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BWR WATER ' CHEMISTRY 

Many of the stress corrosion problems In 
boillngwatel reactof5 (BWRs)'resultftom the 
presence of a very. small amount of dissolved 
O~fm In· the.,rsaetor ;wate,,' ;Radlolysis :In 
the r,actor core.continuaIIYdecomp088s e 
small amounl'o! the very pure· water used In 
BWRs Into tree oJfygenand hydrogen. Most 
oUhe .. gas Is strippecJtr'om the.waler.by the 
sIUM •. leBvlhg onJy Uaee amounis of'oxygen 
and hydrogen dlsSfJlved In the reactorwaler. 
.Allhough the amount of dissolved OXygen Is 
only aboul200 PPb,1t Is sufficient to facilitate . 
stress corrosIon cracking. Hydrogen 'water 
chemistry can raduce dissolved oxygen to 

. 8 level the I wI71 no foilger facilitate stress 
corrosion. ' 

Pipe cracking in SWAs fifst came to the atlen­
tlon of U.S. elacUic utilities In 1974. This 
problem has reSUlted in costly repairs and 
lost operating time. The potential serious· 
ness of.the problem was.recently emphasized 
by the discovery of cracks In large-dlameter 
(26-ln: '66O-mm) recirculation piping at a 
domestic BWR .. ihese cracks. necessitated 
replacement 'of the complete 'recirculation 
piping system and will cost 12 to'18 months 
of operating time. . . 

earlier EPAI reports (EPRI Journal • . Sep. 
tamber1981, p. 6; November 1981, p. 18) 
have helped familiarize the Industry with the 

. various. factors Involved in pipe cracking. In .. 
most cases, cracks have resulted from iriter- . 
granular stress corrosion cracking (IGSCC). 
This stet us report describe's how changing 
reactor water chemistry can help prevent 
lGSCC. . 

Three conditions must be present simulta­
neously tor IGSCC 10 occur: slress, a sensi· 
tized microstructure, and an enVironment 
(water chemistry andtemperalure) thaI will 
facilitate .cracking. Theoretically, no pipe will 
ever crack if anyone tactor Is completely 
eliminated. Eight pipe-craCking remedies 
have been developed: three that affect 
stress, three that affect sensltlzatlori, and 
two that affect environment (Table 1). By 
their very nature, all the stress and sensltl­
zatton remedies are limited to the speCific 
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cOmponent tei which they are applied. For and shutdowns oxygen concentration varies 
el<8rilple, induction heating stress' improve- with temperature (Figure 1). The important 
ment . affects; cracking in· the .plpe. weld to· question' of .whlct! ,temper~ture,oxygen . cern-
which H' is applied; it does not afteet any binatlons Jaell/ta.te IGSCC has .been an-
other. weld. Only the water chemistry reme- swered In.part u~er.ep.RI research (RPJ332 
dies have .the potential 'ofprotectlng the and 'RPTl15): The· stiaded··/GSCC·. danger 
whole··system. zone in ·the· figure. represents those combi· 
. The water In aBWR is similar In purity to nations. 
laboratory distilled water. It is'convl!rtedlnto ReduC!!lg oxygen. levels . during reactor 
"eD/iI by :eaelo, COld heat. eOiidsiised jute slaa'ttips 611d shlltetD"'" bJ da8eialloh has 
liquid ~galn' after passing through. th& .tur- ~ been. highly pUblicized in the BWR Industry. 
blne, and, reconverted Into steam 'on re-Although helph.Jlduring transients, this rem-
entering the' core. This' process Is repeated edy does little, If anyihlng, to ' reduce pipe 
continUOu!lly. ' . craCking during steady-state conditions 

During reactor op~mition. radiolysls In the (RP1332-2, RPT112-1, RPTl15-3, RPT115-4). 
reactor core continually Qecomposes asm8\1 . Deaeration·;does· not affect oxygen'-levels 
amount of water- to form. free oxygen anb during steady-state operating conditions, 
hydrogen. Most of the oxygen and hydrogen-, which deflnit8ly .~cUltate IGSCC. The amount 
Is stripped Irom the water by the. steam and" of time spent at steady: state Is about 140 
is subsequently removed Irom the water clr· tlmes··greater than the amount 01. time spent 
cult by special equipment In the condenser. In startups. Therefore, to reduce IGSCC fur-
However, about 200 ppb oxygen and 12 ppb ther, h is necessary to Change 'water chem-
hydrogen remain ·dissolved In· the ·water In Istry during steady-state. conditions. 
the core woen the 'reactOr is at the steady· 
state full-power operating ' temperature Hydrogen water chemistry 
(28S 0 C; 550" F). During reactor startups In hydrogen water chemistry, smail amounts 

Table 1 
CAUSES AND REMEDIES FOR 

BWR PIPE CRACKING 

Cause 

SIress 

Sensitizallon 

envIronment 

Remedy 

Induction heating stress 
improvement 

Heat sink weldirig 

Last-pass heal sInk welding 

Solution heat trea1menl . 

Corrosion-resistant cladding . 

Allernative materials 

Hydrogen water chemistry 

imPurIty control 

01 hydrogen gas are added to the reactor 
. 'eedwater. In the reactor core the added 
hydrogen recombines with oxygen and other 
radiolysls ·products to suppress· the net 
amount of oxygen produced at tl'le steady· 
state temperature (Figure 1). 

Although . hydrogen' water chemistry ex­
periments were conducted over 20 years 
ago In several early Norwegian and U.S. 
test reactors, the concept was not further 
developed until 1979, when the Swedish utn­
' Ities and ASEA-Alom conducted a short 
eight-hour test of hydrogen water chemistry 
at Oskarshamn-2 an~ demonstrated that hy­
drogen water chemistry was economically 
.feaslble. In 19a1'the Swedes conducted a 
second tesi at Oskarshamn.2 for four days 
and obtained detailed water chemistry mea­
surements. These tests showed thBt hydro­
gen water chemistry lowered the oxygen 
concentration to'leveltithal would no longer 
be expected to facilitate stress corrOSion. 
However, no actual In-reactor corrosion tests 
were perlormed. In June 1982 DOE funded 
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tUllllU I 11". hUf"I",1 UI"lt Ittl"tttumh' Iltlf IUlUlltfUUIfIt!.UWYU811 nntnllflU:tllfllUf II1HI f"oIlIlHI& IUHUU til hlUh­
pu'lly Wt,hlr. 1 htl tllllt\ "ulntR "(It uXl1l11plns 01 (ompornturo"oxYUfln aombtnnHOl\8 Ihut hnvo baon mOR9urod In 
op.lfnllng llWRa during .In,Iup •• huldown. normAl .Ioody st8le. And hydrogen wilier chem15try steady stale. 
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a 30-day hydrogen water chemistry experi· 
ment at Commonwealth Edison Co.'s Dres­
den·2 plant. During this experiment. ~PRI 
sponsored in-reactor stress corrosion tests 
that helped confirm hydrogen water chem­
istry as a powerful antidote for stress corro­
sion problems (RP1930-2). A $1 million EPRI 
laboratory research project on hydrogen 
water chemistry. whiCh has been in progress 
for two years. supports this conclusion 
(RP1930-1 ). 
\ The combined results of the in-reactor 
and laboratory IGSCC 'tests show that the 
oxygen level must be suppressed.to 20 ppb 
to eliminate IGSCC completely .. For example. 
during Ihe Dresden-2 test. a severely sensi­
tized sampl~ ot. stainless steel was tested 
under extreme stress and strain. and abso­
lutely no IGSCC was detected. In laboratory 
tests on.lul1-scsle pipes the growth rates of 
preexisting cracks have been slowed by a 
factor of 10 as a result of hydrogen water 
chemistry .. If no cracks are present before 
hydrogen treatment of water, no new cracks 
are. expected 10 start. 

To achieve an oxygen level of 20 ppb 
during the Dresden-2 test. it was neCessary 
to add 1.5 ppm hydrogen to the feedwater 
and to use pure oxygen in the off-gas system 
instead of air. The total cost of both hydro­
gen and oxygen was less than $1000/day. 
If a BWR had a 70% capacity factor and a 
remaining lifetime of 20 years. the total 
would be about $5 million .. Equipment instal­
lation would cost an additional $1' million. 
In contrast. replacement 01 a complete re­
circulation piping system is estimated to cost 
on the order of $500 million. including the 
cost of replacement power. 

Although ' the stress corrosion benefits 
from hydrogen waler chemistry are expected 
to be very high. at· least one negative side ' 
effect exists. The amount of the radioactive 
isotope nitrogen-16 (N-16) in the steam will 
increase. The N-16 is formed 'in the reactor 
core by the nuclear reaction: oxygen-16 + 

. neutron --+ nltrogen-16 + proton. Under­
norma) water chemistry conditions the N-16 
reacts with dissolved oxygen to form nitrate 
(NO;). which is soluble in the reactor water. 

Lillllflr ItYIlroUfll1 wlIII'r nltfllllllliry (lOll( 11-
Uons IhElro \s not enou~11 \ dIssolved oxyuon 
to react with the N-16 to form NO,: the N.-16 
combines with the hydrogen to form ammo- . 
nia. NH3 • Ammonia is a volatile gas and is 
therefore removed from the water by the 
steam. The N-16 is a very unstable Isotope 
and decays with a half-lile of 7.11 s. giving 
oft high-energy gamma rays: Because more 
N·16 (lnds up In the steam when hydrogen 
water chemistry is used. the steam lines and 
steam turbine will emit more gamma radia· 
tion than when normal BWR water chemistry 
is used. At Dresden-2. the amount of N.16 
gamma radiation Increased by a factor of 5 
during the hydrogen water chemistry test. 
The turbine is heavily shielded and therefore 
the Increase in N-16 did not significantly 
increase the radiation dose rate to planl 
personnel. In general. the N-16 side effect 
was manageable during the tests at Dresden-
2. When maintenance crews had to enter an 
area where N-16 radiation was high, the hy­
drogen injection was stopped. and N-16 
radiation levels quickly returned to normal. 
After the maintenance crew left the area, the 
hydrogen Injection'was resumed. 

The major uncertainties about hydrogen 
water chemistry revolVe around the possibil­
ity of long-term negative side effects. The 
two most important concerns are the hydro­
gen embrlttlement of the nuclear fuel clad­
ding and the redistribution of corrosion 
products (radiation buildup) within the plant. 
Although the besl technical judgment avail­
able indicates that the possibility of either of 
these effects becoming unmanageable is 
extremely remote. there is no data base on 
which to build firm conclusions. At least one 
fuel cycle with hydrogen water chemistry will 
be required before a recommendation can 
be made to the utilities. EPRI is developing a 
long-term in-reactor test program to address 
these major uncertainties. 

Control of ImPl.!rlties 

Although reactor water contains Impurities 
in small amounts (at the ppm or 'ppb levels). 
BWRs generally operate with high-purity 
water. For example. NRC guidelines spec­
ify that reactor water chloride (CI) con­
centratIon be kept below 0.2 ppm and the 
conduc~ivlty below 1 pS/cm during plant 
operation. A solution containing 1 ppm of 
sodium chloride (NaCI) would have a con­
ductivity of about 2 "s/cm and a CI concen~ 
tration of O.S ppm. Therefore. 1 ppm of NaG1 
would exceed the NRC specifications. The 
results of EPAI research projects have shown 
that maintaining water purity may be just 
as Important as controlling oxygen levels ' 

(AP1563-2. RPT115,-3. RPT115-S).lmpuri-
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ties increase the size of the IGSCC danger maintenance or repair work during an outage 
ZOne. .' . . attributed to another system or component. 

... . In accelerated iaborato,yIGSCC.tests·as: · :.Thus, although the valve could be consid-
· little as 1 . ppm of certain Impurities' eradi- ered a contributing cause of the outage, this 

cated hydrogen water chemistry benefits. is not reflected in the reported dat.a. 
To benefit from hydrogen water chemistry, . Nuclear plilnt data collection and evalua-
utilities will have to control both oxygen tion systems originally had many shortcom-
levels and conductivity. Reactor water with ings. As a result of improvements in these 
only 20 ppb oxygen and a conductivity in the systems, data quantity and usefulness have 
Vicinity of 0.2 pS/cm may eliminate any pos- been ihcreased. Other existing sources of 
sibility of IGSCC. EPRI has recently stepped information remain to be assimilated, how-
up Its research to understand the role of ever, to achieve a comprehensive view' of 
Impurities in an effort to produce cost-eftec- the problem.·EPRI's IImiting-faclors analysis 
live water chemistry guidelines. Projecl studies, the ilndlngs of which are published 

· Manager: Michael Fox . in four reports (NP-1136 through NP-1139), 
. provide further insight into the causes and 

VALVE RESEARCH 

The primary goal of valve research In EPRl's 
Nuclear Power Division is to reduce the 
amount of plant unavailability attributable to 
valves in LWR power plants. These R&D 

· activities seek to Improve valve maintenance 
practices and valve performance . and reli­
ability and thus reduce the cost of prodl,lcing 
electricity. EPRI's Initial effort In ' this ~ea 
was an assessment of'industry valve prob­
lems conducted in the' mid 1970s (NP-241). 
It was found that nuclear plant unavailabillly 
attributed to valves, valve actuators, and 
aSSOCiated control circuits represented ap­
proximately three forced outages per plant 
per year. with an average outage duration o( 

about two days. The value of such unavail­
ability is significant. A study reported in the 
June 1982 EPRI Journal (p, 18) indicates 
that.s 1% availability improvement in base­
load coal and nuclear generating units com­
bined would represent sevings of $2.2 billion 
nationwide over the seven-year study periao. . 

In the initial assessment of industry valve 
problems, which. was conducted by MPR 
Assoclates,lnc., the concept of key valves 
evolved. These are valves whose :malfunc­
tion can result in a forced plant outage, 
a power reduction, or an extension of a 
planned outage. It is basically to these valves 
that the EPRI research effort is directed. . 

The study concluded that only a small 
percentage (5-10%) of the total valve popu­
lation in a nuclear power ptant Is applied 
in such a way that failure would result in a 
forced outage. It should be noted that these 
key valves are not necessarily safety-related 
valves_ No major differences were found be­
tween PWRs and SWAs regarding the causes 
(seat leakage, stem leakage, actuator mal­
function) of valve-related shutdowns. 

the magnitude of nuclear plant availability 
losses attributable to valves. 

On tf¥! basis of the efforts described above, 
two areas were selected.1or Initial EPRI R&D 
attention: the seat leakage performance of 
main steam isolation valve"t (MSIVs) in SWRs 
and valve stem packirig improvements for 
bpth PWA and BWA application. 

Figure 2 presents a cutaway view of a rep­
resentative MSIV with the valve bonnet and 

. the actuator removed. Two identical MSIVs 
are installed In series in each BWR steam 
line. Technical specifications for BWR plants . 
establish maximum allowable seat leakage 

Poppet 
main seat 

BOdy 
main scat 

rates for MSiVsand require the periodic test­
.ing of each valve to. verify that this require-
'ment is me!. . 

Work was initiated in early 1979 with At­
wood and Morrill Co., Inc., a manufacturer 
of MSIVs, and General Electric ' Co., the 
nuclear steam supply system contractor for 
BWR plants, to <;!evelop a comprebensive 
test program on MSIV seat leakage perfor­
mance' (RP1243-1, RP1389-1). The goals 
were first to identify the factors that affect 
the valves' capability to meet the seat leak­
age criteria Imposed by the local leak rate ' 
test (LLAT) .and then to identity and verify 
the effectiveness of corrective actions for 
improving valve leakage performance. 

The program evaluated the effects of such 
factors as local residual stresses from valve 
installation welding; forces and moments 
applied by the connecting pipe; mechanical 
cyclln~; thermal cycling; excessive wear 
and corrosion of critical valve surfaces; 
and poorly controlled maintenance prac­
tices_ Of the factors Investigated, corrosion 
of the valve seating surface (or changes in 
the friction coefficient) and inadequate main­
tenance practices were found to be the most 
significant contributors to the seat leakage 
problem. Program results are reported in 
NP-2381 and NP-2454. 

lower 
guide 00 

Steam 
inlet 

The study also concluded that forced out­
ages attribuiable to valves are underreported 
because of an umbrella or shadowing ef­
fect-situations where a valve requires 

Ftgure 2 BWR main steam isolation valve. EPRI has sponsored a test program to determIne the factors that 
alleet valve seal leakage performance and 10 evatua.te ways to Improve thIs performance. 
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