I ——— e e ——

NEDO-23631
77NED106
Class !

June 1977

BWR COOLANT OXYGEN CONTR' .

R. L Cowan
J. C. Elliont
Q. H. Johanneson

Approved &.@ Approved: ﬂ .,

R. A Proebstie. Manager F. D. Judg na
Apphied Metallurgy & Chemstry Systems Design

-

FUURL Uilluaivil

BOILNG WATER REACTOR SYSTEMS DEPARTMENT » GENERAL ELECTRIC COMPANY -
SAN JOSE. CALFORNIA 95125 A0G 9 2

GENERAL &3 ELECTRIC

7908010 T



DISCLAIMER OF RESPONSIBILITY

Tris document was prepared by or for the General Elactnc Company. Neither the
General Electnc Company nor any of the contnbutors [0 this Jocument:

A Makes any warranty or representation. @xpress or '/mpied. with respect to the
accuracy compieteness or usefuiness of the information contained in ths Jocu-
ment. or that the use of any ir'-rmation disciosed n this documant may not
infringe privately owned rignts; or

8. Assumes any responsiDility for liability or gamage of any «ind which may resuit
from the use of any information disc'‘osed in this document

0R GRIGINAL



NEDO-23631
TABLE OF CONTENTS

Page

ABSTRACT ix

1. INTRODUCTION. 141

2 GENERAL DISCUSSION 2-1

21 MBLOTIEIS PTODMIMS ...........ocoovensanbssssmsss sasrsssnsassosansnssbsssmshbessdssssnsress ossostssessessyssnssasens Sastasasss iasiussasssssises 2-1

22 PIENT RBGIBIION. ..o ooerirresssassnsrsesnsasiatesss sotsrestssssesassssas eassrsssssis arssssbassanssssesss that mmsssuarstsasssnse st 2-7

23 BWR Matenais Enmvironment. ............ oo e o=l L St I e RO PR 27

24 BWR Plant Chemistry TraANSIONTS ... .....cocoouumimsimimmmsimameresssiniini st asass st sadnasns o isassess T 28

3 MATERIALS TESTS AND STULY RESULTS 31

3.1 intergranuiar Stress-Corrosion Of SIAINKESS SIS ...t s 3-1

32 INCON@I-800 Stress COormOSION ..........coioimiimnismmiiisnisisnn S SN AL AN S oo R 33

33 CATDON SUBBN COMMOBION .. ... iviveusssresassresssssussanselss:  sssmessressassnssssssssuseseass s stsss Sianssane ausbssidessssssssnsasioss 33

34 BHOCH Of TOMDOIBIUID.............c -orovsersssiesosscsnssusisssstinssmsossbarmasteitstssssssesrs sssssssressssysnasssssressass T 26

3.5 Stress-Corrosion and Plant Chemistry Transients ... R P N etz - oot Eiasetrrenig 3-3

f 36 SUPPOMIVE TESt PYOQIEMS........ccovvreirmiammsssrrrsscrsurivassusussssarisaress T Tt . A Mool " L. 3-9
|

’ 4, ELECTROCHEMICAL CONSIDERATIONS 41
|

| 5. SUMMARY AND RECOMMENDATIONS 5-1

6. CONCLUSIONS 8-1

7. REFERENCES. 741

APPENDIX

BWR COOLANT OXYGEN CONTROL SYSTEM A-1
l
|

o ARIEINAL
e T )
uu l i i
iifiv ", (\ &




2-2

2-3

24

2-5

3-2

3-3

3-4

42

4-3

NEDO-23631

LiST OF IL..USTRATIONS

Title

Varables Aftecting Matanais Performance ...

Constant Extension Rate Tests on Furnace Sensitized Steel ...
Constant Extensio': Rate Tests on 28-nch Diameter Stainiess Steel Pipe Weld Aged at 400°C
Constant Extension Rate Tasts on AS08 Pressure Vesse: SIeel .. ...

Corrosion of Low Carbon Steeis versus Oxygen Concentraiion ... S e B -ty

intergranular Stress-Corrosion Cracking of Furnace Sensitized Type-304

SLAIGIOSS SOOI N S50 WBLEN .........coocurmirurmsiusiustassrbers siabnssmiessassnsesrsasssmasessase st s sty

Time to Nucieate Intergranular Cracking versus L+ssohed Oxygen Content in

Double U-Bend Samples of Inconel-600 and Type-304 Exposed to 550 to 600°F Water ...

Maxmum Propagation Rate for Double U-Bend Sampies of inconel-800 and
Type-304 as a Function of Dissoved Oxygen Content ...

Eftect of Test Tamperature on Mean Faiure Time to IGSCC of
Senstized Type-304 Stainiess Steel in Oxygenaied Hign Temperature Water ...

Stress Comosion of Stainless Steel — Oxygen versus Chioride Concentration ...

Change of Cracking 'ndices |-s.r with Chioride-ion Concentration ...
Primary Coolant Degassing Resuits Dunng a BWR Startup ... e Bty
Corrosion Potental of Type-304 Stainiess Steel During Reactor Startup

Corrosion Potertal versus Oxygen Concentration and Hydrogen Peroxide at T7°F

2

23

-

................. 2-6

sassio

-

37

310

POCR ORIGINAL

vivi

s
r
LV‘

“‘)/



oo wr—s s S
NEDO-23631
LIST OF TABLES
Table Title
3-1 Lonstant Strai- Pate Tests on Sensitized Stainiess Steel in
550°F Hieh Purity Water with Varying Oxygen Content..........................

3-2 Summary of Constant Displacemant Rate Tests on Carbon and Pressure Vesse! Steels
33 Resuits of Constant Displacement Rate Test on Sensitized Stainiess Steei ..
3-4 Summary of Water Chemistry Conditions of High Flux Beam Reactor Failure Aiea

il i

o=
oo
O

_.
&J

~

——



NEDO-23631

ABSTRACT

This report presents data and evaluates benefits of maintaining low oxygen concentra-
tions in the pnmary coolant and other water systems of the doiling water reactor. There
appear to be substantal techmcai benefits in terms of recduced matenais corrosion,
particularly stress-corrosion cracking, and in reduced piant contamnaticn. However,
it 1s aifficuit to quantfy these benefits. due 1o inadequate fieid fallure data, anc lack of
material test gata at ambient and intermediate tamperatures. Controi of oxygen dunng
shutdown. startup. and cother pilant transients appears feasible, and a system for
controliing oxygen dunny thase piant modes is described.
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1. INTRODUCTION

The Nuciear Regulatory Commussion's (NRC) report on cracking of stainless steei pipe in Boiling Water Reactors
(BWRs)' recommended investigation of better oxygen control along with recommenced use of afternate matenals, betr
weiding procedures and |oint design to reduce residual stresses. and design and operating modifications to reduce cyclic
thermal and vibration stresses. The General Electric report on cracking of stainless steel pipe in BWRs? noted a strong
correlation between cracks and the number of plant shutdowns whose duration was greater than 24 hours (rather *han total
hours of service). High oxygen concentration in the pnmary coolant dunng shutdown and restart is one characteristic cf such
a shutdown cycie. During a restart, oxygen can be trapped in crevices and low flow lines. such as core spray pipes. ana high
concentrations of oxygen may exist in such places for a significant period of time after the bulk coolant oxygen concentrations
have decreased.

A number of programs have aiready been intiated by General Electnc 0 deal with materiais problems such as
stainiess steel pipe cracking, control rod anve (CRD) matenals defects. and feedwater nozz'e and sparger cracking. These
\nclude removal of the recirculation system bypass line, changes to the CRD return and suction lines. replacement of core
spray lines, materiais changeout of CRD parts, ana recommendations for primary system venting.’ Weiding procedure
\mprovements and other /mproved process and quality control requirements, as weil as special cesign stress ruies 1o prevent
stress-crerosion cracking, are being mpiemented. Other mprovements tc enhance BWR reiiadility and performance are
Deing investigated and evaluated. Many of these soiutions, however, may not be possible or feasioie for operating BEWRs, or
BWRSs now under construction. On the other hand. oxygen control appears feasible ‘or these and future plants.

Oxidizing agents, such as oxygen. in combination mth susceptibie (sensitized) matenals stressed above y'eid, can
cause siress-corrosion cracking. Resigual stresses from weicing may be present at all imes, and dunng plant startup. nigh
thermal stresses are supenmposed. These stresses and a cofrosive chemical anvironment can de sufficent to cause
stress-corrosion cracking. The effect of temperature, howevar, has not been well quantfied. and an extensive test program s

n progress o avaiuate more exactly the magnitude of stress-corrosion and corrosion fatigue cracking in environments
smulating current BWR shutdown and start-up conditons.

A verfiable cosi-benefit analysis of BWR oxygen controi cannot reacily be made at this ime. Available data s
nsufficient to accurateiy determine field failure rates of varnous matenais and components, or the @xtent and impact on plant
avalability and operaung costs. However, the test rasuits at hand indicate that the benefits could be substantial, particularly
‘or those plants where retrofitadiiity of matenals and parts fixes 's imited.

A ganeral discussion of matenal and plant ragiation problems associated with oxygen. and a descnotion of typecal
BWR water chemistry dunng vanous plant modes is presented in Section 2. Resuits of materials tests and evaluanons of the
eftects of oxygen are presented in Section J. Effects of oxygen on electrochemistry, and the significance of electrochemistry
relative 10 corrosion are discussec in Section 4 Section 5 summarizes the results of the study and presents the General
Elactric recommendations; while Section § lists the main conclusions derived from the study. Appendix A describes a
deaeraton system for a typical BWR and outlines oxygen control procedures.

1-1/1-2 + O/ N
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2. GENERAL DISCUSSION

The followifg discusses results from past and present studies in the areas of matenals performance. plant tests,
design improvements and pian: chemistry relevant 1o BWR matenals problems and improvements.

2.1 MATERIALS PROBLEMS

A summary of major BWR materials probiems, which coolant oxygen control (deaeration) may reduce, thereby
improving piant availability and renability. is as follows:

Stress-corrosion cracking of weld sensitized 304 stainiess steel in piping compunents.

Stress-corrosion cracking of sensitized 304 stainiess steel in the CRD system and reactor internai pans.
Pitting and corrosion fatigue of carbon steel piping systems including the core spray.

Corrosion fatigue crack propagation of AS08 steel in feedwater and CRD hydraulic return nozzies.

Plant radiation buildup on out-of-core piping and equipment surfaces and operator radiation ex..2sure.

O

Other potennal probiem areas of concern where oxygen control may provide added margins include: crevice-
corrosion-induced siress-corrasion cracking in inconel-500 components such as safe ends, and in Inconel-X750 ana 304
stainless steel boiting and sprngs: and stress-corrosion cracking of 304 stainiess steel feeawater sparger components:
neutron flux monitor tUbes: and corrosion of certain hardfacing surfaces.

A critical fact established? from the limited field failure statistcal anaiysis done to date. is that the frequency of
stress-corrosion crack fallures observed in certain BWR piping correiates with the number of piant startups following plant
shutdowns axceeding 24 hours. This suggests that transients in the matenais environment and stress cycies are cructal
tactors. The ey mechanisms of ‘allure identified in these cases iicluce sStress-corrosion cracking, corrosion fatigue, and
crevice Corrosion initiated stress-corrosion cracking. Three variables (see Figure 2-1) can be aitered, in pnnciple, to reduce
such matenal falures, |.e., (1) Metailurgical condition (sensitzation), (2) stress intensity and/or strain-time profiles, and
(3) chemical environment,

It 's possible 1o alter the metallurgical condition Dy seiective parts replacement. This is being done, to the extent
oractcal, for a limited number of hign (ailure rate components, including scme pipes and some control rod dnve components
It s also possible and technically ‘easibie 10 alter the thermai-pius-pressure Cyclic stresses on some components in existing
plants. Such retrofits, nowever_are difficuit and expensive. Altering the chemical anvironment Dy controiling oxygen appears
10 be more practcal anc sffective. particularly for existing piants.

High cycle thermai ‘atigue induced by hot and colid water turbulence in/tiates the cracking ouserved in the feedwater
nozzie and control rod anve hydraulic return nozzie biend radii. Propagation of these cracks through the nozzle cladaing and
nto the AS08 base metal 's due 1o Nigh pressure and thermal stresses encountered dunng each reactor startup * Since the
cracking s propagated by a corrosion fatigue mechanism, lower oxygen content in the water dunng startup should reduce the
amount of propagation during @ach cycie. Furthermore, the higher pH resuiting from coolant deaeration will tend to lengthen
the ime-to-failure by stress-corrosion cracking. Resuits of constant extension rate test (CERT) in inert (argon) atmosphere,
ow Oxygen water anc air-saturated (6 to 8 ppm aoxyger:) water demonstrate the very significant influence of oxygen on the
strain-to-failure ‘or stainiess (Type-304) as weil as low carbon (A508) steels (see Figures 2-2, 2-3 ana 2-4).

Crevice corrosion nsks in both Inconel and stainiess steel can be reduced by design of components, but may not be
auminatec. Oxygen control by deaeraton will minimize crevice corros:on since the eiectrochemical anving force detween the
surtace and the crevice tip will be significantly reduced. and the pH will be beneficially higher, because of less arr dissoived in
the water

The general comrosion and pitting of matenais of construction, particularty carbon and low ailoy steels. 's a marked
function of the oxygen concentration in the water. The low temperature, high oxygen, stagnant water which now exists Junng
shutdown and system layup. provides conditions that promote accelerated general and piting corrasion of cardon ana low
alioy steeis (see Figure 2-5). Some effacts of general corrosion include Migher loads on the radicactive waste treatment
svstem raduced visibiity for refueling and in-vessel servicing, andincreased fouling of heat transfer surtaces (including fuel)
The etfect of pithing corrosion s a reduction in ‘atigua ife. since ‘atigue cracks are known !0 'mtl“ ﬂ ‘:gmp% sites
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2.2 PLANT RADIATION

Other important beneficial effects of oxygen/hydrogen peroxide control in the BWR coolant are associated with
radiological aspects. Radioactive /odines in water containing high oxygen and hydrogen peroxide can be oxidized to
chemical forms which are more voiatile and less amenabie to removal by 'on-exchange methods commonly empioyed. In
aadition, carbon dioxide in aerated water taxes the on-exchange capacity of the filter-demineraiizer resins used in the
reactor water cleanup system. The overall effect is to increase radioactive contamination and operator radiation exposure
levels. Shutdown ceaeration for oxygen controi is expected toreduce airborne contamination levels, 2nd thus improve plant
refueling and maintenance outage criical path penods.

Activated cobalt (Co-60) resulting from corrosion of plant structural and wear materiais has been identified as a major
source of in-plant operator radiation exposure, and a contributor to waste activity. The high intensity radiation that can resuit
from deposition of activated cobait on certain reactor system piping and equipment surfaces causes difficuty in perfciming
maintenance work and may, therefore, extend plant outages or resuit in the need ‘or larger maintenance staffs to perform
cntical jobs.

The beneficial effect on radiation buildup by oxygen/hydrogen peroxide removal may be twofold: (a) reduced
availabiity of source mater:al for activation due to reduced corrosion of materiais, and (b) reduced transport/deposition from
the core region, where activation takes piace, 10 out-of-core surfaces where the activity deposits. The amount of corrosion of
8WR structural cr wear materials which contain cobait as an impunty, or as an alloying element, depends on the oxicative
nature of the cootant.

Thus, steilites, which contain as much as 50 to 60° cooaft. corrode and wear more in high oxygen water than in
cegassed water. Thesa corrosion products are subsequently subject 'o activation in the core region. or may aiready have
been actvated in-place /wz., CRD pins and rollers. and Inconel fuel clips anc springs), depending on the 'ocation of the
mater:al in the plant.

The mechanisms involved in the transport and deposition of activated covbalt are compiex: however, the coolant
chemistry appears !0 play a key role Although not fully understood at this time. 't 1s believed that high concentrations of
oxygen and hydrogen peroxide dunng shutdown may be a significant factor. The coolant concentration of soiudle Co-60 s
<nown 1o increase by orders of magnitude during shutdown. It is postulated that Co-30 s dissotved from in-core surfaces by a
comeination of high oxygen and hydrogen peroxide concentrations, and thermal soiubility effects, and s iater transported to,
ang deposited on primary system surfaces.

2.3 BWR MATERIALS ENVIRONMENT

To better understand the BWR environment and its influence on maternais. 't is useful to brefly describe the chemical
charactenstics of the BWR coolant during various plant conditions.

Dunny normai plant cperation. the bulk primary coolant is maintainec at a near reutral pH, with oxygen and hydrogen
oresent in stoichiometnc quantities at nominal leveis of 0.2 ppm oxygen and 0.025 ppm hydrogen. These conditions are
maintained by nherant mechanisms of radiolysis. steam stripping and water-steam pa~tutioning. Dunng shutdown. when
natural oxygen removal processes cease, oxygen concentration increases !c a saturation vaiue o' 2 to 8 ppm from ragiolysis,
acsorption of air, and input of aerated water ‘rom the CRD system

n agdition to differences n cxygen levels. there are a number of other significant aifferences in coolant chemistry
Setween normal gperation and shutdown. Hydrogen s not present in stoichiometric gquantities with oxygen, which
ncreases the materials corrosion effect of oxygen. Radiclysis of water at low temperature (<200°F) with excess oxygen’
proauces hydrogen peroxide. a strongly oxidizing agent which further increases the corrosion potentiai. Zart on dioxide from
air s apsorded in the coolant, forming carbonic acid which increases acidity and corrosion. Dunng plant restarts, nitric acid
may De produced ocally ‘rom the interaction between neutrons and dissolved nitrogen, ‘urther ncreasing acidity and
accelerating corrosion. paricularty in crevices

48 UB3
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The proposed oxygen control (deaeration) system, as described in Appendix A, would minimize the concentrations of
all dissoived gases and hydrogen peroxide, and thus would materially reduce the corrosive effects resulting from shutdown
water chemistry.

To determine the need ‘or deaeration of the pnmary coolant during plant transients, such as starting up and shutting
4own. calculations and piant measurements were made '0 characterize these transients with respect to oxygen. nitrogen,
carbon dioxide. LM and other water chemistry parameters. it was found that operational procedures can be |mplemented that
will eliminate high oxygen when the plan:s are in hot standby or being shut down. These procedures mainly include venting of
the reactor 10 maintain saturated water conditions with low soiubility for oxygen.?

During piant startup without shutdown deaeration, the cociant oxygen ievei is normaily high dunng mast of the startup
aven with proper venting. With shutdown deaeration and proper venting procedures, oxygen concentratons would remain
low in ail parts of the system, including stagnant lines. This is especiaily important because of hign stresses that exist gunng
startup. :

2.4 BWR PLANT CHEMISTRY TRANSIENTS

In addition to normaily expected chemistry changes caused by vanations in plant conditions. 1.8, startup, shutdown,
normal operation and hot standby, there are several other types of chemical transients that may atfect the BWR coolant
chemistry. Such transients include ion-exchange resin intrusions. main turbine condenser tube leakages and residual heat
removal (RHR) heat exchanger failures. The magnitude of these transients vanes in duration and severty, ranging from afew
hours to weeks at low pH, high chioride. high sulfate and other chemical spec:es.

- “ iwm ow - - - —— —— R e L R - e
A W - - -

Intrusion of ion-exchange resins has occurred on a numoer of occasions at several BWR piants. Chemical degraca-
tion of resins Dy neutron flux and temperature oroduces sulfunc acid i the reactor. resuiting in low pH and a very corrosive
material environment. particularty when nigh oxygen concentrations are present.

- - - - - - . P

Condenser tuce ‘ailures occur penodically and, depending on the source ot the condenser cooling water and its
chemical composition, the /mpunties (species) and amount that anter the reactor can vary between nigh (several ppm)
shionde 0 a mixture of hydrochionc acid. sulfunc acid, socium sulfate, carbonates. fluorides, and other chemical
compoundas.

in the case of AHR system heat exchanger tube ‘aiiures, the cooling water can enter the reactor directly without the
fitration or parhal demineraiization which affords some orotection against main turbine condenser 'ube leaks. Thus, mgh
sodium chionde levels in the reactor have resuited from RHR heat exchanger failures in plants utilizng seawater or Drack.sh
water ‘or plant cooling.

The above types of transients typically occur dunng, or as aresult of. startup operations. For exampile, the introduction
af rasing INto the reactor may occur when the reactor s shut down. but degracation only takes piace after a significant core
seutron flux ‘s astabiished. and/or when the temperature increases. 'f, cunng this ime period. the coolant aiso has a high
oxygen content, all the aggressive ingredients  for stress-corrosion crack initiation and propagation are present. and can
cause significant damage. |n the case of condenser tube leakage. the situation is similar. and plant operating reports show
that plants have experienced such problems with several parts pe- million chionde n the reactor water. \n one such incident,
significant damage cccurred to several stainiess steel reactor internal components, ncluding the neutron monitornng system

No direct correlation has been made. however, Detween Dipe cracking and significant piant chemical transients
secause the avalabie reports on Such occurrences are scarce and incompiete. and the effects on the matenals may Je
contridutive to cracking rather than the primary cause. Deaeration during shutdown would significantly reduce the aggressive
compination of Mign oxygen and chiondes (and other chemical species) that have been shown 10 affect stress-corrosion
cracking
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3. MATERIALS TESTS AND STUDY RESULTS

3.1 INTERGRANULAR STRESS-CORROSION OF STAINLESS STEELS

Four independent studies***'® have shown that the intergranular stress-corrosion cracking (IGSCC) of austenitic
stainless steel under a constant or increasing load is a strong function of dissoived oxygen content at reactor temperatures
(S50°F). Intergranuiar failures have been reported in as littie as 0.2 ppm oxygen. but neve. in degassed systems.'' ?
Referances 8 and 9 both show that decreasing the dissolved oxygen content from 10 ppm to 0.2 ppm resuits in an increas=
sample lifetime under constant icad by a factor of about 40 to 60, as shown in Figure 3-°. This increase 's essentiaii,
ndependent of stress level.

Tests under constant dispiacement rates' at three oxygen leveis (all other conditions constant: 550°F high punty
flowing water. same heat of materiai sensitized at 1150°F for 24 hours) show that the reduction of area and percent
elongations are an nverse function of the oxygen content of the water (i.e., the more oxygen dissolved in the water, the more
brittle  the sensitized stainiess steel). The sampie appearance aisc shows a direct dependence of oxygen content, with the
amount and seventy of cracks increasing with increasing oxygen content. (The constant axterision rate tast shows
environmental \nteraction with mechanical behavior with a reduction in strain to fallure and a change in the failure mocge
Setween environmental anc air control sampiles.) These results are summanzed in Table 3-1. An independent senes of tests
wmth two different heats of stainiess steel confirm these resufts. Figure 2-2 shows the results for furnace sensitized matenai in
arr saturated versus 0.2 ppm oxygen water at 550°F. The reduction in failure strain between the two cases is large. Figure 2-3
shows the resuits from tests with the same matenai in the 'as welded” condition and a miid ‘aging’ condition. Again. the
same trenc s 'oliowed with air-saturated water causing a marked decrease n strain 10 faiiure.

Tabie 3-1
CONSTANT STRAIN RATE TESTS'® ON
SENSITIZED STAINLESS STEEL IN S50°F HIGH PURITY WATER
WITH VARYING OXYGEN CONTENT

Oxygen Content RA" ElI* Comments
(ppm C,) (%) (%)
Argon Control 80 274 1. Compietely ductile
<0.1 (steam) 55 315 2. The lower the RA and
<0.1 30 29.7 El, the more bnttle the
0.2 274 385 fracture behawvior.
35t0 40 136 21.0

All tests were run on the same heat (No. 8-1658), annealea for 1 hour at 1950°F and
sensitizeqd at 1 150°F for 24 hours, andtested ata strainrate of 1 3x10~ n./in./min.

T RA = Reguchon N Toss-sectonal aed of lest speCMmen
“ El = Elongaton of ies! specimen

The affact of oxygan content on the cracking susceptibiity is prodably twofold. First. at lower oxygen levels, the
Oxygen reguction kinetics a'e probably strongly dependent on the dissoived oxygen content. At hugher leveis. the rate of
oxygen armval to the crack sit21s limited to the oxygen diffusion rate, thus failure times are in 1sitive to oxygen laveis atove
therange of ~11t0 3 ppm oxyge 1. Secondly, the initiation step is protably a strong function : - Jxygen content. As reported in
Reterance 8. mtatior begins a' the second phase particles located at grain boundcaries (@.g., itamum carbides. manganese
suifices) 3y ether mechanica: strain, parmal dissoiution or a combrnation of Doth. a crevice deveiops between the particle
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and the matenal or in the region previously occupred by the particle. The oxygen content has a strong effect on both the
gissolution rate of the second phase particies and the chemical kinetics of the crack formation. An order of magnitude
increase in oxygen content would greatly increase the kinetics and the severity of the crevice chemistry.

Arter initiation, a propagating crack estabiishes a crevice chemistry. The rate of propagation is a function of the
severity of the crevice chemistry. As can be seen in Figures 3-2 and 3-3. both the time to initiate a crack in acrevice and the
propagation rate of a crack is strongly influenced by the oxygen ievel. The higher the oxygen, the lower the initiation time and
the faster the propagation rate.

3.2 INCONEL-800 STRESS CORROSION

The stress-corrosion cracking susceptibiiity of inconel-800 is a strong function of oxygen content, as shown in
"Figures'3-2 anad 3-3 from Reference 11 Figure 3-2 shows that for the creviced condition. both sensitized aod annealed
Inconel-600 have crack “nucleation” umes that are very strong functions of oxygen content. Figure 3-3 snows the same is
true for propagation rates on Inconel-800.

3.3 CARBON STEEL CORROSION

Tests at General Electnc Using a constant displacement rate in both 0.2 ppm and 100 ppm oxygen water at S50°F in
both plain carbon steel and AS08 Class || pressure vessel steel showed that dissolved oxygen plays an important role in crack
‘mitaton. In the nigh oxygen case, a larger number of cracks initiated and the cracks were deeper than for the low oxygen
case These results are summanzed in Tabie 3-2. They show that the probadility of stress corresion of carson steel and
pressure vessel steelis much iower in low oxygen watea These resuits ai« Mply that the fatigue crack propagation rates in
nigh temperature water are most likely a function of the Oxygen content. 4s the damage done dunng each strain avent
appears 1o De a function of the oxygen content. The resuits of these tasts Nave recently been confirmed independently* by
companng 0.2 ppm oxygen versus air-saturated water at 550°F for AS08 Class il pressure vessel steel as shown in Figure
24

Table 3-2
SUMMARY OF CONSTANT DiSPLACEMENT RATE TESTS
ON CARBON AND PRESSURE VESSEL STEELS

Material Environmaent Elongation Ares Reduction Rupture Stress Comments
(%) (%) (ksi)

Caroon steel Argon at 350°F ~ 3638 735 Ouctile failure

Carvon stee! 0.2 som O, in H,0 at S50°F - 344 30 Low density
ransgranuiar cracks

Cardon steet 100 pom Q, in H,0 at 550°F - 8.4 585 High sensity
ransgranuiar cracks

A508 Prassure vessel stee Argon at S50°F 113 79 875 Ductle ‘aiiure

ASO8 Prassurs essel steel 0.2 pom O, in H,0 at 550°F 10.2 s73 300 Low density
ransgranuiar cracxs

AS08 Pressu  vessel steel 100 opm Q, in W,0 at 550°F 93 482 365 High density

Oispacement rate was such that pure mechanical ‘alure n argon

33
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There have been no systematc invastigations of the effect of dissolved oxygen content on the kinetics of fangue crack
imitiation and/or propagation rates. Mowever, one can assess the effect of oxygen content dunng layup on the fatigue
nehavior of carbon steel. In Reference 13, the fatigue cracks were observed to initiate at pits in the carbon steel samples. At
iow temperatures. dissoived oxygen plays an important role in the pitting behavior of carbon steeis '* Under stagnant
conaitions. the lower the oxygen the iess the pitting, and some tests* have shown that beiow a certain (<0.6 ppm C) oxygen
level pithng appears 0 be avoided. Air-saturated stagnant water at 125°F provides for aggressive pitting of cardon or low
alloy steei, as shown in Figure 2-5

Since fatigue cracking nitiates easily at pits, one can assume that low temperature exposure to ar-saturated water will
sigmificantly reduce the initiation time for fatigue cracking over carbon steel layed up in low oxygen water The ‘act that
oxygenated water accelerates crack growtr s in line with the constant extension rate cata presented above for carbon and
low alloy steels. One would predict that the oxygen level of the water would aiso affect the growth rate, 1.e.. higher rates at
higher oxygen contents.

3.4 EFFECT OF TEMPERATURE
3.4.1 Stainiess Steel

One test program has adcressed the effect of temperature on the intergranuiar stress-corrosion response of
sensitized stainiess steel in high purity water * Sensitized samples (10&° '/20h/furnace cooled) of wrought Type-304 were
tested under constant extension rate (0.03 miis/mir) at six temperatures n air-saturated high purity water The resuits of
these ‘ests are shown in Tabie 3-3. From these resuits, one would conciude that stress-corrosion cracking could initiate
dunng a stress event at temperatures as low as 250°F and pessibly as low as 200°F Confirming data on the effect of
temperatures are shown in Figure 3-4 produced in an acceierated test under constant icad conaitions in oxygenated nigh
ounty water

Table 3-3
RESULTS OF CONSTANT DISPLACEMENT RATE TEST
ON SENSITIZED STAINLESS STEEL "

& -

Test Temperature Mean Stress RA Fallure Time iIGSCC
P (ksi) (%) (hr) by Fractography
200 78.5 78.5 120 No*
225 73.0 73.0 159 No*
250 714 534 116 Yes
300 689.0 534 118 Yes
350 58.0 278 7S Yes
550 395 271 T4 Yes

Test Conditions

Sampies ‘rom 6-n Schedule 80 Type-304 Seamiess Pipe (Heat No. 27388)
Oisplacement Sate = 0.03 miis/hr

=igh punty, air-saturated water (-8 ppm Q)

Samples examined by metailography and scanning electron microscooy (SEM)

a o o

C Sren Se0aralon N ONe OCAbon Of TACTUIe SUMACE. Dy SCANNG SECTON Microscooy  SEM
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One known BWR 304 stainiess steel component has suffered stress-corrosion cracking at a temperature far delow
550°F in at least two separate plants. The threaded portion of the index tube of the CRD mechanism in some reactors is
exposed 1o aerated water at temperatures in the range of 150 to 250°F The component is severely sensitized because itis
sudlected 1o a nitnding (cracks occured in unnitrided areas) process during manufaclurng anc, tius. is expected to be
susceptibie o strass-corrosion cracking.

There has been another reported ‘ailure'” of a reactor component of weided 304 stainiess steel which never saw
temperatures above 145°F This failure occurred in a 20-n. Schedule 10 fine of the high flux beam reactor (HFBR). The
‘ailure mode was intergranuiar and occurred in the heat affected zone of a weid. The environmental conaitions are listed in
Table 3-4 The chemistry conditions are somewnat more aggressive than those fypical for a BWR because of the nitric acid
additions to control corrosion of the aium:num core components. However, the pH of the BWR water can de as low as 5.3
dunng iayup and startup and certain transients, so the conditions of the HFBR are not drasticaily different from those that may
be present in a BWR. The dilute nitric acid content may aiso resembie somewhat the nitric ac:a potentially procduced dy
radiolysis of dissoived nitrogen in a BWR dunng shutcdown and startup conditions. The stresses in the weid area were
caicuiated to be as Migh as 16.8 ks: applied tensile load (not counting the weiding residual stresses), so the part was protably
\oaded on the plastic flow curve dunng operation. a conaition thought to be necessary defore IGSCC can occur in the BWR
anvironment. Both the expenmental data and the service data clearly indicate that IGSCC of stainiess steei can occur at low
temperatures in oxygenated environments. Considering the effect of oxygen on crack initiation and propagation at 550°F.itis
obviouS that lower oxygen dunng startup. shutdown anc layup should reduce significantly the prooadiiity of IGSCC in
stainiess steels.

Table 3-4
SUMMARY OF WATER CHEMISTRY CONDITIONS
OF HIGH FLUX BEAM REACTOR FAILURE AREA”’

item Concentration
5 ¢ s R R L e e . 9937
SonauetVItY s 38 1O 3.0. 4Py M
B L e g i S, il SO s -..501052
CRIOMB .. ovooo oottt % 10 PO
NITRID.......covoneve e st . e 330 t0 550 pob
IO s Lo s hn b Rl None through 20 ‘eet
T T L TR S S ..200 toc 250 psi
FIOW VBIOCIY .........ooovinnriiiannsivnnennen -3 7 1/80C 10 10 ¥/sEC
Oxygen (dissoived) ................ crcnrnnnniennes 15 10 20 ppM

342 Inconei-500

No axpermental data awsts on the affect of temperature on the stress-Corrosion cracking or cofrosion ‘atigue
nenaviar of Inconei-600 between rocm temperature and S50°F One reactor component failure did occur in an inconei-500
somponant operating at 420°F in a Swedish reactor '* The mater.ai was highly stressed (over 0.2% yeid). had resicual coid
work 1nd was heavily sensitized. The reason for the failure was not well defined. and caustic cracking rather than BWR water
chemistry affacts may have deen the afinbutatie cause

343 Carbon Steel

General Electne resuits show that seif-ioaded. wedged-opening-ioading (WOL) sampies of AS08 ang A333 at a strass
ntensity ot K = 50 ksl (in.)' ? showed crack extension after combined exposure to simulated BWR conditions plus stangnant
~ater conaiions. The fractography showed branching fransgranular cracks. The lest sampies were exposed to flowing
simulatec SWR water ‘or 209 days at 350°F ang ambient temperature ‘4 umes. The 'est loop was then ‘ayec up with
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air-saturated water for 301 days. The samples were removed and transgranular crack extensions were observed. Analysis of
the layup water at the end of the test duration showed that the water contained about 20 ppm chiondes. Thus, the test
conditions were severe both in terms of stress intensity and environment dunng the wet layup penod. dut the results do
indicate that layup under air-saturated conditions should be avoided.

3.5 STRESS-CORROSION AND PLANT CHEMISTRY TRANSIENTS (STAINLESS STEEL)

Extensive test work has been done !0 comelate effect” of aggressive anionic species, such as chioride-ions, on
intergranular stress-corrosion cracking of stainless steels. A summary of results from such tests'* 's reprasented n
Figure 3-5 which correlates stress-corrosion cracking as a function of dissolved oxygen and chionde concentrations under
operating BWR cooiant conditions. This figure shows that very littie chionde content is required to proguce stress-corrosion
cracking when Oxyger IS present in guantties greater than that corresponding lo steady-state plant operaton (0.1 to
0.3 ppm).

Figure 3-8 shows resuits from tests and correiatons '* that demonstrate the stress-corrosion cracking eftect of aerated
sersus deaerated water as a function of chionda content of the test water. The effect is axpressed as the ‘crack ng index’
(1-5ar) whiCh increases as the propensity ‘or intergranular stress-Corrosion cracking increases. As shown in the figure, the
effect of oxygen becomes obvious when the material 's sensitized. and particuiarly dramatic at the migher chionde
concentrations. This consideration becomes particularly i/mportant in connection with condenser/heat exchanger tube
leakages and associated cooling water intrusions 1o the reactor. Because condenser tube leakage s difficult 1o cetermine
during plant shutdown and startup, the probabsiity for cooling water intrusions to the reactor dunng these conaitions 's higner
*han normal and at a time wher the coolant oxygen content s typicaily nigh. Theretfore, the nsk of stress-corrosion cracking
from the chionde-oxygen combination ' aiso higher, and deaeration for oxygen control dunng shutdown and stanup
conaitions would minimize this nsk.

Deaeration dunng startup would aiso olay an important role in reducing the materais damage ‘rom cemineralizer
resin breakthrough and intrusions 'o the reactor. General Electric data and reactor expernence shows that the pH of the
reactor water after such a transient can 3o as low as 3 !0 4, and perhaps even iower n localized areas. When these
preakthroughs occur dunng startup, the comobination of acidic conditions ang nigh oxygen can nucieate intergranular attack

IGA) This IGA can then serve as a pre-nucleator ‘or IGSCC cunng steady-state operauon and subsequent startup cycles

The imitiation of stress-corosion cracking in sensitized stainiess steel 's the “hard step” in estabiishing a growing
Stress-corrosion crack as the required stress intensity (K, .- ) vaiue 1s quite low.” Deaeration dunng startup would reduce the
oxidizing power of the coolant and thus retard or infibit the formation of intergranular attack n areas of sensinzation in
stainless steel components

3.6 SUPPORTIVE TEST PROGRAMS

To better define and quantity the effects of BWR coolant chemistry on plant maternais behavior, axtensive test woik s
currently being done in General Electric s and others laboratories. These test programs nclude quantitative correlations
betwean oxygen: hydrogen peroxide and matenals corrosion propensity, and matenais behavior dunng simulated rransient
8WR chemical conditions. In aadition. in-plant measurements and correlatons of chemistry with radiation chemistry anc
slectrochemicail corrosion potential are being performed. Prefiminary results from these programs are included in *his regort;
and remaining pans of the programs are expected to help quantfy the benefits ot BWR coolant oxyger control

39
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4. ELECTROCHEMICAL CONSIDERATIONS

The potential benefits of oxygen control during startup have recently been shown by measurements at an operating
BWR plant. ™ The reactor was brought to 200°F and was partially deaerated by a vacuum degassing technique. Continuous
electrochemical and chemical measurements were made during the 7-hour degassing cycie. The data are summanzed in
Figures 4-1 and 4-2, and show that as the degassing process continues at 200°F, oxygen is reduced from 1.5 ppm to
0.045 ppm. nydrogen peroxide (H,0,) is reduced from 2 ppm to 0.130 ppm. and the corrosion potential of stainiess steel is
reduced by 300 mV. This reduction in oxidizing power of the environment greatly reduces the driving force for corrosion
processes. including corrasion fatigue and pitting of carbon steel and stress corrosion of stainiess steel.

Deaeration during startup is important in reducing high concentrations of 4,0, produced by radiolysis from oxygen
and water at lower temperatures. Figure 4-3 shows how potent 1 ppm of H,0, is in providing an cxidizing environment.
Without H,0, present, the corrosion potential at 77°F increases from + 0.1 to - 0.25 voits when oxygen increases from 0.1 to
8 pom. With H,0, present at 1 ppm., the corrosion potential is much more oxidizing, i.8., =0.4V. From this data.*? the benefits
of continuous oxygen control by deaerating dunng shutdown and startup are shown. The reduced concentration of H,0, at
lower temperatures will result in a much less severe oxidizing environment (more negative potentials), which wiil reduce
environmentally associated damage due to stress/ strain cycles concurrent with these transient events. The fact that H,0,
£an be reduced Dy the deaeration process is evidenced Dy the data presentad in Figure 4-1. Also, by removing the oxygen
Junng plant shutfown. little hydrogen peroxide 's formed to contribute to the oxidizing power of the coolant.

The electrochemical approach “as Heen useful to show that the laboratory tests in simulated BWR water (0.2 ppm 0,
= 0.025 ppm H,) at SS50°F are representative of the cooiant chemistry inthe BWR. Measurements at two operating BWRs?' 2
show that the corrosion potential of stainiess steel in a BWR s reproducidle from reactor to reactor dunng operation and
encompasses the range of ~0.120 to -0.16QV, standard hydrogen slectrode (SHE). Equivalent measurements n a
simulated BWR environment in the laboratory give similar values, -0.13 to —0.160V, SHE. This data confirms that the
‘aporatory studies presentad earhier on the effect of oxygen content or the IGSCC behawvior of stainiess steel are valid.
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5. SUMMARY AND RECOMMENDATIONS

This study has brought together available matenal test data and previous studies by General Electnc and others,
regarding the matenal ef'ects and radiologicai asoects of oxygen in BWR water chemistry Educated benefits estimates
ndicate i/mprovements :n matenais performance and associated piant availability and operating costs on the order of millions
of dollars per year by /mpiementaton of BWR coolant oxygen control Junng shutdown, layup and startup conditions. A
supportive tast program is presently underway, and preliminary results confirm that significant beneficral effects on matenais
performance can be gained by improved coolant oxygen and chemistry control.

A relatively simple deaeration system desigr to accompiish BWR coolant oxygen contr .i has deen deveioped,
utiizing commercially available aquipment. This design requires minimal changes to existing operating plant systems, and
can be .ipiementea witout impact on piant availabiiity and reliatility. Therefore. the following recommendations can be

made.

A Systems snould be provided and operating procadures instituted at 2/ BWRSs to control oxygen in BWR water
systems. Specific Jpjectives of a shutdown oxygen control system should be as foliows:

1

Dunng shutdown, maintain oxygen leveis in the reactor vessel. recirculation system, reactor water
cleanup system, and shutdown cooling portion of the RHR system at the nominai levei of 0.2t0 0.3 ppm
or less.

Provide continuous low flow flushing of the portion of er. - rgency core cooling (ECC) systems extending
from the normally-closed injection vaive to the reactor with deaerated water during plant shutdown. This
'S 10 prevent any possibie buildup or antrapment of oxygen in these lines from radioiysis or other
sources.

Provide a supply of deaerated water (<0.05 ppm oxygen) to the CRD system during piant shutdown.
This change. combined with recommendations in Reterence 24 will resuit in CRD water being deaer-
ated at all times.

Provide a source of deaerated water (o lay up that portion of the RHR system and other ECC systems
extending from the normaily ciosed injection vaive to the pump check valve. Oxygen in these systems is
'0 be controiled dunng standby conditions Dy filling them initiaily, and after each flow test, mith deaerated
water, samphng perioc.caily and flushing with deaerated water as necessary !0 maintain less than
0.6 ppm oxygen.

8. The oxygen contrui system and operating procedures descnbed in Appendix A should be studied and
evaiuated My utilites and architect angineers ‘or adaptation to BWR piants under their controi.
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6. CONCLUSIONS

Control of oxygen in a BWR by deaeration as described will result in a significant reduction in the rates of the following
materal corrosion mechansms:

1. stress-corrosion cracking initiation and propagation in sensitized stainiess steel, low ailoy steel. and In._ el
2. mittinig and corrosior fatigue cracking of carbon and low ailoy steel;

3. cravice corroc on of stainless steel and Inconel;

4 generai corrosion of all matenals.

Shutdown deaeration of water in the reactor vessel will reduca the severity of off-normal transients such as resin and
chionde intrusions.

Control of oxygen wiil provide additional margin for other solutions to matenals problems, and will reduce the
probabiiity of failure of susceptible matenais in operating or in-construction plants.

Shutdown deaeration will improve reactor water clanty during refueling and for in-reactor maintenance.
Shutdown deaation wili reduce primary system radiabon bullgup, and airdorne cortamination dunng refueling.

Control of oxygon in a BWR as described wiil resuit in substanua! economic gains dueto | -:nrcvod ptant rehability and
avaiiabiiity.

An oxygen control system as descnbed in Appendix A is feasible and shouid De implemented in aii BWRs.
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The following describes a system and operating procedures for controlling oxygen in BWRs gunng vanous plant
operating modes. Tins system was selected on the basis of its being the most economical to install and operate for tha
majority of plants. including those in operation of under construction.

1. DESIGN CRITERIA
1.1 Systems in Which Oxygen Control is Maintained

1.1.1 Reactor vesse!, reactor recirculation system, reactor water cleanup (RWCU) system. and the shutdown cooling
por..n of residual heat removal (RHR) system dunng plant shutdown !

1.1.2 Emergency core cooling systern (ECCS) and head spray lines from the normaily-ciosed imection vaive (o the reactor
auring shutdown (continuous flushing at low rate).

1.1.3 Control rog danve (CRD) at all times.

1.1.4 RHR system and other ECC systems dunng layup conditions from normaily-ciosed injection vaive o pump check
valve

1.2 Oxygen Limits

1.2.1 Design Basis

122

123

124

Deaerator Efluent
All Other Systems

Normal limit dunng shutdown
Maximum limit dunng shutdown

Normal imit ‘or ‘eedwater dunng startup

«0.05 ppm

_ =0.25 ppm

«0.30 cpm
=0.6 ppm

<0.2 ppm

1.2.5 Maximum imit ‘or systems in layup (ltem 1.1.4) =0.6 ppm |

Each Occurrence <8 hours

1.2.86 Maxmum allowatie tme ‘or axceeding normal limit !
Par Year <2 weeks |

1.2.7 Other limitations — water ‘rom the reactor. or other systems containing water of comparabie radicactivity or a high
level of corrosion procducts should be processed through a filter-demineralizer Defore entenng deaeration equipment

1.3 Material Selection for New Deaeration Systems

1.3.1  Assure compatibility with piping or eguipment in connecting systems
1.3.2 Limit carbon steel to small areas. '
1.3.3 Euminate or restrict to small areas, materials containing cobalt, such as steliite

134 Avod use of copper alloys.

1.3.5 Use noorganic coatings on surtaces in contact with process liquid. Other coatings should be ‘uiy qualifiad before use

§ considered
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2. OXYGEN CONTROL TECHNIQUES

various techniqgues have been considered in developing a BWR oxygen control system concept. The following
techniques are judged {0 be thegnost feasibie and practical for the majority of BWR piants. The recommended oxygen control
scheme mcludes a combinaton of these techniques.

2.1 Vacuum Deaeration

Some understanding of deaeration processes may be gained by brefly reviewing two pertinent gas laws. Daiton s
Law states that the pressure of a gas mixture 'S the sum of partiai pressuras of the individual components. and that the partal
pressure of each component is equal to the total pressure times its n'oie fraction. Henry's Law states that a quantity of gas
dissotved in a given quantity of solution is directly proportional to its partal pressure over the solution, with the exception of
those gases which chemically unite with the solvent. Thus, Dy reducing the partiai pressure of a given gas over a soivent. the
solubiity of that gas in the soivent can be reduced accordingly.

I vacuum deaeration, the total pressure within a tank is reduced 10 nearly the vapor pressure of ine process water
Partial pressures of all gases are reduced 10 nearly zero. Solubilities of these gases are lkewise reduced. A iower water
temperature requires a lower deaerator pressure 'n order 'o produce water with the same oxygen concentration. 'Vith the
same water temperature. 3 deaeralor pressure must be lower to suDPly a lower concentration of oxygen. A charactensticof a
Jacuum deaerator operated n its design flow range, is that the effiuert oxygen concentration s relatively insensitive 10 the
nig: concentration.

A vacuum deaerator. as shown schemancally in Figure A-1. /s used to provide ceaeratsd water during plant shutdown
This equipment consists of a tail cylindncal tank containing stacks of elements called packing. Pressure inthe tank is reduced
by means of a mec~=.ical vacuum pump or steam et air ejector. Water s sprayed into the tank and flows down over the
packing. The packing provides a large surface area which allows absorbed gases !0 escape and be drawn out through the
vacuum system. In order 10 produce iower affluent concentrations of oxygen. 't is more economical to use several stages of
deaeraton. The stages are contained wihin the same she!!, but operate at sligntly aifferent pressures.

The major cisadvartage with vacuum deaeration is the bulky size of the equipment. A two-stage deaerator. which s
'ecessary to process water at 50°F and produce effluent oxygen concentrations of less than 50 ppb. requires about 35 feet of
headroom A two-stage. 1.000 gpm ceaerator is 40 ‘eet mgn and 5 ‘eet in diameter A 200 gpm deaerator 'S the same he:ght
and 4 ‘eet n diameter However, since this system will be located outside, the size should not be a majer problem. The main
acvantages are that there is no adverse effect 1o water chemistry, and only electrical power /s necessary o operate the
system

2.2 Prevention of Aeration

Transport of oxygen into a quiet poci of water s a very siow process controlied by diffusion of oxygen molecules into
the water This process is rapidly accelerated Dy any action which rasuits in mixing of the surtace layer with the duik hquid, or
ncreases the affective water surface area. Therefore. to minimize aerating water n a tank, all input streams should enter
pelow the water surface such that mimmum agitation of the surface 's achieved. Recirculation flow rates through open tanks
should be minimized.

2.3 Venting

‘When water 'n the reactor vessel is greater than 212°F it can be Jeaerated Dy venting 1o maintain saturated conaitions
and low solubility for gases Deaeration can be enhanced by operating the head spray (in those plants where head spray /s
part of the RHR system). Venting can de done through the head vent, through the turbine Dypass valves !0 the main
concenser or Dy supplying steam (o the turbine gland seal system or steam jet air ajector (SJAE)

Proper venting of piping systems s very important. Air trapped in pIGiNgG Systems which are pressunzed 10 reactor
pressura. can result \n very high iocal concentrauons of oxygen in the water Jue !0 the mgh parual pressure of oxygen

The following oxygen control technigues were considered but were not included 1n the recommended oxygen centrol
scheme ‘or the reasons naicates
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2.4 Thermal Deaeration

In this technique. water is heated tc its saturation temperature, usually by direct contact with steam in a tank, then
@ther sprayed, or allowed to spill over an array of trays, while steam sweeps out the noncondensible gases. The steam inthis
mixture is then condensed while the noncondensible gases are allowed to vent 1o the atmosphere. Deaerated water axits
‘rom the boftom of the tank. In essence. the partial pressure of oxygen is reduced by increasing the parial pressure of water
to the point where it is equal 10 the total pressure. Spraying the water and scrubbing with steam serve to speed removai of
noncondensibies.

Advantages of thermal deaeration relative ' vacuum deaeration is more compact equipment. A typical 1,000 gpm
steam deaerator system would fit in a space of 26 feet long Dy 11 feet wide Dy 14 feet gh. The main disadvantage 's the
requirement for an auxiiary steam source durng plant shutdown. Most plants have auwiiary botlers ‘or heating and other
purposes. but their capacity might not be sufficient. !n adaition, a reboiier wouid probably be necessary o keep from mixing
the auxiliary coler water with reactor water. Mixing of these water streams would be undesirable for two reasons. The firs: i
that chemicals used in auxiliary bollers carry over with the steam and have undesirabie side effects in a BWR water sysiem.
The second is that an amount of water aqual to the auxiliary boiler steam sSupply to the deaerator would have 10 be processed
Dy the radwaste avaporator to maintain plant iquid inventory constant. Another disadvantage s that the effluent water would
have ' Se cooled, resuiting n the need for a heat axchanger Consequently, a thermal deaerator would not be the most
economical alternative at most plants.

2.5 Chemical Scavaging

Chemicals. such as hydrazine, can be used to remove free oxygen from water. but they usually have undesirable side
effacts na BWR General Electric nas a long range program to evaiuate the use and benefits of adaing chemicaisto the BWR
water system, dut currently no chemical additions are permitted.

2.8 Exclusion of Air

Floanng tank covers or nert gas diankets can be .sed !0 prevent air diffusion nto tanks. A floating tank cover.
Nowever could present a cifficuit retrofit prodlem. Inert ga. diankets might be more aasily retrofitted: however operatng
costs. in terms of gas anc operator time. would De expensive. particularly in 1anks where the level vares greatly anc
‘requently. On the other hand. use of an inert gas dlanket would have the additional benefit of removing oxygen, since the
partal pressure Of oxygen, and thus its solubiiity, wouid be zero.

In most cases. the amount of air entenng a tank s a lowar order of magnitude corpared o other inputs. Thus. air
diffusior at the surface can be compensated by a slight increase in deaerator capacity. It may be desirabie 1o use an inert gas
Slanket in the reactor as a backup system and for MSIV leak testing.

2.7 Hydrogen QOverpressure

8 possiDie 10 use a Nydrgen overpressure in a reactor 10 SuPEress radiolytic oxygen generation rates. However
s techque 's considered impractical for a BWR dunng shutdown conditions.

3. SYSTEM DESCRIPTION

Figure A-1 shows the Dasic system which has been selected to Supply deaerated watar ‘or BWR oxygen control The
Sysiem empioys a vacuum deaerator. 1s previously described. operatngina “udney mode ' on the condensate storage tank
(CST) As expiainec latar n BWR Oxygen Control Procedures, this system is used n conjunction with existing systems to
control oxygen as cesired.

Manitoiging i's an important feature of the pioing arrangement. One manifoid coilects all the aerated water nputs to the
system. whie the other supplies deaerated water outputs. This arrangement allows the ceaeration system 10 process ail
derated water Nputs prior 1o their antenng the CST. while providing deaerated water outputs with the lowest oxygen content
Atthe same time. overall system operation is simpiified since Geaerator fow rata need not exactly match input or outpuliows.
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Steacy-state demand for deaerated water is supphed directly from the deaerator at 0.05 ppm oxygen, and the CST is
maintained at 0.2 ppm oxygen to suppiy high flow. short duration cemands (e.g., backflushing of a condensate de-
mineralizer). The CRD connection is arranged so that the CRD system has first priorty ‘or water with the lowest oxygen
concentration

A 25-micron. cartndge-type filter is recommended in the deaerator iniet piping to prevent fouling or radiation buildup in
the deaerator. A bypass s provided !0 allow on-ine replacement of the filter if necessary

A cnarcoal filter is required to ramove radioactive isotopes of iodine from the vacuum pump discharge flow. Consistent
with the design basis. 100,000 uci/sec off-gas release rate (at the SJAE). an estimated 0.6 . Ci/sec of iodine isotopes would
be discharged ‘rom the vacuum pumps. A decontamination factor (O/F) of 100 or more is necessary 'o reduce this to an
acceptabie release rate. A charcoal filter with a bed depth of 6 inches will provida a O/F of 1,000 or more, assuming suitable
humaity conrol is provided The steady-state flow rate is about 3 1o 5 ¢fm for a 1.000 gpm deaserator. A filter bypass valve
may De required to handle the deaerator startup air flow rates. Discharge from the filter siiould be routed 0 an existing
Sulaing vent wnere it can be monitored before being reieased to the atmosphere.

Aacitional connections, as shown, are required between the CST and the condensate-‘eedwater system. Dunng
Dower operation deaerated water /s supplied from the condensate-feedwater system and the vacuum deaerator is not
required to be in service. Dunng plant shutdown, water rejected from the notweil to the ST is aerated anc must be processed
Dy the deaerator. This differance requires that connections from the condensate-'eedwater system be reverseq in going frorn
shutdown to power operation. For power operation. vaive F019 s cpened o allow water from the aeratad water manifold tu
‘low into the condenser hotwael!. The hotwell level control automaticaily opens the notwell reject vaive and gelivers deaerated
~ater 10 the deaerated water manifold. Dunng shutdown. vaive F018 s opened 10 allow aerated water to be pumped out of
the notwell to the aerated water manifold. From there, it is processed Dy the vacuum deaerator

Figure A-3 snows another possibie arrangement for a vacuum deaerator system. The mzin difference is that piping to
the various systems s connected directly 10 the CST instead of a manifold. This arrangement recuires’that the water in the
CST ce maintained at less than 0.05 ppm. To accompiish this would require all water 1o be deaerated pror 1o entering the
CST. resulting in a very larqe deaerator to handle peak input tlows. In addition, 3 means for exclugding air from the tank (e.g.,
‘lcatingtop. \nert gas blanket) 's necessary. Recovery time from a deaeraticn system breakdown would be very long 20ssibly
necessitating regundant vacuum deaeration systems. Consequently, for most plants the arrangement in Figure A-1 s
propbadly the most economical

4. BWR OXYGEN CONTROL PROCEDURES

The following s a discussion of BWR oxygen control procedures and processes that are used dunng sanous pilant
operatng modes. Vacuum deaeration equipment is used principally dunng plant shutdown, while certain operating proce-
Jures angd existing plant characteristics. as descnbed below. control oxygen durnng other piant modes
4.1 Power Operation

4.1.1 Deaeratea water s supplied tc the CRD system from condenser hotwell reject or from the vacuum deaerator

4.1.2 The balance between inherent BWR oxygen production (radiolysis) and oxygen removal (Doiling) processes resuits
n reactor. recirc. ana RWCU water being maintained at 0.2 to 0.3 ppm

4.1.3 ‘Water n the cundensate-feedwater system 's deaerated Dy the main condenser

4.1.4 The gdead lines attaching to the reactor vessel are deaerated by thermaily-nduced circulation of reactor water
'Hrougn hem

4.1.5 The concensate storage fank 's maintained Jdeaerated Dy the main condenser or va-uum deaerator
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4.1.6 Congensate ana RWCU demineralizer vessels are filled with deaerated water from the CST following a backwash or
resin replacement. This prevents or minimizes oxygen transie. 's when these filters are placed in service

4.1.7 ECCS systems are “layed up dy filing the piping between the injection vaive and the pump check vaive with
Jeaerated water Water in these systems s then pesiodically sampled and flushed. it necessary, to maintain oxygen at less
than 0.6 ppm

4.2 Shutting Down

4.2.1 The RHRA system is drained, flushed. and filled with Jeaerated water rom CST prior to placing it in the shutdown
cooling mode

4.2.2 Whenthe shutdown cooling system s piaced :n service (reactor temperature 350°F, pressure 135 psia). the reactor 's
Jeaeratad Dy venting while the reactor pressure 's greater than atmospnenc. The head spray may be used o irprove
deaeration efficency. Condenser vacuum 1s maintained as lorg as possible. perhaps by using the mechanical vacuum
pUMpP. in order to deaerate ‘eecwater being suppiied to the reactor Water level in the reactor should be brought up to the
upper limit of the normal range.

4.2.3 When it becomes necessary 1o break vacuum in the condenser. the CRD pump can de used !0 supply deaerated
waler 10 rnainfain water ‘evel \n the reactor

4.3 Shutdown with Reactor Head in Place

43.1 When reactor pressure reaches atmospheric. a flow /0op between the CST and reactor vessel. as shown in
Figure A-3. s astabiished. Deaeratec water from the CST s supplied to the reactor via the CRD system, and the condensate
ranster-AHR-‘eedwater systems. In the latter path the condensate ranster system uses flushing connections on the RHR
system. and the AHR system connects 1o the ‘sedwater sysiem. which. in turn, connects to the reactor vessel. (In BWR/3
ana BWR/S. the RHR system discharges into the reactor recirculation piping.) To maintain constant water lavel, water is
rej|ectac Dy the reactor waier cleanup system !o aither the main condenser or the radwaste system From there, water s
returned to the CST. compieting the cycie.

4.3.4 Asmail low through each of the ECCS lines 's estadiished by ogening the valve in the test connection and deaeratec
~ater supply. as snown in Figure A4 Deaeratec water 'rom the CST then flows through the ECCS Iine into the vesse!, thus
maintaining the water n these ines deaerated

44 Preparations for Refueling

Preparatons ‘or refueling depend on plant type (Mark | Il or IIl) and water management scheme For Mark | and ||
waier rom the CST or refueiing water tank s used to bring the reactor to retueling level andto fill the aryer/ separator storage
pool in Mark /1l the upper pools are normally full and the reactor weil must be drained 10 allow removal of the arywei! heac
APV nsulation anc head. Water ‘rom the CST or refueling water 'ank s then used 1o refill the reactor weil Specific operating
procedures are as ‘oliows:

441 Water n a special refueling tank (if proviced) 's deaerated pnor 1o the outage Dy the vacuum deaerator or main
congenser Water n the CST is maintained deaerated n the same manner as descnbed previously

442 The reactor well 's drainec 0 the main condenser and stored temporarily. Later. this water 's processed through the
vacuum Jeaerator to the CST (Marx Iil only)

4.4.3 After the reactor head is removed. the reartor 's Orougnt upto refueling level The preferrea way 1o do this wouid be 1o
use tie HPCS, or other ECCS pump having a connection to the CST (this system should be thoroughly flushed before
commencing the “lling operation) This method 's preferapie to using a refueling water pump that Jischarges nto the
Sépara.or cryer storage pool of reactor well. since aeranon prodblems would be min.mized. Surface agitation /s mimmized
ana "low 1$ out of the vessel nto the pool. 3cth of which favor lower oxygen leveis in ‘he reactor
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4.5 Retueling Shutdown

4.5.1 When the reactor has been brought to refueling level, a flow loop between the reactor and the CST i~ established as
st.own in Figure A-5. Deaerated water is supplied to the reactor through the CRD and condensate transfer systems as during
a shutdown with the reactor head in place. This resuits in a net flow of water out of the vessel into the upper pool, over the pool
weir and into the fuel pool system surge tank. The flow of water into the fuel pool system causes the surge tank iavel 1o
increase. The surge tank level instrumentation detects this increase and automatically ~0ens a valve that returns water to the
condensate storage tanx.

452 The ECCS lines are flushed in the same manner as during a shutdown with the reactor head in place.
46 Recovery from Refueling

4.6.1 Drainreactor well (and dryer separator storage area for Mark | and I1) to the main condenser hotwell or refueiing water
storage tank Process water drained 1o the hctwell through the daaerator to the CST

4.6.2 Estapiish a gdeaeraton flow loop with (ne reactor as descrbed in “Shutdown with Reactor Head in Frace.”

4.6.3 After reactor head 's instalied. perform hydrostatic test. Stop rejecting water through RWCU as necessary o bring
level up in the reactor Isolate the RHR system and pressunze reactor vessel using the CRD system. Control pressure by
dalancing RWCU reject flow against CRD flow.

4.5.4 After compieting the hycrostatic test and restarting the RR system, bring water in the reactor down to normal level by
requcing CRD flow to minimum, stopping condensate transter flow to RHR, ¢d rejecting through RW TU at maximum rate

4.6.5 Refll reactor well directly from CST or refueling water tank. Water does not have to be deaerzted (Mark 11l onty)
4.7 Starting Up

4.7.1 Assoon asreactor water temperature reacnes 212°F the reactor is deaerated by venting as was done curing shuting
down

4.7.2 Fiusning of ECCS lines can be stopped when reactor water temperature axceeds 212°F

4.7.3 Vacuum inthe main condenser 's astablished as sour as possibie 1o deaerate the feedwater The 'eedwater system
cleanup ine. which returns feedwater from downstream of the high pressure feeawater heater 10 the condenser hotwell. s
used 1o raciitate deaeration and cleanup of the feedwater

4.5 Off-Normal Conditions

The ‘ollowing procedures minimize the possibility of exceeding maximum limits due 0 faliure of deaeration system
components

4.8.1 Puortorm routine and preventative maintenance of the vacuum deaeration aguipment during plant power operation
when deawaton can be provided Jy the condensats-‘eedwater system. This minimizes the probability of vacuum deaeration
2guipment ‘allure

4.8.2 Mantar an nventory of deaeratad water in the condensate storage tank. if the vacuum deaerator becomes
noperative. continue the deaeration process using this water. For either the reactor-head-on or refueling modes, reject water
througn RWCU to ragwaste or the notwell. holding the water there as long as possible. Stop any other inputs of aerated water
tothe CST Stopthe fow of water from the CST to the vessel when the oxygen concentration in the CST becomes nigher than
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4.8.3 Run the reactor recirc pumps or RHR pumps at minimum flow 10 MiNiMize air absorption in the vessel
4.8.4 Mantan the reactor coolant at a higher temperature to reduce oxygen soiubility and buildup.

4.8.5 Anaiternate toitems 4 8 3 and 4 8 45 '0 place an inert gas blanket in the raactor 1o prevent air absorption while the
deaerator 'S out of service.

5. OXYGEN SOURCES
In general, there are three source: ' oxygen to BWR water system as foilows:
5.1 Fadiolytic Oxygen

Oxygen 's generated in the eactor. and in piping where there is a significant radiation fieid. Dy radiolytic decomposi-
tion of water “ on the dest availadie test data, the oxygen generation rate in a reactor is 0.00014 scfm/MWE or less
during shutdow: 0 1g) conditions. Sadiolytic oxygen generation rate ¢ inng normal operation 'S much greater
(002 sc!m/MWY), . . Iy due 10 the boiling process which strips away oxyger defore it can recompine with hycdrogen.

Raaiclytic oxygen generai.2n outside the reactor vessel may occur in pipr g in the vicimty of the reactor core. but s
éxpeciec to De quite small. particularly dunng shutdown, alihough a possibility @ 1sts for oxygen to accumuiate in iocalized
areas. Dunng plant power operation, thermaily-induced circulation of reactor v ater through critical portions of this piping
prevents such an accumulation. A small flow of deaerated water will preciuze this possibility dunng shutdown.

5.2 Oxygen Transport

Oxygen transport from air into pools of water can Se cescnbed as two processes: (1) diffusion of oxygen into the water
surtace layer. and (2) mixing of the surface ‘aver with the builk water

The relatively low mixing flow rates which occur in the bodies of water of Interest in this report, result in the mixing flow
rate Deing the controlling factor. At mgher flow rates. oxygen aiffusion into the surface layer may be controlling. if there 's no
mixing, ransport of oxygen nto water by diffusion alone occurs at a very siow rate. One hour 's required ‘or the ‘irst
2 miimeters of water '0 become saturated. and saturaton to greater cepths 'axes place at exponentiaily siower rates

Sotving Equation (1) deiow will provide an astimate of the oxygen 'ransport rate nto the water The mass transter
coefficient (K) in Equation (1) is very difficult to determine theoretically, and it s recommended that the empinical Q'Connor-
Doooins reaeration coefficient. which is widely used 0 approximate the reoxygenation of streams and lakes. be used.
Equation (2) defines the O'Connor-Ooobins coefficiant.

Q = KApC (1)
where
Q = amount of oxygen entering the water .:/hr)

A = surface area %9

o = gensity of water (Ip/ft")

O

= sOlubility of oxygen in water (Ib/Ib, see Table A-1)

K = mass trransfer coethcient (#/hr)

<= 3" POCR pricmny
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where

DO = affusivity of oxygen in water (H2/hr. see Table A-1)

G = average siream velocity (ft/hr)

h = average stream depth (%)

Tabie A-1
SOLUBILITY AND DIFFUSION OF OXYGEN IN WATER

Temperature (°F) 80 L 190 120 = .. e =
Diftusivity (17 x 10%) 6.7 8.2 120 15.0 19.0 225 266 314
Solubility* (ppm) 9.9 80 6.7 56 47 < 1 4 28 1.9

'Scuuryaomm.-mwma“vu e at 14 89 pma.

5.3 Inputs of Aerated Water

Depending on the System. there may be various inputs of aerated water This water can contain up to the saturation
quantity of oxygen, which for water exposed 1o ar. is a function of water temperature as shown i1 Table A-1 above

6. SIZING CONSIDERATIONS

Oxygen removal rate from the reactor system is ¢ wual to the gifference between the niet and outlet oxygen
concentration imes the deaeration flow rate through the reac... “vstem. Iniet flow to the reacior system from the deaerator
has an oxygen concentration of 0 05 pam or less. Exit flow from tha reactor may De assumed !0 be the average reactor
System concentraton of 0.25 ppm. The Oxygen removal rate must aqual the source rate f equilibnum conditions are o be

maintaned. The major sources in the reactor are raciolytic oxygen produced by decay energy in the reactor core. diffusion of
ar at the water surface. and inputs of aerated water

Raaiclytic axygen generation rate for a 1500 MW reactor 1s about Sx10-? setm 4 hours after reactor shutdovin This
rate Jecreases with ime after shutdown in proportion to reactor decay energy To balance radiciytic oxygen production
requires a ceaerator flow rate through the reacter of about 250 gpm_ It s estimaied that an acaitional 30 gpm 1s required to
dalance ar aifusion. giving a total required flow rate of 300 gPm through the reacter system. The total required deaerator flow
rate 's Jetermined by a numper of ‘actors Inciuding the fotlowing:

6.1  Required resctor system flow rates ‘or vanous shutdown modes (@ 3. reactor head on refueling)

6.2 Flow rate required to maintain the concensate storage tank at 0.2 ppm Oxygen to provide 'arge volumes of Jeaerated
water ‘or filling and lushing systems. If no means is provided to exclude arr from the concensate storage tank, a deaerateq
water fow rate thraugh the tank s required to account for air gifusion. In aadition the Jeaerator shouid have the capacity to
process any sustained inputs, or combination of Nputs of aerated water. before they enter the CST 1t $ much more efficient
10 ceaerate ‘lows of air-saturated water before they enter the CST and mix with low oxygen water About 25 times as much

‘ow-cxygen CST water must be processed ‘o remove an amount of oxygen aguivaient to that 'n an ar-saturated water
volume

83  Depenaingon water management scheme. there may be a refueiing water tank provided of a3cher g where water ‘s
rainecto. ana temporanly stored in the condenser notweil. Deaeration of this water must be factored ini; the sizng basis

t's estimated that a typical BWR/6-238 Mark (Il piant wifl require a deaerator capacity of 600 to 800 gpm
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