers or if
the condensate polisher is bypassed as at Teropkmating at a feedwater pit of 10 will
minimise corrosion product transport, but requieither (i) frequent regeneration of the
blowdown demineraliser resins or (ii) operationre$ins past exhaustion by ammonia with
the associated risk of reduction in their efficigrfor sodium elimination at such a high
ammonia molar concentration.

High pH ammonia treatment has been successfullieabip some WWER and is considered
to have resulted in a significant decrease of SfBgidegradation at Paks NPP [28].

In summary, ammonia is a viable option for operat pHs.c of 9.9 — 10 and is easy to
implement and monitor, but can only be used in tglavithout copper alloys and normally
without condensate polishers in service and iftlogvdown resins are regenerated.

* Amines : Morpholine, Ethanolamine, other amines

Morpholine

The main advantage of morpholine is its abilityptotectall of the secondary system against
FAC efficiently (see Section 3.2.3), even in preseaf copper alloys and at a gkt of 9.2.

With morpholine, a phkisec of 6.8 in two phases flow conditions can be oladinwith a
pHzs-c of 9.3 while the same high temperature pH woutpiii® a room temperature pH of 10
with ammonia. This can be explained by two advasgagf morpholine over ammonia:

- The change in the morpholine dissociation amsts a function of temperature,
which does not fall as rapidly as the temperatooeeiases as does that of ammonia.
Therefore, for a same feedwaterpid value with each reagent, the alkalinity reduces
more rapidly for ammonia than for morpholine astdraperature increases.

- The morpholine steam/water distribution coedint (which in this case is
approximately the same as the relative volatility)close to 1, which gives an
approximately constant concentration throughoutstieam/water system, while with
ammonia, liquid drains have a lower concentratiod, aherefore, a lower pH.

The main disadvantage of morpholine is the relftiveégh molar concentration that is
required for give the desired feedwater pH, paldidy if pH,s-c > 9.5 is selected.

The consequence of the higher molar concentraidhat, as with ammonia at high pH, it
reduces the lifetimes of the condensate polishédawdown resins beds. This is why plants
with condensate polisher should not normally userpmaliine or should bypass the
condensate polishers the most part of the timeessnithey can be operated in the
morpholinium form.
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The second main consequence of this higher molagesuration is an increase of nitrogen in
liquid effluents, particularly if the ion exchangesins are regenerated.

The third main consequence of morpholine is ane@ee in the concentrations of the organic
acid anions, acetate and formate, that is observedme cases. Depending on the unit, the
blank cation conductivity in the SG blowdown watypically increases by 0 to 0.15 uS/cm

with morpholine treatment, compared with ammoniahldr values would be considered to

indicate significant organic contamination and/wrirgress, which should be avoided. Even
though laboratory studies and operating experiéeegback have never indicated any steam
generator tube corrosion due to pure organic ammdaenination, their concentrations should

be kept as low as possible to minimize their cbotion to the cation conductivity, as a low

value is the key on-line monitoring of the secondarstem overall purity.

An economical inconveniency of morpholine may be ptice, particularly for countries
where it is not produced and where it is much mespensive than ammonia or
ethanolamine.

In summary, morpholine is a good selection whernbtbezdown resins are not regenerated to
avoid any risk of chemical contamination, to linliquid chemical wastes, when the
condensate polishers are not permanently in operahr to give uniform protection to all
parts of the secondary system against FAC.

It has been also successfully tested in several \WWBits, with an important reduction of
corrosion transport and of the number of corrodédes (see above, history of regimes).

Ethanolamine

Ethanolamine (ETA) is an alternate amine, largelgcdiin the USA and an increasing number
of countries with PWR units (50 % of Japanese gland some plants in other countries).

It has also been tested in some WWER, mainly Baleuand Rovno

The relative volatility of ETA is about 0.6, compdrwith about 1 for morpholine, which will
not give a constant concentration in the diffeqgants of the steam-water system. This results
in the possibility that the various portions of #ystem are not exposed to the optimum ETA
concentration and, therefore, less protection mast @ some parts of the secondary system
if ETA concentration is adjusted for other partstloé system. However, in the two-phase
parts of the secondary system, the liquid phase lmag a higher ETA concentration so that
carbon steel components that may be affected by Wl®e more efficiently protected.

It has been noted that the main advantage of ETih@slower molar concentration that is
required, compared to morpholine, to achieve thgetapH at operating temperature.
Consequently, the load on the condensate polishiiedlowdown resins will be lower, with
a beneficial effect on one or several of the folloyyparameters (see Section 3.2.5):

- operating cost, especially with a potentially lowest than morpholine,

- run length of cation resin in hydrogen form,
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- reduced frequency of resin regeneration,

In addition, the nitrogen compounds released ihtodnvironment, which is now always of
increased concern, will be lower (see Section 3.2ABother important advantage of ETA is
its higher thermal stability, which in some case®g a lower organic acid concentration than
morpholine, although it is not a key issue agdinstuse of morpholine.

In summary, ETA is a good selection when condensalisher are in continuous service or if
specific parts of the secondary system must beepied against FAC or if nitrogen release
into the environment must be decreased or findlthe reagent cost is in favour of ETA.

Other amines

In addition to morpholine or ethanolamine (ETA)@t reagents may be used, each of which
has its own advantages and disadvantages. Howenhlr,the two main reagents used in
PWRs and already tested in WWER are discussedtail de this report, but this does not
mean that other amines should not be considered.

Moreover, some utilities with PWR made the intaregtapproach of using a mixing of
amines with each one its own purpose, such asqtimgedifferent part of the steam/water
circuit against FAC or more efficiently reducingetltorrosion products transport and
deposition. The main considered amines are DMA étltylamine) and MPA (methyl-

propanolamine). The only disadvantage of such angigf amines is the higher complexity
of reagents dosing and monitoring.

* Hydrazine

A reducing environment in the secondary side ofiSG&f utmost importance for minimising
the initiation and growth of steam generator tubscks, which are sensitive to oxidising
compounds. Although hydrazine is a hazardous ctemiccan be added using a sealed
dosing system and no suitably efficient reagemkinswn that does not have a similar health
hazard.

Hydrazine (NH,) reacts stoichiometrically with oxygen and has d@ldeed advantage of the

excess reagent thermally decomposing into ammdinig, therefore, an acceptable reagent
for the steam/water system and is mainly used diydrazine concentration of about

100 pg/kg, as recommended by many organisationsekder, hydrazine additions should not
be used to solve problems due to air ingress macondenser, which must be identified and
eliminated by the plant staff.

Hydrazine should not be used only to produce thgelaguantities of ammonia required to
achieve a selected pH using ammonia, due to thertiassociated with hydrazine handling
and its higher cost compared with ammonia, unleeoterall method of operation does not
require the addition of increased amounts of hydeato produce the ammonia.

Moreover, the presence of very large concentratminbydrazine in the feedwater would

increase the risk that sulphate would be reducesllphide, which is very detrimental for
steam generator tube cracking.
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Several laboratories have studied the effect ofivieger hydrazine concentrations on the
composition of suspended iron oxides (magnetitsughaematite) and on the redox potential
to optimise the feedwater hydrazine concentratiBrom these tests, it was shown that
increasing the hydrazine concentration above 1@Kg.gr 8 times the oxygen concentration
in condensate water was not relevant.

Another potential issue of high concentration otitagine on FAC rate has been recently
demonstrated as not having any measurable negatpact. Consequently, the main reasons
for limiting the hydrazine concentration are therismnmental and economical impacts and,
for extreme concentrations, the risk of produciogasive reduced sulphur compounds.

Thus, the required concentration of hydrazine @efim Section 3.4.2 should be selected
without unnecessary excess.

* ODA, lay up option

Octadecylamine ({gH37NH>) has been used in some WWER units to give somefibenlt
forms a good protective film and, therefore, mayused during lay-up to protect wetted
metal surfaces. It has the great advantage thdiinh@roduced is hydrophobic, which forms
a barrier against carbon steel corrosion by oxygerained in the air and mitigates against
the difficulty of achieving an air-free environme®@ctadecylamine is removed by flushing
and during power operation, without it producingacceptable thermal decomposition
products.

The corrosion rate of Carbon Steel 20 was reduged factor of ~20 in presence of ODA
under wet atmospheric condition. [29].

However, no specific recommendation to use ODAatrduring lay-up is made in this report
and for normal power operation it is not the bdkalmising reagent because of its poor
thermal stability at operating temperature.

e LIOH or LIBO >

As described in Section 3.2.1, the most corrosivarenment for WWER steam generator
tubing is an acidic environment. For condenser s¢gaweaks than cannot be eliminated fully
by the condensate polishers or any other remedain@dithium hydroxide has been used as a
temporarily method of preventing cracking in somaVBR units. This is not the best
permanent way of combating impurity ingress, betghghtly alkaline environment produced
is less detrimental than an acidic one. Howevergtls some risk that lithium hydroxide will
concentrate in some areas of the steam generdtasts high solubility and low volatility.

The selection of lithium instead on sodium is baseadthe fact that the lithium hydroxide
(LIOH) solubility is slightly lower than that of éhsodium hydroxide (NaOH), limiting the
risk of formation of an extremely high alkaline @ewment. In addition, LiOH reacts with
iron according to the following reaction, whichalsrevents the formation of highly alkaline
environment [30].

LIOH + Fe + HO - LiIFeG; + 3/12 K
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If an alkaline environment has also to be avoidetlf as the risk of impurities leaking from
condensate polisher resins or river water ingrédissited borate ion additions may be used at
the same time as a lithium addition. Thus, additiguim borate will act as a buffer against
the formation of an acidic environment without amgk of forming a strongly acidic or

alkaline environment, since boric acid is a wealighfly volatile acid, whose steam

concentration is ~1/10 of that in the liquid phaseler steam generator conditions. Lithium
borate additions have been used since the 1990 isix WWER-1000 units at Zaporozhe

[9].

3.4  Proposed Control Parameters and Limits for theVarious Systems During
Operation

The control parameters and limits below may be iclemed for all WWER types.
3.4.1 Definitions

The definition of the various parameters (conteXpected, diagnosis) are given in the
Glossary and are applicable to this entire NER dwmt. Below are only added specificities
to Chapter 3.

For Chapter 3, Ranges are used in all cases efaefteam generator Blowdown (Fig 3.3)
that uses various Zones.

Zone A or Range A corresponds to the Expected Valse
The expectedvalues represent the range of values that shaulchét during normal power
operation with the correct treatment and in absehsggnificant amount of impurities.

Zone B or Range B corresponds to the values up the Limit Value.
This range represents the admissible values fay term operation. This is defined in more
details in the Glossary.

Zone Cor Range Ccorresponds in this NER document to Aation Level 1 (AL1).

When the value is outside Zone B/Rangetl® Action Level is entered and a corrective
action should be implemented on a medium term ba@kis allowed duration in zone/range C
is two weeks without there being a significant efffeon safety or other important
considerations, such as component lifetimes, ojpgrabsts or the release of chemical waste
to the environment.

If the corrective action is not able to allow th@tio come back below the Limit value within
the allowed time of 2 weeks, the power of the ghibuld be decreased to hot stand by or a
lower state (such as hot shutdown or cold shutdown)

If AL1 is not applicable, there will be no needrexluce power if the value of a parameter
exceeds the limit value.

Zone Dor Range Dcorresponds to th&ction Level 2 (AL2), when it exists.

In zone/range D,the Action Level 2 is entered and a corrective action should be
implemented on a short term basis. The allowed i8n24 hours with the same basis and
requirements as above, and if the time allowanc® ibe exceeded, the power should be
decreased. If the value of the parameter can heceeldto a value that is within zone C/range
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C values within 24 hours, then the two week tinnatlifor zone C/range C should apply, but
with the two week limit starting from the time whtre parameter first entered zone C/range
C.

Zone Eor Range Ecorresponds to th&ction Level 3 (AL3), when it exists.

In zone/frange Ethe Action Level 3 is entered and the power should be decreased
immediately. The allowed time limit of 1 hour (us$eplant operating procedures for a
normal shutdown dictate a different time) is inteddo allow a normal shutdown procedure
in order to avoid a detrimental emergency shutdanwd to give time to confirm that the
parameter has effectively entered AL 3.

However, if the value then falls to within the Aati Level 2 range before power reduction
and shutdown is complete, power operation may resand the allowed corrective action
time reverts to 24 hours, but with the time defirfiesn the original time that the parameter
entered Action Level 3.

Diagnostic parameters are not included in the tables and are only meetom the text.
However, they are useful for further evaluatiomeitwhen a control parameter is outside its
limit value, under abnormal situations or if an lexation is being made to optimise the water
chemistry. In addition, for some specific casesgdostic parameters are included in the
tables, where only an expected value is defined.

3.4.2 Feedwater.

Table 3.8. Control parameters for the Feedwater

- Range A Range B Range C (AL1)
Parameter Ut | Expected valud Limit for normal | Action Level 1
operation
Duration - unlimited Unlimited 2 weeks
F—r
pH © with copper at 25°C 93 88—-94 < 8.8and
>0.4°
F—r
pH “ without at 25°C 9.4-10.0 92-10.1 <9.2and
copper > 10.1°
Oxygen Lglkg <5 <10 or 20 Not applicable
Hydrazine ng/kg | 20t0100(wio Cu) | > 10 (w/o Cu) Not applicable
10to 50 (with Cuy) > 5 (with Cu)
Iron [
(with Cu in system pna/kg <10 None Not applicable
I(:/(\jlr(]) Cu in system) Hokg <3 None Mot applicable
Copper ng/kg <3 None Not applicable

ab Some parameters may be monitored in the condemsste instead of final feedwater.
This is mainly the case for pH and oxygen.
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°For plants with copper alloy, the upper pH limityrze higher when an amine is used and if
it has been shown that copper transport remainspéaale. For plants without copper, the
lower pH limit is defined as an appropriate limdr fmitigating FAC and iron corrosion
product transport, but it must be recognised thatet is no short term risk if the lower pH
limit corresponding to the one defined for unitshngopper is applied.

Hydrazine may also be monitored in the condensateminstead of feedwater in absence of
condensate polishers and if the control is perfarrdewnstream of the injection point.
However, it must be recognized that if oxygen isasuged in the feedwater it will not be
possible to detect a small or even an averagengiess leak into the condenser, since
reaction with the feedwater line materials and elation in the deaerating tank will remove
almost all the dissolved oxygen, but may keep adinxg environment.

It may be the plant preference and decision tamam+honitor total conductivity and use it as
the control parameter instead of pH, if this pregadnore reliable data. Corresponding curves
in Appendix 1 should be used to define the condgiigtior the pH values given above.

® The oxygen limit may depend on the location: 16uth be the maximum value at least for
the final feedwater. There is no oxygen limit fdrog term operation since the air ingress
cannot be localized if the plant is shut down.

pH, amine

Amine concentrations should be directly inferrednir the various phd-c values and
Appendix 1.

Diagnostics parameters in the final feedwateare iron, copper, total and cation
conductivity, reagent (ammonia, amines).

I[ron, copper

The detrimental impact of corrosion product tramspmthe steam generator has been widely
explained in Sections 3.2 and 3.3. It creates arpial zone of contaminants concentration, a
sludge pile that may need to be eliminated andkaai decreasing the heat transfer of the SG
tubing due to fouling effect.

Thus, it is of high importance to try to keep ttiensport as low as possible. But obviously, it
depends as much on the materials in presence irsdbendary system as on the right
chemical treatment selection.

As explained above, the best treatment selectieagént and pH) depends on many
parameters and will induce some corrosion prodacisport quantity.

It is, therefore, advisable to define the optimuneraistry regime on a plant specific basis
using measurements of corrosion product transpgprar(tity and quality) determined in a
careful diagnostic evaluation programme, and thegerate at all times using this optimum
treatment. The iron and copper concentration measemts should be made during stable
operation using the most reliable methods of amglyit copper measurements need only be
made and expected values defined when copper a@lbogponents are present in the
secondary system. This is the reason why the doptm@ameter in table 3.8 is the gkt
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value and iron and copper concentrations are omgndstic parameters with only an
expected limit.

3.4.3 Condensate water

Table 3.9. Control parameters for the Condensate war.

: Range A Range B Range C
Parameter Unit Expected for normal Action Level 1
values operation AL1
Duration i unlimited Unlimited 2 weeks
Cation uS/cm < < :
Conductivity 0.2 0.5 Not applicable
Oxygen pa/kg See Feedwater limits.
The limits are established at the feedwater looatio

The condensateation conductivity limits are determined on the basis of a large condenser
leak or for localisation of the section of the cender when a leak is detected by an increase
in the SG blowdown parameters. However, the limoit Steam generator tubing integrity is
defined at SG blowdown and, therefore, a catiordaotivity AL1 value is only defined in
the SG Blowdown.

Oxygen does not concentrate in the steam generator andss into the condenser is more
efficiently controlled in the condensate, whereriters the steam/water circuit and before it
reacts with the feedwater system materials. It ggas oxidising species, such as copper
oxides, that can enter the steam generator and jemgardise tubes resistance to stress
corrosion cracking or just increase their sengitivih presence of other contaminants.
In the case of WWER units which all have a deaeraiahe feedwater train, oxygen in
condensate water is not a critical parameter.

High oxygen concentrations should also be avoiddienwvthe alkalising reagent is

morpholine, as oxygen will increase its thermal aeposition to organic acids that will

adversely increase the cation conductivity throughthe whole secondary water system
(Section 3.3).

No action level or time limit is defined for oxygeas it is not possible to identify the location
of an air ingress leak when the power is decreased.

Diagnosis parameters in Condensate water
pH should be monitored in condensate water in emdib feedwater, particularly in presence
of copper alloys.

3.4.4 Steam Generator (SG) Blowdown
Start-Up, Shutdown and hide out return evaluation,Power Operation

The key parameters that may have an impact onysdiging operation are those that may
induce SG tubing corrosion. As explained abovesé¢hare mainly ions that can concentrate
in the SG under boiling conditions, heat transfed,aparticularly, when it is possible to
generate higher local concentrations in specistrigied flow areas.

102



Table 3.10. Control parameters for SG Blowdown dumg power operation > 30 %

. Zone A | Zone B Zone C Zone D Zone E

Parameter Unit Expected for ActionLevel 1| ActionLevel2 | ActionL evel3
range normal AL 1 AL 2 AL3
operation

Duration i unlimited | Unlimited 2 weeks 24 hours 1 hour
Cation pnS/cm a
Conductivity | at 25¢ <1 <3 3105 Sto10 > 10
Chloride pno/kg <10 <100| Limits covered by catammductivity limit
Sulphate una/kg <20 <200 Limits covered by cationductivity limit
Sodium pna/kg <30 <300 300 to 500 500 to 1000 > 1000

®The Cation Conductivity expected value partly orades from organic acids due to amine
thermal decomposition when amines are presentewhinay also be partly due to carbon
dioxide with high ammonia treatment. In all theesgscation conductivity may partly be due
to organic acids coming from many potential sourdaesluding maintenance activities
(grease, etc.) and from residual organic matedaltgained in demineralised water used as
make up water.

The above values have been settled as a compraiaeen existing operational feedback
including chemistry values, degradation occurrencperating feasibility and aim of
improving WWER chemistry performance to the mosgrent international practices.

The Zone A and B values correspond to chemistriopaances that are normally achievable
and that help at keeping the long term integritys&f components. The values in Zones C-D-
E (AL 1-2-3) correspond to limits which are incrieas while the allowed duration of
operation is decreasing in order to keep the iategrvalues of impurity ingress sufficiently
low to avoid rapid degradation of SG componentsgoting sufficient flexibility to look for
the origin of the pollution (AL1 and 2) and to prag a shutdown for eliminating the source
of impurity if necessary. The Zone E (AL3) limitrcespond to a value above which the
advantage of keeping the unit in operation is radamced by the high risk of SG components
degradation by corrosion.

It should be recognized that:
(1) the older WWER-440 SGs that operate at lower teatpss have not

suffered from significant corrosion, even thougimsohave operated at

higher cation conductivity values,

(i) WWER-1000 SGs mainly suffered from tube degradatiorthe earlier

SGs, due to the stresses introduced by the manufagiprocess,

(i)  other WWER-1000 SGs have operated with a catiordwctivity of 5

pnS/cm, without any tube degradation,
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(iv)  the more recently built WWER-1000 units witght condensers should be
able to operate with lower cation conductivity \&duto give even more
reliable long-term operation.

Na (ug/k . -
(ug/kg) Immediate power decrease (within 1 hour) iﬁge E
100
Power operation limited to 24 hours Z%]_%D
S0 Zone C
Power Operation AL1
limited to 2 weeks Immediate
power
300 Zone B decregse
. 24 hours (within
Limit acceptable for 1 hour)
power operation 2 weeks
30 Zone A
Expected
Values
0
0.05 1 3 5 10

Cation conductivity (uS/cm)

Figure 3.3. Diagram of Control Parameters for SG Bbwdown during Power Operation.

Table 3.11. Control Parameters for SG Blowdown dung Start-up and for the First
Two Weeks of Power Operation

; Zone A | Zone B Zone C Zone D Zone E
Unit
Parameter Expected| Limit | ActionLevel 1| ActionLevel2 |ActionL evel3
value value AL1 AL2 AL3
Duration ) unlimited | Unlimited 2 weeks 24 hours 1 hour
Cation pnS/cm at
Conductivity | 25°C <2 <5 Sto7 71010 > 10
Chloride pno/kg <20 <100| Limits covered by catammductivity limit
Sulphate na/kg <30 <200 Limits covered by cationductivity limit
Sodium png/kg <50 <500 500 to 700, 700 to 1000 > 1000
Table 3.12. Control Parameters at the SG Blowdownuting Shutdown
: Range A Range B Range C
Unit
Parameter Expected value Limit for normal | ActionLevell
operation AL 1
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Cation Conductivity | pS/cm at 269 <2 Not applicable due Not applicable

to hide out return| due to hide out
Chloride ug/kg <20 process that may return process
Sulphate 1g/kg <30 occur that may occur
Sodium na/kg <50

Chloride ion is particularly detrimental for WWER steam geater tubing under acidic
conditions.

Sulphateion is also detrimental for corrosion of steam gator tubes with different results
according to various laboratory studies. The redwstéphur anions are much more corrosive
than sulphate, but this last anion is the mostyedstected.

Besides direct sulphate contamination, laborateaeements and the operating experience
feedback show thaesin fines constitute a very high risk of causing SG tubeasion. This

is the reason that condensate polisher regenenatimesses must be carefully controlled and
the use of condensate polishers should normallinbed to situations where it is necessary.
In the absence of condenser leaks, except foripatin of the secondary system during
start-up periods, the use of condenser polisheysh®aa greater potential source of impurities
than a remedy to avoid them. To a lesser exteatrdlin regeneration chemicals may also
cause a corrosion risk.

Sulphate control at Russian WWER-1000 SG blowdovatewwas initiated, at least as a
diagnostic parameter, in 2003, considering thates@miphur sources may have induced
collector failures. These sulphur potential sourteslude lon Exchange Resin fines,
lubricants [31].

Cation Conductivity (conductivity after cation ion exchange resin) visill many cases be

easier to control and it corresponds to the totabrac concentration in the water. The
advantage of using this parameter instead of aldasind/or sulphate is that it will include a
larger range of potential impurities, is easily amtiably measured on-line and give an
immediate indication of an impurity ingress.

The only disadvantage is that it will reflect anyiamic impurity, irrespective of its impact.
Thus, if the cation conductivity increases and hé tsource of it has not been clearly
identified, it is advisable to measure the potérdr@ons present to identify the cause and
define precisely the corrosion risk.

The higher limits for cation conductivity but natrfchloride and sulphate in table 3.11 (start-
up) as compared to table 3.10 (normal power ometais due to the fact that chloride and
potentially sulphate are particularly detrimentdliler many other less detrimental anions may
be present at a higher concentration in the spemjferation modes of table 3.11.

In addition tochloride andsulphate the most frequent anions that contribute to tson
conductivity arecarbon dioxide andorganic acids which are weak anions, partially volatile
and, therefore do not concentrate greatly and d@ose a significant corrosion risk.

The table 3.13 gives corresponding cation conditgtixalues at 25°C for various chloride
and sulphate concentrations in the absence of tigy oontributing anion.
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Table 3.13. Cl and SQ@Q Concentrations corresponding to Cation Conductiviy (CC)

values
CC at 25° C (uS/cm 0.055 0.2 0.5 1
Chloride (ug/kg) 0 14 42 85
Sulphate (ug/kg) 0 20 56 113

If the demineralised water make-up station is desigto provide good organic material
elimination in its pre-treatment stage and if measwents confirm that the make-up water
does not contain a significant total organic carfb@C) concentration, there is no need to
make regular measurements TOC in any part of tb@nskary circuit and it may be defined as
a diagnostic parameter. However, when an aminead,urOC measurements will not reflect
the presence of impurities but rather the reagententration, which will be more efficiently
measured by other methods.

In conclusion, the choice is left to the utility)gcarding to the various potential situations, to
define what is the best way to control the riskcofrosion of the SG tubing by aggressive
deleterious anions: either a cation conductivityifior specific anions measurements, mainly
chloride (and sulphate in some cases). The cheigéhatever is the most feasible, accurate,
practical or sensitive. But, in addition to catimmductivity, at least some regular monitoring
of chloride and sulphate should be carried out.

Sodium s one of the chemical that may easily conceniratee steam generator and induce
stress corrosion cracking of the tubing under sgfiralkaline conditions. However, for
WWER tubing, it is less detrimental than the acigliwironments associated with chloride or
sulphate and, in any case, it is not as aggressiveis in PWR steam generators that use the
more sensitive Alloy 600 material.

Diagnosis parameters at the SG Blowdown
These are pH, ammonia and the amine(s) if it applisganic acids, silica, calcium. A hide-
out return evaluation is also an important diagiodsbl.

Organic acids

The organic acid concentration in the feedwater/@nish various points in the secondary

system may be measured as a diagnostic parameteerg is an increase in the cation

conductivity in some part of the system that carbeexplained by the only presence of the
other anions which are normally present (chlorgldphate and, potentially, borates from a

boric acid treatment). In the presence of orgagid aontamination, the increase of cation

conductivity will be particularly high in the Moiste Separator Reheater drains, due to the
liquid-vapour partition coefficient favouring thegsence of these ions in the liquid phase.

The measurement of organic acids is very imporf@antiagnosing the origin of any cation
conductivity increase and to determine the reaeothk increase in order to show if it is due
to harmful impurities such as chloride or sulphatea less deleterious impurity such as some
organic acids produced by amine thermal decompositi

Calcium, Silica

Calcium is measured occasionally in some river wedeled plants to confirm a cooling
water leak when the origin of the increase of offemameters has not been clearly identified.
However, calcium hides out very highly in the steganerator and the measured
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concentration will be much less that the value Waled from the condenser leak rate and
blowdown flow rate. It is, therefore, more accurateely on other diagnostic parameters.

Silica is controlled in fossil fired units as it gndeposit on the turbine blades, due to the high
boiler water temperature which increases silicagpart in the steam. For WWER units, with
a high quality make-up water and a lower SG tentpegasilica measurements should be a
diagnostic parameter, but there is no need far litet a control parameter.

Hide out return

Hide out return is the process that starts to acduring power reduction below about 30%
power and continues during the shutdown. This ésr#verse of the hide out process that
occurs when chemical species are concentratedgion® of low flow due to heat transfer
(Section 3.2.1). The hide out return is a bendfivay to eliminating these chemical species,
as they may be harmful for SG tube corrosion. Iditazh, the analysis of the chemicals
returned during a shutdown is an excellent diagonosethod for evaluating the potential
aggressiveness of the chemical species that hadectated in the steam generator. It,
therefore, is way of linking the conditions thatst&d during power operation to the hide out
process, which in turn depends on the design, traasfer conditions, tube fouling and
sludge accumulation.

3.4.5 Steam

Steam limits are normally defined by the turbinenofacturer’s requirements, but in practice
the SG blowdown limits, together with the low vditt of most deleterious impurities,
ensure that the steam limits are also satisfiedy €ation conductivity is defined as a control
parameter in table 3.14. Sodium, chloride andasiti@an be measured as diagnostic parameters
if necessary.

Table3.14. Control parameters for the Main Steam

Parameter Unit Range A Range B Range C
Expected Limit for normal Action Level 1
value operation ALl
Cation uS/cm <0.3 Not applicable Not applicable
Conductivity at 25°C

3.4.6 Blowdown Demineraliser Outlet

The purpose of the blowdown demineraliser outletits is to minimise the build-up of
impurities in the feedwater, coming from the blowhowater returned to the steam/water
circuit after purification and, consequently, teyent SG tubing corrosion.

Table3.15. Control parameters for Steam Generator Bwdown Demineralisers Outlet

Parameter Unit Range A Range B Range C
Expected value Limit for normal | Action Level 1
operation AL1
Cation puS/cm <0.1 <0.5 Not applicable
Conductivity at 25°C
Sodium Hg/kg <2 <5 | Not applicable
Chloride ug/kg <2 <5 | Not applicable
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| Sulphate lug/kg | <2 | <10 | Not applicable |

3.4.6 Make Up water

Table3.16. Control parameters for Demineralized wadr (at station preparation outlet)

Parameter Unit Range A Range B Range C
Expected value Limit for normal| Action Level 1
operation AL1
Conductivity puS/cm <0.1 <0.3 Not applicable
Sodium ng/kg <2 <3 | Not applicable
Silica pg/kg - <20 | Not applicable
Chloride pg/kg <2 <3 | Not applicable
Sulphate ug/kg <2 <3 | Not applicable

The specific or total conductivity limit is aimetl @ntrolling the general water quality while
sodium, chloride and sulphate limits are lower thaat guaranteed by the conductivity limit.
These ions must be particularly avoided in the séapy system due to associated SG tubing
corrosion risks.

The limits correspond to a good demineralised wateality as previously defined (3.2.7)
which is easily achievable through normal systefsuafication and that prevents ingress of
unnecessary impurities into the secondary systeto#rer circuits. The conductivity limit is
not extremely restrictive and does not correspandltra pure water, in order to take into
account the possible presence of weak anions thaia always easily eliminated and not as
harmful as strong ions which may concentrate inSke Thus, the limits for ions that may
easily concentrate are defined at lower levelscivisbrrespond to that normally achievable.

3.4.7 Lay Up for various components

The lay up conditions are important for two maiasens:
- to avoid corrosion during the lay-up itself,

- to avoid contamination by compounds that co@dse corrosion either during lay-up
or more likely during subsequent operation.

During lay up, the most sensitive materials to @sion in absence of impurities are the
carbon steel components. These steels requirefiaicntly alkaline environment and in the
absence of copper, a pkic of ~10 is required for secondary side of steaneg®nr wet lay-
up. In addition, reducing environment is also bemaf to prevent corrosion of any non-
passive metals alloys such as carbon steel. The difficulty is that using reducing agents
such as hydrazine or using nitrogen may be hazarfimpeople working on the steam/water
system.

For other parts of the secondary system, the watpaconditions will depend on the material

(a high pH is not required with copper alloys oairgiess steel) and the part of system
(consequence of some generalized corrosion, condity feasibility).
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In addition, it is mandatory to keep wet lay-up dibions and any maintenance products free
of highly corrosive elements, such as chlorideutplsur. Finally, lead has a very detrimental
effect on SG tubing and can be transported to tAdatBough the feedwater. Consequently,
any material that contains lead should be avoidedised in such a way that it cannot
contaminate the secondary system.

As explained in Section 3.3, octadecylamine (ORAN be used as an interesting option for
carbon steel during lay up, as it protects carlierl components from corrosion by oxygen
and water by forming a hydrophobic film on the rhetaface.

Another option is the dry lay up with the use ohdmidifiers after completely draining the
components under hot conditions. A humidity of ldsan 40 % should be achieved in this
case.
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4. AUXILIARY SYSTEMS

There are several auxiliary systems in WWER plantsyhich demineralised is used, either
with or without any additional inhibitor reagentdiibn. The auxiliary systems are very
different at older generation WWER units, compat@dew units. Multiple modernisation

programmes at older generation WWER plants hawdtegsin the upgrading of the safety
and other auxiliary systems.

The auxiliary systems may be classified into sdvestegories, depending on their function
and related systems. Of these, primary circuit tgaggystems are covered in Chapter 2
(section 2.1.4.) and this chapter only describes vifirious auxiliary systems that contain
either pure water, or chemically treated water #natnot covered in Chapters 2 and 3.

The definitions of the various parameters (conegpected, diagnosis) given in the Glossary
are also applicable to this chapter.

There is no specific power decrease associated Adtlon Level 1 (if any AL1), since a
shutdown will not solve the reason for the deviatay eliminate the corrosion risk in these
auxiliary systems.

4.1 Auxiliary Systems located in the Reactor Island
4.1.1 Annulus water tank

The annulus water tank around the Reactor Pred&ssel of first generation WWER-440
units is used to reduce neutron flux.

The annulus tank water is dosed with chromate ¢wige corrosion protection of its carbon
steel sections, as a stainless steel lining wag amplied below the water level. Due to the
radiolytic decomposition of water under irradiatiomydrogen is produced, which
accumulates in the annulus. The gas phase is fiidd gaseous nitrogen and the hydrogen
must be removed periodically to avoid an explosion.

Table 4.1 — Specification for water and gas phaseh annulus water tank of early
WWERSs

Parameter pH at 25°C K0y, Hydrogen *
Expected Value 8-9 1to 2 g/kg asOr <3.0%

4.2 Intermediate Cooling Systems

There are some intermediate cooling systems in WVEERts, where water is used as the
coolant. These are the following system:

» primary system letdown cooling circuit

 reactor coolant pump cooling circuit (which maytbe same circuit as above)
 control rod cooling circuit

« stator cooling circuit

 diesel generator cooling circuit.
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These systems differ to some extent from plantiaatpdesign, use of various systems with
various type of water characteristics), but thefferénces will not be described here. These
systems operate with different chemical dosingmegi that are designed to provide corrosion
protection, taking into account the different metisr present in the circuits both in the

materials in contact with the coolant and the legahangers.

The intermediate component cooling system (ICCSYAIER-440 V-213 plants is designed
to perform both normal and emergency functionss lised for heat removal from several
components installed in, or connected, with thectggaprimary system. The ICCS is
composed of three independent circuits that proco@ing for three following groups of

equipment:

- emergency core cooling and reactor building spraygs (for some WWER plants),
- reactor coolant pumps and other equipment locaigide the containment envelope,
- control rod drive mechanisms (for some WWER plants)

4.2.1 Primary system letdown cooling circuits

In WWER-440 and early WWER-1000 units, the primaoglant letdown is cooled before it
is purified by ion exchange resin beds (SVO-1,2he Tletdown system coolers lie
downstream of the regenerative heat exchangeresetBystems. The pressure of coolant in
primary system letdown cooling circuit is lower théhe pressure in primary feedwater-
letdown system at WWER plants to avoid accidentgrass of non-borated water into
primary system that could cause boron dilution aatkty issues. The coolant in primary
system letdown cooling circuit is cooled, in maases, by the service water system or via the
intermediate cooling system. The pressure of caédlarprimary system letdown cooling
circuit is lower than pressure in the service watatem at WWER plants to avoid accidental
release of radioactive species into the environment

These circuits are also used to cool systems ssishraples from the primary coolant and the
pressurizer relief tank.

In all WWER, this system is made of stainless stekich is why only demineralised water
from the plant make-up water system is used withoytadditional chemical additive.

Table 4.2. Parameters for Primary system letdown ading circuits

Parameter Unit Range A Range B
Expected value Limit for normal
operation
Total Conductivity uS/cm 1to3 <6
pH at 25°C - 6.5t0 7.5 >6
Chloride ug/kg <50 <150
Iron ug/kg <50 Not applicable

2 This limit may not apply in the presence of amnaoini pure condensate which is used for
filling this system.
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The chloride content is specified to ensure thembes of any corrosion risk of stainless steel.
The total conductivity and the pH values are aimédlemonstrating the absence of any
significant impurity level in the coolant. The sapsameters and activity measurements will
show the presence of any in-leakage of primaryamdahto this intermediate circuit.

4.2.2Reactor coolant pump and control rod drive coolingeircuits

A cooling system is used for several functions eiséed with the main circulating pumps
(coolers of the autonomous/independent coolinguitirdan cooling, stator and bearing
cooling). The closed cooling systems for the cdntad driving mechanism cooling,
consisting of pumps, filters, heat exchangers arftebtank, are cooled by the intermediate
cooling system for component cooling (ICCS), b thactor control rod drive mechanisms
at some WWER units are cooled by the reactor cbratbcooling circuit.

Some components in these circuits at some of theBRWlants are made of carbon steel,
which is why the demineralised water from the plawatke-up water system is treated in this
case with chromate as a corrosion inhibitor. Phatpls also used in some cases, due to the
toxicity of chromate. The expected values of theapeeters are shown in Table 4.3 a and b
for chromate and phosphate treatment, respectively.

If the system only contains stainless steel, teatinent below may not be necessary and the
same limits as the one of Table 4.2 are applied.

Table 4.3a. Parameters for Chromate Treatment of Ractor coolant pump and control
rod drive cooling at the first generation WWER-440plants.

Parameter Unit Reactor coolant pump Control rod cooling
sealing circuit circuit

K2Cr,0Oy g/L as Cs0Oy >0.5 >0.1

pH at 25° >7.0 4-9

Table 4.3b . Parameters for Phosphate treatment dReactor coolant pump and control
rod drive cooling circuits at the first generationWWER-440 plants.

Parameter Unit Expected value
Phosphate. NRO, mg/kg as PQ 100 — 500
pH at 25° 10.8-115

4.2.3 Stator alternator cooling circuit

Stator alternators in WWER plants are cooled bydtator alternator cooling circuit. The

hollow conductors of the stators are made of cgpbet other components of the stator
alternator cooling circuit are made of steels. ®pgmum pH value to avoid copper corrosion
is pH 8.5. Ammonia and the presence of dissolvegyen accelerate copper corrosion. The
conductivity of water in the stator alternator ¢oglcircuit is limited.

There are two alternative chemistry regimes thag beaused: either a high or a low oxygen
regime (but an intermediate oxygen concentratiginre or cycling between low and high

oxygen concentrations should be avoided), both @t af about 8.5 to maintain the lowest
possible copper corrosion rate. Figure 4.1 [1Qisillates these two options, with either high
or low oxygen in order to avoid corrosion.
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Figure 4.1  Summary of Copper Release as a Functiaf Oxygen Concentration and
pH showing Operating Areas of Different Stator Wate Chemistry
Regimes[10].

Demineralised water from the make-up water systersaturated with air and thus contains
about 8 mg/kg of dissolved oxygen. This is the aaashy, in the case of the option with low
oxygen content, aerated demineralised water shooldoe used for the make up of stator
alternator cooling circuit due to the impact ofsdived oxygen on the release of copper oxide
in the alternator.

If a low oxygen regime is selected, a vacuum menddegasser unit is one easy option to
install. pH control can be achieved with a micradgssystem or with a mixed bed with the
cation resin in Na form and the anion resin in@h¢ form.

The main turbine condensate in secondary systemyigen free, but ammonia or amines are
present in the absence of, or by-passing of, the@asate polishing system. From Ukrainian
WWER-1000 experience, water from the main turbinedensate may be used as the coolant
in the stator alternator cooling circuit.

Table 4.4. Parameters for Stator Alternator coolingcircuits

Parameter Unit Range A Range B
Expected value | Limit for normal
operation
Total Conductivity at 25 °C uS/cm <0.5° <5
pH at 25°C - 8.0t09.0 Not applicable
Oxygen Oxygenated mode mg/kg 6t09 Not applicable
Deaerated mode oxygen| pg/kg <20 Not applicable
Copper ug/kg <20 Not applicable
Iron po/kg <20 Not applicable

&Limit of 2 uS/cm in the case of operation with éi@aresin in Na form for pH control
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The pH value limit is defined at pH 8.0-9.0 to a¢0o a high a corrosion rate of copper
alloys. The conductivity is defined for the contmwi the water purity, but the limit for
electrical risk is higher (5 uS/cm)

4.2.4. Diesel generator cooling circuit

For these circuits, the use of phosphates or, hattganic inhibitors are recommended
instead of the toxic inhibitors chromate and retritn view of new strict environmental
requirements.

The diesel generators at WWER plants are cooledhtgynal cooling circuits. There are

different designs for different manufacturers aonde of the diesel generator components
cooled by the cooling systems are made of carbeel.sThis is why demineralised water

from the plant make-up water system dosed with osbon inhibitors is recommended,

although demineralised water is not always avaslalolr diesel generator cooling water

circuits.

Chromates, nitrites and phosphates and some athdsitors have been used as chemical
additives to avoid corrosion and some WWERs userantercial inhibitor. Due to new
environmental requirements, chromates or nitratesuls be replaced by phosphates or
organic inhibitors. Examples of chemistry speciimas, with or without phosphates, are
given in Tables 4.5 a and b, where the most impbgtarameter of the cooling water is the
hardness limit, to avoid scaling.

Table 4.5 a. Parameters for Diesel generator cooljcircuit with phosphate treatment

Parameter Unit Range A Range B
Expected value | Limit for normal operation
Total hardness mmol/kg <0,175
pH at 25°C - 8.81t0 10.2
NasPOy mg/kg of PQ 5t0 15
Chloride mg/Kg <0.15 <50
Iron mg/kg <0.15 <1

2 Chloride may have a higher limit (up to 50 mg/Kgjemineralised water is not available.

Table 4.5 b. Parameters for Diesel generator coolin circuit without phosphate
treatment

Parameter Unit Range A Range B
Expected value | Limit for normal operation
pH at 25°C - > 8.8
Total Conductivity at 25 °CG uS/cm <2
Chloride <0.15 Not applicable
Copper <0.2 Not applicable
Iron mg/kg <1 Not applicable

4.3 Essential Service Water Treatment

Service water is used for cooling of some plantesys, namely ECCS (Emergency Core
Cooling System), RHR (Residual Heat Removal) arfterosystems in the nuclear island
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including intermediate circuits.

Heat removal from Essential Service Water Systeiackieved by either forced ventilation
towers or a special spray system with open pools.

Usually, the pipework of the service water systamesmade of carbon steel and its corrosion
must be mitigated by the addition of appropriateasion inhibitors. Scaling and biofouling
may also occur at some WWER plants, when antitsgahhibitors and chemical biocides
(algaecides and bactericides) are added to somiEeasavater systems, especially the spray
cooling system. The type of reagent, its quantitgt ahen to use it is plant specific and is
defined locally.

4.4 Non-essential Service Water System

This system is supplied by the filtered or cladfieaw water system at the majority of
WWER plants. No further treatment is applied. An& WER-1000 plants such as Busher
and Tianwan, this system is composed of severakdlavater circuits. Due to this, phosphate
water chemistry was successfully implemented tadacorrosion, based on some western
plant experience. Phosphate water chemistry is atlequate for the new generation of
WWER units that have these systems.

In many cases, there it is not possible to corttrel chemistry in this open (once-through)
system. In these cases, some corrosion mitigagarbe achieved by mixing raw river water
with water from the main condenser cooling towestam.

4.5 Emergency/auxiliary Feedwater System

The emergency/auxiliary feedwater system is desigioeprovide an adequate supply of
cooling water to the steam generators so thatthayact as heat sink for decay heat removal
if the main feedwater system is inoperable. Theesysconsists of two independent sub-
systems:

- subsystem supplying feedwater from the deaeramdr (@uxiliary feedwater system),

- subsystem providing feedwater fratemineralised watestorage tanks (emergency
feedwater system).

It is not necessary to define any chemistry regisiace the system is only used in an
emergency.

4.6 Condenser cooling system

The condenser cooling water system is generallyptaat system with the greatest water
volume and has very significant influence on plpatformance due the effects of scaling,
fouling and corrosion processes. Depending on thtemcomposition, open once-through
systems with seawater or river water cooling dogantse major difficulties, but there can be
quite complicated chemistry problems in semi-closedling tower circuits. The solution to

such problems is very site-specific and it is ofteased on injection different reagents or
mixtures of reagents that may be acids, anti-stalafispersants, biocides, or corrosion
inhibitors. Thus, there can be no universally aggille specification and, consequently, none
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iIs proposed here. There are some methods for aesilaylscaling risks based on the use of
Langelier, Ryznar, Puckorius, Larson-Skold or Risipingley indexes that use specific

methods of characterising water properties andeterids, but these calculated values must
always be evaluated very carefully with regard ipezimentally measured values and

adapted to specific plant behaviour.
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Glossary and Acronyms for NER WWER

1. General terms.

NER  Nuclear Energy Report. This is the type of Document of IAEA covered hevljch
is a technical document, not mandatory, for tecrsgapport that may be used by
Member States).

IAEA International Atomic Energy Agency

NPP Nuclear Power PlantA location where Electricity is produced by a Naaol
Reactor.

WWER A Russian acronym for a Russian-designed preaszed water reactor design.

PWR  Pressurized Water ReactorA type of NPP where the primary system containheg t
reactor core is pressurized water only in liquates{in most part of the system under
normal operating conditions) and where there scarsdary system where the steam
is produced, as opposed to BWR (Boiling Water Reamt RBMK for the Russian
design) where the steam is produced in the sanbensyss the primary coolant.

EPRI  Electric Power Research Institute An American Organisation in charge of R&D
and editing reference documents such as guiddlnas used by American Utilities.
These guidelines may be used or not by other menadb&PRI. American Utilities
are members of EPRI and some Utilities from otloentries are also members of
EPRI (www.epri.com).

VGB  German Acronym for a German Organisation . This organization is mainly in
charge of gathering German Ultilities and some tigtdiform other countries (Europe)
who have decided to be VGB members. VGB is editafigrence guidelines for
Utilities. VGB PowerTech and the committees ofdiepartment "Nuclear Power
Plants" are dealing with all issues concerningf@ aad economical operation of
NPPs (www.vgb.org).

EDF Electricité de France(the French Unility that developed its own cheryistr
specifications for its whole fleet).

2. Terms related to chemistry in any system.

Anions Negatively charged ionsMainly chloride, sulphate, nitrate, hydroxyl (QH

Cation Positively charged ionsMainly sodium, potassium, lithium, ammonium and rani
cations and hydrogen ions H

Regime Chemical treatment or conditioningRegime comes from the Russian terminology
and does not have the equivalent in other langusaiggsas English but is a
convenient term to define the chemical contenhefwater in a circuit, including
compounds, chemical properties such as pH, redi@npal, and operation as well. It
includes all the operations carried out to perfémmchemistry in the circuit.

Alkaline pH > neutral pH. Also calledCaustic (which normally refers to strongly alkaline
compounds such as sodium or potassium hydroxid®poe generallBasic

Acidic  pH < neutral pH.
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Redox Redox potentialRepresents the electrochemical potential of aisoluand can be
used to show if it is oxidizing or reducing or naliand thus some characteristics of
the solution that may influence the corrosion ef tmaterials in contact with it.

pH Negative Log of Hydrogen cation activity, indicding the acidity or alkalinity of the
solution

pH+ pH at the operating temperature of the solution(generally high temperature, since
the pH at high temperature is different from thabam temperature). This is
generally a calculated pH in opposition to measpiégh-c

pH2s.c pH at 25°C. Also, but not so precise, is the pH at room tentpezawhich is the
measured pH.

PH300:c pH at 300°C.This is a calculategpH, mainly used for primary water chemistry.

Conductivity Also termed the Specific Conductivityor Total Conductivity. This
represents the electrical conductivity of the solutlepending of the type and
concentration of ions in the solution. Highly dissted ions are the main contributors
to conductivity. The conductivity of small ionshigher than that of large ions, for a
similar concentration.

Cation Conductivity Conductivity of the solution after having passed on a cationic resin
in H* form on which the cations have been replaced bipks which may recombine
with OH if the cation was in alkaline form (e.g. MBH). Consequently, alkaline
compounds such as ammonia or the amines for thaitimming of the secondary
circuit are eliminated and do not affect the cattonductivity. Only anionic
impurities will be measured and the purpose istec such impurities by a global
and easy measuremebDegassedCation Conductivity refers to a solution where
cation conductivity is measured after eliminatiéwvalatile acids such as carbon
dioxide and organic acids for measuring only strloagnful and concentrable anions
such as chloride, sulphates.

Organic acids Organic CompoundsFor organic acids, this refers to organic aniorch s
acetate, formates, glycolates,.€cganic acids are mainly contained in the secondary
system after thermal decomposition and degradafionganic compounds (ie.,
amines used for the secondary water treatmentjraxelrials (i.e. ion exchange
resins, oils, greases, etc).

TOC  Total Organic Carbon. Represents the concentration of all the organicomamds in
the solutionThis is mainly applies to the demineralised watedpced from raw
water and that may contain such compounds thathvaadly eliminated by ion
exchange resins and that may remain in the solifttbe overall preparation process
is inadequate. Then TOC will be thermally decomgdasehe circuits at high
temperature and produ@rganic acids

IER lon Exchange ResinsThese are present in various systems to purifytter by
eliminating ions in resin beds. Such bed maghson Bedwith cationic resins for
cation elimination oAnion Bed with anionic resins for anion elimination dlixed
Bed with a mixing of cationic + anionic resins catiomesins for the most efficient
purification in a neutral environment

Make up water. Demineralised water used to compensate for logsether needs to fill any
circuit.
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Demineralised water.RawWater that has been demineralised on ion exchasyesrand/or
other purification means

Raw Water. Water as easily obtained in large quantity inNiR® to produce Demineralised
water or too cool the condenser (in this casead#iedcooling water). Cooling water
may be sea water, river water, etc. Raw waterdanideralised water production is
generally river or other type of water but rareda svater.

Control Parameters These are the parameters for which a range of tapgralues is
defined in the tables of the document and thatlghmeiused to control the chemistry
properly (adequate regime or presence of impuyitiethe various circuits.

Diagnostic ParametersTheyare not included in the tables (except in somesyagehis NER
document and are only mentioned in the text. Theysaeful for further evaluation
either when a control parameter is outside its mboperating range or as part of an
evaluation to optimise the water chemistry.

Expected value.Theexpectedvalues represent the range of values that shauiddi during
normal power operation with the correct treatmeiakia absence of significant
amount of impurities.

Limit value. Thelimit value represents the maximum or minimum admissiliee for long
term operation but does not correspond to the eégge@lue. Any operation between
the expected range and the limit value requiresstgation to identify the source of
the deviation from the expected value, as weltsasansequences. Whether or not
long-term operation can be continued should beuat@dl on a plant-specific basis,
depending on the origin of the situation

Zones or Ranges (Action levelsyor the most important control parameters, paditylfor
those that may have an impact on safety, when dhesaible values for long term
operation are exceeded, the Ranges/Zones for apevath limited time or condition
are defined. Thus, corrective action(s) shouldnyglemented. The allowed operation
duration in the corresponding zone depends onitbgitcand the parameter.

3. Terms related to primary system.

CIPS  Crud Induced Power Shift.A deviation in the power flux along the fuel elergen
induced by deposits on the fuel where boron mag&ainate and induce an undesired
and uncontrolled variation of power. There is aroterm used for this phenomenon,
sometimes called AOA but which literally means tint flux anomaly is axial while
the CIPS is a more general definition of such amaaly.

AOA  Axial Offset Anomaly. See CIPS

CILC Crud Induced Localized Corrosion. Corrosion of material in the primary coolant
induced by crud deposits, with the consequencdafed higher temperature and
higher impurities concentrations.

Crud Insoluble deposits in the primary coolant, orthe fuel cladding.
RCS Reactor Coolant System.

RHR  Residual Heat Removal System.

RPV  Reactor Pressure Vessel.

MCP  Main Circulating "Pump
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SG Steam Generatol(some types of steam generator tubing can be fabehés either
mill annealed (MA) or thermally treated (TT)).

08Cr18Ni10Ti or (08H18N10T).The most widely used stainless steel in the Rusiargn of
WWER, including SG tubes. It approximately cont&ii8 chromium, 10 % nickel
and some titanium as a stabilizing element. Rusi@aomination in roman letters is
(0O8X18H10T. This alloy is equivalent to AISI (ANS321).

ZIRLO Zirconium based Alloy for cladding of fuel elements, containing bothéanmd
niobium

Stellite A material with specific mechanical properties bomtaining a large quantity of
cobalt that is highly activated in the primary systenusthindesirable

Nickel base alloy A material with high proportion of nickel. Thisnsainly Inconel 600 or
Inconel 690 used for some components, includingtBaubes of many PWRs.

SVO A Russian acronym for purification or regime catrol system.A number is added
at the end of SVO to address a specific systemtdlile below give the definition of
the various systems according to this acronym e quivalents in other standards.

System Original Russian New Russian Early VGB
Standard Standard (KKS) | AKW System

Primary Coolant Letdown SVO-1 (WWER- - TC
Purification System 440)
High Temperature SVO-1 (some KBE 10-40 TC
filtration of primary WWER -1000)
coolant
Letdown Purification SVO-2 KBE 50-80 TE
System
Leakage and Drains SVO-3 KPF TR
Water Purification
System
Fuel Cooling Pool and | SVO-4 KBH ™
ECCS Tank Water
Purification System
Steam Generator SVO-5 LCQ RY
Blowdown System
Boric Acid Concentrate | SVO-6 KBB TD
Purification System

Burn Up Characteristic of the fuel representative of ifgazaty and situation during its life in
the core

LOCA Loss of Coolant Accident.Terminology used in safety for defining the acciden
where the primary coolant is lost.

ECCS Emergency Core Cooling System.

SCC Stress Corrosion CrackingType of corrosion where a crack may develop in the
metal under the influence of the stress and magheavated by the presence of
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impurities or specific environment (redox potentiBlbA/SCC (I nteitGranular
Attack) is the type of SCC that may occur on theséary side of SG tubes.

IGSCC Intergranular stress corrosion cracking.
TGSCC Transgranular stress corrosion cracking.

Ammonia NHs; (or NH,OH when in solution).Reagent that is used to produce hydrogen in
the primary coolant. It may also be obtained byrtta decomposition diydrazine.

Total Alkali  Total of elements contributing to the alkalinitytive primary system:
potassium, lithium and potentially some sodium lgiag ammonia, which is very
slightly dissociated at high temperature).

Zeolite Low soluble compounds containing silica and elesenth as calcium, magnesium,
aluminium and that may deposit on the fuel cladding

Surface preconditioning.Treatment applied on the primary circuit surfacef®te start up in
order to get a passive film during the hot funciidestsHFT) and then having a
lower release of corrosion products that may beated in the core once the plant is
in operation.

ILW Intermediate Level Waste.

4. Terms related to secondary system.

SG Steam Generato(some types of steam generator tubing can be fokehés either
mill annealed (MA) or thermally treated (TT)).

MSR  Moisture Separator Reheater.

AVT  All Volatile treatment. Means the used of only volatile reagent addedan th
secondary circuit regime (opposed to non volatilesdike in the past sodium
phosphates)

Ammonia NHjs (or NH,OH when in solution). Reagent that may be used to get the secondary
circuit chemistry alkaline regime. It is also obtad by thermal decomposition of
hydrazine.

Amines Ammonia where one H has been replaced by an organidlkaline compounds
which are volatile, not strongly alkaline and the¢ used alternatively to ammonia (or
in addition to it) for the treatment of the secarydsystenin order to get a slightly
basic pH in the whole circuit.

Morpholine C4HoNO. A type ofamine widely used for the secondary circuit
ETA = EthanolamineC,H;NO. A type ofamine widely used for the secondary circuit

Octadecylamine Alkaline and filming amine that may be mainly usegbrotect the carbon
steel surface during lay up

Hydrazine N;H4. A reducing agent mainly added into the secondastesy (and into the
primary circuit at start up) in order to get a reidg environment and avoBICC. It is
also contributing to the pH through thermal decositpm into ammonia and may
even be the only added pH reagent.

Partition coefficient. Ratio of concentration steam/ liquid phase

Hide outConcentration process of compounds in the secondatgr of the SG under power
operationImpurities are concentrating or precipitating imgoareas instead of being
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eliminated through the steam generator blowdowey®re not measured at the
blowdown, explaining the term of “hide”

Hide out Return Reverse process of Hide ouburing power decrease, a part of the
hidden out impurities may be released from theifipéacation where hide out
occurred. This is called the hide out return. Hosvethis reverse process is rarely 100
% efficient and the efficiency decreases with theration duration after the hide out
process occurred.

Lay up State of a component during shutdown when it isusetl and preferably protected
form corrosionDry lay up refers to the use of dry air or inert gaprotect the
component whilaevet lay up refers to the use of controlled qualityevat

SCC Stress Corrosion CrackingType of corrosion where a crack may develop in the
metal under the influence of the stress and magheavated by the presence of
impurities or specific environment (redox potentiBlbA/SCC (I nteitGranular
Attack) is the type of SCC that may occur on thesédary side of SG tubes.

IGSCC Intergranular stress corrosion cracking.
TGSCC Transgranular stress corrosion cracking.
EAC  Environmentally assisted cracking.

Pitting Type of corrosion where a pit or hole is formedimemetal surface, mainly due to
the presence of specific impurities such as chéstidnd under oxidizing environment

FAC Flow Accelerated Corrosion or also called Erasn-Corrosion. Generalized
corrosion of carbon steel under specific condi{remistry and flow velocity)

Carbon steel A non alloyed steel, mainly containing iron someboa and other element in
very low concentrations.

Copper alloys A material containing high quantity of copper (ceppased alloy) that has
been widely used for heat exchangers such as ceadand heaters. They are more
and more replaced by titanium tubing for condehdses and stainless steels for
condenser tubes or other components of the segoaideuit.

Sludge Insoluble compounds that are depositing in theobopart of SG (mainly metal
oxides)

Depositsinsoluble compounds that are depositing on theub@st (mainly metal oxides)
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Appendix Al. Overall WWER Design Characteristics
Al.1 WWER-440 units

All WWER-440 MWe plants except Loviisa were constad in twin unit modules, with both
reactors housed in a common reactor hall and gharmumber of frequently used operational
systems. However, they have independent and sepaah¢ty systems [Al to A6]. The
primary circuit of all the WWER-440 units has soops, all of which have two main loop
isolation gate valves that enable the steam gesrsrahd main coolant pumps to be isolated
from the reactor pressure vessel. The main differdretween the first and second generation
WWER-440 plants is that the first generation dedigs canned rotor main coolant pumps
and does not require a continuous seal water flolwereas the second generation WWER-
440 design has main coolant pumps with shaft sdase are also differences in the primary
coolant purification systems. Nine of the earlieWi#R-440s (Novovoronezh 3 and 4, Kola 1
and 2, Kozloduy 1 and 2, Armenia 1 and Greifswaldntl 2) were built without stainless
steel cladding to their reactor pressure vessakrisurfaces. In addition, in these stations and
Greifswald 3 and 4 the pressurisers were not ci#d stainless steel.

V-230 units were not built with full set of emerggrcore cooling systems, although these have
being fitted to the surviving units, nor were thmylt with systems to ensure complete retention
of any fission products that might be releasedoss lof coolant accidents. Additional safety
systems were fitted to the four first generation ®RV440s at Kola, Novovoronezh and
Bohunice 1 and 2 as part of their lifetime extengoograms in the early 2000s [A7]. However,
the V-213 units were fitted with enhanced safesteays as part of their original design, Figure
Al-1. These include a hermetic confinement systeigure Al-2 and Al-3, that vents to
atmosphere via bubbler towers that condense steaduged in a loss of coolant accident
(LOCA) to prevent pressure build-up in the confieemsystem. The two Loviisa units are
essentially identical to the standard V-213 designt have Western-type containments
incorporating ice condensers, but due to theirinégliate status between the V-230 and V-213
designs and because some components were madgeodbtstern Europe, the Loviisa units
have a number of minor differences from the lat&1\3 primary circuits [Al].

The secondary circuits of all the WWER-440 are kimand all have two separate steam/water
circuits, each fed from three of the steam genesakach circuit has a turbo-alternator rated at
about 220 MWe. Originally all WWER-440 units hadndensers with copper-based alloy
tubes, but a number of units now have either sissnkteel or titanium condenser tubing and
have replaced all other copper-based alloys sudhase in the low pressure (LP) heaters.
Except for the WWER-440 units at Novovoronezh NR&la NPP and Bohunice 1 and 2, all
other WWER-440 plants have a full flow condensatéshing plant.

Some WWER-440 stations have been uprated, or mareased electrical output compared
with their original designed output due to variquiant improvements. The most significant

changes are those at Loviisa 1 and 2, which werategh to 510 MWe (9.7% core uprate to

1500 MWth) and Paks 1 and 4 which were uprated@MWe. The remaining two Paks units

increased their output to 460-470 MWe when the eonsdrs were retubed, but have nor yet
been uprated. Other plants (Bohunice 3 and 4, Darkp\l-4) are planning to uprate within 2-3

years.

1.2.2 WWER-1000 and WWER-1200 units
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All the WWER-1000 MWe units have four primary caaaloops. The initial unit
Novovoronezh 5 was built as a single unit with t®0B0 MWe turbo-alternators. The next
four V-302 and V-338 units (South Ukraine 1 andn? &alinin 1 and 2) were built as twin
units, each with a single 1000 MWe turbo-alterngédr and A2]. These early designs were
fitted with two isolation gate valves that areditto the hot and cold legs of each loop, one
between the RPV and SG and one between the RPWi@id(main coolant pump) and they
have two ion exchange coolant purification systeanalogous to those fitted to second
generation WWER-440 plants. No high temperatuterfibops were fitted in first generation
WWER-01000 plants. In addition, the fuel at Novawwezh 5 retained the sheathed fuel
design used in the WWER-440 units, but all later BRV1000 stations use non-sheathed
fuel. All WWER-1000 units have a full containmentilding.

These initial designs were followed by the stander820 design, all of which have an
individual containment, Figures Al-4 and Al-5, andingle 1000 MWe turbine. Compared
with the earlier units, Figure A1-6, the standar®20 design differs in that no isolation gate
valves are fitted to the primary loops, Figures &&nd Al-7, and that there are four high
temperature filter loops installed across each mawolant pump [Al, A2 and A6]. The later
WWER-1000 sites were intended to accommodate nhiliipdividual units, for example
Balakovo, which was originally planned as a 4-sitg, and Zaporozhe, which was planned as
a 6-unit site. The primary circuits of latest expagrsion of the standard WWER-1000 design
are similar, with the exception that the two V-42dts at Tianwan are not fitted with high
temperature filter loops installed across each roaatant pump.

Except for Novovoronezh 5, all VWWER-1000 units @awa single secondary circuit,
containing a single 1000 MWe turbine. All WWER-10pl@ants have a full flow condensate
polishing plant. Most units were built with low geeire heater tubing made from copper-based
alloys and only the Temelin and Tianwan units hatanium condenser tubing and an all-
ferrous secondary circuit. The new WWER plant desigill have titanium condensers and a
high efficiency SG blowdown clean-up system, but anly have a condensate polishing plant
operating at one half or one quarter of the taatifvater flow rate.

At present no WWER-1000 unit has been uprated,there are assessments underway to
uprate some Russian units by 4%.

The new WWER-1200 V-491 design being developed donstruction at a number of
Russian nuclear stations is an evolutionary desaged on the existing WWER-1000 V-320
and V-392 designs, but with increased power antl gieatly enhanced active and passive
safety features for both design-basis and beyosdjddasis accidents. Further details of the
specific differences from the WWER-1000 designgiven in Section 2.1.

1.3 Main Structural Materials in WWER Units
Primary System Components

The main components of all WWER units are consédiatising similar materials. In all
except the earliest WWERs, which had unclad regatessure vessels and pressuriser, the
surfaces of the primary circuit in contact with themary coolant are either made from
stainless steel or low alloy steel and carbon stedd clad with stainless steel. Stainless steel
components are normally made from a titanium-gtadall stainless steel, whilst the reactor
pressure vessels are weld clad in a niobium-ss&bilstainless steel. With the exception of
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the Loviisa units, which have Stellite-containimgtineir coolant purification circuits, WWER
plants do not use components or valves havingitgi®llhard facing cobalt alloys. Further
details of the materials inventories are givenegt®n 2.

Fuel Assemblies

WWER-440 fuel mainly has zirconium-1% niobium cladd the fuel assemblies have a
zirconium-2.5% niobium outer sheath. WWER-1000 fakdo has zirconium-1% niobium
clad, but there is no outer sheath except at Nawmezh 5. Most WWER-440 and WWER-
1000 fuel is manufactured in Russia (MSZ and NZ@KJ supplied by TVEL. Westinghouse
fuel with Zircaloy-4 and ZIRLO clad is used at Tdmébut will be replaced by Russian fuel
after 2010) and ZIRLO clad fuel has been loade8loatth Ukraine 3. The very similar BNFL
fuel has been is used in one of two Loviisa unitges 1998 and there were plans to use
BNFL fuel at Paks, but this will not now be loadéithe BNFL fuel at Loviisa will be
replaced by Russian fuel from 2008; the other Lsaviinit always loaded Russian fuel.

Secondary System Components

WWER secondary circuits were originally mainly mdoem carbon steel (with the exception
of the stainless steel steam generators tubingalfettors, Figures A1-8 to A1-10), high alloy
steel (turbine blades) or Admiralty brass of cupkel alloy (MSR tubing, low pressure heater
tubing and condenser tubing, although Loviisa, Temand Tianwan [A7] have titanium
condenser tubing). Due to the extensive flow asgisbrrosion (FAC) damage that occurred,
which particularly affected the carbon steel higkesgure heater tubing, moisture separator
reheater tubing, wet steam lines and feedwaterehesdttells, the damaged sections were
replaced with stainless steel equivalents. In aditvhere possible, cupronickel components
were replaced by copper-free so that the feedvpiterould be raised to suppress residual FAC
damage and iron transport into the steam generators

At some stations it was found that the copper-badky condenser tubing suffered from
numerous leaks, which increased impurity levelthenfeedwater in spite of the presence of a
full flow condensate polisher. To limit ingress aodpermit operation at high pH the tubing at
some East European WWER-440 plants have been eeplag titanium (Dukovany) or
stainless steel (Paks and Kozloduy), allowing dpmraat high pH [A2]. Other plants
(Bohunice, Zaporozhe) that still operate with bramsdensers, have successfully tested and use
amine based AVT chemistry regimes (like ETA or nma@ipe) to minimise FAC problems.

At Temelin these changes were made before therstabmmissioned and both units were
completed with titanium condenser tubing and affieatbus secondary circuit. Titanium tubing
and an all-ferrous circuit were also specifiedtha Tianwan units and similar secondary circuit
materials will be specified for other new unitstiwihe exception that the condenser tubes may
be either titanium or stainless steel; no coppseetalloys will be used. The decision to use
titanium tubing is expected to increase plant bdlit and performance, as cooling water flow
rates can be increased, compared with copper-bagrch will not only improve condenser
vacuum but will reduce deposition on to the condertgbing (fouling), potential condenser
leaks and permit the increase in secondary ciptdiito limit FAC damage and iron transport.
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Figure A1-1 Cross Section of a WWER-440 V-213 Unit
1 Reactor pressure vessel 2 Steam generator 3 elRefumachine
4 Cooling pond 5 Biological shield 6 Emergencgdeater system
7 Reactor 8 Localization tower 9 Bubbler trays
10 Air trap 11 Aerator 12 Turbine
13 Condenser 14 Turbine hall 15 Deaeratorviater tank
16 Preheater 17 Turbine Hall Extract 18 Cordral instrument room

Figure A1-2 Layout of a WWER-440 V-213 ConfinemenArea
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Figure Al-4 WWER-1000 V-320 Containment Building Lgout
1 Horizontal steam generator 2 Reactor coolant pump
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Figure A1-5 Layout of WWER-1000 V-320 Primary Circut
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WWER-1000 V-187, V-338 and V-302 Simplified Primary Water Flow Diagram
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WWER-1000 V-320 Simplified Primary Water Flow Diagram
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Figure A1-6 Simplified Layouts of WWER-1000 V-187\V-302, V-338 And V-320
Primary And Primary Purification Circuits
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Figure A1-7 Schematic Layout of a WWER-1000 V-320rmary Circuit and Nuclear Auxiliary Circuits
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Figure A1-8 PGV-1000 Steam Generator used in WWEREDO plants

Figure A1-9 Cte-away View of a WWER PGV-1000 SG shang the Tubes and
Collectors.
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Figure A1-10 Position of the Old and New FeedwateDistributors in the PGV-440
Horizontal Steam Generators in Loviisa Unit 2.
The continuous blowdown is carried out from thenarry collector pockets
and periodic blowdown from both ends of the steamegator [A9]
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Figure A1-11 Simplified Schematic Circuit Diagram d the Secondary side of Temelin
WWER-1000
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Figure A1-12 Principal Schematic Circuit Diagram ofthe Service Water System in a
WWER-440 V-213 Unit
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Figure A1-13 Principal Schematic Circuit Diagram ofthe Containment Spray System at
a WWER-440 V-213 Unit Cooled by the Service Waterystem
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Figure A1-14 Principal Schematic Circuit Diagram ofthe Auxiliary Feedwater System
at a WWER-440 V-213 Unit
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Appendix A2. pH and conductivity Calculations

The pH calculation and crosschecking this valudé wieasured value is important for several
reasons.

pHy is governing many corrosion phenomena or solyhalitd type of species in presence in
the water.

The main reason for pH control is concerning thenpry and secondary systems and also
some of the auxiliary system when these contaibharasteel requiring a sufficiently alkaline
environment

Primary Coolant pH

Solubility and transport of corrosion products e pprimary coolant strongly depends on the
pHyr (at operating temperature) and has a direct impaclose rates.

However, the pHlis not directly measured and there is not constanmespondence between
pHr and the potentially measured gk.The reason is that boron and alkali (potassium,
lithium, sodium) concentrations are varying alohg fuel cycle. Boric acid is a weak acid
while alkali are strong bases. Thus, alkalinitalisiost proportional to the total concentration
of alkali (with a small ionic strength correctiowhile boric acid is a weak acid and boron
acidity is decreasing when boron concentrationeases.

In other words, a much lower molar concentrationatkali than boric acid content is
necessary to maintain a slightly alkaline pH at bleginning of the fuel cycle with a high
boron concentration. Later on, alkali molar concatiin does not decrease in the same way
as boron one along the fuel cycle.

But at low temperature, the dissociation consteggpectively of boric acid and alkali are not
the same than at high temperature.

Consequently, for the same high pH temperature, rtioen temperature piskc will be
different at various moments of the fuel cycle.

Finally, it is more reliable and simple to measthe alkali and boron concentration and
calculate the pHthan measuring or calculating the room tempergitire

Practically, the reverse logic is applied and ar p$l defined as an objective and the
corresponding total alkali concentration is infdrfeom this pH and the boron content for a
specific solution.

The conductivity value which is also varying wittiet composition of the primary coolant
does not provide any additional information to ttedculated pH. Then cation or anion
conductivity cannot be used to monitor potentigbumities in the primary coolant due to the
presence of reagents with a conductivity much highan the one that would be looked for
impurities limits.

The optimum line ( ------ ) in the two curves 2xda2.y given in section 2.4 for WWER-440
and WWER-1000, according to standard internatiaaddulation (EPRI code and Czech —
NRI calculation) respectively correspond to gjgtc of about 7.2 and 7.1, although a straight
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line may not exactly correspond to a constant péltduhe various constants involved with a
different ionisation for boric acid (weekly dissat@d) and alkali (highly dissociated).

Secondary System pH and conductivity

It has been seen in Chapter 3 that the pH and meagdection is of high importance for
mitigation of various types of corrosion for thetaréals in presence.

The treatment with reagents and pH is selectedrditgpto various parameters and design or
operating data. This pH is monitored at 25°C in tbedwater (or in some cases in the
condensate water).

Thus, it is interesting to crosscheck the measw#gs.c value with the expected one
according to the concentration of the reagentsré@sgnce, mainly ammonia and any amine
added in the system. Hydrazine, in the typical eatration range added in the system has a
marginal impact on the pH due to its low dissoomtctonstant. On the other hand, hydrazine
impact on the pH is mainly observed through amm@naauced by thermal decomposition
of hydrazine.

Some discrepancy may be noticed between the mebptrend the calculated pH based on
the measured concentrations of the various reaganmtsionia and amines if any). In such a
case, the difference may come:

- either from the presence of impurities in the systéncluding boric acid from a
primary to secondary leak,

- or from decomposition products of the injected amieragent, with likely another
alkaline amine such as methylamine, which incretisesneasured piskc,

- or finally to any uncertainty in any of the meeed concentration of compounds or of
the measured pigkc.

If the origin of the discrepancy between the meag@nd calculated pH cannot be explained
easily, the measurement of total conductivity, ectisedepending on the presence of alkaline
dissociated reagents, and thus of the pH, will keldarify the situation.

» If both total conductivity and measured pH are bigthan expected, the difference is
likely due to the presence of other amines as dposition products;

e If only the measured pH is higher, the pH measurgnsdikely uncertain;

e If the measured pH is lower than the calculated and if there is a cation
conductivity higher than that of almost pure watars means a presence of anions
with acidic behaviour, that could be boric acidnfrgorimary to secondary leak
(particularly at the beginning of the fuel cycleyganic acids, carbon dioxide (from
air ingress) or other anions from strong acids ietié, sulphate, ...) due to a
pollution that should be looked for;

* If only the measured pH is lower than the calculav@e and if the conductivity is
unaffected, likely, the pH measurement is uncertain

These examples show the benefit of checking for gHeand if necessary also for the
conductivity (total or cation conductivity as appriate).
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This is why the comparison of the measured andutatked pH and conductivity according to
the curves below is useful.

These have been calculated with:

>

>

>
>

the EPRI method using EPRI pH Calculator, Versiof @vith permission from
EPRI) for Figures 1 to 4.

CALIN Code provided to Energoatom in Ukraine byditeité de France, except for
Figures 5 to 16

Czech Republic code provided by V. Hanus for Figureé and 18.
F. Nordmann data for Figures 19 and 20.

The twenty graphs included are the following.

A.l. Calculated pkho-c Values Corresponding to the Specifications for WRVA40
Units

A.2. Calculated pkho-c Values Corresponding to the Specifications for WRVEDOO
Units

A.3. Specifications for WWER-440 Units Shown withl@ulated pHgo-c Values
A.4. Specifications for WWER-1000 Units Shown w@hlculated phbho-c Values
A.5. pH 25° versus Ammonia (0.1 — 10 mg/kg)

A.6. Total Conductivity versus Ammonia (0.1 — 10/kyy

A.7 . pH 25°C versus Morpholine (1 — 20 mg/kg)

A.8. Total Conductivity versus Morpholine (1 — 2@#kg)

A.9. pH 25°C versus Ethanolamine (0.2 — 10 mg/kg)

A.10. Total Conductivity versus Ethanolamine (0.20-mg/kg)

A.11. pH 25°C versus Morpholine (1 — 10 mg/kg) yarious ammonia content (0 to
10 mg/kg NH)

A.12. pH 25°C versus Ethanolamine (1 — 10 mg/kgy&wious ammonia content (0
to 10 mg/kg NH)

A.13. Total Conductivity (log scale) versus Morphel (0.5 — 10 mg/kg) for various
ammonia content (0 to 10 mg/kg MH

A.14. Total Conductivity (linear scale) versus Mieotine (0.5 — 10 mg/kg) for
various ammonia content (0 to 5 mg/kg HIH

A.15. Total Conductivity (log scale) versus Ethamoine (0.2 — 10 mg/kg) for various
ammonia content (0 to 10 mg/kg MH

A.16. Total Conductivity (linear scale) versus Ethkamine (0.2 — 10 mg/kg) for
various ammonia content (0 to 5 mg/kg HH

A.17. Conductivity (log scale) at 25 °C versus £l0g scale) concentration (from
0.001 to 100 mg/kg)
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 A.18. pH at 25 °C versus ammonia (log scale 0.010tb mg/kg as Nj for various
CO2 concentration (0 to 100 mg/kg)

* A.19. Cation Conductivity at 25 °C for low concettons of “strong” anions (Cl, SO
and F from 0 to 25 pg/kg)

* A.20. Cation Conductivity at 25 °C for high conaatibns of “strong” anions (Cl,
SO, and F from 0 to 500 pg/kg)
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pH(300°C)

Figure A.1 Calculated pHsoo-c Values Corresponding to the Specifications for WWR-

440 Units.
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Figure A.2 Calculated pHso-c Values Corresponding to the Specifications for WWR-

pH(300°C)
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Figure A.3  Specifications for WWER-440 Units Shownwith Calculated pH3zpo-c
Values.
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Figure A.4  Specifications for WWER-1000 Units Shownwith Calculated pHzooec
Values.
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pH at 25 € versus Ammonia
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Figure A.5. pH 25° versus Ammonia (0.1 — 10 mg/kg)
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Figure A.6. Total Conductivity at 25 °C versus Ammonia (A — 10 mg/kg)
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pH at 25 <C versus Morpholine
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Figure A.7 . pH 25°C versus Morpholine (1 — 20 mg/kg)
Conductivity at 25 € versus Morpholine
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Figure A.8. Total Conductivity at 25 °C versus Morpholine(1 — 20 mg/kg)
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pH at 25 C versus Ethanolamine
9,8
””’
9,6 - |
’ 7
'//
9,4 -~
L
% 9,2 1 /
S
r 9 /
o
8,81 |
J
J
8,6
|
L)
8,4
0 1 2 3 4 5 6 7 8 9 10
Ethanolamine ppm

Figur
Figure A.9. pH 25°C versus Ethanolamine (0.2 — 10 mg/kg)

Conductivity at 25 € versus Ethanolamine
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Figure A.10. Total Conductivity at 25 °C versus Ethanolamie (0.2 — 10 mg/kg)
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pH at 25 € versus Morpholine for various NH3
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Figure A.11. pH 25°C versus Morpholine (1 — 10 mg/kg) fovarious ammonia content
(0 to 10 mg/kg NH)

pH at 25 C versus ETA for various NH3
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Figure A.12. pH 25°C versus Ethanolamine (1 — 10 mg/kgdif various ammonia
content (0 to 10 mg/kg NH)
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Conductivity (log) at 25 € versus Morpholine for v arious
NH3
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Figure A.13. Total Conductivity (log scale) versus Morphohe (0.5 — 10 mg/kg) for
various ammonia content (0 to 10 mg/kg N

Conductivity (lin) at 25 C versus Morpholine for v arious NH3
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Figure A.14. Total Conductivity (linear scale) at 25 °C visus Morpholine (0.5 - 10
mg/kg) for various ammonia content (0 to 5 mg/kg Nb)
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Conductivity (log) at 25 C versus ETAfor various NH3
100
NH3 = 10
——NH3=5
o ——NH3=2
9 i E——— —NH3=1
g 10 T — ——NH3=05
= -
g. 4,//1// NH3 =0.4
3 e ——NH3=02
7/ /
/ NH3=0.1
/ ——NH3=0
1
0 2 4 6 8 10
Ethanolamine ppm

Figure A.15. Total Conductivity (log scale) at 25 °C versasiEthanolamine (0.2 — 10
mg/kg) for various ammonia content (0 to 10 mg/kg N3)

Conductivity (lin) at 25 C versus ETA for various NH3
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Figure A.16. Total Conductivity (linear scale) at 25 °C visus Ethanolamine (0.2 — 10
mg/kg) for various ammonia content (0 to 5 mg/kg Nk}
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Figure A.17. Conductivity (log scale) at 25 °C versus C{Jlog scale) concentration
(from 0.001 to 100 mg/kg).
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Figure A.18. pH at 25 °C versus ammonia (log scale 0.01160 mg/kg as NH) for
various CO2 concentration (0 to 100 mg/kg).
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Cation Conductivity for low concentrations of anions
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Figure A.19. Cation Conductivity at 25 °C for low concentations of “strong” anions (Cl,
SO, and F from 0 to 25 pg/kg).
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Figure A.20. Cation Conductivity at 25 °C for high concemations of “strong” anions
(Cl, SO4 and F from 0 to 500 pg/kg).
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Appendix A3. Chemicals and lon Exchange Resins Qubf

Quality of chemicals (reagents used for the treatinand ion exchange resins (used for
system purification) are important for two reasons:

* Achieving the function is it expected for,

* Keep the system purity high enough without bringungacceptable quantities of
impurities.

As far as the chemical reagents are concernedjrgteoint is generally achieved without
difficulty and the second point is also easily aelid in most cases, with the only
consequence that the price of the chemical wilkeaepon the specified purity.

This is why it is important to define what is thequired purity according to the species
potentially present and that may have an impadhercorrosion of components material or,
for the primary coolant also on other constrainishsas impurity radio-activation.

Then, the chemical selection will be quite easgldo

For the lon Exchange Resin&R), the impurity limitation is of several types.

* Manufacturing quality including rinsing should bech that the rinsing time and
volume of water when the new IER batch is put irvise are compatible with the
expectations otherwise, time loss, potential uralaity, corrosion risk and liquid
wastes will be unacceptable;

e Impurity content will be low enough to avoid releasf undesirable species during
operation.

Then, IER manufacturing characteristics should al#gate pollution risks during operation.
This mainly means that:

« the resin diameter should be specified in such g that any resin fine release is
avoided, either directly during operation or ineas$ regeneration;

» the resin characteristic will be such that the KRy stable during operation without
unacceptable species release, (e.g. highly coeasiiphur compounds).

Finally, the resin characteristics selection wéldcritical decision with various impacts on:

* |ER efficiency should match the various purposeshsas, according to the system,
impurity elimination for avoiding corrosion (e.daloride, sodium) or for radioactivity
mitigation (e.g. silver, cobalt, iodine);

* In a few cases, the IER bed is only aimed at elatmgy a large quantity of chemical
present in the system, such as boric acid or aikalthe primary coolant instead of
diluting the water;

* |ER duration with the expected performance showddsbfficient; the main duration
limiting factors are purification efficiency, dedamination factors or of pressure
drop. Purification may depends on the total exchazapacity of the IER but not only
and a higher capacity does not necessarily meagheerduration. The duration of
IER also depends on specific performance of thia tgpe and of its initial purity.

Consequently, for the resin selection, the inipality and total capacity are not the only
characteristics to take into account. The resircepwversus type (macroporous or gel),
potential performances (ability to eliminate duritige highest possible time some specific
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chemical or radiochemical elements), mechanicastasxe (keeping the pressure drop low
enough) are of great importance. In addition taltoapacity, ion bed size and distribution
size, the other important characteristic of thénresthe rate of divinyloenzene (DVB) cross-
linking.

A high DVB rate allows a better mechanical resiséaaf the resin and, although it increases
the resin cost, it may also increase the resintdura

Within the specified value, the resin selection wé a compromise of the ratio “resin price /
resin duration” for the required efficiency.

For example, if the blowdown resin is expected fmerate under saturated form with

morpholine or ethanolamine, it will be better téeséa macroporous IER which has a higher
affinity for sodium as compared to the amine. Thsein duration before regeneration or
replacement (in absence of regeneration) will lgghdyi and will compensate for the higher
cost of the resin. On the contrary, under ammoreatment, a gelular type IER will be

sufficient since the improvement of a macropordtlR may not balance its higher cost.

For the primary coolant, the resin selection wdpdnd on many parameters such as the type
of radioactive elements to be eliminated or theatdan limitation for other criteria.

Generally speaking, the following criteria shoutldelected:
» Sufficient exchange capacity

» Polystyrenic skeleton (and not formophenolic) fobetter mechanical and thermal
resistance

* Regular granulometry of beads to avoid any riskesin fines into the circuit

* Nuclear grade resins for a better purity, a lowesing necessity and a lower risk of
manufacturing defect for any system in connectiath ihe primary or secondary
system and most of the resins except those faldéh@neralised station

« Resin already in the Hor OH form ready to use (except for the purification lnéd
the primary coolant which may be provided alreaaysated with the alkali reagent
to avoid any risk of excessive concentration andspkation in the primary coolant).

The tables in A.2.2 only relate the Nuclear Grade Exchange Resins for Primary and
Secondary systems.

A 2.1 Chemicals Purity

The proposed tables of chemicals are mainly basétaiteria

*« The overall content of the chemical itself shoudddufficient, in most cases close to
100 %, unless for some reason (eg hydrazine)dtasided with a known proportion
of water;

* The impurities content is below what is acceptalbigo kinds of impurities may be
specified

» Those that may be present due to the manufactyogess and that are
specified to guarantee a high quality product;

» Those that may be specifically deleterious for tperation of the plant (for
corrosion or radio-activation).
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* But this does not mean that all the possible im@sriare specified and that the total
of potential impurities + main compound = 100 %

Boric acid H3BO;3

Parameter Unit Limit
H3BO3 % >99.5
Sodium Na mg/kg (weight) <10
Chloride ClI mg/kg (weight) <1
Sulphate S® mg/kg (weight) <5
Phosphate PO mg/kg (weight) <5
Iron Fe mg/kg (weight) <2
Heavy Metals as Pb mg/kg (weight) <5
Potassium Hydroxide KOH

Parameter Unit Limit
KOH % > 85
Carbonates asX0O; % <1
Heavy Metals as Pb mg/kg (weight) <20
Iron Fe mg/kg (weight) <5
Silica SIQ mg/kg (weight) <20
Chloride ClI mg/kg (weight) <40
Sulphate S® mg/kg (weight) <20
Lithium Hydroxide LiOH

Parameter Unit Limit
LiOH % 48-52
Water HO % 42-52
Li 7 isotope / total Li % >909.9
Lead Pb mg/kg (weight) <10
Mercury Hg mg/kg (weight) <05
Chloride CI mg/kg (weight) <1000
Fluoride F mg/kg (weight) <1000

Ammonia NH4OH, H>Oin water solutior{Impurity level corresponding to a 25 % solution)

Parameter

Unit

Limit

Chloride CI

mg/kg (weight)

<2
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Sulphur (total) S@ mg/kg (weight) <10
Iron Fe mg/kg (weight) <10
Heavy Metals as Pb mg/kg (weight) <10
Insoluble in water mg/kg (weight) <150
Morpholine C4HgNO

Parameter Unit Limit
Morpholine GHgNO % > 99
Chloride ClI mg/kg (weight) <50
Sulphur (total) SQ mg/kg (weight) <10
Iron Fe mg/kg (weight) <50
Heavy Metals as Pb mg/kg (weight) <10
Insoluble in water mg/kg (weight) <500
Ethanolamine GH;NO

Parameter Unit Limit
Chloride ClI mg/kg (weight) <10
Sulphur (total) SQ mg/kg (weight) <10
Iron mg/kg (weight) <50
Heavy Metals mg/kg (weight) <10
Insoluble in water mg/kg (weight) < 200
Hydrazine-hydrate N,H4 H,O in water solution
(Impurity level corresponding to a solution of 62-%6 NoH4 H»0)

Parameter Unit Limit
Chloride mg/kg (weight) <50
Sulphate mg/kg (weight) <50
Sodium mg/kg (weight) <5
Sodium Hydroxide NaOH, H,O in water solution

Parameter Unit Limit
NaOH % > 45
Water HO % balance
Chloride mg/kg (weight) <5
Sulphate mg/kg (weight) <25
Iron mg/kg (weight) <50
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Heavy Metals (as Ag) mg/kg (weight) <5
Sulphuric acid H,SOq4

Parameter Unit Limit
H,SOy % > 92
Iron mg/kg (weight) < 200
As mg/kg (weight) <50
Sulphite SQ mg/kg (weight) < 200
Residue mg/kg (weight) <500
Heavy Metals (as Pb) mg/kg (weight) <200
Nitric acid HNO 3 (Impurity level corresponding to a 45 % solution)

Parameter Unit Limit
Chloride mg/kg (weight) <5
Sulphate mg/kg (weight) <20
Iron mg/kg (weight) <3
Sodium mg/kg (weight) <100
Heavy Metals (as Pb) mg/kg (weight) <0.2

A 2.2 lon Exchange Resin Nuclear Grade Quality foPrimary and Secondary System

Cation lon Exchange Resin

Parameter Limit Value
Size of Resin Bead 0.4to 1.25 mm
> 80 % of beads between 0.4 and 1 mm
Total capacity > 1.7 eq/L
Percentage active sites (H > 96 %
Osmotic Stability > 96 %

Sodium

< 60 mg / kg of dry resin

Chloride

< 1.5 mg/ kg of dry resin

Anion lon Exchange Resin

Parameter Limit Value
Size of Resin Bead 0.4to 1.25 mm
> 80 % of beads between 0.4 and 1 mm
Total capacity > 0.9 eqg/L
Percentage active sites (QH > 95 %
Osmotic Stability > 92 %

Chloride

<200 mg / kg of dry resin
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Sulphates

< 600 mg / kg of dry resin

Silica

<100 mg / kg of dry resin

Sodium

< 20 mg / kg of dry resin
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