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ABSTRACT

PacificNorthwestLaboratoryconducteda Phase I aging assessmentof
the standbyliquidcontrol (SLC)systemused in boiling-waterreac-
tors. The study was based on detailedreviewsof SLC system com-
ponent and operatingexperienceinformationobtainedfrom the Nuc3ear
Plant ReliabilityDatabaseSystem,the NuclearDocumentSystem,
LicenseeEvent Reports,and other databases. Sourcesdealingwith
sodium pentaborate,borates,boric acid, and the effectsof environ-
ment and corrosionin the SLC systemwere reviewedto characterize
chemicalpropertiesand corrosioncharacteristicsof boratedsulu-
tions. The leadingagingdegradationconcernto date appearsto be
setpointdrift in reliefvalves,which has been discoveredduring
routinesurveillanceand is thoughtto be causedby mechanicalwear.
Degradationwas also observedin pump sealsand internalvalves. In
general,however,the resultsof the Phase I study suggestthat age-
relateddegradationof SLC systemshas not been serious.

I NTRODUCTION

In support of the Nuclear Plant Aging Research (NPAR) Program, Pacific North-
west Laboratory (PNL)lal conducted a Phase I aging assessment of the standby
liquid control (SLC) system used in commerciaJ boiling-water reactors (BWRs)
(Buckley et al. 1992). The objective of this investigation was to evaluate
the SLC system to determine if additional research is needed to detect and
mitigate degradation due to aging mechanisms such as corrosion and mechanical
wear. This preliminary investigation comprised reviews of information on SLC
system events and component aging phenomena.

(a) PNL is operatedfor the U.S. Departmentof Energyby BattelleMemorial
Institute under ContractDE-ACO6-76RLO1830. This work is sponsoredby
the U.S. NuclearRegulatoryCommissionunder FIN B2911.



The scope of this paper encompassesall SLC systemsfound in commercialBWRs.
Becauseof differencesin nuclearplant designand productlines, SLC system
nomenclatureand componentmakeupdifferfrom plant to plant. Regardlessof
the nomenclatureand physicaldesignvariations,the SLC systemdescribedin
this paper representsall BWR plant designs. A diagramof this representative
SLC system is silownin Figure1.

The purpose of this paper is to describethe methodsand resultsof the aging
assessmentof the SLC system. To accomplishthis, the paper will addressthe
followingareas:

• safety significance

• system description

• aging assessmentmethodologyand results

• technicalcharacterizationof the systemmedia (sodiumpentaborate)

• descriptionof corrosion-relatedfailuresin SLC environments

• conclusionsand recommendations.
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FIGUREI. Simplified One-Line Diagram of the Standby Liquid
Control (SLC) System
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SAFETY SIGNIFICANCE

In a study by Vo et al. (1990), risk analysis calculations were performed to
determine the relative importance of reactor protection systems. The SLC sys-
tem importance to safety as measured by core-melt frequency was ranked 8th out
of approximately 30 reactor protection systems. This initial ranking can also
be used as an indicator of zhe SLC system's relative importance within the
NPAR program aging assessments.

SYSTEMDESCRIPTION

The SLC system is unique to General Electric BWRdesigns, lt is a backup
reactivity control system and is maintained in an operable status whenever a
control rod is removed from a fueled reactor core. In this mode, the SLC
system performs a safety-related function. Zwo of the design-basis require-
ments for the SLC system are as follows:

• Backup capability for reactivity control is provided, independent of
normal reactivity control, to facilitate shutdown of the reactor if
normal reactivity control becomes inoperative.

• The system has the capacity for controlling the reactivity difference
between the steady-state operating condition and the cold shutdown con-
dition, including shutdown margin, to ensure complete shutdown from the
most reactive condition at any time in core life.

The SLC system, as shown in Figure I, consists of a heated storage tank, two
100% capacity pumps, two motor-operated suction valves, two explosive actuated
disch, rge valves, and the necessary valves and associated piping to inject the
sodium pentaborate into the reactor vessel. Some facility systems have
accumulators, located on the SLC pump discharge lines, designed to dampen the
pressure pulsation from operation of the positive displacement pumps. In
addition, the system includes a test tank with the necessary valves and piping
to adequately test system performance by injecting demineralized water instead
of sodium pentaborate into the reactor pressure vessel (RPV).

The SLC system uses sodium pentaborate solution as the reactivity control
agent because boron-t0 has a high absorption cross section for thermal
neutrons (Walker et al. 1983). The solution is maintained at a specific tem-
perature, tank level, and concentration to ensure that the minimum shutdown
requirement of 660-ppm boron concentration within the 50- to 125-minute period
is met. The boron reactivity control limits are summarized as follows:

• 660-ppm boron concentration is used to shutdown the reactor; 185 ppm is
added for non-homogenous mixing; 250 ppm is added for residual heat
removal shutdown cooling dilution, which yields a total boron concen-
tration of 1095 ppm.

• The temperature should be maintained above 10cC (50°F) to ensure that
the solute remains in solution.



• The 125-minute maximum injection time ensures that the sodium penta-
borate is injected fast enough to overcome cooldown and xenon depletion
reactivity effects.

• The 50-minute minimum injection time ensures that there are no power
oscillations caused by high boron concentrations cycling in and out of
the core due to poor mixing.

Because the SLC system takes approximately 2 hours to inject sufficient sodium
pentaborate to shutdown the reactor, it cannot be considered as a backup sys-

i tem to the control rods for accidents requiring a rapid shutdown or reactor
scram. The SLC does have the capacity to shutdown the reactor with adequate
margin to control the reactivity difference between the rated operating con-
dition and the cold shutdown condition. This margin of control is ensured
during the period of the core life when reactivity is greatest, and takes into
account dilution by the reactor recirculation system and non-homogenous
mixing.

The SLC system is manually initiated in accordance with emergency operating
procedures, typically when the plant is experiencing an anticipated transient
without scram event (ATWS) where control rods cannot be inserted into the
reactor and heat is being added to the suppression pool. With the reactor at
full power and with heat being added to the suppression pool, it is possible
that the heat capacity limit of the primary containment could be exceeded and
primary containment integrity could be challenged. The heat capacity limit is
based upon not exceeding the design containment pressure or the design sup-
pression pool temperature if an emergency RPV blowdown occurs.

= The SLC system is initiated with keylocked switches. Each switch controls one
100% capacity pump subsystem. When the switch for a SLC pump is placed in the
RUNposition, the following actions occur"

I. The pump suction valve opens.

2. Both explosive pump discharge valves actuate and open.

3. The reactor water cleanup system is isolated.
z

4. The SLC pump starts when the suction valve is fully open.

The SLC storage tank level is monitored during injection by the control room
operators to ensure that the solution is being injected into the RPV. Reactor
power and other complementary plant parameters are monitored closely to track
decreasing power. When the reactor is confirmed to be shutdown and further
injection is not required or the SLC tank level is at zero, the switch is
placed in the STOP position.



AGING ASSESSMENTMETHODOLOGY

The aging assessment methodology required that the SLC system bodnaaries be
identified. Figure I illustrates these boundaries. The following components
were excluded from aging evaluation because they are being evaluated under
separate NPAR program aging assessments. These components were_ however,
examined for effects on the components included in the evaluation.

• electrical breakers

• motor control centers

• cables

• pump motors

• motor operators for valves

• pipe supports

• snubbers.

The preliminary aging assessment of the SLC system involved a review of
industry and regulatory databases for SLC system operating experience. The
databases consulted for this study were as follows:

• Nuclear Plant Reliability Database System (NPRDS)

• Nuclear Documentation System (NUDOCS/AD)/Licensee Event Reports (LERs).

These databases were evaluated to determine if system components evidenced
age-related degradation. Those instances where aging degradation was evident
were evaluated to determine whether or not the aging effects would cause the
SLC system to fail when required to operate during an emergency.

Of the databases reviewed, the NPRDScontained 510 records and the NUDOCS/AD
database contained 122 LERs that applied to the SLC system.

The database information was screened to segregate instances of aging degrada-
tion from immediate damage due to operator error_ procedural error_ mainte-
nance error (e.g., failure to tighten connections), abuse (e.g., valves broken
by unknown causes), and design error (upgrading required to meet system
demands). Normal aging degradation, produced by error-free pre-service and
operating conditions (Grant and Miller 1992), was typically detec%ed during
testing and operator rounds.

Once the age-related failures were identified, it was determined whether the
failure, if undetected, would hinder the operation of the SLC system during
critical need. The original NPRDSand LER files were then condensed to
110 records.



DATABASEREVIEWRESULTS

The reliability of the SLC system components was assessed based on the
screened database information. The four components that evidenced aging
degradation were the relief valves, pumps, accumulators, and the SLC system
instrumentation.

The system relief valves were the most troublesome component identified in the
final 110 records. Relief valve failure was noted 84 times. Relief valve
failure is considered to affect SLC system operation in two ways. First, if
the relief valve does not open during operation, the system could lose its
over--pressure protection capability. The system requires over-pressure pro-
tection because positive displacement pumps have the capability ",o easily
damage the system if a vent path does not exist. Second, if the valves leak
by or lift early, the system could bypass its injection flow back to the pump
suction or the storage tank and thereby reduce the boron injection rate in
times of critical need.

The root cause of the failure of the relief valves was difficult to assess
from the descriptions given in the databases. Fifty-five of the failures were
attributed to setpoint drift due to mechanical wear. Eight of the failures
could be connected to sodium pentaborate build up. Only two failures were
related to corrosion of the valve internals.

Twelve records showed that pump failures would have hindered SLC system opera-
tion. Most of the failures resulted from the aging degradation of seals and
internal check valves. These failures typically prevented the pump from
operating within technical specifications for a given flow at a given pres-
sure. These failures were found during surveillance testing. Packing leaks
are considered an aging effect, but failure of packing has not been considered
a critical issue that would hinder the operation of the SLC system during cri-
tical need.

The system accumulators were found to maintain operational integrity during
service. Although the accumulators were subject to age-related degradation,
the impact of the degradation was not considered detrimental to SLC system
operation during critical need. In most cases, the degradation was identified
through a partial or complete loss of the nitrogen blanket pressure. Loss of
nitrogen pressure was caused by valve wear and failure of the gas bladder.
Even though the pressure was lost, the accumulators stayed intact and would
still pass flow when needed.

The instrumentation required to monitor the system (such as component status
lights; tank level and temperature gages; and system pressure_ flow; and
explosive valve continuity gages) is subject to aging but is not necessary for
system operation during critical need.

The results of the database review showed that the SLC system relief valves
are the most troublesome system component that could affect system operation
during critical need. However, the validity of the database depends on the
participation from utilities and the accuracy of the information provided by



the utilities. Discussions with component repair vendors could be valuable in
determining the root cause of the relief valve failures.

CHARACTERIZATIONOF SODIUMPENTABORATE

The chemical formula for sodium pentaborate decahydrate is NaoO.5B_O_.IOHpO.

lt is formed when Borax (Na2B_O_) and boric acid (H_BO_)._ are m{xed _vi:ch wa_ter.
There are two naturally occurrlng isotopes of boron. The boron-10 proportlon
is 19% to 20%, and that of beron-11 is 80% to 81%. The boron-t0 isotope is of
particular importance in the operation of nuclear reactors because it has a
large cross section for thermal neutron capture. Most BWRfacilities use
boron with naturally occurring isotope concentrations. Some BWRfacilities
are using bDron with a boron-lO enrichment up to 54 atom percent.

Sodium pentaborate is much more soluble than the individual Borax or boric
acid compounds. When Borax is added to a saturated boric acid solution or
boric acid is added to a saturated Borax solution, the solubility, measured as
percent B_O3 (borate) in solution, increases markedly. The solubility of
sodium pefitaborate also increases with increasing temperature• Solubility,
expressed in units of percent anhydrous salt by weight, increases from 6.28%
at O°C (32°F) to 50.30% at I00°C (212°F). The temperature of the SLC storage
tank is normally maintained at about 30°C (86°F), which results in a 13.75 wt%
solution (weight of sodium pentaborate per 100 wt of saturated solution) (Nies
and Cambell 1964).

The pH values for sodium pentaborate typically used in SLC systems are near
neutral. For example, the pH range for a 13.75 wt% solution is 7.1 to 6.8.
The pH will vary slightly a._ a function of weight percent of solution.

General Electric specifications for boric acid indicate that the purity limit
of the granular boric acid must be 99.90% by weight• The chloride impurity
limit is 0.0001% by weight.

The US BORAXService Bulletin (1979) identifies Borax as a corrosion inhibi-
tor. The bulletin states that "the buffering action of Borax (5 molar or
10 molar) maintains pH above 7, where acidic compounds cannot form." The
bull_tin further states that "Borax inhibits corrosion by minimizing the rate
of oxidation at the surface of the metal and is classified as an anodic
inhibitor."

CORROSIONIN SLC SYSTEMENVIRONMENTS

To assess the potential for corrosion of SLC system components, it is neces-
sary to define the material and environmental factors and to assess their rela-
tionship to known corrosion regimes• The database review does not reveal
specific failures in SLC systems that are attributed to corrosion. However,
it is important to consider whether corrosion can be expected to emerge as
service life is extended.



The principal environments in typical SLC systems are as follows:

• aerated sodium pentaborate solution at 65°C (150°F) during mixing and
2]-30°C (70-86°F) during static operation in the tank and heat-traced
I ines

• deionized water (aerated) in the test circuits and tank at ambient
temperatures

• exterior surfaces of stainless steel pipes, valve bodies, and tanks
exposed to air in the temperature range 10 to 3D°C (50 to 86°F).

The principal material in the SLC system tanks and pipes is stainless steel.
The specific types have not been surveyed in detail, but both normal grades
(e.g., alloy 304) and low-carbon grades (e.g., 316L) are represented.

The factors that contribute to corrosion of stainless steels include: a con-
taminated environment, corrosion-prone (e.g., sensitized) microstructures,
and, in the case of stress-assisted phenomena, high stress levels.

Because the SLC system is safety-related, high-integrity weld procedures would
have been required, suggesting that high levels of sensitization would not be
expected in weld heat-affected zones. Stress levels in SLC system components
have not been characterized specifically, but their effects, if present, seem
to be mitigated by other favorable factors considered below.

Stainless steels are generally not prone to serious corrosion in deionized
water under conditions that exist in the SLC system. Also, the SLC-air-side
environments appear to be benign for stainless steels unless contaminants
foreign to normal conditions are introduced.

The principal corrosion consideration in the SLC system focuses on the portion
of the system that is in contact with borated solutions.

CORROSION-INDUCEDFAILURES OF STAINLESS STEEL IN BORATEDSOLUTIONS

There have been numerous failures of stainless steel in borated solutions at
low temperatures [20-40°C (68-I04°F)]. The failures are illustrated by two
cases cited below. The first involved failure of the piping in the fuel stor-
age pool cooling system, in a standby loop; the second involved separation of
the upper end fitting from an irradiated 'fuel assembly in a spent fuel storage
pool (FSP).

Three Mile Island

At the Three Mile Island Unit I fuel storage pool (cooling loop A) nine sec-
tions of pipe from the fuel peol were observed to have small through-wall
cracks in weld heat-affected zones (HAZ). The failures occurred in the redun-
dant section of the pool coolant system (loop A), which remained stagnant for
most of the time from commissioning in 1974 to observation of the cracks in
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1979. A study (Bruemmer and Johnson 1984) indicated that sulfur and chlorine
were present in the fracture area in a weld heat-affected zone, and the HAZ
material was sensitized.

Prairie Island

The upper end fitting (nozzle) separated from an irradiated Prairie Island
Unit I fuel assembly during handling in the spent fuel pool in December 1981.
The suspected failure mode of the Type 304 stainless steel sleeves in the fuel
assembly was intergranular stress corrosion cracking (IGSCC), which occurred
while the fuel assembly was stored in the FSP (Bailey and Johnson 1983). The
stainless steel guide tubes were sensitized when the upper tie plate assembly
was heat treated. Bulges that joined these guide tubes to the Zircaloy tubes
were a potential source of stress. A contaminant which might have contributed
to the IGSCC was not identified but was speculated to be thiosulfate. The NRC
is treating this failure as an isolated case.

A study by Jones et al. (1981) indicated that Type 304 stainless steel is
susceptible to IGSCC under fuel pool conditions. There have been, however,
"no IGSCC failures observed at 32°C (90°F) in borated water without [chloride
ion] additions," addressing laboratory tests (Jones et al. 1981).

COMPARISON OF FSP AND SLC SYSTEM CONDITIONS

The similarities between the FSP and SLC system conditions are stated below:

• both involve borated chemistries

• both involve oxygenated conditions

• both operate in similar temperature and pressure regimes

• both operate under stagnant conditions

• both have stainless steel as the principal material of construction.

The literature suggests that stress corrosion cracking generally occurs more
aggressively at low pH in low-temperature aqueous environments, although there
are variations, particularly as temperatures increase (Theus and Staehle
1973).

Key differences between the FSP and SLC system are as follows:

• The source of boron in the FSP is boric acid; in the SLC system, the
boron source is sodium pentaborate.

• The pH of the FSP solution is typically =4.5; in the SLC system
solution, the pH is near neutral (:7.0).



The higher pH in the SLC system would be expected to mitigate the IGSCC of
stainless steel. Higher weld integrity is another potentially favorable fac-
tor that has not been investigated systematically.

In summary, the current industry experience on corrosion in SLC systems indi-
cates that there is no unpredicted corrosion of components in contact with the
sodium pentaborate solution. This result is expected because the components
are subject to relatively mild conditions: low levels of chloride, higher pH
range, low temperature, and low pressure. The types of failures experienced
in pressurized water reactor (PWR)fuel storage pools are not expected to
occur in SLC system materials, based on the less aggressive conditions. How-
ever, selected monitoring of SLC system components for corrosion, including
IGSCC, is recommended, particularly at locations that may have been subject to
sensitization (weld heat-affected zones).

CONCLUSIONSAND RECOMMENDATIONS

A survey of reported incidents related to the aging of the SLC system indi-
cates that degradation of system relief valves (SRVs) could prevent the valves
from operating properly and thus reduce the boron injection rate. The relief
valves have experienced setpoint drift, which has been discovered during
routine surveillances and is likely due to mechanical wear. Therefore, addi-
tional study of the SLC relief valves is recommended. A minimum relief valve
testing interval of every refueling outage is also recommended.

The SLC sodium pentaborate solution provides a mild environment with respect
to age-related degradation. The corrosion that has occurred in PWRfuel stor-
age pools is not expected to occur in SLC systems.

The following are practices which, if implemented, would further minimize the
risk of failures due to corrosion:

I. The contaminant level of chloride and sulfate should be independently
evaluated, to verify the certification values received from the Borax
and boric acid vendor, before addition of the chemicals to the SLC sys-
tem storage tank.

2. The concentration of contaminant chlorides and sulfates in the SLC stor-
age tank should be monitored periodically to determine whether concert-
trations are at levels that could contribute to corrosion.

3. Selected, specific nondestructive evaluations should be conducted to
detect whether corrosion is occurring, particularly in weld heat-affect-
ed zones.

In summary, the effects of age-related degradation on the SLC system have been
minimal. Deterioration of system relief valve performance has been the most
significant aging problem. Additional study of the SLC relief valves and
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testing of the valves during every refueling outage is recommended. Conduct
of a NPAR safety relief valve study would address the principal vulnerabili-
ties of the SLC system, and a separate NPAR Phase II aging study of the SLC
system would not be necessary.
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