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! ABSTRACT

This reportpresents data and evaluates benef:ts cf maintaining low oxygen concenwa-,

cons in the pnmary coolant and cther water systems of the Oorling water reactor. There
accear to be substancal technical benehts on terms of reduced matenals corrosion,
parucularly stess-ccrrosion cracking, and in reduced plant contamina0cn. However,
itis cifficu:t to quansfy these benet:ts. due to inadecuate field failure data, ana |ack of
matenaltest cata at amboent andintermeciate temperatures. Control cf oxygen cunng
snutdown. startup. and other plant transients appears feasible, and a system for
controtting oxygen dunng thsse plant moces is descnbed.
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1. INTRODUCTION

The Nuc! ear Regulatory Commission's (NRC) report on cracking of stainless steel pipe in Boiling Water Reactors
(BWRsp recommended investigaton of better oxygen control along with recommended use of a: ternate matenais, better
weiding procedures and joint design to reduce residual stresses, and desgn and operehng mocfications 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). Hign oxygen concentraton in the pnmary coolant dunng shutdown and restartis one charactenstic of such
a shutdown Cycte. Dunng a restart, oxygen Can be trapped in crevices and low flow lines, such as Core spray pipes, and high
concentratons of oxygen may exist in such places for a sgnificant penod of t;me after the bulk coolant oxygen concentrations

have decreased.

A number of programs have a! ready been initated by General Elecinc to deal with matenals problems sucn as
stainless steel ppe cracking, control rod dnve (CRD) matenals defects, and feedwater nozz!e and sparger cracking. These
include removal of the rec;rculation system bypass line, changes to the CRD return and succon lines, replacement of core
soray lines, matenals changeout of CRO parts, and recommendatens for pnmary system venting 2 Welding procedure
improvements and other improved process and quality control requirements, as weil as special design stress rules to prevent
stress-cr'ros2on cracking, are being impiemented. Other improvements to ennance BWR reliacility and performance are
beinginvestigated and evaluated. Many of these solutions, however, may not be possbie or feascie for operatng BWRs or
BWRs now under constructon. On the other hand, oxygen control appears feasbie for these and future piants.

Oxiczing agents, such as oxygen,in combinaton uth susceptble (sensitzed) matenals stressed above yield, can
cause stress-corrosion cracieng. Residual stresses from welcng may be present at all times, and dunng plant startup, hign
thermal stresses are sucenmposed. These stresses and a corrosive enemical environment can be suffic:ent to cause
stress <orroson cracking. 'he et'ect of temperature. however, has not been weil quantfied. and an extensve test program is
in progress to evaluate more exact!y the magnitude of stress-corroson and corroson fatgue cracxing in environments
simulatng current BWR shutdown and start-up conctons.

A venfiable cost-beneht analys:s of BWR oxygen control cannot readily be made at this time. Available data is
:nsuncient to accurately determine held failure rates of vanous matenals and components, or the extent and impact on plant
availacil,ty and coerating costs. However, the test resutts at hand indicate that the benefits could be substantial, partcuiarty
'or those piants anere retrofitacil:ty of matenats and parts +ixes is limited.

A general discussion of matena and plant radiation prootems associated with oxygen, and a descrotion af typcal
BWR water enemistry dunng various oiant modes is presented in Secton 2. Resutts of matenals tests and evaluations of the
ef'ects of oxygen are presented in Secten 3. Effects of oxygen on electrochemistry, and the sgnificance of electrocnemistry
relatve to corrosion are escussed in Secton 4. Secton 5 summanzes the resu!ts of the study and presents the General
E!ectnc recommendatons: while Section 6 lists the main conclusions denved * rom the study. Appenex A desenbes a
ceaerat:on system for a typical BWR and outlines oxygen control procedures.
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2. GENERAL DISCUSSION

The followifig discusses results from past and present studies in the areas of matenals performance, plant tests,
desgn improvements and plant chemistry relevant to BWR matenals problems and improsements.

2.1 MATERIALS PROBLEMS

A summary of major BWR materials problems, which coolant oxygen control (deaeraton) may reduce, therecy
improving plant availability and reliacility,is as follows:

1. Stress-corrosion crack ng of weld senstized 304 stainless steel in pipng compcnents.
2. Stress-corrosion cracking of sensitzed 304 stainless steel in the CRD system and reactor internal parts.

3. Pitting and corrcson fatigue of carton steel poing systems inclucng the core spray.
4. Correston fatgue crack propagaton of A508 steelin feedwater and CRO hydraulic return nozz!ss.

5. Piant racaton buildup on out-of-core poing and equipment surfaces and operator racaton eusure.

Other pctential prooiem areas of concern where oxygen control may provide added margins include: crevice-
corrosonunduced stress corrosion craciung in inconel-600 components such as safe ends, and in inconel-X750 and 304
staintess steel bottng and sonngs; and stress-ccrrcson cracking of 304 stainless steel feedwater sparger components;
neutron flux monitor tubes; and corrosion of certain hardfacing surfaces.

A cntical 'act established * ' rom the hmited field failure statistcal analysis done to date, is that the frecuency of
stress-corrosion crack failures ceserved in certain BWR piping correlates with the numDer of plant startups Icl/cwing plant
shurcowns exceecing 24 hcurs. This suggests that transients in the matenals environment and stress cycles are crue:al
' actors. The key mechanisms of failure identfied in these cases include stress-corrosion cracking, corrosion fatgue, and
crevice corrosien init:ated stress-corrosion cracking. Three vanacles (see Fgure 2-1) can be altered,in pnnciple, to reduce
such matenal failures, i.e., (1) Metallurgical concton (sensitzation), (2) stress intensity and/or strain-time profiles, and

(3) cnemical environment.

It 's poss.bte to alter the metallurg cal conction by seiectve parts replacement. This is being done, to the extent
oractcal, for a limited numt:er of hign f ailure rate components,inctucng sems ppes and some controt rod dnve components.
It is also cossbte and technically 'easible to alter it'e thermal-plus-pressure cyctic stresses on some components in existing
p! ants. Suen re refits, hcwever. are cfficult and expensive. Altenng the enemical environment by controiling oxygen appears
to be more practcal and ef'ectve, partcularly for existng plants.

Mgn cyc!e thermal 'atigue induced by not and cold water turculenceinitiates the cracking ooserved in the feedwater
nozz'e and centrol rod cnve hycraulic return nozzle blend raci. Propagaton of these cracks through the nozzfe ctadding and
:nto the A508 base metalis due to high pressure and thermal stresses encountered cunng eacn reactor startup.' Since the
cracx:ng is prc::agated by a corrosion f atgue mecnanism. Iower oxygen content in the water dunng startup should reduce the
amount of propagaton dunng eacn cycie. Furthermore, the higner pH resultng from cootant ceaeraton will tend to lengthen
tne tme-to 'ailure by stress-corrosion crack ng. Results of constant extenson rate test (CERT) in inert (argon) atmosonere,
low exygen water ana a r-saturated (6 to 8 ppm oxygen) water demonstrate the very Sgnificant influence of oxygen on the
stra:n-to failure 'or stainless (Type-304) as weil as low carbon (A508) steels (see Fgures 2-2,2-3 and 2-4).

Crevice corrosion rs(s in both inconet and stainless steel can be reduced by cesgn of components, but may not be

eum'nated. Oxygen control by deaeraton will minimize crevice corros on snee the eiectrocnemical envir g fcrce between the
sur' ace and the crevice !:0 mil be srgnificantly reduced. and the pH will be beneficially higher, because of less air cssolved in

tne *ater.

The generat corrosion and pittng of matenals of constructon, partcularty carton and low alloy steels is a marked
functon of the oxygen concentraton in the water. The low temperature, hign oxygen, stagnant water wnicn now exists cunng
snutcown and system !ayuo. provices concitions that promete accelerated general and pitting corrosion of carton and low
alloy steeis (see Fgure 2-5). Scme et*ects of general corres.cn inctuce higher foads on the racoactve waste treatment
system. reduced vis:bility f or refueling and in-vessel servic:ng, and increased fouling of heat transf er surf aces O nctucing fuet).
The edect of

Pittag corrosion is a recucton in fatgua hfe, since fat:gue cracks are known to initigy y? ( " pq sites @+E fe W!
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2.2 PLANT RADIATION

Cther important benefic:al effects of crygen/ hydrogen peroxide control in the BWR coolant are assoc:ated witn
racologcal aspects. Racoactve ioenes in water containing high oxygen and hydregen peroxide can be oxiczed to
chemical forms which are more volatde and less amenable to removal by ion-exchange methods commonly employed. In
adction. carbon coxide in aerated water taxes the ion-exchange capac:ty of the filter-demineralizer res;ns used in the
reactor water cleanup system. The overall effect is to increase racoactve contamination and operator racation exOosure
tevels. Shutcown deaeraton for oxygen controlis expected toreduce airborne contaminaton levels, end thus improvo plant
refuehng and maintenance outage cnDeal path penods.

Acuvated cobalt (Co-60) resulting from corrosion of plant structural and wear matenals has been identfied as a major
source of in-plant operater radiaton exposure, and a contnbutor to waste actvity. The Ngh intens;ty racation that can result
from depos; tion of actvated coba!! on certain reactor system pp ng and equipment surfaces causes Officulty in perfuming
maintenance work and may, therefore, extend plant outages or result in the need for larger maintenance staf's to per ermd

CritlCal jobs.

The beneficial ef+ect on racaton buddup by oxygen / hydrogen peroxide removal may be twofold: (a) reduced
ava:labihty of source r,atenal for actvaton cue to reduced corrosion of matenals, anc (b) reduced transport /deocsition from
the core repon, wnere actvaton takes piace, to out-of< ore sur' aces wnere the actvity depos;ts. The amount of corrosion of
BWR structural cr wear matenais wnicn contain cobait as an impunty, or as an alloying element, depencs on the oxicat:ve
nature of the ccotant.

.

Thus steilites. which contain as mucn as 50 to 60*. cocalt. corrode and wear more in high oxygen water than in
cegassed water. These corrosion products are subsecuently subject to acavaton in the core regon. or may already have
teen acavatec in-place (viz.. CRD pins and roIIers. and Inconel fuel clips and sonngs), depencng on the location of the
matenal in the plant.

- --- - - _ __ _ _ _ _ _ _ , _ _ -- - - -

The mecnanisms involved in the vansocrt and depos: ton of actvated cocalt are complex; however, the coolant
enemistry accears to play a key role Althougn not fully understood at this tme. t is beheved that hign concentrat: ens cf
cxygen and ,ycrogen peroxice cunng shutdown may be a s:gn:ficant factor. The coolant concentraton of sotuo!e Co-60 is
<nown to increase by orcers of magnituce cunng snutdown. It is postuiated that Co-dois ossolved from in-core surfaces oy a
ccmcinat on cf hign oxygen and hycrogen perex;de concentratens and thermai solubility etfects. and is later transoorted to,
anc ceces.ted on onmary system surfaces.

2.3 BWR MATERIALS ENVIRONMENT

To beher understand the BWR environment anc its influence on matenais. .t is useful to bnefly cesence the chemical
cnaractenst.cs of the BWR coolant cunng vancus plant conctons.

Durn 9 normal piant coerat on. the bulk onmary coolant is rnaintainec at a near neutral pH, with oxygen and hydrogen
presert n stoicniornetnc puant:tes at nominal leveis of 0.2 com oxygen and 0.025 ppm hycrogen. These cenctions are
ma;rta;nec ey 'nnerent mechanisms cf racolysis, steam sinoping and water-steam pat. toning. Dunng shutdown, wnen
naturai cxygen removal processes cease exygen concentraton increases to a saturation value v 3 to 6 ppm frem racotys;s.
acsorot'en of a.r. and input of aerated water from the CRD system.

in accten to c"erences :n oxygen levets. there are a number of other significant of+erences in coolant chemistry
tetween normal cperaton and Outcown. Hycrogen 65 nct present in stoicniometnc quantit:es Mtn oxygen. whicn
nereases the matenals ccrrosion ef*ect of oxygen. Racolysis of water at low temperature (s200*F) etn excess oxygen 7

prccuces nycregen peroxice. a strongly ox:cz:ng agent whicn further increases the corrosien potential. Care en dicxide from
a r s acsorced in the ccosant, forming carbonic ac:d which increases ac:cty and corrosion. Dunng piant restarts, nitric ac:d
may be produced loca;ly ' rem the interacton between neutrons and cssolved nitrogen. +urther ncreasing ac:cty and
acceterat;ng corres.cn. partcularty -n crevices.

.r
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The proposed oxycen control (deaeration) system, as desenbed in Appendix A, would minimize the concentratons of !

all dissolved gases and hydrogen peroxide, and thus would matenally reduce the corrosive effects resutting from shutdown

water enemistry.

To determine tns need for deaeration of the pnmary coolant dunng plant transients. such as startng up and shuttng
dawn, calculations and plant measurements were made to characterize these transients with resoect to oxygen. nitrogen.
carDon coxide, pH and other water chemistry parameters. It was found that operational procedures can be implemented that
wdl eliminate nign oxygen wnen the plan;s are in het standby or being shut down. These procedures mainly include ventng of
the reactor to maintain saturated water condtions with low solubility for oxygen.3

Dunng plant startup without shutdown deaeraton, the coolant oxygen levelis normally high dunng most of the startuo
even with proper ventng. With snutdown deaeraton and proper ventng procedures, oxygen concentracons would remain
low in all parts of the system, including stagnant lines. This is espec: ally important because of hign stresses that exist dunng

startup.

2.4 BWR PLANT CHEMISTRY TRANSIENTS

in add: ton to normally expected chemistry changes caused by vanations in plant conctons. i.e., startup, snutdown.
normal coerabon and het stancby, there are several other types of chemical transients that may at*ect the BWR coolant
enemistry. Suen transients include ion-exenange resin intrusions, main turoine condenser tube leanages and res: dual neat
removal (RHR) heat exchanger failures. The magnitude of these transients vanes in duraton and seventy, rangmg from a few
hours to weexs at low pH. hign chlonde high sulfate and other chemical species.

. . . . . . . . . . . . - . . . . _
, . . . _ _ _ _

. . . . .. - . _ _ .

,

intrusion of ion-excnange resins has occurred on a number of occasions at several BWR plants. Chemical degrava-

ton of resins oy neutron flux and temperature croduces sulfunc ac:djrtthe reactor, resuiting in low pH and a very corresive

matenal environment. partcularly when high oxygen concentra'.:cns are present.
. - . . . .

... . . . _ .

Condenser tuce failures occur peneccally and, deoending on the scurce of the condenser cooling water and ;ts
chemical composinon, the impuntes (scecies) and amount that enter the reactor can vary between hign (several opm)
cniende to a mixture of nydrocntene ac:d. sulfunc ac:d sodium sulfate. caroonates, fluondes. and other enemical
compouncs.

In the case of RHR system neat exenanger tube failures. the cooling water can enter the reactor directly without the
Ntrat:en or partal demmeranzaton whicn affords some cratecton against main tureine condenser tube leaks. Thus, nign
socum cnionde leveis in the reacter nave resuited from RHR heat excnanger f ailures in piants utilizmg seawater or bracn.sh

water for ptant cociing.

The acove types of transients typically occur dunng, or as a result cf. startup ooeratons. For example. the introduccon
of resins into the reacter may occur wnen the reactor is snut down. but degradation only takes p! ace after a significant core
neutron ftux :s esta0iisned. and/or when the temperature increases. If, dunng this t:me penod, the coolant also has a hign

oxygen conter't, all the aggressive "ingredents" for stress-corrosion crack mitiat:cn and propagaton are present, and can
cause s:gnificant damage. In the case cf condenser tuce teakage. the situaton is simitar. and plant operatmg reports snow
that piants nave excenenced such proclems with several parts per million enlonde in the reactor water. In one such inc: dent.

sign.ficant damage cccurred to several stainless steet reactor :nternal components. inctucng the neutron monitonng sy stem.

No cirect correiation has been made. however. Oetween pipe crtcking and significar t piant chemical transients
cecause the avada=le reports on sucn occurrences are scarce and incomorere. and the effects on the mater:ats may be
centr:cutive to cracking ratner than the pnmary cause. Deaeraton dunng snutdown would s:gnificantty reduce the aggressive ,

|cera=maton of nign cxygen and cniendes (and etner enemical spec:es) that have eeen shown to at'ect stress-corros.cn
cracx:ng

i
i
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3. MATERIALS TESTS AND STUDY RESULTS

3.1 INTERGRANULAR STRESS-CORRoslON OF STAINLESS STEELS

Four independent studies ***'' have shown that the intergranular stress-corroson cracking (IGSCC) of austenitic
staintess steel under a constant or increasng load is a strong functon of dissoNed oxygen content at reactor temperatures
(550*F). Intergranular failures have been reported in as httle as 0.2 ppm oxygen. but neve, in degassed systems."'8
References 8 and 9 bcth show that decreasing the dssolved oxygen content from 10 ppm to 0.2 ppm results in an increasa

samole lifetime under constant | cad by a factor of about 40 to 60, as shown in Figure 3 *, This increase is essentaa,
independent of stress level.

Tests under constant displacement rates'' at three oxygen levels (all other conditions constant: 550*F high punty
' lowing water, same heat of material senstized at 1150*F for 24 hours) show that the reducton of area and percent
elongatons are an averse functon of the oxygen content of the water (i.e., the more oxygen dissoNed in the water, the more
"bnttie" the sensitzed stainless steel). The sample appearance also shows a direct dependence of oxygen content, with the
amount and seventy of cracks increasing uth increasng oxygen content. (The constant exter. son rate test shows
environmentalinteraction with mecnanical behavior with a reduccon in strain to failure and a change in the failure mode
between environmental and air control samcles.) These resutts are summanzedin Table 3-1. An independent senes of tests
uth two dif*erent heats of stainless steel confirm these results. Figure 2-2 shows the results for fumace senstzed matenalin

air saturated ve sus 0 2 ppm cxygen water at 550*F. The reducton in failure strain between the two cases is large. Figure 2 3
snows the results from tests with the same matenalin the "as welded" condition and a mild " aging" conditon. Again. the
same trend is folicwed with air-saturated water causng a marked decrease .n strain to fatiure.

Table 3-1
CONSTANT STRAIN RATE TESTS'a ON

SENSITlZED STAINLESS STEEL IN 550*F HIGH PURITY WATER
WITH VARYING OXYGEN CONTENT

Oxygen Content RA* El* Comments
(ppm 0 ) (%) (*.)2

Argon Ccntrol 60 27.4 1. Completely ductie.
<0.1 (steam) 55 31.5 2. The lower the RA and
< 0.1 50 29.7 El, the more unttre the
0.2 27.4 39.5 fracture behavior.
35 to 40 13.6 21.0

E

All tests were run on the same heat (No. 8-1658), anneated for 1 hour at 1950*F and
sensitzed at 1150*F for 24 hours, and tested at a strain rate of 1.3x10~ in./in./ min.

AA neouccon e ocas seccona aru of rest sosomen
- El = Eionganon of test soecmen.

The ef*ect of oxygan centent on the cracxing susceptbility is prooably twofold. First. at |cwer oxygen !evets, the
oxygen reducton kinet:cs a e procaoly strongry dependent on the dissolved oxygen content. At higner levels, the rate of
oxygen arnval to the crack s.t 9 is limited to the oxygen diffusion rate. thus failure times are in istive to oxygen leveis acove
me range et -1 to 3 ppm oxyge i Secondly, the initiaton steo is procably a strong functon i axygen content. As reported in
Aeterence 8. tnmatior' begins a* the second phase partc:es located at grain boundanes (e.g., btanium caroides, mangarese
suifices) By either mecnanica strain. parnal dissolution or a ccmbinacon of botn. a crevice deveicos between the partete

b h hk"
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and the material or in the region previously occupied by the partic!e. The oxygen Content has a strong effect on both the
dissoluton rate of the second pnase partetes and the chemical kinetics of the crack formaton. An order of magnitude
increase in oxygen content would greatly increase the kinetics and the seventy cf the crevice chemistry.

Arter intt:ation. a prcpagat:ng crack establishes a crevice chemistry. The rate of propagation is a functron of the
seventy of the crevice chemistry. As can be seen in Fgures 3-2 and 3-3. both the time to initiate a crack in a crevice and the
propagaton rate of a crack is strongly influenced by the oxygen |evel. The hegner the oxygen, the lower the init:aton tme and
the faster the propagaton rate.

3.2 INCONEL-600 STRESS CORROSION

The stress-corrosion cracking susceptbility of inconel-600 is a strong functon of oxygen content, as shown in
Fgures'3-2 and 3-3 from Reference 11. Fgure 3-2 shows that for the creviced condition. both sensitized acc anneaied
inconel-600 have cracx " nucleation" tmes that are very strong functons of oxygen content. Fgure 3 3 snows the same is
true for prcpagaton rates on inconel-600.

3.3 CARBON STEEL CORROSION

Tests at General E'ectnc using a constant disciacement rate in both 0.2 opm and 100 com oxygen water at 550*F in
both plain carton steel and ASC8 C: ass il are ssure vessel steel showed that dissolv ed oxygen plays arumpor* ant rote in crack

initation. In the hign oxygen case. a larger number of cracks irttiated and the cracks were deeper than for the low oxygen
case. These results are summanzed in Table 3-2. They show that the procability of stress corrosion of carcon steel and
pressure vessel steelis mucn lowerin low oxygen waten These results al" nofy that the fatgue crack propagaton rates in
nign temperature water are mos!!:kely a functon of *tte oxygen content, as the camage done cunng each strain event

i

accears to be a functon of the oxygen content. The resuits of these tests nave recently been confirmed incependent:y* by
companng 0.2 ppm oxygen versus air-saturated water at 55C*F for A5C8 C: ass 11 pressure vessel steet as shown in Agure
2-4.

-

Table 3-2
SUMMARY OF CONSTANT D;SPLACEMENT RATE TESTS

ON CARBON AND PRESSURE VESSEL STEELS

Matenal Environment Elongation Area Reduction Rupture Stress Comments
(%) (%) (ks0

CarDon steel Argon at 550"F - 36.8 73 5 Duct:le f ailure

Caroon steel 0.2 com O, in H,0 at $50'F - 34 4 ~3 0 Low censrty
'ransgranuiar cracns

Carbon stees 100 com O, .n H,0 at 5501 - 18.4 68 5 Hgn cens:ty
:ransgranuiar cracns

A508 P essure vesses stee4 Argon at 550"F 11.3 57 9 87.5 DucTe 'ailure
A50e Pressure esses steel 0.2 com O, an H,0 at 550'r 10.2 57 3 90.0 Lcw cense

trar'sgranwar cracas

A508 Pressu e vessee stee4 100 com O, ;n H,0 at 550"F 9.9 48.2 86.5 Hign dens tv
transgranutar craces

Oise.acement rate was suc9 mat pure -ecnancai *anure .n argon 'or both steels occurred borneen 7 6 and 9 nours
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There have been no systemate inv estgations of the effect of cssoNed oxygen content on the kinetcs of faogue crack
in tiation ar d/or propagation rates. However, one can assess the e+fect of oxygen content dunng fayup on the fatgue
benav'or of carton steel. In Reference 13. the fatgue cracks were observed to initate at pts in the carbon steel samples. At
low temperatures. dissolved oxygen plays an important role .n the pittng benavior of carbon steeis " Under stagnant
conctons the lower the oxygen the less the ptting, and some tests' have shown that below a certain (50.6 ppm Cd oxygen
level ptting appears to be avoided. Air-saturated stagnant water at 1N'F provides for aggressive pitting of carbon or low
alloy steel. as snown in Figure 2-5.

i

ISince f atigue cracking initiates easily at pts. one can assum e that low temperature exposure to air-saturated water will
significantly recuce the initiation time for fatgue cracxing over carbon steel layed up in low oxygen water. The fact that !
oxygenated water acceterates cracx growth is in line with the constant extension rate cata presented above for carcon and

'

'ow alloy steeis. One would precict that the oxygen ievel of the water would also affect the growth rate. i.e.. higner rates at |

higher oxygen Contents.

3.4 EFFECT OF TEMPERATURE

!
3.4.1 Stainless Steel

One test program has accressed the ef*ect of temperature on the intergranular stress-corrosion response of
sens t::ed stainiess steelin hign punty *ater.' Sensitized sametes (10U '/20h/ furnace cooled) of wrougnt Type-304 were
tested under ccnstant extension rate (0.03 wis/maa at six temperatures in air-saturated hign purity water. The resurts of
these tests are shown in Tacte 3-3. From these results. one would conctuce that stress-corrosion cracking could initiate
cunng a stress event at temperatures as tow as 250*F and poss;bly as !aw as 200*F Confirming cata on the effect of
temceratures are snown in Figure 3-4 procuced in an accelerated test under constant load concitions in oxygenated hign i

punty aater.

Table 3-3
RESULTS OF CONSTANT CISPLACEMENT RATE TEST

ON SENSITIZED STAINLESSSTEEL'
.f. . - -

Test Temperature Mean Stress RA Failure Time iGSCC

CF) (ksi) (*.) (hr) by Fractography

200 76.5 76.5 120 No*

225 73.0 73.0 159 No*

250 71.4 53 4 116 Yes

300 69 0 53 4 118 Yes

350 68.0 27 8 79 Yes

550 39.5 27.1 74 Yes
I

Test Conditions

a. Sampies ' rom 6- n Scnecu:e 80 Type-304 Seamless P'ce tHeat No. 27388).
D. O sciacement Aate = 0 03 muser.
c. %gn punty, air saturated water (~8 pcm 0 ).2

:: Sampies examined by metailogracny and scanning eiectron wcresccoy (SEM)
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One kncwn BWR 304 stainless steel component has suffered stress-corrosion cracking at a temperature far below
500*F in at feast two separate plants. The threaded portion of the index tube of the CRD mechanism in some reactors is
exposed to aerated water at temperatures in the range of 150 to 250*F The component is severely sens:tized because it is
suo:ected to a nitnding (cracks occurred in unnitriced areas) process dunng manufac:unng and. tous, is expected to be

i

susceptible to stress-corrosion cracking.

There has been another reported fadure" of a reactor component of welded 304 stainless steel wnien never saw
temperatures accve 745'F This failure occurred in a 20-<n. Senedule 10 line of the hign flux beam reactor (HFBR). The
fadure mode was :ntergranular and occurred in the heat aMected zone of a weid. The environmental conctions are hsted in f
Tacle 3-4. The enemistry concitions are somewhat more aggressive than those typical for a BWR because of the nitnc ac:d |
acctions to control corrosion of the ajurrnum core components. However, the pH of the BWR water can be as low as 5.3

cunng layup and startup and certain transients, so the conditions of the H FBR are not crastically cMerent from those that may
be present in a BWR. The clute nitnc ac:d content may also resemble somewhat the nitoc ac:a potentially produced Dy
radiolys:s of dissoived nitrogen in a BWR dunng shutdown and startup conct: ens. The stresses in the we+d area were
calcuiated to be as nign as 16 8 ks: appaed tensde toad (not counting tne weicng residual stresses), so the part was prceacly
icaded on the clastic flow curve dunng operat:en. a conotion thougnt to te necessary Defore IGSCC can occur in the BWR
environment. Both the expenmental cata and the service data c:early inocate that IGSCO of stainless steel can occur at !cw
temperatures n oxygenated environments. Consicenng the eMect of oxygen on crackinitiation and propagation at 550*F. ;t is
covious that fewer oxygen dunng startup, shutdown and 'ayup snould reduce significantly the procacitaty of IGSCO in
stainiess steels.

|

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

l,
i

i

item Concentration |

D 0. . 99.37 i
2

.$ESKIMLc. ;_ c. n . . . . _m 6. ;g,40pmm4

pH .. . 5.0 to 5.2
Chionce .. .410 ppu
Nitrate.. . 330 to 550 000
TurDicty.. ..None througn 20 'eet
Pressure .. . 200 to 250 psi
Pow veloc:ty.. . 37 't/sec to 10 't/sec
Cxygen f ossolvec) . ..t5 to 20 ppm

3.4.2 Inconet-600
I

No excenmental data exists en the eMect of temperature en te stress-corrosion cnacking or corroston 'at:gue
tenawer cf incene-600 between rocm temperature and 550*F Cre reacter comocr.ent 'adure cd occur :n an :ncenel-6CO

comoonent ccerat:rg at 420*F :n a Swecsn reacterM The mater.al sas nignty stressed (over 0.2*. yietat nad residual coid i

norm ind was neavdy sensit; zed. The reason for te fadure was nct weil definec, and caustic crack:ng rather man BWR water
cremistry er*ects may nave been me a:ncutatte cause.

3.4.3 Carbon Steel

I
General E ectre ressts snow Tat seif- caced. * edged-ccening.|cac:ng (WCL) saracies of A508 and A533 at a streis

rters.ty ct K = 50 nsi Onf 2 snowec cracn extens.cn a'ter ccmcined exocsure to simutated BWR conct:ons plus stangna nt |
*ater cenetters. The 'ractogra;ny showed Orancn:ng transgranutar cracks. The test samores were exposed to ?!cwing
s.mu:ated SWA aater 'or 209 cays at 550*F and amorert temperature 14 ::mes. The test ' cop was then 'ayed up utn

r 4
AOG 'di 4

.i40+
3-8 Li~ i

,

$ h .
,

"") %u L A

-.
p



_,g w - umw*~r=& - rwe-w w-- mremw- - -- aw.sa.e. mcmensmwwwwmmer=====

_

N EDO-23631

air-saturated water for 30 t 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 me water contained about 20 ppm chlondes. Thus, the test
cond: tons were severe Doth in terms of stress intensity and environment dunng the wet layup penod. but the results do
inccate that layup under air-saturated conctons should be avoeded.

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

Extensive test work has been done to correlate effect of aggressive anion:c spec es. such as chtonde-ions, on
intergrcnular stress-corrosion cracking of stainless steels. A summary of results from such tests'' is represented in
Fgure 3-5 whien correlates stress-corrosion crack:ng as a functon of dissolved oxygen and cntonde concentrations under
operatng BWR cooiant conctions. This 'igure shows that very httle enlonde content is recuired to produce stress-corrosion
cracx:ng when oxygen is present in quanet.es greater than that corresponding to steacy-state plant operation (0.1 to
0.3 ppm).

Fgure 3-6 snows resuits from tests and corredations''that demonstrate the stress-corrosion cracx2ng effect of aerated
versus ceaerated water as a functon of chronce content of the test water. The effect is expressed as the "cracx.ng index *

(Ic3u) wnich increases as the propens:ty 'or intergranular stress-corresion cracking increases. As snown in the f;gure, the
ef+ect of orygen becomes obvious *nen the matenal 's sensitzed, and particularly dramat c at the higner chronde
concentratons. This consideration becomes partcularly :mportant in connecton with concenser/ heat exchanger tuce
teanages and assoc:ated cooling water intrusions to the reactor. Because condenser tube leakage is di"icutt to determine
dunng plant snutdown and startup, the procabikty 'or cochng water intrusions to the reactor dunng these conctions is nigner
'han normal and at a time when the coolant oxygen content is typcally nign. Theref ore, the nsx of stress-corrosion cracxing
from the entonce-oxygen comoinat:en ,s also nigner and ceaeraton for oxygen control dunng snutcown and startup
conctons would minimize *nis nsk.

Deaeraton dunng startup would also otay an imcortant role in reducing the matenals damage from cemineralizer
res:n breanthrougn and intrusions to the reac*cr. Genera! E!ectnc data and reactor excenence shows that the pH of the
reactor water arter sucn a trans.ent can go as :ow as 3 to 4, and pernaps even lower n locaJized areas. When mese
treakthroughs occur cunng startuo. the comoinaton of ac:cc conct.ons and n!gn oxygen can nucteate intergranular attacx
(IGAL This IGA can then serve as a pre-nucleator 'or IGSCC cunng steady-state operation and sucsecuent startuo cyctes.

The initaton of stress-corrosion cracking in sensitzed stainiess steel :s me "hard step" in estactisning a growing
stress-corrosion cracv. as the required stress intensity (Kc) value is cuite tow.2 Deaeration dunng startup would reduce the
oxicz:ng power of the coolant and thus retard or inhibit the formaton of intergranular attacx .n areas of sens:tzaton ,n
stainless steel componente.

3.6 SUPPORTWE TEST PROGRAMS

To better cehne and cuant'y the effec *s of SWR coolant enemistry en plant matenals behavior, extensive test wor n s
currently ce'rg cone in General Electnc s and others lacoratones These test ::regrams nc!ude cuantrtst:ve correlations
between oxygene hycrogen perox:ce and matenats corrosion procer'sity, and materais benavior curr'g simulated transient
BWR cnemical conctions. In acct:on. in-p| ant measurernents and correlatans of cnemtstry with racation enemistry and
e'ectrocnemical corrosion pctential are Derng per'ormed Preliminary 'esults from these crograms are inctuced in this recert;
and remaining parts of the programs are ex::ected to ne4p quantfy the benef.ts of SWR coolant oxygen control.
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4. ELECTROCHEMICAL CONSIDERATIONS

The potental benefits of oxygen control dunng startup have recently been ;hown by measurements at an operatng
BWR plant.8' The reactor was brought to 200 F and was partially deaerated by a vacuum degassing technique. Contnuous
electrochemical and chemical measurements were made dunng the 7-hour degassng cycle. The data are summanzed in
Fgures 4-1 and 4-2, and snow that as the degassng process contnues at 200*F, oxygen is reduced from 1.5 ppm to
0.045 ppm, hycrogen peroxide (H 0 )is reduced from 2 ppm to 0.130 pom, and the corrosien potential of stainless steelis2 2

reduced by 300 mV. This reducton in oxidisng power of the environment greatly reduces the dnving force for corrosion
processes, including corrosion fatigue and pit *ang of carbon steel and stress corroson of stainless steel.

Deaerat.on dunng startup is important in reducing hign concentrations of H,0, produced by radiolyss from oxygen
and water et lower temperatures. Fgure 4-3 shows how potent 1 pprn of H 0,is in providing an oxidimng environment.
W:thout H 0, present, the corroson potental at 77*F increases from -0.1 to -0.25 volts when oxygen increases from 0.1 to2

8 ppm. With H 0 present at 1 ppm, the corrosion potentalis muen more oxidimng,i.e.. -0.4V. From this data.22 the benefits2 2

of contnuous oxygen control by deaerat:ng dunng shutdown and startup are shown. The reduced concentration of H 0, at2

lower temperatures mil result in a much 'ess severe oxidisng environment (more negatve potentajs), which will reduce
environmentally assoc:ated damage due to stress / strain cyctes concurrent with these transient events. The f act that H 0,2

can be reduced by the deaeration process is evidenced by the data presented in Fgure 4-1. Also, by removing the oxygen
dunng p! ant shutcown little hydrogen peroxide is formed to contnbute to the oxidimng power of the cooiant.

The electrocnemical approach nas been useful to show that the laboratory tests in smulated BWR water (0.2 ppm O,
- 0.C25 ppm Hz) at 550*F are representatve of the cooiant enemistryin the BWR. Measurements at two operating BWRs''-23
snow that the corrcston potertal of stainless steelin a BWR :s reprodue:bie ' rom reactor to reactor dunng coeraton and
encompasses the range of -0.120 to -0.160V, standard hydrogen electrode (SHE). Equivalent measurements in a
simulated BWR environment in *he |aboratory g:ve smilar values. -0.13 to -0.160V, SHE. This data confirms that the
tacoratory studies presented earlier on the effect of oxygen content or the !GSCC behavior of stainless steel are vahd.

ppOD(WPh%~
,t s

4-1
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5. SUMMARY AND RECOMMENDADONS

This study has brought together available matenal test data and previous studies by General Electnc and others,
regarding the matenal effects and radiological ascects of oxygen in BWR water enemistry. Educated benefits estimates
nidicate improvements in matenals performance and associated piant availability and operatng costs on the order of millions
of dollars per year by imptementation of BWR cooisnt oxygen controi Junng shutdown,layuo and startup conctons. A
supportive tast program is presently underway, and prehminary results confirm that significant benefic'ai effects on matenals '

pedormance can be gained by improved coolant oxygen and chemistry control.
. -.

A relatively sirnole de&eration system design to accomplish BWR coola.it oxygen contt ,1 has been developed,
utliz:ng commere: ally availaole equipment. This design requires minimal changes to existing operating plant systems, and
can be aptemented mt. out impact on piant availability and reliability. Therefore, the following recommendatons can be
made.

A. Systems snould be provided and operatng procedures instituted at a# BWRs to control oxygen in BWR water
systems. Specific colecoves of a shutdown oxygen control system should be as follows:

1. Dunng shutdown, maintain oxygen levels in the reactor vesset, rec:rculation system, reactor water
'

c!eanup system, and snutdown cooling porton of the RHR system at the nominallevel cf 0.2 to 0.3 ppm
or less.

2. Provide centnuous low flow flushing of the porton of er.; rgency core cochng (ECC) systems extencng
from the normally-closed injecton valve to the reactor with deaerated water dunng plant shutdown. This
is to prevent any possible builduo or entrapment of oxygen in these lines from radioiysis or other
sources.

3. Provide a supply of deaerated water (50.05 ppm oxygen) to the CRO system dunns plant snutdown.
This change, comDined with recommendatons .n Reference 24 will resurt in CRO water being deaer-
ated at all times.

4 Provide a source of deaerated water to lay up that portion of the AHR system and other ECC systems
extending from the normaily ciosed injection valve to the pump checx valve. Oxygen in these systems is
to be controded cunng standby cond: tons by filling them initally, and after each flow test, with deaer3ted
water, samphng pened.cady and flusning witn deaerated water as necessary to maintain less than
0.6 ppm oxygen.

B. The oxygen controi system and coerating procedures desenbed in Appendix A should be studied and
evaluated 5y uthtes and arenitect engineers for adaptation to BWR plants uncer their control.
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6. CONCLUSIONS

A. Control of oxygen in a BWR by deaeration as descnbed will resuit in a significant reduction in the rates of the following
matenal corrosion mecnanisms-

1. stress-corrosion cracking inittacon and propagaton in sensitized stainless steel, low alloy steel, and Int,;.'el;

2. pitting and corrosicr* fatigue cracking of carbon and low alloy steel;

3. crevice corroton of staaniess steel and Inconel;

4. general corrosion of all matenals.

B. Shutdown deaeraton of water in the reactor vessel will reduce the seventy of off-normal transients such as resin and
chloride intrusions.

C. Control cf oxygen will provide additonal margin for other solutons to matenals problems, and will reduce the
procability of failure of susceptible matenals in operatng or in-construccon plants.

D. Shutdown deaeration will improve reactor water cfanty dunng refueling and for in-reactor maintenance.

E. Shutdown ceayaton wdl reduce pnmary system radaton builcup, and airDome cor'taminat;cn dunng refueling.

F. Control of oxygen in a 8WR as descnbed will resuit in sucstantal economic gains due to improved plant renacility and
avaliability.

G. An oxygen control system as cesenbed in Appendix A is feasible and should be implemented in a); BWRs.

i
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APPENDIX
BWR COOLANT OXYGEN CONTROL SYSTEM

Design Cntena
Oxygen Control Tecnnic:ues
System Desenption ,4
Oxygen Control Procedures
Oxygen Sources
Sizing Consideratons
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The following desenbes a system and operatng procedures for controlling oxygen in BWRs dunng vanous plant
operating modes. This system was selected on the basis of its being the most economical to install and operate for tha
majonty of plants, including those in operation or under construction.

I

1. DESIGN CRITERIA

1.1 Systems in which Oxygen Control is Maintained

1.1.1 Reactor vesse!. reactor recirculaton eystem, reactor water cleanup (RWCU) system, and the snutdown cooling
Iporan of residual heat removal (RHR) system dunng plant =nutdown.
|

1.1.2 Emergency core cooling system (ECCS) and head spray lines from the norma:ty-cicsedinjecton valve to the reactor
dunng shutdown (centnuous flushing at low rate).

1.1.3 Control roc dnve (CRD) at all times.

1.1.4 RHR system and other ECC systems dunng layup conditions from normally-c!osed injecton valve to pump check |

|valve.

1.2 Oxygen Limits

1.2.1 Design Basis

Deaerator E* fluent 50.05 ppm
All Other Systems

.

50 25 ppm

1.2.2 Normal limit dunng shutdown 50.30 ppm

1.2.3 Maximum limit cunng shutdown
~

50.6 ppm

Normal l mit 'or feedwater dunng startup 5 0.2 pp m1.2.4 i

1.2.5 Maximum tim:t for systems in layup (item 1.1.4) 50.6 ppm

1.2.6 Max: mum allowaaie time for exceeding normal limit

Each Occurrence s8 hours
Per Year 52 weeks

1.2.7 Other hmitatens - water from the reactor, or other systems containing water of comparacle radioactvity or a hign
ltevel of cerrosion products should be processed througn a filter.demineralizer before entering deaeration eca;pment.
.

1.3 Material Selection for New Deseration Systems |
.

1.3.1 Assure compatbility with piping or ecuspment in connectng systems.

1.3.2 Lmit carton steel to smail areas.

1.3.3 E:iminate or restnct to small areas. matenats containing cocatt. such as stetkte.

'

1.3.4 Avoid use of copper alloys.

1.3.5 Use no organte coatngs on surfaces in contact eth process licuid. Other coatings snould be %iy cualif:ed befcre use
is cons:dered.
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2. OXYGEN CONTROL TECHNIQUES

Various techniques have been considered in developing a BWR oxygen control system concept. The following
techniques are judged to be the rnost feas.ble and practcal for the majority of BWR plants. The recommended oxygen control
scheme includes a combinaton of these techniques.

2.1 Vacuum Deseration

Some understaneng of deaeration processes may be gained by bnefly reviewing two pertnent gas laws. Dalton s
Law states that the pressure of a gas mixture is the sum of partal pressuras of the inevidual components. and that the partal
pressure of eacn component is equal to the total pressure times its nicle fracton. Henry's Law states that a quantty of gas
cssolved in a given quantity of soluton is directly proportonal to its partal pressure over the solut on. with the excepton of
those gases which chemically unite with the solvent. Thus, by reduc:ng the partal pressure of a given gas over a soivent. the
solutality of that gas in the solvent can be reduced accorcngly.

Iri vacuum deaeration. the total pressure within a tank is reduced to nearly the vapor pressure of tne process water.
Pa tal pressures of all gases are reduced to nearly zero. Solubilites of these gases are likewise reduced. A lower water
temperature requires a lower deaerator pressure en order to produce water w:th the same oxygen concentrat,on. With the
same water temperature, a deaerater pressure must be Icwer to rupp!y a lower concentraton of cxygen. A charactenste of a
vacuum deaerator operated in its design flow range. is that the effluent oxygen concentration is relatively insens;tive to the
niG* concentraton.

___
_ _ . . . _ . . . _ . _ - - -

A vacuum deaorator as snown schematcally in Fgure A-1,is used to provide deaeratsd water dunng plant snutdown.
This equipment consists of a tall Cyhndncal tank containing stacks of etements called packing. Pressure in the tank is reduced
by means of a merMacal vacuum pump or steam 3et air ejector. Water is sprayed into the tank and flows down over the
packing. The packmg provides a large sur' ace area which allows absorbed gases to escape and be drawn out through the
vacuum system. In order to produce lower eM!uent concentrations of oxygen. .t is more economical to use several stages of
deaerat:cn. The stages are contained within the same sho!! but ocerate at sligntly of*erent pressures.

The maror csadvartage with vacuum deaeratton is the bulky size of the ecu:oment. A two-stage ceaerator, wnien is
'ecessary to precess water at SOT and produce effluent oxygen concentratons of less than 50 peo. requires aoout 55 feet of
neadroom A two-stage.1.000 gpm deaerator is 40 'eet hign and 6 f eet in cameter. A 200 gpm deaerator is the same neignt
and 4 f eet ;n d ameter. However, since this system wi!! be located outside. the size snould not be a major problem. The ma:n

amantages are that tnere is no acverse eMect to water chemistry, and only elecincal power is necessary to coerate the
sy stem.

2.2 Prevention of Aeration

Transport of oxygen into a cutet pool of water is a very siow process controlled by effusion of oxygen moiecules into
the water. This process is rapidly acceterated by any acton which results in mixing of the surf ace layer with the buik licuid, or
ncreases the edectve water surface area. Therefore. to minimize aeratmg water in a tank, allinout streams snould enter
Detow the water sur' ace such that minimum ag:taton of the surface is acnieved. Aec:rculaton flow rates througn open tanks
snould be minimized.

2.3 Venting

When water :n tne reactor vesselis greater than 2127,;t can be ceaerated by venting ta maintain saturated conctons
and low soivoihty for gases Deaeration can be enhanced by ocerat.ng the head spray On those piants *nere nead spray is
cart of me RHR system). Ventng can ce done througn the head vent, througn the tureine bypass valves to the main
condenser. or by succlying steam to the tureme gtand seal system or steam 3et aar e;ector (SJAE).

Prcoer ventng of pioing systems ,s very ;moortant. Air tracced in pic:ng systems *nich are pressunzed to reacter
pressure. can resu;t :n very nign iocal concentratons cf oxygen in tre water. due to the nign partal pressure of oxygen

The 'cilowmg oxygen control tecnn'aues were considered but were not inc:uded in the recommended cxygen centrei
seneme for the reasons nd:cated.
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2.4 Thermai Deseration

in this technique, water is heated to its saturaton temperature, usu&lly by crect contact with steam in a tank then
either sprayed, or allowed ta spill over an array of trays, while steam s weeps out tns noncondensible gases. The steam in this
mixture is then condensed while the noncondensibfe gases are a!! owed to vert to the atmcsphere. Deaerated water exits
' rom the bottom of the tank. In essence, the partal pressure of oxygen is reduced by increasing the partal pressure of water
to the point where :t is equal to the total pressure. Spraying the water and scrubbing with steam serve to speed removal of
nonconcensibies.

Advantages of thermal deaeraton relatve to vacuum deaeraton is more compact equipment. A typical 1.000 gem
steam deaerator system would fit in a space of 26 feet long by 11 feet wide by 14 feet nigh. The main csadvantage is the
requirement for an auxiiiary steam source dunng plant shutdown. Most piants have auxiliary boilers for heatng and other
purposes. but their capacity might not be sufficient. In adotion, a recoster would precably be necessary to keep from mixing
the auxinary coiier water witn reactor water. Mixing of these water streams wnuld be undesirable for two reasons. The first is

that enemicais used in auxiliary boilers carry over witn the steam and have undesirabie side ef'ects in a BWR water sys' em.s

The second is that an amount of water equal to the auxiliary boder steam supply to the deaerator would have to be processed
by the radwaste avaporator to ma:ntain piant liquid inventory constant. Another csadvantage is that the et'luent water would
hava 'l ce cooled, resu: ting in the need for a heat exchanger. Consequently, a thermal deaerator would not be the most
ecenemal afternative at most plarits.

2.5 Chemical Scavaging

Chemicais. such as hydrarne, can be used to remove free oxygen from water but they usually nave uncesirable side
ef'ects .n a BWR. Genera! E'ectnc nas a long range program to evaluate the use and benehts of acding chemicals to the BWR
water system, but currently no ct,emical adctons are permitted.

2.6 Exclusion of Air

Ficating tann cowrs or :nert gas blankets can be Jsed to prevent air dif'usion :nto tanks. A floatng tank cover,
however. could present a cif*icuit retrofit proolem. Inert ga. blankets magnt be more eas.ly retrofitted: however. coeratng
cests. in terms of gas and operator tme, would be expensrve. partcutany in tanks wnere the level vanes greatly and
'recuently. On the otr'er 9and. use of an inert gas blanket would have the acctional benefit of removing oxygen. since the
part:al pressure of oxygen, and thus its sclubility, would be zero.

In most cases. the amount of air entenng a tank is a lower order o' magnitude compared to other inputs. Thus. air
effusion at the surf ace can be compensated by a slight increase in deaerator cacac:ty. It may be desirable to use an inert gas
blanket .n the reac*or as a backup system and for MSIV leak tesung.

2.7 Hydrogen Overpressure

it is possete to use a hycragen overpressure in a reactor to suppress raciorytc oxygen generation rates. However,
this tecnmaue is cens: cered imeractcal for a BWR cunng shutdown conctions.

3. SYSTEM DESCRIPTION

F:gure A-1 sfiows the Das.C system wnten has been seleC'ed to supply deaerated water for BWR oxygen cortrcl. The
system empicys a vacuum ceaerater, as previously coscnbed, ccerating in a "n dney mode ' on the concensate storage tanku

(CST) As explained later n ~BWR Cxygen Contros Procedures.' this system is used in conjuncton with existing systems to
contrel oxygen as ces. red.

Vantfoic:ng :s an important feature of the piping arrangement. Cre manifold codec*s allthe aerated water inputs to the
system anoe the other sucpaes ceaerated water outputs. This arrangement allows the ceaerat:on system to process a:1
aeratec water ecuts :ncr to!neir entenng the CST. unne provicng ceaerated water outputs with the lowest cxygen content.
At the sa e t me, cverail system cperation is simonfied since deaerator ' tow rate need not exac ly maten input er output.Fews; iJ'yy,
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Steacy state cemand for deaerated water is supplied directty from the deaerator at 0.05 ppm oxygen. and the CST is
maintained at 0.2 ppm oxygen to suppl / high flow. short duration demands (e g., backflushing of a condensate de-
minerakzer). The CRO connecton is arranged so that the CRD system has first pnonty for water with the lowest oxygen
Concentration.

A 25-micron. cartndge-type fdter is recommended in the deaerator inlet piping to preve nt fouhng or radiation bu!! dup in
the ceaerator. A bypass is provided to allow on-line replacement of the filter if necessary.

A cnarecal filter is required to r3 move radioactve isotopes of iodine from the vacuum pump discharge flow. Consistent
with the cesign casas. t 00.000 aci/sec off-gas release rate (at the SJAE), an estimated 0.6 uCusec of iocine isotopes would
be ciscnarged from the vacuum pumps. A decontaminaten factor (D/F) cf 100 or more is necessary to reduce this to an
acceptacle release rate. A cnarcoal fater with a bed depth of 6 inches wdl provida a D/F of 1.000 or more, assuming suitacte
hum city Con;rolis provided The steady-state flow rate is about 3 to 5 cfm for a 1.000 gpm deaerator. A fdter bypass valve
m1y be required to nanc|e the deaerator startup air flow rates. Discharge from the filter shculd be routed to an existng
bu' icing vent anere it can be monitored befors being released to the atmosphere.

Acct:onsi connectons, as snown, are required between the CST and the condensate 'eedwater system. Dunng
power ccerat on. deaerated water is supplied from the condensate feedwater system and the vacuum deaerator is not
required to be in service. Dunng punt shutdown water rejected from the notweil to the CST is aerated and must be processed

by the deaerator. This of+erenco requires that connectons from the condensate teedwater system be reversecin going from
shutcown to power cperat:on. For pcwer operation. vatve F019 is cpened to allow water from the aerated water manifoic to
now into the ccncenser hotwei!. The betwelHevel control automaticady opens the netwed reject valve and celivers ceaerated
water to the ceaerated water manifold. Dunng snutcown. vaive F018 is coened to allow aerated water to be pumped out of
me notwed to the aerated water manifold. From there, it is processed by the vacuum deaerator.

F4gure A-3 snews another possible arrangement for a vacuum deaerator system. The ma.in di'ference is that piping to
the vanous systems is connected crecity to the CSTinstead of a manifold. This arrangement renires'that the water in the
CST te mamta nec at :ess than 0.05 ppm. To accomphsh this would recuire all water to be ceaerated pnor to entenng the
CST. resultmg in a very large deaerator to handle peak input tiows. In adction, a means for exclueng air ' rom tne tank (e.g..
*lcat:ng tco. .nert gas Dianket) is necessary. Recovery time from a ceaerate n system ereakcown would be very long Dossibly
necess.tatmg redundant vacuum deaeration systems. Consecuently. 'or most plants the arrangement in Figure A-1 is
prct:at:l/ the mest economical

4. BWR OXYGEN CONTROL PROCEDURES

The 'odowmg is a escussion of BWR oxygen control procedures and processes that are used dunng vanous p: ant
cperat:rg medes Vacuum deaeraton ecu:pment is used pnnc: pally dunng plant shutcown. unde certa:n coeratng proce-
cures and extscng piant charactenst:cs. as desenbed below. control oxygen dunng other plant modes.

4.1 Power Operation

4.1.1 Deaerated water is sucphed to the CRD system frcm condenser hotwell reject or from the vacuum ceaerator.

4.1.2 The calance between innerent BWR cxygen producten (racolysis) and oxygen removal (boihng) processes results
.n reactor. rec:rc. ano RWCU water ceing ma:ntained at 0.2 to 0.3 ppm.

4.1.3 Water n the et.ncensate feecwater system is deaerated by the main concenser.

4.1.4 Tre 'cead' fines attacning to the reactor vessel are deaerated by thermady-ncuced circulation of reactor water
inrougn them.

4.1.5 The concensate storage tanx :s maintained ceaerated by the main concenser or va:uum ceaeratcr.
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4.1.6 Condensate and RWCU demineralizer vessels are filled with deaerated water from the CST following a backwash or
res.n replacement. This prevents or minim:2es oxygen trans,e. 's when these fitters are placed in service.

4.1.7 ECCS systems are 1ayed up' by fahng tne piping between the injection vaive and the pump check valve with
ceaerated water Water in these systems :s then penocically sampled and flushed. if necessary, to maintain oxygen at less
than 0 6 ppm.

4.2 Shutting Down

411 The RHR system is crajned. flushed. and filled with ceaerated water from CST pnor to plac:ng it in the shutdown
Cooling mode.

4.2.2 When the shutdown cooiing system :s placed :n service (reactor temperature 350*F. pressure 135 psial, the reactor is
ceaeraud by ventmg while the reactor pressure :s greater than atmossnenc. The head spray may De used to improve
deaeration ete:ency. Condenser vacuum is mamta ned as icrg as pcssible. Perhaps by usmg the mechanical vacuum
pump. m orcer to ceaerate 'eedwater being supphed to the reactor. Water fevel ;n the reactor should t:e crougnt up to the
upper bmit of the normal range.

4.2.3 When it becomes necessary to breax vacuum in the condenser. the CRD pump can be used to supply deaerated
water to rnain'ain water 'evelin the reactor

4.3 Shutdown with Reactor Head in Pface

4.3.1 When reactor pressure reacnes atmosonenc. a '!cw 1000 between the CST and reactor vessel, as shown m
Figure A-3. is estachshed. Deaeratec water frcm the CSTis suponec to the reactor via the CRD system. and tne concensate
transfer-RHR.'eecwater systems. In the latter path. the concensate transfer system uses f|usning connect: ens en the AHR
system, anc the AHR system connects to the 'eedwater system, which in turn, connects to the reactor vessel. (in SWR /3,

anc BWR/5. the AHR system discharges into the reactor rec:rculation piping.) To mamtain constant water tevel. *ater is
rejectec by the reactor water cteanup system to either the main concenser or the racwaste system Frcm there. water is
retumed to the CST. cor,ptet:ng tne cyc:e.

4 3.2 A sma;l Mcw througn each of the ECCS hnes is esta00sned by coenmg the vane in the test conrect:on and deaeratec
water succly. as snown n F;gure A 4 Deaerated water ' rom the CST then flows tnrougn the ECCS line .nto the vessel. thus
ma nta ning ine water n these knes deaerated

4.4 Preparations for Refueling

Precarat: Cas for refuehng cepend on plant type (Marx 1. II, or Ill) and water management scheme. For Marx I anc 11.

*ater ' rom the CST or ref usimg water tanx is used to enng the reactor to refuenng levet and to fi!I the cryer/ separator storage
pcci in Marx m. the upper pocis are normaity fuil and the reacter well must be cratred to allow removal of the crywei! heac.
A PV nsulation anc head. Water ' rem the CST cr ref ueimg water tank is then used to remt the reactor weit. Spec:f:c operating
prececures are as follows:

4.4.1 Water n a soec:al refuehng tang pf proviced) is ceaerated pnor to tne outage by tne vacuum deaeratcr or ma:n
Water n the CST is mainta:ned deaerated .n the same mannei as cesented previouslyconcenser

4.4.2
The reacter weil rs dramec to the main condenser and stored temporanly. Later. tnis water :s processed through tre

vacuum ceaerater to the CST iMarx ill only).

4.4.3
After the reactor heac is removed. the reartor :s Orougnt uD to re'uehng fevet The pre' erred way to do this would De to

use tne MPCS. or other ECCS oump havmg a conrect:en to the CST (this system should te thorougNy 'lusned te'cre
commenc:rg the '%ng coerat;on). This methoc s pre'erate to usmg a re'uenng water pump that c:scharges nto me
secaraaricrver stcrage pool or reacter aeti. smce aerat:en Orcolems acuid be min.mizec. Sur' ace ag.ta !cn .s -nim: cec
and inw 's out of the vessel into the pect. OCth of aniCn favor !cwer oxygen :evers m the reaC!cr.
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4.5 Refueling Shutdown

4.5.1 When the reactor has been brougnt to refuehng level, a flow loop between the reactor and the CSTi' established as
st.own :n Figure A-5. Deaerated water is supplied to the reactor through the CRD and condensate transfer systems as cunng
a snutcown with the reactor head in place. This results in a net flow of water out of the vesselinto the upper pool, over the pool
weir and into the fuel poot system surge tank. The flow of water into the fuel pool system causes the surge tan < level to
increase. The surge tank levelinstrumentaton detects tnis increase and automatically roens a va!ve that retums water to the
concensate storage tank.

4.5.2 The ECCS hnes are flushed in the same manner as dunng a shutdown with tne reactor head in place.

4.6 Recovery from Refueling

4.6.1 Drain reactor weH (and cryer separator stcrage area for Mark I and ll) to the main condenser hotwell or refueling water
storage tank Process water drained to the hetweil througn the daaerator to the CST.

4.6.2 Estachsn a ceaeraton flow loop with the reactor as desenbed in " Shutdown with Reactor Head in F" ace /

4.6.3 Af ter reactor head is installed, perform hycrestate test. Stop re:ectng water through RWCU as necessary to bnng
level uo in the reactor. Isolate the RHR system and pressunze reactor vessel using the CRD system. Control pressure by
balanc:ng RWCU reject flow against CRD flow.

4.6.4 Af ter comcieting the nyc ostatic test and restart:ng the RF R system, bnng water in the reactor down to normallevel by
recuc:ng CRD flow to minimurn, stopping concensate transfer flow to PHR. r9d rejecung through RWOU at maximum rate.

4.6.5 Refdl reactor well directly from CST or refuehng water tank. Water does not have to be deaercted (Mark lli only)

4.7 Starting Up

4.7.1 As socn as reactor water temperature reacnes 212*F. the reactor is deaerated by ventng as was done cur ng snuttng
cown.

4.7.2 F!usning o' ECCS hoes can be stopped wnen reactor water temperature exceecs 212*F.

4.7.3 Vacuum in the main condenser :s estactisned as sacr' as possible to ceaerate the fe-ecwater. The feecwater system
c:eanuo kne. untch returns feedwater ' rom downstream of the high pressure feecwater heater to the condenser hotweil, is
used to facatate ceaeration and c|eanuo of the feecwater.

4.8 Off-Normal Conditions

The fnilowing procecures minimize the posstihty of exceeding maximum hmits cue to failure of ceaerat:en system
ccmoonents

4.8.1 P..r*crm rout:ne and preventaave ma.ntenance of the vacuum ceaerabon ecuroment dunng plant pcwer coeraton
*ren cea tration can be provicec by the concensats feecwater system. This minimizes the prcoabihty of vacuum ceaerat:on
ecu oment fadure

4.8.2 Yamtain an .nventory of deae:atM water in the concensate storage tanx. If the vacuum deaerator becomes
nocerat ve. :ont nue tne ceaeraton process using this water. For either the reactor. head-on or refuehng modes. re;ect water
mrougn AWCU ta racwaste or the notweil. hoic:rg the water there as long as cssible. Stop any otner :nouts of aerated water
to:ne CST Step ine ttow cf water from the CST to the vessel wnen the oxygen concentrat:en in the CST becomes nignerinan
mat n :ne vesset
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4.8.3 Pun the reactor recirc pumps or AHR pumps at minimum flow to minimize air absorption in the vessel.

4.8.4 Marnta:n the reactor coctant at a nigner temperature to reduce oxygen soiubility and buildup.

4.8.5 An a: ternate to items 4.8.3 and 4 8.4 is'o place an inert gas blanket in the reactor to prevent air absorpt:en anile the
deaerator is out of sennce.

5. OXYGEN SOURCES

in general, there are three sourcei t oxygen to BWR water system as follows:

5.1 F'adiolytic Oxygen

Oxygen 's gererated .n the i eactor. and in piping where there is a significant raciation fieid. by ractolytc cecomposa
tion of water * on the test avariacre test cata, the oxygen generaton rate in a reactor is 0.00014 scfm/MWt or !ess
cunng snutcows o .79) conc: tens. Radiotytc oxygen generaten rate c mng normal operat en is mucn greater
(0 02 scfm/MWt). v 4 ly due to the boiling process wnren stnes away oxyger cefore it can recomoine with nycrogen.

Raciclytc oxygen generaton outside the reactor vesset may occur in pior .g in the vicinity of the reactor core. Out :s
ex;ectec to Oe quite small. partcuany cunng snutcown, annougn a poss.bihty e asts for oxygen to accumulate in localized
areas. Dunng p: ant ::ower coeraten. thermally-induced c:rculation of reactor < ater tnrougn entcal portens of this piping
prevents sucn an accumulat;on. A small ' low of ceaerated *ater will prectuce this possibility dunng shutdown.

5.2 Oxygen Transport

Oxygen transacrt from air into poof s of water can ce cescnoed as two processes:(1) di' fusion of cxygen into tne water
surface layer. anc (2) mixing of the surface fayer with the eu.k water.

The relatively low mixing ' low rates which occur in tne bocies cf water of interest in this report result in the mixing flow
rate be.ng the controttng factor. At n:gner flow rates. Oxygen ciffusion into the sur' ace layer may be controlling. If there 's no
mix:rg, transacrt of oxygen into water oy dif*usion alone occurs at a very slow rate. One nour is recu rec for tre 'rst
2 mmeters et aater to become saturatec. and saturation to greater cet:ths tanes place at exponentiaily sicwer rates.

Soiving E;uation (t) teicw uni provice an estmate of the oxygen transport rate into the water The mass transfer
ccenc:ent iK) in Ecuaten (1) s very dif*; cwt to cetermine theoretcally, anc .t is reccmmenced that the empincal O' Conner-
Oc::orns reaeraton coeff'c:ent. *nien ,s wicely used to accroximate the reoxygenation of streams and !ames. Oe used.
Ecuaten (2) cefmes the O'Connor-Ococins coefte:ent.

O KAoC=
(1)

Anere

Q amount of oxygen enter:ng the water Anr)=

A sur+ ace area et8)=

censity of water Cort')a =

C soluo.hty of oxygen n aater Ob/!b. see Tacle A t)=

< mass transfer coenc:ent n/nr)=

fj Lma
-,

A-13
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#
a. where

?
g D diffusmty of oxygen in water ('t'/hr. see Tacle A-1)=

I
a

1,
G average steam velocity (ft/hr)=

3 h average stream depth (*t)=

1
Y

g Table A-1

SOLUBILITY AND DIFFUSION OF OXYGEN IN WATER
,

Temperature (*F) 60 80 100 120 140 160 180 200
Diffusmty (ft' x 105) 6.7 9.2 12.0 15.0 19.0 22.5 26.6 31.4
Solublity* (ppm) 9.9 8.0 6.7 5.6 47 3.7 2.6 1.1

* Sc%tney of cuygen m water m ematmum um a s:ancara at wue at 14 69 psa.

5.3 Inputs of Aerated Water.

Oeoencng en the system. there may be vanous inputs of aerated water. This water can contain up to the saturation
cuantty of oxygen, wnicn for water exposed to a;r. is a functon of water temperature as shown la Table A-1 acove.

6. SIZlNG CONSIDERATICNC

Oxygen removal rate from *ne reactor system is (
iual to the c'ference between the inlet and outtet oxygen

concentration times the ceaeraton flow rate througn the reac . 'vstem. Inlet flow to the reactor system from the deaerator
nas an oxygen concentration of 0.05 pom or less. Ext 9ow from tna reactor may be assumed to be the average reactor
system concentraton of 0.25 ppm. The oxygen removal rate must equal the source rate if equinbnum conc:tions are to be
mainta.ned. The maior sources in the reactor are racotytic oxygen procuced by cecay energy in the reactor core. offusion of
a:r at the water sur' ace. and inputs of aerated water.

Racclytic oxygen generar:en rate for a 3500 MWt reac*or is aeout 5x10-'se'm,4 hcurs after reactor snutcovA This
rate cecreases eth tme after shutccwn in proportion to reactor decay energy. To batance racolyte oxygen procucton
recuires a ceaerator flow rate througn the reacter of acout 250 gom. It is estimated that an accitional 50 gom is recu: red to
catance a;r c"usion, giving a total required flow rate of 300 gpm tnrougn the reacter system. The total recuired ceaerator ' low
rate 's cetermined cy a numoer of factors inclueng the fetlowing:

6.1
Required rehetor system 90w rates for vanous shutcown meces (e g , reactor head on. refueling)

6.2
Pow rate recuired to maintain the condensate storage tank at 0.2 ppm oxygen to provide large volumes of ceaeratec

water 'or %ng and 'iushing systems. If no means is proviced to excluce air ' rem the Concensate storage tanx 3 deaerated
water 90w rate througn the tanx :s recu: red to account for air c;f'us4cn. In acc:tren the deaerator snoutc have the cacac:ty to

.

process any susta;nec inputs. or combnation of inputs of aerated water, before they enter the CST :t is mucn more ef9c:ent
to ceaerate ' lows of air-saturated water te'cre they enter the CST and mix with low cxygen water Accut 25 ! mes as m
ic*-crygen CST water must ce processed to remove an amount of oxygen ecuwa:ent to that 'n an a:r-saturated water

. ucn
<osure

6.3
Decenc:ng on water management seneme. there may te a ref ueting water tang provicec. er a seners wnere water :s

cra ned to. anc temcorarily stored in the ccncenser notwe41. Deaeration of this water must be factored into the siz:ng ca s:s

it s estimated that a typical BWRi6 238 Mark lli pfant mil recurre a deaerator capac:ty of 600 to 800 gpm
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