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1. EXECUTIVE SUMMARY

Thefailure frequency of Type | and Type Il High Level Waste tanks was calculated. The
degradation mechanism that could lead to large break failure and the credits taken for steps taken
to prevent large break failure were considered. The annual probability of failure or failure
frequency of thethe Type | and Type Il High Level Waste Tanks was estimated to be 1 x 10°®

large breaks/year (per tank).

The following were considered for failure frequency calculations:

Large Break Failure

A large break failure is defined to occur when a flaw, undetected or
detected, grows to the point of instability, and causes rapid, unstable
unzipping to open the structure.

Degradation Mechanism

Leading to large break
fallure

Nitrate stress corrosion cracking, initiating in the residual stressfield
of welds, is the primary mechanism that can cause large break failure.
The crack growth rate was determined to be 2.5 in/yr in laboratory
tests.

The instability flaw size used for the failure frequency calculation
was 18 in., which was determined at 100% fill of Typel tanksat a
liquid specific gravity of 1.7. Theresultsfor other specific gravities
are provided.

Credits Taken

To prevent large break
failure

Visual Inspections: No credit for visual crack detection isassumed in
the failure frequency estimation since regions of the tanks are
inaccessible.

Leak Detection System: The annulus of each of the Type |l and |1
waste tanks are installed with at least two single-point conductivity
probes for leak detection. These probes are safety class
instrumentation and are alarmed.

The leak-before-break capability is applied in detecting flaws well
before instability.

Crack Growth Mitigation: Solution chemistry control isin placeto
prevent the initiation and growth of stress corrosion cracking.

There are controlsin place to quickly develop an effective response
plan to leaking cracks. This response plan could include waste
transfer below a point to stop leaking and also additional surveillance.

The failure frequency is a combination of the probability of four factors: (1) Pc,
likelihood of the existence of athrough-wall crack at the highest stresslocation in tank, (2) Pap,
likelihood of non-detection of athrough-wall crack, (3) Pcg, the crack size distribution with
crack growth to instability in agiven time period, (4) and P_np, an estimation of the probability
of “Leak Non-Detection” (LND) using conductivity probe system.
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Thefinal failure frequency of Typel and Type |l tanks, generically, was calculated to be
1E-8 large breaks per year using the previously mentioned parameters. By definition, thisisthe
probability of alarge break failure within one year using the crack size distribution assumed to
be the current configuration of the cracks of a Type | or Typell High Level Waste Tank.

2. INTRODUCTION

The High Level Waste Life Management Program contains activities to ensure the
structural integrity of Typel and Type Il high level waste tanks. Thisreport, as part of the life
management program, describes a methodology for the estimation of the direct large break
failure frequency of aTypel or Typell tank. A direct failure frequency is defined as the
probability of alarge break failure per unit time (i.e., 1 year). For example, alarge break failure
by direct means could occur when aflaw, undetected or detected, grows to the point of
instability, and causes rapid, unstable unzipping to open the structure.

A probabilistic methodology developed by Lawrence Livermore Nationa Laboratory
(LLNL) to estimate the pipe break probability or break frequency is adapted here for application
to Typel and Type Il waste tanks. LLNL developed a probabilistic fracture mechanics
methodol ogy for the assessment of double-ended guillotine break (DEGB) of a pipe from both
direct and indirect causes. The DEGB probability assessment from direct causes considered the
growth of as-fabricated surface flaws at welded joints, taking into account loads on the piping
due to normal operating conditions and seismic events. Other factors, including the capability to
detect pipe cracks and pipe leaks were also addressed in that previouswork.! The LLNL
methodology is adopted to calculate a direct failure frequency of Typel and Type I high level
waste tanks. Degradation mechanisms that could lead to large break failure of high level waste
tanks are considered. Indirect causes of failure (e.g., failure of concrete vault causing failure of
steel tank) are not addressed.

3. BACKGROUND

Type | and Type Il waste tanks were made of ASTM Type A285-50T, Grade B stesl.
The material was melted in an open-hearth furnace, semi-killed, and the hot-rolled into plate.
There are atotal of 12 Type | tanks, and 4 Type |l waste tanks.

Type | tanks (shown in Figure 1) have a capacity of 750,000 gallons, are 75 feet in
diameter, and 24 Y2 feet high. The primary tanks are a closed cylindrical tank with flat top and
bottom constructed from %2 in. thick steel plate. The top and bottom are joined to the cylindrical
sidewall by curved knuckle plates. Type Il tanks (shown in Figure 2) have a capacity of
1,030,000 gallons, are 85 feet in diameter, and 27 feet high. The primary container for Type I
tanks consists of two concentric steel cylinders assembled with aflat bottom and flat top forming
adoughnut. The top and bottom are joined to the outer cylinder by rings of curved knuckle
plates. Neither Typel nor Type |l waste tanks are stressrelieved. Single-butt girth weldsjoin
each of the platesin both, Type | and Type Il waste tanks. The tanks are constructed with atop
weld to the top of the tank, middle welds between plates, and bottom welds to the bottom of the
plate. A 5-foot high steel pan provides secondary containment for the tanks and a concrete vault
encompassing the primary tank and the steel pan provides another barrier before waste can reach
the ground.
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Figure2: Typell High Level Waste Tank Schematic.

4. METHODOLOGY FOR FAILURE FREQUENCY ESTIMATION

Thefirst step isto identify the failure mechanism that can lead to alarge break failure.
Waste tanks are subject to two primary degradation mechanisms. The first of which islocalized
corrosion (i.e., pitting) that is caused by nitrate ions which break down the protective oxide layer
of steels. Pitting corrosion can lead to localized wall thinning, and in extreme cases, leaks.
However, without the contribution of stress-corrosion cracking, pitting cannot lead to large break
failure of the waste tanks. The second primary degradation mechanism is stress corrosion
cracking which is aso triggered by the presence of nitrate ions. The tank operating history has
shown that this mechanism was active in Types | and |1 tanks, at least prior to chemistry control
inthe 1970’s.

Stress corrosion cracks that initiated from single-butt girth welds and grew
perpendicularly to the weld were considered. Only axial cracks were considered, and
circumferential cracks were disregarded. Large break failure, for purposes of this study, is
defined to be the unstable propagation of one such stress-corrosion crack through the tank to the
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point of instability. Crack growth not rapidly propagating to failure is termed “subcritical” crack
growth. Cracksthat are identified as“unstable” can propagate up to the speed of sound in the
waste tank material. It isvisualized that large break failure will comprise of unstable crack
growth from top to bottom of Type | and |1 high level storage tanks, indicating “unzipping”
failure. Thistype of failure occurs when acrack is able to traverse over girth welds, and
continue vertically throughout the height of the tank. The result of the failure will be the spillage
of all contained materials into the annular space, and the complete loss of primary containment.
The primary degradation mechanism contributing to the probability of large break failurein
Typel and Il high level waste tanks is considered to be stress corrosion cracking.

Section 4.1 describes nitrate stress corrosion cracking. Section 4.2 describes the method
used to estimate the failure frequency for nitrate SCC. A probability for each of the components
that comprise the overall failure frequency isassigned. Credit istaken for inspections and leak
detection systemsin place. The inspections and leak detection systems are critical in detecting
flaws to avoid a potential large break failure. The response plan to leak detection system alarms
is considered effective to avoid large break failurein all cases.

4.1. Crack Growth Mechanism

Stress corrosion cracking was determined to be the principal degradation mechanism for
the primary liner in Type | and I1 high level waste tanks.>® Stress-corrosion cracking is the
formation of cracksin the presence of tensile stresses in a hostile environment. In addition, low
carbon ferritic steels are commonly known to be susceptible to intergranular stress-corrosion
cracking in nitrate solutions.

Specificaly, cracks in waste tanks were initiated by exposure to a hot aqueous solution
containing nitrates in the presence of aresidual stressfield due to girth welds. It isimportant to
note that Type | and Il high level waste tanks were not stress-relieved prior to installation. The
residual stressfield created as a consequence of solidified weld metal in the presence of
surrounding cool base metal during welding provided the tensile stress necessary to initiate a
stress corrosion crack. In addition, the residual stresses provided the crack driving force
necessary for stress-corrosion cracking. Residual stresses may not strongly affect flaw stability.
Under ahigh level of applied stress, the effect of residual stressis diminished, and net section
yielding would control the failure. Crack that extend well beyond the residual stressfield near
the welds would also be less affected by these stresses considering flaw stability.

Previous visual and ultrasonic examinations of Type | and Il waste tanks have determined
that five Type | waste tanks and all four Type Il waste tanks have developed through-wall cracks
near the welds. This cracking has been attributed to stress-corrosion cracking. These cracks
were self-plugged by salt deposition around the flaws.

Theresidual stressfield around a single butt girth weld was done to assess the extent of
influence of the residual stressfield around the weld. The crack driving force which are the
residual stresses around the weld HAZ, decrease with distance from the weld line. Therefore, the
crack will theoretically be arrested outside of the residual stressfield when the stress intensity
created by the residual stressfield falls below the stressintensity required to drive an
intergranular stress-corrosion crack (Kicscc).
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Analysts at Battelle Memoria Institute, Columbus performed thermomechanical
calculations for WSRC to obtain the residual stress distributions for single butt welds* The in-
plane residual stress (parallel to butt weld) responsible for the growth of avertical crack
(perpendicular to the butt weld) was calculated to go to zero, as shown in Figure 3 at
approximately 0.75in. Thisresidual stress provided the stress intensity necessary for subcritical
(stable) crack growth dueto stress corrosion. The threshold stress intensity factor of stress
corrosion cracking (K scc) Was previously determined in to be 32 ksi-inY2. Therefore, it was
determined that the maximum length of stress corrosion cracking due to the residual stressfield
created from a single butt girth weld is 1.5 inches® The stressintensity factor due to the residual
stress for vertical cracksis shown in Figure 4.

Outer Surface
—  Middle Surface
....... Inner Surface

Longitudinal residual stress, ksi

TN

0.5 1 1.5 2

10 ¢
Distance from weld centerline, inch

Figure 3: Residual Stress Distribution Around Single Butt Welds. (Reproduced from
Reference 4)
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Figure4: Stressintensity Factorsdueto Residual Stressfor Vertical Cracks. (Reproduced
from Reference 5)

It isimportant to note that material that was stress-relieved, e.g., Type 1l high level
waste tanks, have shown no evidence of cracking. Thislends further validity to residual stress
fields providing the primary tensile stress required for stress-corrosion cracking.

4.2. Large Break Failure Frequency Estimation

The annual frequency of large break failure is postulated to be comprised of two
components, the probability of failure due to a stress corrosion crack originating in (1) an
uninspected weld and (2) an inspected weld.

Equation 1: Annual Failure Frequency of Large Break Failure.
Prr = Puw + Piw

1. Puyw = Probability of large break failure due to stress-corrosion crack originating in
uninspected welds.

2. Pw = Probability of large break failure due to stress-corrosion crack originating in
inspected welds.

The annual large break frequency units are large breaks per year or LB/year. The product
of individual component probabilities yields the total annual large break frequency. For
purposes of this study, only the probability of a stress-corrosion crack initiating and growing to
cause alarge break failure in one year was considered. The failure frequency calculated isvalid
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only for aTypel and Il high level waste tank with an assumed existing crack distribution.
Failure frequency calculations for a specific cracked tank could be performed with tank-specific
flaw information.

Each of probabilities (Puw and Pw) that comprise the total failure frequency was
determined to be a combination of four probabilities:

Equation 2: Probability of Large Break Failuredueto Crack Initiating in Uninspected
Weld.

Puiw = Pc * Pnp = Pcg = Punp

Equation 3: Probability of Large Break Failuredueto Crack Initiating in Inspected Weld.

Piw =Pc * Pnp * Pcg = Punp

1 P = Likelihood of the existence of athrough-wall crack at the highest stress
location in tank.

2. Pap = Likelihood of non-detection of athrough-wall crack.

3. Pcg = Provides crack size distribution with crack growth to instability in agiven time
period.

4. Pinp = Estimates probability of “Leak Non-Detection” (LND) using the conductivity
probe system.

5. ASSOCIATED PROBABILITIES
5.1. Probability of Crack Existence (Pc) and Crack Non-Detection (Pnp)

The probability of crack existence (Pc) assessed the likelihood of the initiation of a stress
corrosion crack in theresidual stressfield of single butt girth weld. Stress corrosion cracking
was determined to have taken place by intergranular crack growth driven by anodic dissolution
which preferentially removed heavily stressed material by chemical means. Stress corrosion
cracking has been determined to be the primary degradation mechanism, and is the only
degradation mechanism considered for purposes of this calculation.

5.1.1. Tank Inspection Program

Anin-service inspection plan that focuses on identification and characterization (i.e.,
size, location, etc.) of flawsin Type | and Type Il waste tanks is an ongoing program.® It has
been devel oped to organize evaluations of the condition of high level waste tanks and associated
structures, systems, and components. The inspection program is an integral part of the overall
program designed to maintain confinement throughout the desired service life and to manage
material aging through monitoring, inspection, and predictive testing. Monitoring and inspection
provides early detection of degradation and information that can be used for degradation
evaluation.

Inspection techniques utilize visual imagery and thickness measurements. The current
inspection consists of direct photography that involves making detailed views of the tank walls
and annular space. The limitations of the imaging technique is such that cracking that have led
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to leaks are easily detectable. However, cracking that has not led to leakages cannot be
visualized. In addition, only 73% of the exterior wall of Tank 6 can be inspected. The
remaining 27% of the exterior wall of Tank 6 is not currently accessible.

Historicaly, 5 of 12 Type | waste tanks were found to be cracked. Each of the4 Typell
tanks were found to be cracked. That indicated a statistical incidence probability of 9/16 for the
existence of a stress corrosion crack in these waste tanks, i.e., P = 9/16. However, it was
assumed that cracks exist in tank spaces inaccessible to visual imagery due to their existencein
the accessible regions. It is also assumed that a stress corrosion crack initiating/growing in an
uninspected region of the weld can grow to instability. Therefore, for purpose of this analysis, P;
isassumed to be 1. Consequently, the probability of non-detection of athrough-wall crack by
visual imagery was determined to be 1, i.e., Pyp = 1.

5.1.2. Uninspected Weld Equivalency

For purposes of this study, no partitioning of the failure frequency between uninspected
and inspected weldsis considered. The entire tank is assumed to be susceptible to stress
corrosion cracking and assumed to be uninspected because of visual access limitations.
Therefore, the probability of alarge break failure is equivalent to the probability of failure of a
stress corrosion crack initiating from an uninspected weld, as shown in Equation 4. Asaresult,
thereis no credit taken for possible remediatory action taken once a crack that does not leak,
assumed to be aresult of stress-corrosion cracking, isidentified by visual inspection.

Equation 4: Probability of Large Break Failure Equivalent Only to Uninspected Weld

Per = Puiw

5.2. Probability of Crack Growth to Instability in One Year (Pcc)

This conditional probability assessed the likelihood of a crack leading to alarge break as
atime-dependent term (i.e., 1 year for an annual failure frequency). Calculation of the
probability of crack growth to instability took into account the primary degradation mechanism
(SCC) and the rate of SCC cracking, possible mitigation of SCC cracking through solution
chemistry control, the crack size probability distribution, and the instability flaw size calculated
using fracture mechanics methodologies. The crack size cumulative probability distribution was
used to calculate the probability of crack growth beyond its instability point (leading to large
break failure) in one year assuming SCC as the only and primary degradation mechanism.

5.2.1. Crack Growth Ratedueto Nitrate-SCC

It was experimentally determined that the degradation rate due to stress corrosion
cracking in anitrate environment was 1.25 inches per year (ipy).” Thistranslatesto a crack
growth rate of 2.5 ipy in the waste tanks. The tests were done on wedge-opening loaded (WOL)
specimens made of non-stress relieved carbon steel. The tests were done to determine the crack
growth rate of a SCC crack dueto agirth weld. Crack growth rates were calculated in an
environment of uninhibited wastes with nitrate as the aggressive species. The environment was
chosen to reflect service conditions of Type | and Type |l waste tanks.
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5.2.2. Chemistry Control to Mitigate SCC

Controls on solution chemistry were instituted in the late 1970’ s to preclude the initiation
and propagation of SCC in the waste tanks. Previous work established the condition for growth
and inhibition of nitrate-induced SCC in carbon steel for application to waste tanks® It was
found that sufficient concentrations of hydroxide and nitrite prevent or arrest nitrate SCCin
waste tank steel, and these have been codified in the chemistry controls for the waste tanks.

The chemistry controls in the waste tanks are based upon previous experimentation.
Laboratory tests have indicated that chemistry control arrests crack growth in the and prevents
initiation of new cracks in the non-stress-relieved tanks.” WOL specimen tests were utilized to
characterize crack growth in nitrate solution. The WOL tests showed that in solutions that
caused crack growth, the growth rate and K scc were independent of bulk nitrate concentration.
Thisindicated that solution chemistry at the crack tip controls crack growth. In addition, it was
found that crack propagation depended only upon nitrite and hydroxide concentration and was
independent of nitrate concentration and temperature. However, crack initiation was dependent
upon all four variables.

5.2.3. Crack Size Probability Distribution

Numerous cracks have been found in Type | and Type Il waste tanks during visual
inspections. An analysis of cracksin an out-of-service tanks was performed and adjusted to
reflect further visual examinations. The adjustment of the data was inherently conservative as
the crack lengths assumed were outside of the residual stressfield of the girth welds. As
previously mentioned, the residual stress field provides the tensile stress necessary for a SCC
only 1.5 inches in length.

The crack size distribution development is divided into two parts: (1) statistical analysis
of the crack length data compiled on retired Tank 16 (Type |1 waste tank) and (2) development
of abounding estimate of flaw size distribution to fit consequent crack length data of in-service
tanks and reference flaw size calculations. Tank 16, a Type Il tank, was considered
representative and bounding of al Type | and |1 waste tanks, because the materials and
construction practices represent the worst case of leaking and stress corrosion cracking.

5231  Tank 16 DataAnalysis

Tank 16 was a Type |l waste tank that was taken out of service. It was placed in service
in 1959 and soon thereafter, 2 years, 175 leaksites in the tank wall were identified through visual
examination. After removal of 70% of the |leaked waste in the annulus, waste removal from the
interior of the primary vessel was completed in 1980. Extensive inspections performed since
1972 indicated that the primary vessel wall has 300-350 leak sites. Of these 300 sites, 13 cracks
from a single weldment region were accurately sized.® These cracks were a representative
sample of the remaining weldment regions of Tank 16.

The crack sizes were statistically analyzed.!® The possibility of crack coalescence was
also considered. The crack size distribution was found to be areasonable fit to alognormal
distribution. The lognormal distribution is a continuous probability distribution with the
following probability density.



January 2001 WSRC-TR-2001-00022
Page 10 of 21

Equation 5: LogNor mal Distribution®
1 1 _ 2 (Infa)-m?o
f(a)=— expg- T
s mT g

m= Mean of [In(a)] = 0.1094
s = Standard deviation of [In(a)] = 0.8627
a= Crack length data (in.)

5232. Adjusted LogNormal Distribution

Visual observations of cracks observed in in-service tanks have indicated a maximum
crack length of 6” due to nitrate stress corrosion cracking. In addition, there are indications of a
large population of 2" cracks through Type | and Type Il waste tanks. It has been calculated
that the maximum length of stress corrosion cracking perpendicular to agirthweld is 1.5” from
the center-line of theweld.> Thisindicates that the residual stressis sufficient to provide the
stress intensity for a stress corrosion crack of atotal length of 3 inches. Thisislimited to stress
corrosion cracking initiating from a single butt girth weld. In addition the residual stress analysis
was done only for aType Il high level waste tank configuration.

For purposes of this study, a6 inch reference flaw will be used as previously
determined.'? It was calculated under the possibility of crack coalescencein Tank 16. Because
of limited visual imagery techniques to measure crack length, the worst case scenario of one
crack being visible only in 4 sectionsis considered.

The lognormal distribution was adjusted to indicate a mean crack length of 2” and a 95%
cumulative distribution function of 95% for crack lengths of 6”. Thiswas equivalent to a mof
0.6931 and as of 0.6999. The probability density functions of Tank 16 and adjusted data are
shown in Figure 1. The cumulative density function of tank 16 and adjusted data are shown in
Figure 2.

It is seen from the probability and cumulative density functions that the adjusted density
function was a more conservative approach. The effects of chemistry control in the residual
stressfield is considered ineffective. In addition, a crack growth to areference flaw size of 6” is
allowed even though that is out of the residual stressfield. Outside of the 6” reference flaw size,
crack growth was not considered to be due to nitrate stress corrosion cracking, although the
nitrate SCC is nevertheless applied in considering its growth.
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Figure5: Probability Density Function of Tank 16 Crack Length Data and Adjusted Data
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Figure 6: Cumulative Density Function of Tank 16 Crack Length Data and Adjusted Data
to Consequent Visual I nspections.

5.2.4. Instability Flaw Size

The stability of through-wall flawsin the primary tank of Type 1 waste tanks has been
previously reported.® The Jintegral fracture methodology was used to evaluate flaw stability.
The flaw stability analysis was done for variousfill heights and various specific gravities of
waste. A material J-value of 450 kJ/m? was used as the material property input Thisisthe lower
bound fracture property as determined by the material testing program interim results. The
results were shown in terms of fill-height and flaw size as a function of specific gravity.
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Theinstability flaw size is afunction of liquid specific gravity, fill height, and stress state
at the location of the flaw. The flaw instability lengths for Type | tanks under normal operating
conditionsis shown in Figure 7, as reproduced from Reference 13. The curves shown are for
calculations made at the highest stress state of the Type | waste tanks. The instability flaw sizes
in Figure 7 were interpolated using an exponential regression (shown in Figure 8) to determine
the flaw stability size for 100% fill height for a specific gravity of 1.7. Using the exponential
regression, the instability flaw size at 100 % fill was determined to be approximately 18 inches
for aliquid specific gravity 1.7 respectively.

Type |l Tank under Normal Operation Condition
Fill Height vs. Specific Gravity
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Figure7: Flaw Instability Lengths (SF=1) and Fill Limits (SF=2) for Typel Tanksunder
Normal Operating Conditions. (Reproduced from Reference 13)-
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Effect of Specific Gravity on Instability Flaw Size
(100% Fill Limit)

30 1

T 281

9 22 ] & SF=1 Type | Tank
2 22 A

E 20 1 B Interpolated from
L i Calculation

> 18

= 16 1 — Expon. (SF=1 Type
8 14 A | Tank)

[%]

c

12 A1
10

1 1.2 1.4 1.6 1.8 2
Liquid Specific Gravity

Figure 8: Exponential Regression Analysis of Effect of Specific Gravity on I nstability Flaw
Size of Typel Waste Tanksat the Highest Stress L ocation.

A stress evaluation of Type | and Type Il tanks has previously been done by Structural
Mechanics.***®> The calculation evaluated the effects of normal operating and postulated seismic
conditions on the structural components of an unflawed tanks. The significant loading
considered in the analysis were dead weight, annulus pressure, hydrostatic pressure, relative
thermal expansion between the steel tank and concrete vault, hydrodynamic pressure and inertial
forces produced by the postulated seismic event. The analysis showed that seismic loads were
the controlling loads. The tank allowable fill limits were calculated using ASME Section VIII,
Division 2 criteria. Theresultsare shown in Table 1. These are assumed to be the operational
fill limits used for an unflawed tank in service.

Table 1: Allowable Tank Fill Limitsfor Typel and Typell Tanks. (Reproduced from
References 14 and 15)*

Tank Type Fill Height Total Fill Height
Typel Tank Fill Limit 259in. 276 in.
Typell Tank Fill Limit 292 in. 306 in.

* The tank fill heights are calculated for a specific gravity of 1.7 using linear
interpolation between fill heights calculated for specific gravities of 1.6 and 1.8 in References 13
and 14.

The input parameters for failure frequency calculations are shown in Table2. The
instability flaw sizes used were calculated for the bounding condition of the maximum fill height
of 100%. However, the allowable tank fill limits below that according to Division 2 allowables
as previously mentioned. The failure frequency calculations will therefore have inherent
conservatism induced by the instability flaw size component.
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Table 2: Parametersand Conditionsused for Probabilistic Risk Methodology

Parameter nput Value
Specific Gravity 17
Maximum Fill Height (%) 100

Maximum Allowable Fill Height | Typel —93.8%
(From References 14 and 15) Typell —95.4%

Safety Factor 1
Load Normal Operation
Instability Flaw Sze (in.) 18in.

5.3. Probability of Leak Non-Detection (P.np)

The probability of leak non-detection will rely on the reliability of leak detection systems
in the annular spaces of the tanks and on the ability to respond to them with a stress corrosion
crack mitigating response plan. The probability calculated will utilize previously published
failure rate data of these leak detection systems and also consider human factors.

Leak detection isan integral part of the failure frequency determination of the high level
waste tanks. The importance of leak detection is founded upon the |eak-before-break
methodology (LBB). In addition, leak detection systems are in place to detect existence of
leakage' sfrom flawsin Typel and Il tanks. The major assumption isthat once aleak is
detected, there are possible effective crack growth remediation techniques (including chemistry
control) in place. Credit istaken for these possible responsesin that a stress corrosion crack,
once detected, will be mitigated and not be allowed to grow to instability. The probability of
non-detection assumes leak detection systems will detect |eakage through a stress-corrosion
crack before the flaw is able to grow to instability. The conductivity probe system isthe only
leak detection system considered in thisanaysis. The visual inspection can also detect leakage’'s
in the annular space on leaking cracks. The inspections have not been credited since they may be
performed only once annually, or once in two years.

5.3.1. Leakage Characterization Including L eak-Before-Break M ethodology

The concept of leak-before-break (LBB) methodology implies that any crack or defect
which developsin the waste tank will grow to athrough-wall configuration, and can be
detectable by leak detection systems before reaching a size that would significantly reduce safety
marginsto large break failure.

In essence, the probability of leak non-detection was determined to be equivalent to the
failure of instrumentation in conjunction with human factors. In addition, it is assumed that
crack growth during the time taken to respond to the leak after leak detection will be short
enough to not alow crack growth to instability. The response time to atriggered leak detection
systemisintegral to ensure minimal leakage from any stress corrosion crack.
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The leak-before-break methodology has been adapted to the high level waste tanks. The
range of leak rates and flow velocity through postulated through-wall cracks in the primary steel
linersof Typel and Il High Level Waste (HLW) tanks have been determined by PE& CD,
Structural Mechanics.® Assuming asix inch through-wall crack in the worst location of
supernate, sludge or salt tanks, with aviscosity between 5-10 centipoise, the resulting leak rates
were calculated to be less than 0.34 in*/sec (0.09gpm). The maximum velocity of fluid exiting
the crack was calculated to be less than 19 in./sec (1.1 mph). The maximum leak rates for dilute
waste from asix inch crack were calculated to be less than 1.4 in®/sec (0.36gpm) with the
maximum fluid velocity less than 70 in/sec (4 mph). Salt deposit formation due to evaporation
of waste was omitted for purposes of these leak rate calculations. It may be rationalized that leak
rates will be minimized by salt deposits that form around stress corrosion crack thereby
“plugging” the leak source. However, flaw growth to instability would result in large crack
mouth openings and pluggage would not be expected. Service experience at SRS shows
detectable leakage' s from cracks approximately one inch in length.

An evaluation was done to postul ate accident scenarios of waste leakage into the annulus.
It was demonstrated that waste will seep or stream slowly (rather than spray) from aflaw down
the side of the primary wall regardless of the waste fill level, specific gravity, or viscosity.!” The
lack of spraying was determined to be primarily due to four factors: (1) relatively low head
pressure due to the liquid level, (2) tortuous geometry of the stress corrosion cracks, (3) physical
characteristics of the waste (i.e., viscosity), and (4) salt deposit formation due to evaporation of
the waste.

5.3.2. Conductivity Probe L eak Detection Systems

The annulus of each of the Type | and Il waste tanks is equipped with at least two single-
point conductivity probes for leak detection. These probes are located in the bottom of the
annulus and are on opposite sides of the tank. These probes are safety class instrumentation and
are alarmed to a control room that is continuousl manned.

Leak detection for the primary liner of double shell tanks consists of instrumented and
visual surveillance for liquid in the annular space between the primary secondary liners.
Conductivity probes, supplemented by dip tubes, are installed in each tank annulus to provide
early warning or liquid accumulation in the annulus. For each tank, at least two stationary
conductivity probes are provided for determining the presence of liquid in the annulus. Three of
the probes are single point devices, and the fourth is a multi-point device that can approximate
theliquid level in the annulus. Evidence of the leakage into an annulusis signaled to the tank
farm control room. The leak detection systems ensure that aleakage can be detected and the
waste can be returned to primary storage.

53.21.  Conductivity Probe Surveillance

Surveillance procedure SW10.6-SR-3.3.2, Rev. 4 provides the detailed operating and test
instructions for normal and infrequent surveillance of the F Tank Farm conductivity probes*®
Thisreference is made for surveillance of F Tank Farm conductivity probes, but is assumed to be
similar for installed probesin all Typel and |1 high level waste tanks for purposes of this study.



January 2001 WSRC-TR-2001-00022
Page 16 of 21

The conductivity probes are Safety Class (SC) equipment as per Technical Safety
Requirements (TSR). The annulus conductivity probes are installed on the floor of the annulus
between the primary tank wall and the ventilation duct. When salt isin the annulus, the probeis
typically installed on the salt layer or just above the salt layer. The installation process ensures
that the probe satisfies the TSR within Authorization Basis (AB) limits. The surveillance
procedure indicates that the conductivity probe be installed less than 23 inches from the annulus
floor for Type | and Il tanks. If there are salt deposits on the annulus floor, the conductivity
probes will be installed on top of the deposits. However, the probes will be no higher than the
top of the ventilation duct in the vicinity of the probe. The surveillance probes are tested for
functionality monthly and the failure to meet the acceptance criteria could result in aviolation of
the TSR (LCO 3.3.2). At any giventime, at least one of the two probes are required to remain
operable. If both probes are not operable, an equivalent means of annular leak detection must be
instituted.

The conductivity probes are triggered when the amount of liquid waste reaches a height
of 0.25in. intheannular space. The annular spaceis 30 in. wide, trandating to a holding
capacity of approximately 366 gallons of liquid waste per inch of height in the annular space. A
leakage of 91.5 gallonsis calculated to be necessary to trigger the conductivity probe under
severa assumptions: (1) the liquid waste in the annulusis at an equal height throughout the
annular space, (2) each of the conductivity probeswill be triggered simultaneously at awaste fill
of 91.5 gallons. Utilizing the previously mentioned leak rates at their specific conditions, it was
calculated that the conductivity probe will be triggered in less than 16.9 hours for supernate, salt
or sludge tanks, and less than 4.2 hours for dilute waste tanks. The limitation was again the
omission of salt deposit formation around the leaking crack.

366 %lgo.zsi n) = 915gallons

Supernate, Sludge, and Salt: (91.59—allons). =16.9hours

g%'og%in.%

Dilute Waste: (91.59_a||c3r15) = 4.2hours

?'36 %in.%

The surveillance procedure also enumerates testing of the functionality of annular
conductivity probes. The conductivity probes are alarmed and tested for functionality once a
month. Each probe deemed to be non-operable has afinite time period within which it must be
rendered functional.

53.22.  Conductivity Probe Failure Rate

A compilation of useful component failure rate data gleaned from published literature and
accessible databases has been previously published.®® The failure rate of a conductance
sensor/detector from Reference 16 is 6.24 x 10°%hr. Thistranslatesto afailurerate of 4.5 x 103
per month, assuming 30 days as the average number of days for each month. A monthly failure
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rate is used to reflect the one month intervals between functionality tests of the conductivity
probes.

This probability of failure of the conductivity probe will be reset after each inspection.
Only one conductivity probesisrequired by Technical Safety Requirements to remain operable
at al times. However, for purposes of this calculation, it is assumed that there are two operable
conductivity probes or equivalent means of annular space leak detection. Therefore, thereis an
active redundancy, as shown in Figure 9. Figure 9 indicates the use of two conductivity probes,
but either may be substituted for by an alternate but equivalent means of leak detection.

An active redundancy indicates there is an independent leak detection system for each of
the various conductivity probes. Therefore, satisfactory operation of the conductivity probeis
assumed to occur if only one of two conductivity probes are functioning. It isassumed that the
waste will eventually be equally dispersed throughout the annular space well before a crack may
approach instability. Therefore, the position of the leak on the tank wall is assumed to not effect
the triggering of the conductivity probe. Each conductivity probe is assumed to cover the entire
annular space for liquid waste detection. Accrediting the active redundancy between two
conductivity probesyields afailure rate of 2 x 10°. Thereliability of the system is equal to the
probability of each of the conductivity probes functioning as shown in Figure 9. Thefailurerate
was calculated as follows where R isreliability of the conductivity probe and the failure rate of
the conductivity probeisdefined to be 1-R. R; isthe reliability of conductivity probe 1 and R» is
the reliability of conductivity probe 2, both of which are assumed to cover the entire annular
Space.

Equation 6: Conductivity Probe Leak Detection Failure.
Rsystem:(R1+R2):R1+R2' RR,
Ryeen = (R+R,)=201- 457 10°%)- (1- 45" 10°2)
Rysen = (Rt + R,) = 0.99998
R =2710"°

ProbeFailure

Conduc bty
Piobe 1

Corudac bty
Piobe 2

Figure 9: Active Dual Redundant Conductivity Probe System.
5.3.3. Probability of Leak Non-Detection (P_np)Calculation

The probability of leak non-detection was determined to be the failure of the conductivity
probe to detect |eakage into the annulus. Leak non-detection due to operator inattentiveness was
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also considered. The extended period of time required for a crack to grow to instability indicated
repeated shift changes and many independent verifications of the conductivity probe alarm.
Therefore, human error was disregarded as a possible component of leak non detection. The
total probability of leak non-detection is the probability of the failure of a conductivity probe, or
equivalent means of |eak-detection to detect a crack.

Equation 7: Probability of Leak Non-Detection
Pw =P

LND ProbeFailure

Py =2 10"°
6. ESTIMATION OF LARGE BREAK FREQUENCY UNDER NORMAL OPERATION

The large break frequency was calculated using Equation 4. The large break failure
frequency was calculated for a specific gravity of 1.7 to provide a conservative bounding liquid
specific gravity and instability flaw size. Thistranslatesto a conservative failure frequency.

From Figure 8, it was determined by exponential interpolation that the instability flaw
sizefor aliquid specific gravity of 1.7 at 100% fill for Type | tanks was 18 inches. Utilizing 18
in. astheinstability flaw size and 2.5 in/year crack growth due to nitrate stress-corrosion
cracking, a currently existing 15.5 in. crack is necessary for crack growth to instability within
oneyear. This probability was calculated to be 5.1 x 10" using the adjusted lognormal
probability distribution function. The failure frequency was calculated to be 1.02 x 1078 LB/year
asfollows:

Per = Puiw
Puiw =Pc = Pnp = Pes = Puno
Puw=1-1-(5.1x10%- (2x 10°)
Pee = Puw 1.02x 10°® L Blyear

The instability flaw size was calculated at the highest stress location of a 100% fill Type
waste tank. Thistranglates to the large break failure frequency of beyond extremely unlikely.
(<10°® magnitude). However, thefill limits are governed by Division 2 allowables as previously
mentioned.

7. DISCUSSION

The annual large break frequency was calculated was valid only for a specific set of
parameters, as listed in the following:

1. Nitrate stress corrosion cracking was the only degradation mechanism considered
significant that could lead to alarge break failure.

2. The crack growth rate due to stress corrosion cracking was calculated in laboratory
experiments and is applied to SCC in waste tanks.
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3. It was assumed that the crack length around the single butt girth weld was limited to 6
inches in the 95" percentile cumulatively. Residual stress relief was assumed to have
occurred at crack lengths greater than 6 inches.

4. Chemistry control effectsin the residual stressfield are not considered. It isassumed that
theinitiation of stress corrosion cracksin theresidual stressfield is not possibleif the
chemistry controls are effective. However, it has been previously mentioned that bulk
solution chemistry does not affect stress corrosion crack growth. Localized chemistry in
the field of the crack tip controls the aggressive environment required for stress-corrosion
cracking as well as mitigating crack growth within residual stressfield.

5. Crack growth remediation response plans once the crack has been located are considered
effective. Thefailure of crack growth remediation is not considered.

6. Human error was disregarded.

The failure frequency analysis done generically for Typel and Il high level waste tanks
without analysis of specific service history for each tank, or properties for each type of tank. The
instability flaw sizes that have been calculated for Type | tanks have been used for Type 11 tank
configurations for purposes of this calculation. It will be more complete to develop afamily of
probabilities that will include various fill heights, specific gravities, and consequently various
instability flaw sizes. Thiswould be one component of tank specific failure frequency analysis.
In addition, atank specific instability flaw size should be determined to ensure precision of
failure frequency. Thefailure frequency is highly sensitive to instability flaw size and crack
growth distribution.

The sensitivity of the failure frequency of large break failure to the instability flaw size
was calculated. Figure 10 shows the failure frequency as afunction of instability flaw size. Itis
seen that failure frequency becomes more affected with decreasing instability flaw size. At
higher instability flaw sizes, the failure frequency is less affected but the event of large break
failure goes beyond extremely unlikely. The calculations were done for existing flaw sizes of
9.5in. to 25 inches which translates to instability crack lengths of 12 in to 27.5 in. assuming the
growth rate of stress corrosion cracking in waste tanksto be 2.5 in./year as previously noted.
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Figure 10: Sensitivity of Failure Frequency of Large Break Failureto Instability Flaw Size.
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A tank-specific failure frequency would include the tank fill height and liquid specific
gravity to calculate instability flaw sizes. The 18in. instability flaw size is a bounding condition
for the present Type | and Type Il tank configurations..
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