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IntroductionIntroduction
Design of nuclear power plantsDesign of nuclear power plants
••

 
Design Concept Design Concept Principal policy for plant construction and operationPrincipal policy for plant construction and operation

••
 

System designSystem design
 

basic systems and equipment arrangementbasic systems and equipment arrangement
••

 
Hardware designHardware design

 
specification of equipment, hardware, materialsspecification of equipment, hardware, materials

••
 

Operational planOperational plan
 

cycle period, fuel type, water chemistrycycle period, fuel type, water chemistry
All are designated as design of plant in the broad senseAll are designated as design of plant in the broad sense

••
 

To determine reactor power and type, To determine reactor power and type, arrangement of major equipment arrangement of major equipment 
based on demands of plant utility and social needs.based on demands of plant utility and social needs.

••
 

To carry out system design and hardware design To carry out system design and hardware design 
based on plant safety, economics and easy to handlebased on plant safety, economics and easy to handle

••
 

To decide most efficient operational plant under miscellaneous To decide most efficient operational plant under miscellaneous restrictionsrestrictions
Cooling water should meet the most basic role for plant (moderatCooling water should meet the most basic role for plant (moderator and coolant)or and coolant)
Water chemistry control would be determined under stage of operaWater chemistry control would be determined under stage of operational plantional plan

recirculation pump

reactor
turbine

BWRBWR

reactor

internal pump

turbine

ABWRABWR
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Flow diagram of regulation of nuclear power plantFlow diagram of regulation of nuclear power plant
Planning, design, construction, operation and decommissioningPlanning, design, construction, operation and decommissioning

Survey for Survey for 
regulation regulation 

Plant utilitiesPlant utilities

Determination of Determination of 
plant siteplant site

1st publichearing1st publichearing
（（METIMETI））

planningplanning Permission of constructionPermission of construction

Approval of MEXTApproval of MEXT

inquiriesinquiries

reportreport
<METI><METI> <reviewed by NSC><reviewed by NSC>*1*1--*3*3

<approval of METI><approval of METI>
<examination by METI><examination by METI>

decommissioningdecommissioning

operationoperation

constructionconstruction
Request for Request for 

construction approvalconstruction approval

Start of constructionStart of construction

Start of operationStart of operation

<permission for construction><permission for construction>

Examination before operationExamination before operation
Examination of weldingExamination of welding

Examination of fuelExamination of fuel
Permission of Permission of 

safety operational provisionsafety operational provision

Periodical inspectionPeriodical inspection
Temporary inspectionTemporary inspection
Safeguard inspectionSafeguard inspection**11

Periodical safety evaluationPeriodical safety evaluation

<METI><METI>
Propose for Propose for 

decommissioningdecommissioning

2nd public hearing2nd public hearing
（（NSCNSC））

GovernmentGovernment

 

(regulation)(regulation)

 

(Cross checking)(Cross checking)

**1 Nuclear regulation law1 Nuclear regulation law

*3 Safety guide*3 Safety guide

Related lawRelated law

**2 Supplementary law 2 Supplementary law 
to determine criteriato determine criteria

Ref. 1

Ref. 2

Ref. 3
METI: Ministry of Economy, trade and Industry
MEXT: Ministry of Education, Culture, Sports, 

Science and Technology 
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Importance of water chemistry related designImportance of water chemistry related design

Design concept: Design concept: 
what philosophy to treat water chemistry onwhat philosophy to treat water chemistry on

System design: System design: 
to determine coolant related systemto determine coolant related system
based on the design conceptbased on the design concept

Hardware design: Hardware design: 
to determine functions, sizes and to determine functions, sizes and 
materials of major componentsmaterials of major components

Plant material design: Plant material design: 
to determine materials for component form the viewpoints of entito determine materials for component form the viewpoints of entire plantre plant

Water chemistry control: Water chemistry control: 
to determine water chemistry to determine water chemistry 
based on design conceptbased on design concept

Water chemistry control: Water chemistry control: 
to determine water chemistry to determine water chemistry 
based on operational demandsbased on operational demands

00

55importanceimportance

Differences in design scopes of structural materials, fuel and wDifferences in design scopes of structural materials, fuel and water chemistryater chemistry
applied applied changes changes designeddesigned

 

design criteriadesign criteria
locationslocations

 

in operationin operation
 

lifetimelifetime
structural structural fixedfixed

 

impossibleimpossible
 

as same as as same as function for function for 
materialsmaterials

 

plant lifetimeplant lifetime
 

pressure boundarypressure boundary
fuelfuel

 

fixedfixed
 

impossibleimpossible
 

depend on depend on integrity ofintegrity of
(every cycle)(every cycle)

 

burnburn--upup
 

fission productsfission products
cooling cooling flowingflowing

 

easyeasy
 

nonnon
 

coolant and moderatorcoolant and moderator
waterwater

 

（（in area of nuclear designin area of nuclear design））
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Water chemistry does not place its position on the center of NPPWater chemistry does not place its position on the center of NPP
 

design design 
but support fuel and major componentbut support fuel and major component

••
 

Fuel (Guarantee for fuel integrity)Fuel (Guarantee for fuel integrity)
••

 
Structural materials (mitigation of SCC, FAC)Structural materials (mitigation of SCC, FAC)

••
 

Occupational exposure (capacity of CUW, low Co materials)Occupational exposure (capacity of CUW, low Co materials)
under balance of cost and benefitunder balance of cost and benefit

••
 

Radwaste system (water chemistry locating at upstream of radwasRadwaste system (water chemistry locating at upstream of radwaste) te) 
Water chemistry might affect system performance Water chemistry might affect system performance 

••
 

Water chemistry is required total balance in the plant design.Water chemistry is required total balance in the plant design.

Major subjects on water chemistry designMajor subjects on water chemistry design

Major items to be determined during plant designMajor items to be determined during plant design
••

 
Design concept for cooling systemDesign concept for cooling system（（BWR/PWR, jet pump/internal pump), BWR/PWR, jet pump/internal pump), 

strategy for occupational exposure reductionstrategy for occupational exposure reduction
••

 
System designSystem design

 
for cleanfor clean--up system and its capacityup system and its capacity

••
 

Hardware design for cleanHardware design for clean--up componentup component
••

 
Operational plan for minimum influence against major componentOperational plan for minimum influence against major component
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Interaction of structural materials and cooling waterInteraction of structural materials and cooling water

composition 
(impurities

crystal structure
local stress

temperature
pH
conductivity
oxidant

materials water

release of 
metallic ions

growth of 
oxide film

oxide
film

barrier for diffusion of 
oxidant and metallic ion

consequence of corrosion/control corrosion

Major materials in primary system Major materials in primary system 
Their wetted surfaceTheir wetted surface

nickel alloy

zirconium 
alloy

stainless 
steel

zirconium 
alloy

stainless 
steel

carbon 
steel

PWR (primary system)PWR (primary system)

BWRBWR
carbon steelcarbon steel
low alloy steellow alloy steel
stainless steelstainless steel
nickel base alloynickel base alloy
zirconium alloyzirconium alloy

PWR (primary): HPWR (primary): H22

 

addition, LiOHaddition, LiOH
PWR (secondary): NPWR (secondary): N22

 

HH44

 

addition, addition, 
AVTAVT

BWR (neutral): pure waterBWR (neutral): pure water
fossil fuel plant: Nfossil fuel plant: N22

 

HH44

 

addition, addition, 
AVT, AVTO, OTAVT, AVTO, OT

chemical plant: miscellaneouschemical plant: miscellaneous
Ref. 4
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Relationship of materials and cooling waterRelationship of materials and cooling water

water chemistryelemental 
phenomenon

consequences problems

crud transport

corrosive 
conditions

corrosion

depositions

IGSCC

shutdown 
dose rate

wall thinning

SG tube damage reducing reliability

increasing 
occupational exposure

structural 
materials

clean-upradwaste

radiolysis corrosive 
conditions

cooling water plant information

corrosive 
conditions

crud transport

corrosion

deposition

wall thinning

crud deposition

activation

reducing reliability

AOA 
(axial offset anomaly)

fuel

hydrogen pick-up

water chemistry control

events                                                          

system/
materials

Ref. 5
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Optimal water chemistry controlOptimal water chemistry control

Establishing 4 targets 

iron, nickel & cobalt control

Fewer environmental impacts

Improving reliability of 
cladding materials 

Reducing radwaste sources
Minimizing radioactive effluent

Reducing
occupational exposure

(radioactive contamination)

Improving reliability of 
structural materials 

radical controlpH & hydrogen control

Higher safety and higher reliability

Ref. 6

Vorführender
Präsentationsnotizen
The major radioactive nuclide to determine the shutdown dose rate in the BWR primary cooling system is 60Co, which is fed through the feed water into the reactor water, activated on the fuel surface and then released into the reactor water again to deposit on primary piping and to cause the shutdown dose rate.  Corrosion product behaviors in BWRs, e.g., generation, activation, and accumulation, are shown here.  Major sources of corrosion products are condensate water and feed water for iron crud and feed water for cobalt ion.   Ferrous ions in the water are easily oxidized to become oxide particles (so-call iron crud) and fed into the reactor water with cobalt ion to deposit on fuel surface, where it is activated by neutron irradiation to become harmful radioactive corrosion products, e.g., 60Co.  Cobalt-60 on the fuel dissolves into the reactor water and some of it deposits on piping inner surface to cause a radiation field around the piping and increase occupational exposure during plant shutdown periods. 
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Trend of structural materials in BWRTrend of structural materials in BWR

：：countermeasure for crud reductioncountermeasure for crud reduction
：：countermeasure for cobalt reductioncountermeasure for cobalt reduction

Dose rate reduction
 

Preventive Fuel 
Crud control

 

Co reduction
 

FP reduction
 

maintenance integrity
Water chemistry control
Material improvement
Improved fuel 
Improved plant efficiency

O2

 

injection

alternative materials
for stellite

low Co alloy
(Co ≦ 0.05%) 

reactor water cleanreactor water clean--up up 
systemsystem

low alloy steel

low alloy steellow alloy steel

prepre--filterfilter

 

( powdered resin, ( powdered resin, 
hollow fiber filter, pleats filter)hollow fiber filter, pleats filter)

+ deep bed type demineralizer+ deep bed type demineralizer

low Co alloy
(Co ≦ 0.05%) 

stainless steel 
=> carbon steel

H2

 

injection

moisture remoisture re--heaterheater

Zn
 

injection

pre-filter

deminralizer

reactor pressure vessel

HP heater

LP turbine

condenser

moisture 
separator

LP heater

HP 
turbine

dual condensate 
polishing

reactor internalsreactor internals

Ref. 7
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Major control items and target valuesMajor control items and target values
Only targets restricted by the law were shown in the operational

 
safety provision, which

was determined by plant utility owners for the plant and authorized by the government

Relationship to 
operational safety 

provision

Corresponding to 
the important notice 

shown in the 
operational safety 

provision

As same as 
the target values 

shown in the 
operational safety 

provision

Items
 

PWR BWR
primary secondary

 

cooling system
system

 

system 
temperature

 

(ºC)
 

310
 

285
 

285
pressure

 

(MPa)
 

13.4
 

6.7
 

6.7
Reactivity control

 

control rod  +
 

control rod +
chemical shim (B)

 

void (flow rate)
pH (-)

 

6.8-7.4*1

 

8.8-10*2

 

5.6-8.6
conductivity

 

(S/cm)
 

～1 *3
 

3-5*4

 

<1
boron

 

(ppm)
 

100-2,000*3

 

-

lithium
 

(ppm)
 

<3.5 *3
 

-

 

-

Oxygen (ppb)
 

<5
 

<5
 

200 [<10]*5

hydrogen
 

(ppm)
 

2-3
 

-
 

10 [50 ]*5

Chroride (ppm)
 

<0.05
 

<0.1
131I（Bq/mL）

 

plant unique*6

 

plamnt unique*6

Turbine dose rate
 

dose rate free
 

operation: 16N
shutdown: 60Co

*1 high temperature pH

 

*2 room temperature pH
*3 coupled control of [B] and [Li] due to burn-up

 

*4 plant unique values were reported
*5 under hydrogen injection

 

*6 for guarantee for fuel integrity Ref. 8
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Occupational exposure reductionOccupational exposure reduction
Design concept, system and hardware design, construction& operatDesign concept, system and hardware design, construction& operation plansion plans

a) Control of corrosion a) Control of corrosion 
product effluent product effluent 
into reactorinto reactor

b) Control of activation b) Control of activation 
of corrosion productof corrosion product

c) Radioactive corrosion c) Radioactive corrosion 
product reductionproduct reduction

d) Mitigation of d) Mitigation of 
radioactivity depositionradioactivity deposition

e) Removal of e) Removal of 
deposited radioactivitydeposited radioactivity

ReductionReduction
of surface of surface 
dose ratedose rate

ExposureExposure
reductionreduction

Dose rate Dose rate 
reductionreduction

Control of Control of 
radioactivity radioactivity 
accumulationaccumulation

Fuel defect preventionFuel defect preventionManMan--hourhour
reduction reduction 

Radiation Radiation 
shieldingshielding

Reduction Reduction 
of FPof FP

Final goal Procedures

Improved PCV（maintenance space）
Automatic equipment operation (ISI, CRD & fuel exchanger)

Shielding design for component

Advanced fuel designAdvanced fuel design
Improved operationImproved operation

（（PCIOMRPCIOMR））

Low Co materials Low Co materials 
Low alloy steelLow alloy steel
Improved polishingImproved polishing
CustodyCustody
OO2 2 injectioninjection

Crud controlCrud control

Improved polishingImproved polishing

Surface treatmentSurface treatment
Ni/Fe ratio controlNi/Fe ratio control
Ultra low Fe controlUltra low Fe control
ZnZn

 

injectioninjection

decontaminationdecontamination

Design concept and 
system design

Timing for Timing for ：：

 

design stagedesign stage
application application constructionconstruction

operationoperation

Ref. 7
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Optimal water chemistryOptimal water chemistry

Major targets

 

BWR

 

PWR

 

Control procedures

 

Adverse effects Remarks

Dose rate reduction

 

optimal Ni/Fe ratio control

 

fuel contamination applied
ultra low Fe high Ni control

 

dose rate for CS lines

 

applied
Zn addition

 

fuel contamination applied
high pH control

 

fuel defects applied
Zn addition

 

fuel defects applied
Structural integrity

 

H2

 

addition dose rate increase

 

applied
H2

 

+ noble metal addition

 

applied
FW

 

line

 

O2

 

addition

 

(FAC)

 

applied
low alloy steel

 

applied
primary

 

higher [H2

 

]

 

dose rate EPRI
lower [H2

 

]

 

monitoring

 

JAPC
2ndary

 

high pH control heater tube integrity

 

applied
[O2

 

] addition SG tube integrity JAPC
low crevice pH

 

monitoring

 

KEPCO
Fuel integrity

 

neutral, low crud control

 

dose rate increase

 

applied
low [Li] control

 

dose rate increase applied
Radwaste source applied low alloy steel

reduction
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ultra low Fe/high Ni
control

Optimal Fe
control

0.01 0.1 1 10 100

102
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ionic 60Co
crud
60Co

total 60Co

deposition coefficient

SS

Zn addition

Fe in feedwater  (ppb)

shutdown dose rate  ∝
 

60Co deposition  ∝ 60Co in Rwｘdeposition rate

Optimal water chemistry for dose rate reductionOptimal water chemistry for dose rate reduction

Ref.7
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Effects of HWC on corrosive conditionsEffects of HWC on corrosive conditions
--

 
Response of Electrochemical Corrosion Potential (ECP) Response of Electrochemical Corrosion Potential (ECP) --

[H2

 

]RW

 

(ppb)

EC
P 

 (V
-S

H
E)
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optimal 
[H2

 

]RW MSDR
limit

[O2

 

]eff target

MS 
dose rate

[O2

 

]eff

ECP
NMCA

ECP

Effects of hydrogen peroxide 

Ref. 8
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]FW

 

: 0.4 ppmHWC   [H2

 

]FW

 

: 0.2 ppmNWC
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Influence of water chemistry on other systemsInfluence of water chemistry on other systems

Experience with water chemistry design of the author (late 1960s) 

Radiation shielding（assumption for design）
•

 
Source term for turbine design: 16N

16N produced by 16O (n.p)16N reaction and its carry-over to turbine 
Estimated results were confirmed by plant 

•
 

Source term of condenser and demineralizer: fission products
Radioactive corrosion products at present time.

•
 

Source term for biological shield: gamma rays from 1H(n,)2D reaction

Radioactive effluent into environment (not assumed)
•

 
Effluent from turbine off gas: noble gas hold-up system

•
 

Effluent from turbine shaft sealing: clean steam from house boiler
•

 
Effluent through HVAC: source reduction

Effects on fuel
•

 
Hydrogen pick-up of zirconium alloy: confirmation by evaluation

Influence on radwast system
•

 
Obstruction of liquid waste solidification: filter slug
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Fuel design: fuelFuel design: fuel
Structure design: structural materialStructure design: structural material
Water chemistry design: fuel, structural materials, radwaste sysWater chemistry design: fuel, structural materials, radwaste system, tem, 

water chemistry itselfwater chemistry itself

Clear restriction on water chemistry was not defined by the law,Clear restriction on water chemistry was not defined by the law,
while corrosion effects were mentioned in the law, while corrosion effects were mentioned in the law, 

which influenced indirect regulation.which influenced indirect regulation.
Even if the restriction of water chemistry control was minimum, Even if the restriction of water chemistry control was minimum, 

optimal operation of the plant was much depended on water chemisoptimal operation of the plant was much depended on water chemistry.try.

•
 

Optimal water chemistry control, 
which can obtain the final targets as high as possible and 

minimize adverse effects as small as possible, are required.
•

 
The control should be support by logical and quantitative evaluation 
but not by only empirical knowledgebase.

•
 

Instrumentation and analytical technology are essential for reliable control.
•

 
The control targets should not be forced by the low but 
determined for better plant management.

Major targets to be cared in design processesMajor targets to be cared in design processes
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Experience with technologies for trouble shootingExperience with technologies for trouble shooting
Relationship between the trouble and water chemistryRelationship between the trouble and water chemistry

Intentional favorite Intentional favorite AffectedAffected
 

Influenced Influenced 
effectseffects

 
(givers)(givers)

 

(receivers)(receivers)

FuelFuel
 

--
 

defectsdefects
 

FP releaseFP release
(crud, H(crud, H22

 

, Zn, Pt), Zn, Pt)

 

surface effectssurface effects
((6060Co activation)Co activation)

StructuralStructural
 

HWCHWC、、NMCANMCA、、

 
SCCSCC（（high ECPhigh ECP））

 
crud generationcrud generation

materials materials OO2 2 injectioninjection
 

Co generationCo generation
(FAC mitigation)(FAC mitigation)

Occupational Occupational crud controlcrud control
 

turbine dose rate (turbine dose rate (1616N)N)
 

--
exposureexposure

 
contamination by contamination by 6060CoCo

RadwasteRadwaste
 

source volume source volume liquid waste liquid waste --
treatmenttreatment

 
reductionreduction

 
(concentrated waste)(concentrated waste)

(slim radwaste system(slim radwaste system))
 

filter elementfilter element
（（prevention of solidificationprevention of solidification））

FileFile--up the experiences and transfer them to next generation  up the experiences and transfer them to next generation  
““WhatWhat’’s good? How affected?s good? How affected?””

 
with considering their mechanism with considering their mechanism 

TradeTrade--off of benefits and costs.off of benefits and costs.
(application of low Co materials, clean(application of low Co materials, clean--up capacity; good but expensive)up capacity; good but expensive)
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SummarySummary
1. Design concept is important for water chemistry design as wel1. Design concept is important for water chemistry design as well as  fuel and l as  fuel and 

material design, while flexible design for plant operation imaterial design, while flexible design for plant operation is more important s more important 
than system and hardware design and there are lots option tothan system and hardware design and there are lots option to

 
be applied.be applied.

2. System design and hardware design are less restricted by the 2. System design and hardware design are less restricted by the law.law.
Water chemistry design is not limited by severe design criteWater chemistry design is not limited by severe design criteria ria 
while it is set toward better plant operation, while it is set toward better plant operation, 

3. Interactions of water chemistry with fuel and structural mate3. Interactions of water chemistry with fuel and structural materials have not rials have not 
been completely understood and lots efforts have been paid fbeen completely understood and lots efforts have been paid for quantitative or quantitative 
control to carry on optimal and effective plant operation bacontrol to carry on optimal and effective plant operation based on sed on 
not only empirical understanding but also theoretical undersnot only empirical understanding but also theoretical understanding.tanding.

4. Huge amount of data base coupled with theoretical thinking ba4. Huge amount of data base coupled with theoretical thinking base should be se should be 
effectively applied for plant operation , which should be treffectively applied for plant operation , which should be transferred to ansferred to 
the next generation.the next generation.

The document was translated from Japanese slides presented at the Joint Summer Seminar of 
the Nuclear Fuel, Materials and Water Chemistry Divisions of the

 

Atomic Energy Society of Japan 
(Sep. 11-12, 2012, Hotel Ichibata, Matsue-Shinjiko Onsen, Japan)
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3. Nuclear Safety Committee, “Proposed Requirements for Incorporation into Safety Design Guide

 

and Other Related Regulatory 
Guides”, Taisei Publishing co.,（2003.3）
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J. Atomic 
Energy Society of Japan, 51 ( 2), 34（2009）(in Japanese).
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