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1.0 Burst Pressure of Throughwall, Axially Cracked Tubes
1.1 Introduction

The purpose of this report is to document the development of a burst pressure to
axial crack length correlation for Alloy 600 Steam Generator (SG) tubes. The
results are based on a general development using testing results from a variety of
tube diameters and thicknesses. The final correlation utilizes a 3-parameter expo-
nential type of equation relating the non-dimensionalized burst pressure to the non-
dimensionalized crack length (referred to as the normalized burst pressure and
normalized crack length respectively). By suitably adjusting the coefficients of the
equation, the final results are presented graphically for tubes with a nominal
outside diameter (OD) of 0.875" and a thickness of 0.050", and for tubes with a

el ol &

nominal OD of 0.750" by 0.043" thick. In addition, equations for obtaining burst
pressure as a function of crack length and critical crack length as a function of

pressure are provided in Section 1.6. Finally, evaluation of the probability of burst
: .

as a function of pressure and crack length is provided in Section
1.2 Burst Characterization of Tubes

Much of the theory of the burst behavior of tubes with cracks is based on extending
the theory of linear elastic fracture mechanics (LEFM) for flat plates containing
through-thickness cracks to a cylindrical geometry 1234511 1p general, the elastic
fracture behavior of a cylinder with an axial crack can be analyzed using flat plate
solutions with an appropriate stress magnification factor, usually referred to as the
"shell curvature correction factor" or "bulging factor", to account for bulging along
the crack flanks due to the internal pressure. Additional theoretical solutions
appear in the literature in the form of plots of the results of finite element soiu-
tions, or the numerical solution of the singular integral equations for a cylinder

with an axial crack

A frequent way of presenting solutions for the burst pressure is in the form of a
relation between a normalized burst pressure, herein referred to as Py, and a
normalized c ; \ The normalized burst pressure is simply the actual
burst pressure non-dimensionalized by the flow stress of the material and adjusted
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and the ultimate tensile stress, ¢, . of the material. Acceptable correlations for
Alloy 600 tubes have been obtained using one-half of the sum of the two properties
as the flow stress.

For a tube with a mean radius of r,, and a thickness ¢, the normalized burst
pressure as a function of the actual burst pressure, Py, is defined as

PBrm

. (1)
(Sy + Su)t

PN"

Thus, Py, is the ratio of the maximum Tresca stress intensity, taking the average
compressive stress in the tube to be Pg/ 2, to twice the flow strength of the materi-
al.? The normalizing parameter, A, for the crack length, a, is defined as

(2)

a form which arises in theoretical solutions to the burst problem. The burst
pressure as a function of axial crack length for a specific tube size is then easily
obtained from the non-dimensionalized relationship.

1.3 Tube Burst Testing and the Analysis Database

Historically, the relationships presented for correlating the burst pressure to axial
crack length for Alloy 600 tubing are based on empirical data. Until recently, one
common method of testing'®® consisted of internally pressurizing an axially
cracked (or slitted by electrical discharge machining) tube that had been lined with
a flexible neoprene or tygon tube, i.e., a bladder, until a burst occurred.® Burst is
considered to have occurred when the crack opens to the extent that the bladder
extrudes, and may rupture, accompanied by ductile (plastic) tearing of the tube
material at the ends of the crack. If the bladder has ruptured and tearing of the
crack has not occurred, the test specimen is not considered to have truly ruptured.
This simply means that the opening of the flanks of the crack was sufficient to

? 1t is noted that some authors'>”' use the mean radius in equation (1), and
others'® use the inside radius; however, this difference in usage is not signifi-
cant for thin-walled tubes.

% Since typical test facilities do not provide for an essentially unlimited water
supply, nor do they have pumping capability to maintain pressure if the
specimen is leaking significantly, the purpose of the lining is to prevent
leakage until a rupture of the tube occurs.
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permit evtrusion of the bladder. and that the actual. or true. burst pressure was
not achieved during the test.

Test specimens may consist of tubes with cracks that have been extended by high
cycle fatigue from a starting notch, either part way or all the way through the
thickness, or which have very narrow axial slits machined in them. Typical slit
widths are in the range of 6 to 10 mils. The accepted method of creating the
starting notch or the slit is by electrical discharge machining (EDM). Testing has
demonstrated that both types of specimens behave similarly, thus the added
expense of fatigue extension of the EDM slit is generally not justified. In addition,
testing is usuallv conducted at room temperature, with the results adjusted to
operating temperature via the change in the flow stress of the material.

In contrast to the testing previously described, tube burst testing in Belgium and
France typically included a thin foil shim on the outside of the bladder at the
location of the crack or slot. The purpose of the shim was to provide a small rein-
forcement to prevent extrusion and rupture of the bladder before rupture of the
tube. Shim dimensions are usually ~1/2" wide by ~6 mils thick with the length
chosen to extend ~1/4" beyond each end of the slit. The shim material was typically
brass, although stainless steel has also been used. Burst pressure results from
those tests were typically higher than results obtained from similar tests with the
bladder not reinforced. Hence, technical exchange discussions usually included
consideration of which methodology was appropriate for characterizing the burst
swrength of SG tubes.

To determine which methodology produced results more representative of burst
pressures which might be expected in operating SGs, Hernalsteen''”' performed
several burst tests at the Schelle fossil plant in Belgium. These tests utilized the
large water supply and large pumping capacity of the plant to maintain and
increase the pressure during the tests. Burst pressure data was obtained for
thirteen 7/8" OD by 0.050" thick and two 3/4" OD by 0.043" thick Alloy 600 tube
specimens with a variety of slot lengths without employing a bladder. The data
obtained, referred to hereinafter as the Schelle data, are depicted on Figure 1
relative to a correlation curve between Py and A based on a regression analysis of
the non-reinforced bladder data contained in References 8 and 9 (a subset* of the
data contained in Tables 6 and 7). The resu'ts clearly demonstrate burst strengths
exce ‘ding the results obtained with non-reinforced bladders. Furthermore, West-
inghouse analysis of the Schelle data indicaced the results to be consistent with
those obtained from tests performed by Westinghouse using foil reinforced bladders.
However, in Reference 11 and a subsequent publication Reference 12, Hernalsteen
reported that the presence of the foil could increase the measured burst pressure by

* Belgian data which became available after the publication of Reference 8 were
not included in the correlation.
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about 10% relative to that obtained from tests without bladders. Thus, the validity
of performing burst tests on pulled tube specimens was still in need of additional
verification. In addition, given the small number of data points available from the
Schelle testing programs, it was apparent that the accuracy of performing burst
tests under laboratory conditions needed to be established if statistical inference
relative to the results was to be performed. While the results obtained frem non-
reinforced bladder tests could be counted on to be conservative, continued use could
lead to removing tubes from service unnecessarily, as could the use of a rupture
equation based on the simulation tests performed utilizing non-reinforced bladders.

To resolve the remaining issue, Hernalsteen noted that the Schelle data could be

correlated well using a collapse load theory expression originally published by

Erdogan e,

P,

- : (3)
0.614 + 0.386e ~1125* 4 0,433

PN‘

where P, was calculated to provide the best average fit to the data. A similar fit of
equation (3) to the Westinghouse foil data resulted in a calculated P, approximately
4% larger than that found for the Schelle data. For the Belgian foil test results,
the value of P, found to best fit the data was about 8% greater than that obtained
using only the Schelle data. In the Reference 13 meeting, comparisons of the
results of the Westinghouse data and the data from the individual programs
comprising the Belgian data were made with the Schelle data. It was concluded
that the results from Belgian program A4, see Table 8, which employed stainless
steel foil, were most influential in determining the value of P, found for the Belgian
foil tests. The data from the other programs were consistent with the results
obtained from the Westinghouse programs. It was thus judged that a 5% reduction
in burst pressure would be applied to all test results in which foil reinforced
bladders had been used.

Figure 2 depicts the Schelle data along with data obtained from testing performed
by Laborelec and Westinghouse with a bladder reinforcing shim present. A
summary of the data are included in Table 8. It is to be noted that the reported
data reflect a 5% reduction from the measured and/or reported data.’ Figure 3
illustrates a comparison of the Schelle data to a regression curve (discussed later)
obtained using the data of Figure 2. These figures illustrate that the adjusted
results coincide well with the results from the program performed at Schelle.

5 Specimens designated with a suffix of "-N" included an additional thickness of
nickel plating. Ar additional 5% reduction in strength was also applied to
these specimens based on the thickness of the nickel plate.
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It is noted that eight of the test results shown on Figure 2 for short slits. A<1.5,
are from tests performed with no bladder reinforcement (the first eight results
listed in Table 6). The rationale for the inclusion of this data is that the effect of
using a shim should diminish with decreasing crack size, and below a length of,
say, 0.25" would be expected to show no effect. Foil reinforced test resuits for short
cracks, and the trend of the Schelle data in this range, indicate this to be the case.
Figure 2 also depicts the results for all of the Table 7 test results for tubes with no
slits. Some consideration was given to omitting the non-cracked specimens from
the database on the grounds that the governing material parameter for the cracked
specimens is the flow stress while the governing parameter for the uncracked
specimens may be only the ultimate tensile stress. This option was rejected based
on the observation that the trend of the burst data for very short cracks converges
to the average burst value obtained frem the uncracked specimens. Hence, if there
is a transition in the governing material parameter, it is apparently gradual
instead of dramatic.

The data illustrated on Figure 2 represent the final database selected for the
development of the burst pressure to crack length correlation. The database

consists of a total of 227 data pairs representing a combination of the previously
discussed data as follows:

1. The first eight data pairs from Table 6 (not foil reinforced).
2. All of the data listed in Table 7 (no cracks/slits).
3. All of the data listed in Table 8.

It is noted that the Reference 9 data listed in Table 7 were adjusted to reflect
results expected if the tests were performed at ambient temperature, since the
burst pressure results reported therein were for tests performed at elevated
temperature and the material properties were reported only for ambient conditions.

The adjustment was based on temperature scaling factors derived using Refer-
ence 8 information.

1.4 Regression Analysis of Burst Pressure vs. Crack Length

For the regression analysis, an equation of the type used by Erdoganle] to fit
numerical results for the shell curvature correction factor was investigated first.

As previously noted, Hernalsteen''”' compared calculated burst pressures using
Erdogan's expression to the Schelle data with relatively good results by finding the
best value of P, for equation (3), with the coefficients in the denominator being
those originally determined by Erdogan. Here, P, represents the value of Py corre-
sponding to no slot or crack being present, i.e., A = 0. Although the Schelle burst
results were found to match reasonably well with the predictions. the resulting
curve did not fit well for very small crack lengths nor for specimens without cracks.

BUR_RPRT WP5
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Eauation (3) is characterized as a single-peak tvpe of function in that it possesses a
single mode with the tails asymptotically approaching zero as A approaches either
plus or minus infinity. In this sense it is similar in shape to a normal probability
density function. Thus, the slope for a crack length of zero could be positive, zero,
slizhtly negative, or significantly negative depending on the position of the mode
along the abscissa. This type of function was needed by Erdogan in order to fit his
numerical results which indicated a slope of zero at the intersection of the ordinate
and the abscissa. Examination of the normalized burst pressure data base indicat-
ed that alternate expressions could also be used, and that a peaking property might
not be necessary. A series of regression analyses were performed considering a

variety of linear and non-linear functions, including fitting all four of the coeffi-

cients in equation (3),° based on minimization of the residual sum of squares. The
actual fitting was performed using a generalized reduced gradient algorithm, and

checked against the results from a commercially available code which used a Leven-
berg-Marquardt algorithm. The rationale for the investigation was to let the data
determine the appropriate choice of equation form to be used. Several functions

were found which provicged simiiar gooaness of fit as measured Dy the index ol

| A

A . 5  anasandtal fiinatdin ,
determination. An exponentiai runctuon, l1.e.,

was finally selected based on the combination of maximizing the goodness of fit,
minimizing the number of coefficients in the function, and the hypothesis that the
burst pressure should be a monotonic decreasing function of the crack length.’ For

3 )

the data of Figure 2, the coefficients of equati

”~

n (4) were found to be (see Table 2),

—
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cient evidence to reject the proposed model ® Figure 4 depicts the results of the
regression analysis, i.e., predictions using equation (5), relative to the database.

Based on the exponential equaticn form, three regression analyses were performed
that,

1. considered omission of the undegraded tubes data,
2. omission of the non-reinforced bladder data, and
3. omission of both sets of data.

For all three cases the resulting coefficients were similar to those reported in
equation (5), thus verifying the initial judgement to include those data in the
analysis data base.

A final regression analysis was performed to determine the best value of P for the
Erdogan equation, equation (3), for all of the data. A plot of the resulting equation
is shown on Figure 5 for comparison with the results using equation (5). Both
expressions yield similar results over the range of A from about 2 to 4. The upper
bound of this range corresponds to crack lengths of about 0.5" for 3/4" OD tubes
and 06" for 7/8" OD tubes. For information, the EPRI equation per Reference 14 is
also depicted on Figure 5. While this equation reasonably estimates a lower bound
prediction relative to the data, it was not developed using the experimental
database.

1.4.1 Analysis of the Regression Residuals

An analysis of the regression residuals was performed by making a scatter plot of
the residual normalized burst values versus the predicted normalized burst values,
Figure 6, and by plotting the cumulative probability of the residuals relative to the
sorted residual values, Figure 7. As an alternate view of Figure 7, the actual
cumulative probabilities of the residuals were plotted against the expected cumula-
tive probabilities of the residuals, Figure 8. The scatter plot indicates that no
significant correlation exists between the residuals and the predicted values, that
the variance of the residuals is approximately uniform, and that no apparent
systematic departure from the regression curve is present. The cumulative
probability plot indicates that the distribution of the residuals about the regression
curve of equation (4) is approximately normal with a mean of zero. Thus, the
model s considered to be adequate for describing the burst behavior of Alloy 600
SG tubes with axial cracks. An evaluation of the use of the standard error of the
residuals is presented in Section 1.7, Probability of Burst.

® This does not mean that equation (4) is the true form of a functional relation-
ship between the two variables, only that it provides an excellent description
of the relationship
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1.4.2 Crack Length versus Burst Pressure

In some situations it is desirable to relate a critical crack length to a specified burst
pressure, e.g., the crack length that would correspond to tube burst at an applied
pressure of three times normal operating differential pressure. Equation (4) can be
rearranged to yield the inverse relation

A =-a,+agln(Py-ay ), (6)

for the normalized crack length as a function of normalized burst pressure. For
scoping work, equation (5) could be rearranged to yield an approximate set of coeffi-
cients for equation (6), however, these are not the best coefficients to be used for
the inverse relationship (in a least squares error sense) and they do not afford the
development of confidence and prediction bounds on the crack length as a function
of burst pressure. The appropriate coefficients result from performing a non-linear
regression fit of the same data as used for the burst pressure equation. This
results in the empirical relation (see Table 3),

(7N

The index of determination for the regression of A on Py, was 98.9%. This is
approximately the same as that for the regression of the burst pressure on the
normalized crack length.® The F-statistic for the significance of the index of
determination was calculated to be about 9700. The p values for all of the coeffi-
cients were less than 1:10°%. A plot of the values from equation (7) relative to the
data is illustrated on Figure 10.

1.5 Confidence and Prediction Bounds
1.5.1 Burst Pressure versus Crack Length

Two-sided (1-a) 100% confidence bounds for the mean value of the normalized burst
pressure as a function of the normalized crack length can be found as

Py =Pyzty1-an sV RITIFTFI A 8)

where P} is obtained from equation (5), t is a Student's-t variate for regression
degrees of freedom, s is the standard deviation of the regression residuals, ;) is a

¥ If the regression analyses were linear the indices would be the same, they are
different here because of the use of non-linear relations.
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vector of the partial derivatives of equation (5) relative to each of the coefficients
evaluated at the A, value of interest, i.e.,

A T
(fo) =| 1 M LTI WL Jl ’ (9)

and the values of the normalized covariance matrix, [F 7F] ", are given in Table 4.
To facilitate computations, if the elements of the equation (9) vector are designated
as f, , etc., and the elements of the normalized covariance matrix are designated as
R,,, Ry,, etc., the expression inside the radical of equation (8) becomes

(fo)TIFTFI ' (fo) = Ryy + f3 Rag + fy Ryg + 2(foRyg * faRyg * fofy Ryg ). (10

A two-sided 100-(1-0)% prediction band for the value of the normalized burst
pressure as a function of a future value of the normalized crack length can be found
as,

Py =Plsty 1.amsyl+iflT[FTFI (fol . (11)

15.2 Crack Length versus Burst Pressure

Two-sided confidence and prediction bounds on the critical normalized crack length
as a function of the normalized burst pressure can be found as for tue normalized
burst pressure as a function of the normalized crack length. For the inverse
relation the derivative vector is given by,

=|1 In(Py - aq) e . (12)
{fol 8(Fy, - Py -ag

The standard error of the residuals is given in Table 3 and values of the normalized
covariance matrix for A as a function of Py, are provided i Table 5.

1.6 Results and Discussion

A comparison of the measured normalized burst values to the predicted normalized
burst values is provided on Figure 9. Examination of the figure shows that most of
the results are enveloped within =10% of the prediction line. Scatter outside of this
region is generally restricted to those burst pressures for which the density of the
data is highest. i.e., where more variation would be expected to be displayed.

BUR RPRT WPS 9 V20856



To {llustrate the results for specific tube sizes, the date were adjusted to correspond
to depict actual burst pressures versus crack lengths for 3/4" and 7/8" nominal OD
tubes with thicknesses of 0.043" and 0.050" respectively. These results are depicted
on Figures 11 and 12 for nominal flow stresses of 71.6 and 68.8 ksi respectively
(650°F mean values from the fabrication database of Reference 8). In addition to
the regression curves, the expected burst curves corresponding to the 95%/95% LTL
flow strees of the tube materiala at a temperature of 660°F are shown (see Table 1
for a complete listing of the material properties used in this report). The critical
crack lengths for postulated APg p of 2.560 ksi are 0.75" and 0.84" respectively for
3/4" and 7/8" diameter tubes with LTL material properties at 650°F. For the
Regulatory Guide 1.121 limit of 1.43.APg; 5 (3.657 ksi) the corresponding critical
crack lengths are 0.61" and 0.57" for tubes with LTL material properties at 650°F.

The results reported herein are based on performing an analysis specific to the data
fromn the Schelle testing programs, data based on the use of foil reinforced bladders,
data for tests conducted on specimens with very short crack lengths, and data for
the burst of tubes without cracks. The calculation of coefficients specific to the data
available is necessary for the establishment of inference bounds. As reported in the
previous paragraph, the critical crack length for burst at SLB conditions based on
LTL material properties is still greater than or equal to the thickness of the tube
support plates

L.7 Probability of Burst

The purpose of this section is to evaluate the probability of burst (PoB) at SLB
conditions as a function of the crack length. This process is the inverse of estab-
lishing a statistical inference prediction bound. Two methods were employed to
obtain estimates of the probability of burst as a function of A, Monte Carlo simula-
tion, and deterministic modelling. Descriptions of the analyses and discussions of
the results ere provided in the following paragraphs. In summeary, conservative
estimates may be easily obtained using the deterministic model, however, the level
of conservatism increases with decressing probability of burst. For very low PoBs.
e.g., on the order of 107, the deterministic model may overestimate the PoB by an
order of magnitude. Hence, if the crack length is short and the estimate of the PoB
must not include exceseive conservatiem, Monte Carlo simulation is recommended

1.7.1 Monte Carlo Simulation for Probability of Burst

Monte Carlo simulations were performed based on sampling the residuals from the
regression analysis and sampling the material properties for both 3/4" and 7/8"
nominal diameter tubes. The results of the Monte Carlo analyses were verified by
estimating the probability of burst utilizing a deterministic combination of the
varation of the residuals and material properties

BUR_RPRT WPH




The analvses utilized the burst curve developed herein coupled with the material
properties reported in Reference 8 for a temperature of 650°F. Based on the
correlation of normalized burst pressure, P,,, to normalized crack length, A, the
expected burst pressure is calculated as

where ¢ is the thickness of the tube wall, R, is the mean radius of the tube, and o,
is the flow stress of the material, taken as %(Sy +S;;). Thus, the values of P, used
in the correlation included variation of the material properties about the reported
value, and variation in the thickness and mean radius of the test specimens. The
residuals from the regression analysis of Py, on A were shown to follow a normal
distribution. Likewise, the distribution of the flow stress at operating temperature,
as presented in Reference 8, also appears to follow a normal distribution. Upon
close examination of the histogram of the flow stress distribution it might be judged
that the distribution is slightly skewed left (meaning the mean of the distribution is
shifted to the left relative to the median and mode), however, evaluations based on
using a normal distribution are then conservative since the peak of the distribution
is shifted toward the higher values, thus, the probability of calculating a low flow
stress is exaggerated.

For the Monte Carlo analyses, the residual distribution about the burst curve and
the material strength properties were independently sampled to calculate randomly
distributed burst pressures per equation (13) for each of several selected crack
lengths, ranging from 0.5" to 0.75". The number of simulations performed was a
function of the probability of burst occurring. For high probabilities of burst, i.e.,
long crack lengths, 100,000 simulations would likely be sufficient. For low proba-
bilities of burst, i.e., short crack lengths, the number of simulations could reach 200
million if sample biasing techniques are not used (for this report, no simulations
were performed for very short crack lengths since a trend relative to deterministic
estimates was established for longer length cracks). The sampling process consist-
ed of randomly generating a Student's ¢ distribution variate, multiplying by the
standard deviation from the data, and adding the resulting value to the expected
value to obtain a random value for the parameter. The normalized burst pressure
and the material flow stress were sampled independently. The fraction of burst
pressures found to be less than or equal to the SLB differential pressure is then the

probability of experiencing a burst for any individual tube. For example, the

At

estimated probability of burst for a 3/4" nominal OD (0.043" thick) tube with a free-
span through-wall crack length of 0.50" during a postulated SLB event with a AP of
2560 psi is on the order of 3.8 10




A one-sided 100(1-00% upper confidence bound for a Monte Carlo result can be
found using the following equation (Reference 18)

Pry - .
N -n

(n+1)F,

- Q

where N is the total number of Monte Carlo trials, n is the number of observed
successes, e.g., Py < Pg; 5, and F is from the F-distribution for the specified number
of degrees of freedom for the numerator and denominator respectively. For zero
successes in the Monte Carlo simulation, equation {14) can still be used to find an
upper confidence bound on the probability. For the above example, the 95% one-
sided upper confidence bound on the PoB is 5.0 10°

1.7.2 Deterministic Estimate of the Probability of Burst

To check the results of the Monte Carlo analyses, the parameters of the burst
pressure were estimated directly from the parameters of the Py and S, distnbu-
tions. The expected value of the burst pressure is obtained using the mean of Py,

and S, respectively, 1.e

9

it o
Py » 25 Pl

m

ariance of Py 1s found from,

PyV(S,) +S;V(Py)+ V(S,) V(Py

where V represents variance. The expression given in equation (16) 1s a biased

estimate of the variance (Reference 17) and its use will slightly over predict the

probability of burst.! The variance of th: normalized burst pressure, V(P ), about

i

+

unpiased 18 not




the regression curve for a specific value of the normalized crack length, 7, , is
taken as

ViPy) =s2(1+ (f)T[FTF] ), (a7

where s is the estimated standard error of the residuals, and N is the number of
data pairs used in the analysis.

The results of the deterministic estimates for the for mean and standard deviation
(taker. as the square root of the variance) of the burst pressure distributions for all
of the crack lengths compared, agreed with the results from the Monte Carlo
simulations to within 1% of the simulation values. To estimate the probability of
burst for a specific crack length, it is assumed that the variable,

¢ « '8~ Pas (18)
8.

follows a Student's ¢ distribution, where s, is found as the square root of the vari-
ance from equation (17), and Pg p is the steam line break pressure. The PoB is
then calculated as the probability of occurrence of t. Implicit in this calculation is
the assumption that the product of the two population normal distributions (for the
normalized burst pressure and the flow stress) is also nearly normal. The third
moment of the burst pressure distribution, M} , is related to the means and
variances of the normalized burst pressure and the flow stress disiributions as,

My(Pg) = Py S} V(PN V(S)). (19)

Since each of the terms in equation (19) is positive, M, will also be positive. Hence,
the distribution of the product of the normalized burst pressure and the flow stress
will be skewed right, i.e., with a higher tail for the larger burst pressures. There-
fore, the prediction of burst probabilities based on equation (18) would be expected
to be conservative. In addition, the degree of conservatism would be expected to
increase with decreasing probability of burst, i.e., for shorter crack lengths.

1.7.3 Comparison of Monte Carlo and Deterministic Estimates of the
Probability of Burst

Probability of burst curves as a function of crack length were developed for each
tube size and are presented on Figure 13. Examination of Figure 13 indicates that
the deterministic estimate of the PoB for cracks shorter than 0.65" in 3/4" tubes
and 0.7" in 7/8" tubes is conservative relative to the simulation results, and
converges to the simulation estimate as the crack length increases. Furthermore,
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the deterministic estimate of the PoB for a tube with a 0.50" long free-span crack in
a 3/4" nominal OD tube at 650°F is about 1.7.10°%, or three times the simulation
result. A similar trend is apparent for tubes with a 7/8" nominal diameter. The
magnitude of the deterministic estimate of the PoB relative to the simulation
estimate increases as the PoB decreases. In addition, an examination of tie
distribution of burst pressures from the Monte Carlo simulations verified them to
be non-normal and skewed right. An .xample of the distribution of burst pressures
for a crack length of 0.6" in a 3/4" diameter tube is illustrated on Figure 14. The
effect of skewing the distribution to the right increases the mean value to above
both the median and the mode of the distribution. The area in the tail beyond two
standard deviations above the mean is visibly greater than the area in the tail
below two standard deviations below the mean. In summary, the relative behavior
of the results of simulated and deterministic estimates of the PoB are in accord
with the expectations discussed above, the results of the two analyses are consid-
ered to verify each other, and for low probabilities of burst the deterministic
estimate will be conservative.
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Alloy 600 Mill Annealed 7/8" x 0.050"

Value at BT Value at 650°F
Alloy 600 Mill Annealed 3/4" x 0.043" SG Tubes i
Sample Size 635 627

Yield Strength Mean 53.056 45.78
Yield Strength St. Dev. 4.8602 3.9081
Tensile Strength Mean 101.29 97.35
Tensile Strength St. Dev. 4.2173 3.9676
Flow Stress Mean 77.17 71.57

Flow Stress St. Dev. 4.1422 3.5668

95%/95% LTL Flow 69.925 66.325 |

E \APC\BURST\BUR TBLS WP§

Sample Size 361 360

Yield Strength Mean 50.98 41.89
Yield Strength St. Dev. 4.2068 3.5856
Tensile Strength Mean 99.96 95.67
Tensile Strength St. Dev. 3.6123 3.4196
Flow Stress Mean 75.47 68.78
Flow Stress St. Dev. 3.5002 3.1725
95%/95% LTL Flow 69.225 63.115
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Pressure as a Function of the Normalized Crack Length

A
P~=b]‘ .eb’

Standard Error
2

Table 3: Regression Parameters for the Normalized Crack
Length as a Function of the Normalized Burst Pressure

A =-al+a2ln(PN-03 )

| Parameter | Vae | Standard Eror |

Standard Error
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Table 2: Regression Parameters for the Normalized Busst
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Table 4: Values of the [ FTF ] -2 Matrix for
Py as a Function of A
(Symmetnc Matrix)

Table 5: Values of the [ FTF | ! Matrix for
A as a Function of Py,
(Symmetric Matrix)
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| Table 6: 1-600 Through-Wall Burst Test Results |
(Axial Slits, Bladder NOT Reinforced)

Normalized | Normalized
Crack Burst
Length Pressure
A Py







(ksi) | (in)
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1. 1985




| " Table 7: Undefected Tube Burst Pressures

| 3/4", 7/8" & 11/16" OD Alloy 600 Tubes |
| Ref'V Tube Tube -
‘ Identification Heat
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Table 7: Undefected Tube Burst Pressures
/4", 7/8" & 11716" OD Alloy 600 Tubes

Tube | Tube | Tube | Tube |Sy+S,| Burst

‘ Identification | Heat | OD | Thickness |(RT, ks | Pressure
| | (in.) | t i Py

{ _ l (in ‘ l (RT ks1)

Normalized
Burst Pres-
sure
)

Py

|
|
|
!
i
|
|




Table 8: Axial Through Wall Cracks Database
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Table 8: Axial Through Wall Cracks Database
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Table 8: Axial Through Wall Cracks Database |
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Table 8: Axial Through Wall Cracks Database

Tube SY + SU
Thick. (ksi)
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Table 8: Axial Through Wail Cracks Database

Reference | Matenal
Program ID

oD | .+ 8y | Crack | Burst | Normal | Normal
(in k. | (ksi) ’Lenm,hlPressure Crack !B 5

i
| urst
{ | a Py | Length |Pressure
| (in.) (ksi1) ) Py
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Figure 1: Normalized Burst Pressure (7 ) vs. Normalized Crack Length (A)
Companison of Schelle Data to Non-Reinforced Bladder Burst Curve

Figure 2: Normalized Burst Pressure (P y ) vs. Normalized Crack Length ()
Alloy 600 SG Tubes, Final Database

Febhruary 27




Figure 3: Normalized Burst Pressure (P » ) vs. Normalized Crack Length (i)
Companson of Schelle Data to New Prediction Curve

Figure 4: Normalized Burst Pressure vs Normalized Crack Length
Alloy 600 MA Steam Generator Tubes

| E \APC\BUKST\BUR _FIGS WP5 34 February 27, 1995
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Figure £: Normalized Burst Pressure vs Normalized Crack Length
Companson of Predictive Equations

Figure 6: Residual vs Predicted Normalized Burst Pressure
Alloy 600 MA Steam Generator Tubes
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Figure 7: Distribution of Expected vs Actual Residuals
Normalized Burst Pressure vs Normalized Crack Length

Figure 8: Actual vs Expected Cumulative Probability
Normalized Burst Pressure vs Normalized Crack Length
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Figure 9: Actual vs Calculated Normalized Burst Pressure
Alloy 600 MA Steam Generator Tubes

Calculated Normalized Bu-st Pressure

Figure 10: Normalized Critical Crack Length vs Normalized Burst Pressure
Alloy 600 MA Steam Generator Tubes
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Figure 11: Burst Pressure vs. Crack Length
3/4" x 0.043", Alloy 600 MA SG Tubes, o, = 71.6 ks

Figure 12: Burst Pressure vs. Crack Length
7/8" x 0.050", Alloy 600 MA SG Tubes, o, = 68.8 ksi

February 27, 1996
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1.0 Burst Pressure of Throughwall, Axially Cracked Tubes
1.1 Introduction

The purpose of this report is to document the development of a burst pressure to
axial crack length correlation for Alloy 600 Steam Generator (SG) tubes. The
results are based on a general development using testing results from a variety of
tube diameters and thicknesses. The final correlation utilizes a 3-parameter expo-
nential type of equation relating the non-dimensionalized burst pressure to the non-
dimensionalized crack length (referred to as the normalized burst pressure and
normalized crack length respectively). By suitably adjusting the coefficients of the
equation, the final results are presented graphically for tubes with a nominal
outside diameter (OD) of 0.875" and a thickness of 0.050", and for tubes with a
nominal OD of 0.750" by 0.043" thick. In addition, equations for obtaining burst
pressure as a function of crack length and critical crack length as a function of
pressure are provided in Section 1.6. Finally, evaluation of the probability of burst
as a function of pressure and crack length is provided in Section 1.7.

1.2 Burst Characterization of Tubes

Much of the theory of the burst behavior of tubes with cracks is based on extending
the theory of linear elastic fracture mechanics (LEFM) for flat plates containing

‘ » : ~ 1,2.3,4,5) 1
through-thickness cracks to a cylindrical geometry o 3

In general, the elastic
fracture behavior of a cylinder with an axial crack can be analyzed using flat plate
solutions with an appropriate stress magnification factor, usually referred to as the
"shell curvature correction factor" or "bulging factor", to account for bulging along
the crack flanks due to the internal pressure. Additional theoretical solutions
appear in the literature in the form of plots of the results of finite element solu-
tions, or the numerical svlution of the singular integral equations for a cylinder

with an axial crack '

A frequent way of presenting solutions for the burst pressure is in the form of a
relation between a normalized burst pressure, herein referred to as Py, and a
normalized crack length, .. The normalized burst pressure is simply the actual
burst pressure non-dimensionalized by the flow stress of the material and adjusted
for the size of the tubing by the ratio of the mean radius to the thickness. This
provides a ratio of a membrane stress in the tube to the strength of the material
and allows for the correlation to be applicable to multiple tube sizes. The flow

stress of the material is usually taken as a linear function of the yield stress, oy,

ter | refterences l V’.'.v Oret Iv\ Merences
er t reierences 11st 1 48 NepPort neierences
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and the ultimate tensile stress. o, . of the material. Acceptable correlations for
Alloy 600 tubes have been obtained using one-half of the sum of the two properties
as the flow stress.

For a tube with a mean radius of r,, and a thickness ¢, the normalized burst
pressure as a function of the actual burst pressure, Py, is defined as

YRR LMy (1)
Sy + Syt

Thus, Py is the ratio of the maximum Tresca stress intensity, taking the average
compressive stress in the tube to be Py /2, to twice the flow strength of the materi-
al.? The normalizing parameter, A, for the crack length, g, is defired as

a
A — (2)
\‘ Pmt
a form which arises in theoretical solutions to the burst problem. The burst

pressure as a function of axial crack length for a specific tube size is then easily
obtained from the non-dimersionalized relationship.

1.3 Tube Burst Testing and the Analysis Database

Historically, the relationships presented for correlating the burst pressure to axial
crack length for Alloy 600 tubing are based on empirical data. Until recently, one
common method of testing‘s'gl consisted of internally pressurizing an axially
cracked (or slitted by electrical discharge machining) tube that had been lined with
a flexible neoprene or tygon tube, i.e., a bladder, until a burst occurred.?> Burst is
considered to have occurred when the crack opens to the extent that the bladder
extrudes, and may rupture, accompanied by ductile (plastic) tearing of the tube
material at the ends of the crack. If the bladder has ruptured and tearing of the
crack has not occurved, the test specimen is not considered to have truly ruptured.
This simply means that the opening of ae flanks of the crack was sufficient to

7l

2 Itis n?tled that some authors'!”' use the mean radius in equation (1), and
others'® use the inside radius; however, this difference in usage is not signifi-
cant for thin-walled tubes.

% Since typical test facilities do not provide for an essentially unlimited water
supply, nor do they have pumping capability to maintain pressure if the
specimen is leaking significantly, the purpose of the lining is to prevent
leakage until a rupture of the tube occurs.
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permit extrusion of the bladder. and that the actual. or ¢true. burst pressure was
not achieved during the test.

Test specimens may consist of tubes with cracks that have been extenced by high
cycle fatigue from a starting notch, either part way or all the way through the
thickness, or which have very narrow axial slits machined in them. Typical slit
widths are in the range of 6 to 10 mils. The accepted method of creating the
starting notch or the slit is by electrical discharge machining (EDM). Testing has
demonstrated that both types of specimens behave similarly, thus the added
expense of fatigue extension of the EDM slit is generally not justified. In addition,
testing is usually conducted at room temperature, with the results adjusted to
operating temperature via the change in the flow stress of the material.

In contrast to the testing previously described, tube burst testing in Belgium and
France typically included a thin foil shim on the outside of the bladder at the
location of the crack or slot. The purpose of the shim was to provide a small rein-
forcement to prevent extrusion and rupture of the bladder before rupture of the
tube. Shim dimensions are usually ~1/2" wide by ~6 mils thick with the length
chosen to extend ~1/4" beyond each end of the slit. The shim material was typically
brass, although stainless steel has also been used. Burst pressure results from
those tests were typically higher than results obtained from similar tests with the
bladder nct reinforced. Hence, technical exchange discussions usually included

consideration of which methodology was appropriate for characterizing the burst
strength of SG tubes.

To determine which methoJdology produced results more representative of burst
pressures which might be expected in operating SGs, Hernalsteen'!”! performed
several burst tests at the Schelle fossil plant in Belgium. These tests utilized the
large water supply and large pumping capacity of the plant to maintain and
increase the pressure during the tests. Burst pressure data was obtained for
thirteen 7/8" OD by 0.050" thick and two 3/4" OD by 0.043" thick Alloy 600 tube
specimens with a variety of slot lengths without employing a bladder. The data
obtained, referred to hereinafter as the Schelle data, are depicted on Figure 1
relative to a correlation curve between Py and A based on a regression analysis of
the non-reinforced bladder data contained in References 8 and 9 (a subset® of the
data contained in Tables 6 and 7). The results clearly demonstrate burst strengths
exceeding the results obtained with non-reinforced bladders. Furthermore, West-
inghouse analysis of the Schelle data indicated the results to be consistent with
those obtained from tests performed by Westinghouse using foil reinforced bladders.
However, in Reference 11 and a subsequent publication, Reference 12, Hernalsteen
reported that the presence of the foil could increase the measured burst pressure by

¥ Belgian data which became available after the publication of Reference 8 were
not incluaed in the correlation.
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about 10% relative to that obtained from tests without bladders. Thus, the validity
of performing burst tests on pulled tube specimens was still in need of additional
verification. In addition, given the small number of data points available from the
Schelle testing programs, it was apparent that the accuracy of performing burst
tests under laboratory conditions needed to be established if statistical inference
relative to the results was to be performed. While the results obtained from non-
reinforced bladder tests could be counted on to be conservative, continued use could
lead to removing tubes from service unnecessarily, as could the use of a rupture
equation based on the simulation tests performed utilizing non-reinforced bladders.

To resolve the remaining issue, Hernalsteen noted that the Schelle data could be

correlated well using a collapse load theory expression originally pubiished by
Erdogan © je.,

Py

PN = ’
0.614 + 0.386¢ ~1125% 4, 0,433

(3)

where P, was calculated to provide the best average fit to the data. A similar fit of
equation (3) to the Westinghouse foil data resulted in a calculated P, approximately
4% larger than that found for the Schelle data. For the Belgian foil test results,
the value of P, found to best fit the data was about 8% greater than that obtained
using only the Schelle data. In the Reference 13 meeting, comparisons of the
results of the Westinghouse data and the data from the individual programs
comprising the Belgian data were made with the Schelle data. It was concluded
that the results from Belgian program A4, see Table 8, which employed stainless
steel foil, were most influential in determining the value of P found for the Belgian
foil tests. The data from the other programs were consistent with the results
obtained from the Westinghouse programs. It was thus judged that a 5% reduction
in burst pressure would be applied to all test resuits in which foil reinforced
bladders had been used.

Figure 2 depicts the Schelle data along with data obtained from testing performed
by Laborelec and Westinghouse with a bladder reinforcing shim present. A
summary of the data are included in Table 8. It is to be noted that the reported
data reflect a 5% reduction from the measured and/or reported data.’ Figure 3
illustrates a comparison of the Schelle data to a regression curve (discussed later)
obtained using the data of Figure 2. These figures illustrate that the adjusted
results coincide well with the results from the program performed at Schelle.

5 Specimens designated with a suffix of "-N" included an additional thickness of
nickel plating. An additional 5% reduction in strength was also applied to
these specimens based on the thickness of the nickel plate.
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[t is noted that eight of the test results shown on Figure 2 for short slits. A<1.5
are from tests performed with no bladder reinforcement (the first eight results
listed in Table 6). The rationale for the inclusion of this data is that the effect of
using a shim should diminish with decreasing crack size, and below a length of,
say, 0.25' '.wmid be expected to show no effect. Foil reinforced test results for short
cracks, and the trend of the Schelle data in this range, indicate this to be the case
Figure 2 also cieplr"s the results for all of the Table 7 test results for tubes with no
slits. Some consideration was given to omitting the non-cracked specimens from
the database on the grounds that the governing material parameter for the cracked
specimens is the flow stress while the governing parameter for the uncracked
specimens may be only the ultimate tensile stress. This option was rejected based
on the observation that the trend of the burst data for very short cracks converges
to the average burst value obtained from the uncracked %pemmen‘ Hence, if there
is a transition in the governing material parameter, it is apparently gradual
instead of dramatic.

The data illustrated on Figure 2 represent the final database selected for the
development of the burst pressure to crack length correlation. The database
consists of a total of 227 data pairs representing a combination of the previously
discussed data as follows:

The first eight data pairs from Table 6 (not foil reinforced)
All of the data listed in Table 7 (no cracks/slits).
All of the data listed in Table 8

It is noted that the Reference 9 data listed in Table 7 were adjusted to reflect
results expected if the tests were pu"nr'ru d at ambient temperature, since the
burst pressure results reported therein were for tests performed at elevated
temperature and the material properties were reported only for ambient conditions
The adjustment was based on temperature scaling factors derived using Refer-
ence 8 information.

1.4 Regression Analysis of Burst Pressure vs. Crack Length

v - 1 1 - 3 '3 -
For the regression analysis, an equation of the type used by Erdogan™ to fit

numerical results for the shell curv: ature correction factor was inv estigate:| first

1 1{ 1
As previously noted, Hernalsteen''”' compared calculated burst pressures using

Erdogan's expression to the Schelle data with relatively gr)od results by finding the
best value of P, for equation (3), with the coefficients in the denominator Leing
those originally determined by Erdogan. Here, P, represents the value of Py, corre-
sponding to no slot or crack being present, i.e., A = 0. Although the Schelle burst
results were foun match reasonably well with the predictions, the resulting

" BHaMMAnE urith
' Sspecimens witnout Cracks




Equation (3) is characterized as a single-peak type of function in that it possesses a
single mode with the tails asymptotically approaching zero as » approaches either
plus or minus infinity. In this sense it is similar in shape to a normal probability
density function. Thus, the slope for a crack length of zero could be positive, zero,
slightly negative, or significantly negative depending on the position of the mode
along the abscissa. This type of function was needed by Erdogan in order to fit his
numerical results which indicated a slope of zero at the intersection of the ordinate
and the abscissa. Examination of the normalized burst pressure data base indicat-
ed that alternate expressions could also be used, and that a peaking property might
not be necessary. A series of regression analyses were performed considering a
variety of linear and non-linear functions, including fitting all four of the coefi-
cients in equation (3),° based on minimization of the residual sum of squares. The
actual fitting was performed using a generalized reduced gradient algorithm, and
checked against the results from a commercially available code which used a Leven-
berg-Marquardt algorithm. The rationale for the investigation was to let the data
determine the appropriate choice of equation forin to be used. Several functions
were found which provided similar goodness of fit as measured by the index of
determination. An exponential function, i.e.,

Py = by + bye ™", 4)

was finally selected based on the combination of maximizing the goodness of fit,

minimizing the number of coefficients in the function, and the hypothesis that the
burst pressure should be a monotonic decreasing function of the crack length.” For
the data of Figure 2, the coefficients of equation (4) were found to be (see Table 2),

(5)

The index of determination for the fit was 99.1%, with a standard error of the
estimate of 0.0172. The F distribution statistic for the regression, the ratio of the
mean square due to the regression to the mean square due to the residuals, was
>11000. The p values for ail of the coefficients were less than 1:10°. Thus, the fit
of the equation to the data is judged to be excellent, i.e., the data exhibit insuffi-

® For a regression analysis involving all of the coefficients, it is noted that there
are only three independent coefficients in the denominator since the sum of
the first and second coefficients is unity.

" Equation (4) is also advantageous in that it can easily be inverted to yvield A
as a function of P, . ‘
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cient evidence to reject the proposed model ® Figure 4 depicts the results of the
regression analysis, i.e., predictions using equation (5), relative to the database.

Based on the exponential equation form, three regression analyses were performed
that,

1. considered omission of the undegraded tubes data,
2. omission of the non-reinforced bladder data, and
3. omission of both sets of data.

For all three cases the resulting coefficients were similar to those reported in

equation (5), thus verifying the initial judgement to include those data in the
analysis data base.

A final regression analysis was performed to determine the best value of P, for the
Erdogan equation, equation (3), for all of the data. A plot of the resulting equation
is shown on Figure 5 for comparison with the results using equation (5). Both
expressions yield similar results over the range of A from about 2 to 4. The upper
bound of this range corresponds to crack lengths of about 0.5" for 3/4" OD tubes
and 0.6" for 7/8" OD tubes. For information, the EPRI equation per Reference 14 is
also depicted on Figure 5. While this equation reasonably estimates a lower bound

prediction relative to the data, it was not developed using the experimental
database.

1.4.1 Analysis of the Regression Residuals

An analysis of the regression residuals was performed by making a scatter plot of
the residual normalized burst values versus the predicted normalized burst values,
Figure 6, and by plotting the cumulative probability of the residuals relative to the
sorted residual values, Figure 7. As an alternate view of Figure 7, the actual
cumulative probabilities of the residuals were plotted against the expected cumula-
tive probabilities of the residuals, Figure 8. The scatter plot indicates that no
significant correlation exists between the residuals and the predicted values, that
the variance of the residuals is approximat:ly uniform, and that no apparent
systematic departure from the regression curve is present. The cumulative
probability plot indicates that the distribution of the residuals about the regression
curve of equation (4) is approximately normal with a mean of zero. Thus, the
model is considered to be adequa‘e for describing the burst behavior of Alloy 600
SG tubes with axial cracks. An evaluation of the use of the standard error of the
residuals is presented in Section 1.7, Probability of Burst.

® This does not mean that equation (4) is the true form of a functional relation-

ship between the two variables. only that it provides an excellent description
of the relationship.

BUR_RPRT WPS

]



1.4.2 Crack Length versus Burst Pressure

In some situations it is desirable to relate a critical crack length to a specified burst
pressure, e.g., the crack length that would correspond to tube burst at an applied
pressure of three times normal operating differential pressure. Equation (4) can be
rear-anged to yield the inverse relation

lz-alvazln(PN-aa ), (6)

for the normalized crack length as a function of normalized burst pressure. For
scoping work, equation (5) could be rearranged to yield an approximate set of coeffi-
cients for equation (6), however, these are not the best coefficients to be used for
the inverse relationshi~ (in a least squares error sense) and they do not afford the
development of confidence and prediction bounds on the crack length as a function
of burst pressure. The appropriate coefficients result from performing a non-linear
regression fit of the same data as used for the burst pressure equation. This
results in the empirical relation (see Table 3),

(7)

The index of determination for the regression of A on Py, was 98.9%. This is
approxiwaately the same as that for the regression of the burst pressure on the
normalized crack length.9 The F-statistic for the significance of the index of
determination was calculated to be about 9700. The p values for all of the coeffi-
cients were less than 1:10°. A plot of the values from equation (7) relative to the
data is illustrated on Figure 10.

1.5 Confidence and Prediction Bounds
1.5.1 Burst Pressure versus Crack Length

Two-sided (1-a) 100% confidence bounds for the mean value of the normalized burst
pressure as a function of the normalized crack length can be found as

P‘N, =P‘81 t(\,.l-ajz)s\/(fo)r(FTF]-l(fO) ) (8)

where P} is obtained from equation (5), ¢ is a Student's-t variate for regression
degrees of freedom, s is the standard deviation of the regression residuals, (f)) is a

¥ If the regression analyses were linear the indices would be the same, they are
different here because of the use of non-linear relations.
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vector of the partial derivatives of equation (5) relative to each of the coefficients
evaluated at the A, value of interest, 1.e.,

T .
{ fo) sl 1 Pl bzl,eb“‘ J ‘ (9)

and the values of the normalized covariance matrix, [F TF) 1, are given in Table 4.
To facilitate computations, if the elements of the equation (9) vector are designated
as f, , etc., and the elements of the normalized covariance matrix are designated as
R,,, Ry, etc., the expression inside the radical of equation (8) becomes

(fo)TIFTFI" (fo) =Ryy + fRog + fy Raz + 2(foRya + f3Ryg + fofs Rog). 10

A two-sided 100-(1-a)% prediction band for the value of the normalized burst
pressure as a function of a future value of the normalized crack length can be found
as,

Py =Pys !y 1-am sy 1+ RITIFTFI fy) . ()

1.5.2 Crack Length veisus Burst Pressure

Two-sided confidence and prediction bounds on the critical normalized crack length
as a function of the normalized burst pressure can be found as for the normalized
burst pressure as a function of the normalized crack length. For the inverse
relation the derivative vector is given by,

T
M |

s { 'y (12)
Py -ay j

(fo} =| 1 In(Py -ay)

The standard error of the residuals is given in Table 3 and values of the normalized
covariance matrix for A as a function of Py are provided in Table 5.

1.6 Results and Discussion

A comparison of the measured normalized burst values to the predicted normalized
burst values is provided on Figure 9. Examination of the figure shows that most of
the results are enveloped within £10% of the prediction line. Scatter outside of this
region is generally restricted to those burst pressures for which the density of the
data is highest, i.e., where more variation would be expected to be displayed.
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To {llustrate the results for specific tube zizes, the date were adjusted to correspond
to depict actual burst pressures versus crack lengths for 3/4" and 7/8" nominal OD
tubes with thicknesses of 0.043" and 0.050" respectively. These results are depicted
on Figures 11 and 12 for nominal flow stresses of 71.6 and 68.8 ksi respectively
(650°F mean values from the fabrication database of Reference 8). In addition to
the regression curves, the expected burst curves corresponding to the 95%/95% LTL
flow stress of the tube materials at a temperature of 660°F are shown (see Table 1
for a complete listing of the material properties used in this report). The critical
crack lengths for postulated AP, 5 of 2.560 ksi are 0.75" and 0.84" respectively for
3/4" and 7/8" diameter tubes with LTL material properties at 850°F, For the
Regulatory Guide 1.121 limit of 1.43-APg, 5 13.657 ksi) the corresponding critical
crack lengths are 0.51" and 0.57" for tubes with L'TL material properties at 650°F.

The results reported herein are based on performing an analysis specific to the data
from the Schelle testing programs, data based on the use of foil reinforced bladders,
data for tests conducted on apecimens with very short crack lengths, and data for
the burst of tubes without cracks. The celculation of coefficients specific to the data
available is necessary for the establishment of inference bounds. As reported in the
previous paragraph, the critical crack length for burst at SLB conditions based on
LTL material properties is still greater than or equal to the thickness of the tube
support plates.

L7 Probahility of Burst

The purpose of this section is to evaluate the probability of burst (PoB) at SLB
conditions as a function of the crack length. This process is the inverse of estab-
lishing a statistical inference prediction bound. Two methods were employed to
obtain estimates of the probability of burst as a function of A, Monte Carlo simula-
tion, and deterministic modelling. Descriptions of the analyses and discussions of
the results ere provided in the following paragraphs. In summary, conservative
estimates may be easily obtained using the deterministic model, however, the level
of conservatism incresses with decressing probability of burst. For very low PoBs,
e.g., on the order of 10”7, the deterministic model may overestimate the PoB by an
order of magnitude. Hence, if the crack length is short and the estimate of the PoB
must not include excessive conservatism, Monte Carlo simulation is recommended.

1.7.1 Monte Carlo Simulation for Probability of Burst

Monte Carlo simulations were performed based on sampling the residuals from the
regression analysis and sampling the material properties for both 3/4" and 7/8"
nominal diameter tubes. The results of the Monte Carlo analyses were verified by
estimating the probability of burst utilizing a deterministic combination of the
variation of the residuals and material properties.
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The analvses utilized the burst curve developed herein coupled with the material
properties reported in Reference 8 for a temperature of 650°F. Based on the
correlation of normalized burst pressure, Py , to normalized crack length, A, the
expected burst pressure is calculated as

2t
P - —P o ? (13)
B R N©Yf

where ¢ is the thickness of the tube wall, R,, is the mean radius of the tube, and o
is the flow stress of the material, taken as %(Sy +S;, ). Thus, the values of P used
in the correlation included variation of the material properties about the reported
value, and variation in the thickness and mean radius of the test specimens. The
residuals from the regression analysis of Py, on A were shown to follow a normal
distribution. Likewise, the distribution of the flow stress at operating temperature,
as presented in Reference 8, also appears to follow a normal distribution. Upon
close examination of the histogram of the flow stress distribution it might be judged
that the distribution is slightly skewed left (meaning the mean of the distribution is
shifted to the left relative to the median and mode), however, evaluations based on
using a normal distribution are then conservative since the peak of the distribution
is shifted toward the higher values, thus, the probability of calculating a low flow
stress is exaggerated.

For the Monte Carlo analyses, the re.:dual distribution about the burst curve and
the material strength properties were ina.endently sampled to calculate randomly
distributed burst pressures per equation (13) for each of several selected crack
lengths, ranging from 0.5" to 0.75". The number of simulations performed was a
function of the probability of burst occurring. For high probabilities of burst, i.e.,
long crack lengths, 100,000 simulations would likely be sufficient. For low probu-
bilities of burst, i.e., short crack lengths, the number of simulations could reach 200
million if sample biasing techniques are not used (for this report, no simulations
were performed for very short crack lengths since a trend relative to deterministic
estimates was established for longer length cracks). The sampling process consist-
ed of randomly generating a Student's ¢ distribution variate, multiplying by the
standard deviation from the data, and adding the resulting value to the expected
value to obtain a random value for the parameter. The normalized burst pressure
and the material flow stress were sampled independently. The fraction of burst
pressures found to be less than or equal to the SLB differential pressure is then the
probability of experiencing a burst for any individual tube. For example, the
estimated probability of burst for a 3/4" nominal OD (0.043" thick) tube with a free-

span through-wall crack length of 0.50" during a postulated SLB event with a AP of
2560 psi is on the order of 3.810°
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A one-sided 100.(1-0)% upper confidence bound for a Monte Carlo result can be

found using the following equation (Reference 18
1
N-n
(n+1)F;_q 1

n o+

Pr,

where N is the total number of Monte Carlo trials, n is the number of observed
successes, e.g., Py S Pg 5, and F is from the F-distribution for the specified number
of degrees of freedom for the numerator and denominator respectively. For zero
successes in the Monte Carlo simulation, equation (14) can still be used to find an
upper confidence bound on the probability. For the above example, the 95% one-
sided upper confidence bound on the PoB is 5.0 10

1.7.2 Deterministic Estimate of the Probability of Burst

e results of the Monte Carlo analyses, the parameters of the burst
pressure were estimated directly from the parameters of the Py, and S, distribu-
tions. The expected value of the burst pressure is obtained using the mean of Py
and S, respectively, i.e.,

. 2t
IH :

=2 PyS,

m

The variance of FH 1s found from,

V(P

where V represents variance. The expression given in equation (16) is a biased
estimate of the variance (Reference 17) and its use will slightly over predict the

.- N
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the regression curve for a specific value of the normalized crack length, 2, is
taken as

ViPy) =21+ {f)T[FTF {£o}), (17

where s is the estimated standard error of the residuals, and N is the number of
data pairs used in the analysis.

The results of the deterministic estimates for the for mean and standard deviation
(taken as the square root of the variance) of the burst pressure distributions for all
of the crack lengths compared, agreed with the resuilts from the Monte Carlo
simulations to within 1% of the simulation values. To estimate the probability of
burst for a specific crack length, it is assumed that the variable,

_Pp-Pgp
s ’

t (18)

€

follows a Student's ¢ distribution, where s, is found as the square root of the vari-
ance from equation (17), and Pg 5 is the steam line break pressure. The PoB is
then calculated as the probability of occurrence of t. Implicit in this calculation is
the assumption that the product of the two population normal distributions (for the
normalized burst pressure and the flow stress) is also nearly normal. The third
moment of the burst pressure distribution, M, , is related to the means and
variances of the normalized burst pressure and the flow stress distributions as,

My(Pg) = Py S} V(PN V(S)). (19)

Since each of the terms in equation (19) is positive, M, will also be positive. Hence,
the distribution of the product of the normalized burst pressure and the flow stress
will be skewed right, i.e., with a higher tail for the larger burst pressures. There-
fore, the prediction of burst probabilities based on equation (18) would be expected
to be conservative. In addition, the degree of conservatism would be expected to
increase with decreasing probability of burst, i.e., for shorter crack lengths.

1.7.3 Comparison of Monte Carlo and Deterministic Estimates of the
Probability of Burst

Probability of burst curves as a function of crack length were developed for each
tube size and are presented on Figure 13. Examination of Figure 13 indicates that
the deterministic estimate »f the PoB for cracks shorter than 0.65" in 3/4" tubes
and 0.7" in 7/8" tubes is conservative relative to the simulation resuits, and
converges to the simulation estimate as the crack length increases. Furthermore,
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the deterministic estimate of the PoB for a tube \yith a 0.50" long free-span crack in
a 3/4" nominal OD tube at 650°F is about 1.7-10™, or three times the simulation
result. A similar trend is apparent for tubes with a 7/8" nominal diameter. The
magnitude of the deterministic estimate of the PoB relative to the simulation
estimate increases as the PoB decreases. In addition, an examination of the
distribution of burst pressures from the Monte Carlo simulations verified them to
be non-normal and skewed right. An example of the distribution of burst pressures
for a crack length of 0.6" in a 3/4" diameter tube is illustrated on Figure 14. The
effect of skewing the distribution to the right increases the mean value to above
both the median and the mode of the distribution. The area in the tail beyond two
standard deviations above the mean is visibly greater than the area in the tail
below two standard deviations below the mean. In summary, the relative behavior
of the results of simulated and deterministic estimates of the PoB are in accord
with the expectations discussed above, the results of the two analyses are consid-
ered to verify each other, and for low probabilities of burst the deterministic
estimate will be conservative.
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Table 1: Tube Material Properties
for Burst Pressure Predictions (W)

Property

Value at RT

Value at 650°F

B

Alloy 600 Mill Annealed 3/4"

x 0.043"

SG Tubes

Sample Size

635

627

Yieid Strength Mean

53.05

45.78

Yieid Strength St. Dev.

4.8602

3.9081

Tensile Strength Mean

101.29

97.35

Tensile Strength St. Dev

4.2173

3.9676

Flow Stress Mean

7717

71.57

Flow Stress St. Dev. l

4.1422

3.5668

956%/95% LTL Flow l

69.925

65.325

Alloy 600 Mill Annealed 7/8" x 0.050"

SG Tubes

Sample Size

361

360

Yield Strength Mean

{

50.98

41.89

Yield Strength St. Dev.

4.2068

3.5856

Tensile Strength Mean |

99.96

95.67

Tensile Strength St. Dev.

3.6123

3.4196

Flow Stress Mean

75.47

68.78

Flow Stress S.. Dev

3.5002

3.1725

95%/95% LTL Flow

69.225

63.115
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Standard Error
.

I Table 3: Regression Parameters for the Normalized Crack

Length as a Function of the Normalized Burst Pressure

Parameter

Standard Error

E\APC\BURST\BUR _TBLS WP§

Table 2: Regression Parameters for the Normalized Burst
Pressure zs a Function of the Normalized Crack Length

A =-ay+apln(Py-ay )

Value

20

Standard Error ‘

March 11, 1985



Table 4: Values of the [ F7F | ! Matrix for
Py as a Function of A
(Symmetnc Matrix)

?

Table 5: Values of the [ FTF ] ! Matrix for
A as a Function of Py
(Symmetric Matnx) ‘
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| Table 6: 1-600 Through-Wall Burst Test Results i
| (Axial Slits, Bladder NOT Reinforced) '
Normalized | Normalized |
Crack Burst ’
Length Pressure |

A Py







Table 6: 1-600 Through-Wall Burst Test Results
(Axial Slits, Bladder NOT Reinforced)

' Tube !

Matenal | oD |
ID |

l |

Thickness| Sy + S, | Crack | Burst ] Normalized | Normalized
Lm;nh | P ruwure | Crack | Burst

| P, Length Pressure

| (ks1) A P

| - N

t
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Table 7: Undefected Tube Burst Pressures ' l
/4", 7/8" & 11/16" OD Alloy 600 Tubes *
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Table 8: Axial Through Wall Cracks Database

Ref') | Reference | Material | OD | Tube 'S}"S\I" Crack i Burst | Normal. | Normal.

Program 1D | Gn.) ‘ Thick (ksi) Length :Pressure Crack Burst'?

(in.y | (ksi)
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Figure 1: Normalized Burst Pressure (P y ) vs. Normalized Crack Length (4,
Comparison of Schelle Data to Non-Reinforced Bladder Burst Curve

Figure 2: Normalized Burst Pressure (¥ ) vs. Normalized Crack Length (1)
Alloy 600 SG Tubes, Final Database
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Figure 3: Normalized Burst Pressure (P v ) vs. Normalized Crack Length (A)
Companison of Schelle Data to New Prediction Curve

Figure 4: Normatized Burst Pressure vs Normalized Crack Length
Alloy 600 MA Steam Generator Tubes
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Figure £: Normalized Burst Pressure vs Normaiized Crack Length
Companson of Predictive Equations

Figure 6: Residual vs Predicted Normalized Burst Pressure
Alloy 600 MA Steam Generator Tubes




Figure 7: Distribution of Expected vs Actual Residuals
Normalized Burst Pressure vs Normalized Crack Length

Figure §8: Actual vs Expected Cumulative Probability
Normalized Burst Pressure vs Normalized Crack Length
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Figure 9: Actual vs Calculated Normalized Burst Pressure
Alloy 600 MA Steam Generator Tubes

Calculated Normalized Burst Pressure

Figure 10: Normalized Critical Crack Length vs Normalized Burst Pressure
Alloy 60N MA Steam Generator Tubes
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Figure 11: Burst Pressure vs. Crack Length
3/4" x 0.043", Alloy 600 MA SG Tubes, o, = 71.6 ksi

Figure 12: Burst Pressure vs. Crack Length
7/8" x 0.050", Alloy 600 MA SG Tubes, o, = 68.8 ksi
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1.0 Burst Pressure of Throughwall, Axially Cracked Tubes

1.1 Introduction

The purpose of this report is to document the development of a burst pressure to
axial crack length correlation for Alloy 600 Steam Generator (SG) tubes. The
results are based on a general development using testing results from a variety of
tube diameters and thicknesses. The final correlation utilizes a 3-parameter expo-
nential type of equation relating the non-dimensionalized burst pressure to the non-
dimensionalized crack length (referred to as the normalized burst pressure and
normalized crack length respectively). By suitably adjusting the coefficients of the
equation, the final results are presented graphically for tubes with a nominal
outside diameter (OD) of 0.875" and a thickness of 0.050", and for tubes with a
nominal OD of 0.750" by 0.043" thick. In addition, equations for obtaining burst
pressure as a function of crack length and critical crack length as a function of
pressure are provided in Section 1.6. Finally, evaluation of the probability of burst
as a function of pressure and crack length is provided in Section 1.7.

1.2 Burst Characterization of Tubes

Much of the theory of the burst behavior of tubes with cracks is based on extending
the theory of linear elastic fracture mechanics (LEFM) for flat plates containing
through-thickness cracks to a cylindrical geometry (1.234511 1 general, the elastic
fracture behavior of a cylinder with an axial crack can be analyzed using flat plate
solutions with an appropriate stress magnification factor, usually referred to as the
"shell curvature correction factor’ or "bulging factor”, to account for bulging along
the crack flanks due to the internal pressure. Additional theoretical solutions
appear in the literature in the form of plots of the results of finite element solu-
tions, or the numerical solution of the singular integral equations for a cylinder
with an axial crack &7

A frequent way of presenting solutions for the burst pressure is in the 1orm of a
relation between a normalized burst pressure, herein referred to as Py, and a
normalized crack length, ». The normalized burst pressure is simply the actual
burst pressure non-dimensionalized by the flow stress of the material and adjusted
for the size of the tubing by the ratio of the mean radius to the thickness. This
provides a ratio of a membrane stress in the tube to the strength of the material
and allows for the correlation to be applicable to multiple tube sizes. The flow
stress of the material is usually taken as a linear function of the yield stress, oy,

! Numbers in square brackets refer to references listed as "Report References”
starting on page 15 of this report. References in the tabular data refer to
those listed as "Database References" starting on page 17.
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and the ultimate tensile stress, ;.. of the material. Acceptable correlations for
Alloy 600 tubes have been obtained using one-half of the sum of the two properties
as the flow stress.

For a tube with a mean radius of r,, and a thickness ¢, the normalized burst
pressure as a function of the actual burst pressure, Py, is defined as

Pﬂrm

. (1)
(Sy+Sp)t

PN‘

Thus, Py, is the ratio of the maximum Tresca stress intensity, taking the average
compressive stress in the tube to be Py /2, to twice the flow strength of the materi-
al.? The normalizing parameter, A, for the crack length, a, is defined as

a
b (2)

a form which arises in theoretical solutions to the burst problem. The burst
pressure as a function of axial crack length for a specific tube size is then easily
obtained from the non-dimensionalized relationship.

1.3 Tube Burst Testing and the Analysis Database

Historically, the relationships presented for correlating the burst pressure to axial
crack length for Alloy 600 tubing are based on empirical data. Until recently, one
commo-: method of testing®® consisted of internally pressurizing an axially
cracked (or slitted by electrical discharge machining) tube that had been lined with
a flexible neoprene or tygon tube, i.e., a bladder, until a burst occurred.’ Burst is
considered to have occurred when the crack opens to the extent that the bladder
extrudes, and may rupture, accompanied by ductile (plastic) tearing of the tube
material at the ends of the crack. If the bladder has ruptured and tearing of the
crack has not occurred, the test specimen is not considered to have truly ruptured.
This simply means that the opening of the flanks of the crack was sufficient to

2 1t is noted that some authors'’” use the mean radius in equation (1), and

others® use the inside radius; however, this difference in usage is not signifi-
cant for thin-walled tubes.

3 Since typical test facilities do not provide for an essentially unlimited water
supply, nor do they have pumping capability to maintain pressure if the
specimen is leaking significantly, the purpose of the lining is to prevent
leakage until a rupture of the tube occurs.
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permit extrusion of the bladder. and that the actual. or true. burst pressure was
not achieved durning the test

Test specimens may consist of tubes with cracks that have been extended by high
cycle fatigue from a starting notch, either part way or all the way through the
thickness, or which have very narrow axial slits machined in them. Typical slit
widths are in the range of 6 to 10 mils. The accepted method of creating the
starting notch or the slit is by electrical discharge machining (EDM). Testing has
demonstrated that both types of specimens behave similarly, thus the added
expense of fatigue extension of the EDM si.t is generally not justified. In addition,
testing is usually conducted at room temperature, with the resuits adjusted to
operating temperature via the change in the flow stress of the material.

In contrast to the testing previously described, tube barst testing in Belgium and
France typically included a thin foil shim on the outside of the bladder at the
location of the crack or slot. The purpose of the shim was to provide a small rein-
forcement to prevent extrusion and rupture of the bladder before rupture of the
tube. Shim dimensions are usually ~1/2" wide by ~6 mils thick with the length
chosen to extend ~1/4" beyond each end of the slit. The shim materiai was typically
brass, although stainless steel has also been used. Burst pressure results from
those tests were typically higher than results octained from similar tests with the
bladder not reinforced. Hence, technical exchange discussions usually inciuded
consideration of which methodology was appropriate for characterizing the burst
strength of SG tubes.

To determine which methodology produced results more representative of burst
pressures which might be expected in operating SGs, Hernalsteen'!”! performed
several burst tests at the Schelle fossil plant in Belgium. These tests utilized the
large water supply and large pumping capacity of the plant to maintain and
increase the pressure during the tests. Burst pressure data 'vas obtained for
thirteen 7/8" OD by 0.050" thick and two 3/4" OD by 0.043" tii.ck Alloy 600 tube
specimens with a variety of slot lengths without employing a bladder. The data
obtained, referred to hereinafter as the Schelle data, are depicted on Figure 1
relative to a correlation curve between P, and A based on a regression analysis of
the non-reinforced bladder data contained in References 8 and 9 (a subset® of the
data contained in Tables 6 and 7). The results clearly demonstrate burst strengths
exceeding the results obtained with non-reinforced bladders. Furthermore, West-
inghouse analysis of the Schelle data indicat ' the results to be consistent with
those obtained from tests performed by West. house using foil reinforced bladders.
However, in Reference 11 and a subsequent ¢ >lication, Reference 12, Hernalsteen
reported that the presence of the foil could inc -ase the measured burst pressure hy

* Belgian data which became available after the publication of Reference 8 were
not included in the correlation
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about 10% relative to that obtained from tests without bladders. Thus, the validity
of performing burst tests on pulled tube specimens was still in need of additional
verification. In addition, given the small number of data points available from the
Schelle testing programs, it was apparent that the accuracy of performing burst
tests under laboratory conditions needed to be established if statistical inference
relative to the results was to be performed. While the results obtained from non-
reinforced bladder tests could be counted on to be conservative, continued use could
lead to removing tubes from service unnecessarily, as could the use of a rupture
equation based on the simulation tests performed utilizing non-reinforced bladders.

To resolve the remaining issue, Hernalsteen noted that the Schelle data could be

correlated well using a collapse load theory expression originally published by
Erdogan @ je.,

P
PN - . ’ (3)
0.614 + 0.386¢ ~1125% 4 0,433

where P, was calculated to provide the best average fit to the data. A similar fit of
equation (3) to the Westinghouse foil data resulted in a calculated P, approximately
4% larger than that found for the Schelle data. For the Belgian foil test resuits,
the value of P, found to best fit the data was about 8% greater than that obtained
using only the Schelle data. In the Reference 13 meeting, comparisons of the
results of the Westinghouse data and the data from the individual programs
comprising the Belgian data were made with the Schelle data. It was concluded
that the results from Belgian program A4, see Table 8, which employed stainless
steel foil, were most influential in determining the value of P, found for the Belgian
foil tests. The data from the other programs were consistent with the results
obtained from the Westinghouse programs. It was thus judged that a 5% reduction
in burst pressure would be applied to all test results in which foil reinforced
bladders had been used.

Figure 2 depicts the Schelle data along with data obtained from testing performed
by Laborelec and Westinghouse with a bladder reinforcing shim present. A
summary of the data are included in Table 8. It is to be noted that the reported
data reflect a 5% reduction from the measured and/or reported data.’ Figure 3
illustrates a comparison of the Schelle data to a regression curve (discussed later)
obtained using the data of Figure 2. These figures illustrate that the adjusted
results coincide well with the results from the program performed at Schelle.

5 Specimens designated with a suffix of "-N" included an additional thickness of
nickel plating. An additional 5% reduction in strength was also applied to
these specimens based on the thickness of the nickel plate.
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It is noted that eight of the test results shown on Figure 2 for short slits. A<1.5,
are from tests performed with no bladder reinforcement (the first eight results
listed in Table 6). The rationale for the inclusion of this data is that the effect of
using a shim should diminish with decreasing crack size, and below a length of,
say, 0.25" would be expected to show no effect. Foil reinforced test results for short
cracks, and the trend of the Schelle data in this range, indicate this to be the case.
Figure 2 also depicts the results for all of the Table 7 test results for tubes with no
slits. Some consideration was given to omitting the non-cracked specimens from
the database on the grounds that the governing material parameter for the cracked
specimens is the flow stress while the governing parameter for the uncracked
specimens may be only the ultimate tensile stress. This option was rejected based
on the observation that the trend of the burst data for very short cracks converges
to the average burst value obtained from 'he uncracked specimens. Hence, if there
is a transition in the governing materi». parameter, it is apparently gradual
instead of dramatic.

The data illustrated on Figure 2 represent the final database selected for the
development of the burst pressure to crack length correlation. The database
consists of a total of 227 data pairs representing a combination of the previously
discussed data as follows:

1. The first eight data pairs from Table 6 (not foil reinforced).
2. All of the data listed in Table 7 (no cracks/slits).
3. All of the data listed in Table 8.

It iz noted that the Reference 9 data listed in Table 7 were adjusted to reflect
results expected if the tests were performed at ambient temperature, since the
burst pressure results reported therein were for tests performed at elevated
temperature and the material properties were reported only for ambient conditions.

The adjustment was based on temperature scaling factors derived using Refer-
ence 8 information.

1.4 Regression Analysis of Burst Pressure vs. Crack Length

For the regression analysis, an equation of the type used by Erdoganm to fit
numerical results for the shell curvature correction factor was investigated first.
As previously noted, Hernalsteen''”) compared calculated burst pressures using
Erdogan's expression to the Schelle data with relatively good results by finding the
best value of P, for equation (3), with the coefficients in the denominator being
those originally determined by Erdogan. Here, P, represents the value of Py corre-
sponding to no slot or crack being present, i.e., A = 0. Although the Schelle burst
results were found to match reasonably well with the predictions. the resulting
curve did not fit well for very small crack lengths nor for specimens without cracks.
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Equation (3) is characterized as a single-peak type of function in that it possesses a
single mode with the tails asymptotically approaching zero as A approaches either
plus or minus infinity. In this sense it is similar in shape to a normal probability
density function. Thus, the slope for a crack length of zero could be positive, zero,
slightly negative, or significantly negative depending on the position of the mode
along the abscissa. This type of function was needed by Erdogan in order to fit his
numerical results which indicated a slope of zero at the intersection of the ordinate
and the abscissa. Examination of the normalized burst pressure data base indicat-
ed that alternate expressions could also be used, and that a peaking property might
not be necessary. A series of regression analyses were performed considering a
variety of linear and non-linear functions, including fitting all four of the coeffi-
cients in equation (3),% based on minimization of the residual sum of squares. The
actual fitting was performed using a generalized reduced gradient algorithm, and
checked against the results from a commercially available code which used a Leven-
berg-Marquardt algorithm. The rationale for the investigation was to let the data
determine the appropriate choice of equation form to be used. Several functions
were found which provided similar goodness of fit as measured by the index of
determination. An exponential function, i.e.,

PN’bl*bgebal, (4)

was finally selected based on the combination of maximizing the goodness of fit,

minimizing the number of coefficients in the function, and the hypothesis that the
burst pressure should be a monotonic decreasing function of the crack length.” For
the data of Figure 2, the coefficients of equation (4) were found to be (see Table 2),

(5)

The index of determination for the fit was 99.1%, with a standard error of the
estimate of 0.0172. The F distribution statistic for the regression, the ratio of the
mean square due to the regression to the mean square due to the residuals, was
>11000. The p values for all of the coefficients were less than 1:10%. Thus, the fit
of the equation to the data is judged to be excellent, i.e., the data exhibit insuffi-

® For a regression analysis involving all of the coefficients, it is noted that there
are only three independent coefficients in the denominator since the sum of
the first and second coefficients 1s unity.

" Equation (4) is also advantageous in that it can easily be inverted to yield A
as a function of Py, .
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cient evidence to reiect the proposed model.” Figure 4 depicts the results of the
regression analysis, 1.e., predictions using equauon 5), relative to the database

Based on the exponential equation form, three regression analyses were performed
that,

1. considered omission of the undegraded tubes data,

omission of the non-reinfor.ed bladder data, and
3. omission of both sets of data

For all three cases the resulting coefficients were similar to those reported in
equation (5), thus verifying the initial judgement to include those data in the
analysis data base

A final regression analysis was performed to determine the best value of P for the
Erdogan equation, equation (3), for all of the data. A plot of the resulting equation
is shown on Figure 5 for comparison with the results using equation (5). Both
expressions vield similar results over the range of A from about 2 to 4. The upper
bound of this range corresponds to crack lengths of about 0.5" for 3/4" OD tubes
and 0.6" for 7/8" OD tubes. For information, the EPRI equation per Reference 14 is
also depicted on Figure 5. While this equation reasonably estimates a lower bound
prediction relative to the data, it was not developed using the experimental
database.

1.4.1 Analysis of the Regression Residuals

An analysis of the regression residuals was performed by making a scatter plot of
the residual normalized burst values versus the predicted normalized burst values,
Figure 6, and by plotting the cumulative probability of the residuals relative to the
sorted residual values, Figure 7. As an alternate view of Figure 7, the actual
cumulative probabilities of the residuals were plotted against the expected cumula-
tive probabilities of the residuals, Figure 8. The scatter plot indicates that no
significant correlation exists between the residuals and the predicted values, that
the variance of the residuals is approximately uniform, and that no apparent
systematic departure from the regression curve is present. The cumulative

probability plot indicates that the distribution of the residuals about the regression

curve of equation (4) is approximately normal with a mean of zero. Thus, the
model is considered to be adequate for describing the burst behavior of Alloy 600

SG tubes with axial crarks. An evaluation of the use of the standard error of the
residuals is presented in Section 1.7, Probability of Burst

ue t 0f a4 lunctional relation

ovides an excellent description




142 Crack Length versus Burst Pressure

In some situations it is desirable to relate a critical crack length to a specified burst
pressure, e.g., the crack length that would correspond to tube burst at an applied
pressure of three times normal operating differential pressure. Equation (4) can be
rearranged to yield the inverse relation

A =-ay+agln(Py-ag ), (6)

for the normalized crack length as a function of normalized burst pressure. For
scoping work, equation (5) could be rearranged to yield an approximate set of coeffi-
cients for equation (6), however, these are not the best coefficients to be used for
the inverse relationship (in a least squares error sense) and they do not afford the
development of confidence and prediction bounds on the crack length as a function
of burst pressure. The appropriate coefficients result from performing a non-linear
regression fit of the same data as used for the burst pressure equation. This
results in the empirical relation (see Table 3),

(7

The index of determination for the regression of A on Py, was 98.9%. This is
approximately the same as that for the regression of the burst pressure on the
normalized crack length.® The F-statistic for the significance of the index of
determination was calculated to be about 9700. The p values for all of the coeffi-
cients were less than 1-10°. A plot of the values from equation (7) relative to the
data is illustrated on Figure 10.

1.5 Confidence and Prediction Bounds
1.5.1 Burst Pressure versus Crack Length

Two-sided (1-a) 100% confidence bounds for the mean value of the normalized burst
pressure as a function of the normalized crack length can be found as

Py =Plsty 1-amsy f)TIFTFI (fo) , &)

where P}, is obtained from equation (5), t is a Student's-t variate for regression
degrees of freedom, s is the standard deviation of the regression residuals, (fy] is a

¥ If the regression analyses were linear the indices would be the same, they are
different here because of the use of non-linear relations.
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vector of the partial derivatives of equation (5) relative to each of the coefficients
evaluated at the A, value of interest, 1.e.,

{fo} :.[ 1 eb3}'x bz;b‘ebalt JT' (9)

and the values of the normalized covariance matrix, [F TF] ", are given in Table 4.
To facilitate computations, if the elements of the equation (9) vector are designated
as f, , etc., and the elements of the normalized covariance matrix are designated as
R,,, R,,, etc., the expression inside the radical of equation (8) becomes

(fo)TIFTFI M fo) =Ry + fiRog + fy Rag + 2(foRyg + f3Ry3 + fofa Ryg). 10

A two-sided 100-(1-0)% prediction band for the value of the normalized burst

pressure as a function of a future value of the normalized crack length can be found
as,

Py =PSstyy i amsy 1+ fHITIFTFI (fy) . 1y

1.5.2 Crack Length versus Burst Pressure

Two-sided confidence and prediction bounds on the critical normalized crack length
as a function of the normalized burst pressure can be found as for the normalized
burst pressure as a function of the normalized crack length. For the inverse
relation the derivative vector is given by,

|7

{fO} =|1 ln(PN‘ - 03) (12)

PN: ~ a3
The standard error of the residuals is given in Table 3 and values of the normalized
covariance matrix for A as a function of Py are provided in Table 5.

1.6 Results and Discussion

A comparison of the measured normalized burst values to the predicted normalized
burst values is provided on Figure 9. Examination of the figure shows that most of
the results are enveloped within =10% of the prediction line. Scatter outside of this
region is generally restricted to those burst pressures for which the density of the
data is highest, i.e., where more variation would be expected to be displayed.
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To {liustrate the results for specific tube sizee, the date were adjusted to correspond
to depict actual burst pressures versus crack lengths for 3/4" and 7/8" nominal OD
tubes with thicknesses of 0.043" and 0.050" respectively. These results are depicted
on Figures 11 and 12 for nominal flow stresses of 71.6 and 68.8 ksi respectively
(650'F mean values from the fabrication database of Reference 8). In addition to
the regression curves, the expected burst curves corresponding to the 95%/95% LTL
flow stress of the tube materials at a temperature of 660°F are shown (see Table 1
for a complete listing of the material properties used in this report). The critical
crack lengths for postulated AP, 5 of 2.560 ksi are 0.75" and 0.84" respectively for
3/4" and 7/8" diameter tubes with LTL material properties at 850°F. For the
Regulatory Guide 1.121 limit of 1.43.APg; » (3.657 ki) the corresponding critical
crack lengths are 0.51" and 0.57" for tubes with L'TL material properties at 650°F.

The results reported herein are based on performing an analysis specific to the data
from the Schelle testing programs, data based on the use of foil reinforced bladders,
data for tests conducted on specimens with very short crack lengths, and data for
the burst of tubes without cracks. The calculation of coefficients specific to the data
available is necessary for the establishment of inference bounds. As reported in the
previous paragraph, the critical crack length for burst at SLB conditions based on
LTL material properties is still greater than or equal to the thickness of the tube
support plates.

1.7 Probehility of Burst

The purpose of this section is to evaluate the probability of burst (PoB) at SLB
conditions as a function of the crack length. This process is the inverse of estab-
lishing & statistical inference prediction bound. Two methods were employed to
obtain estimates of the probability of burst as a function of A, Monte Carlo simula-
tion, and deterministic modelling. Descriptions of the analyses and discussions of
the resuita ere provided in the following paragraphs. In summary, conservative
estimates may be easily obtained using the deterministic model, however, the level
of conservatism increases with decressing probability of burst. For very low PoBs,
e.g., on the order of 107, the deterministic model may overestimate the PoB by an
order of magnitude. Hence, if the crack length is short and the estimate of the PoB
must not include excessive conservatism, Monte Carlo simulation is recommended.

1.7.1 Monte Carlo Simulation for Probability of Burst

Monte Carlo simulations were performed based on sampling the reriduals from the
regression analysis and sampling tie material properties for both 3/4" and 7/8"
nominal diameter tubes. The results of the Monte Carlo analyses were verified by
estimating the probability of burst utilizing a deterministic combination of the
variation of the residuals and material properties.
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The analvses utilized the burst curve developed herein coupled with the material
properties reported in Reference 8 for a temperature of 650°F. Based on the
correlation of normalized burst pressure, Py, to normalized crack length, A, the
expected burst pressure is calculated as

2t
Pp = — Pyoy, (13)
B= g iNOf

where ¢ is the thickness of the tube wall, R,, is the mean radius of the tube, and o
is the flow stress of the material, taken as %Sy +S;; ). Thus, the values of Py used
in the correlation included variation of the material properties about the reported
value, and variation in the thickness and mean radius of the test specimens. The
residuals from the regression analysis of Py on A were shown to follow a normal
distribution. Likewise, the distribution of the flow stress at operating temperature,
as presented in Reference 8, also appears to follow a normal distribution. Upon
close examination of the histogram of the flow stress distribution it might be judged
that the distribution is slightiy skewed left (meaning the mean of the distribution is
shifted to the left relative to the median and mode), however, evaluations based on
using a normal distribution are then conservative since the peak of the distribution
is shifted toward the higher values, thus, the probability of calculating a low flow
stress is exaggerated.

For the Monte Cario analyses, the residual distribution about the burst curve and
the material strength properties were independently sampled to calculate randomly
distributed burst pressures per equation (13) for each of several selected crack
lengths, ranging from 0.5" to 0.75". The number of simulations performed was a
function of the probability of burst occurring. For high probabilities of burst, i.e.,
long crack lengths, 100,000 simulations would likely be sufficient. For low proba-
bilities of burst, i.e., short crack lengths, the number of simulations could reach 200
million if sample biasing techniques are not used (for this report, ne simulations
were performed for very short crack lengths since a trend relative to deterministic
estimates was established for longer length cracks). The sampling process consist-
ed of randomly generating a Student's ¢ distribution variate, multiplying by the
standard deviation from the data, and adding the resulting value to the expected
value to obtain a random value for the parameter. The normalized burst pressure
and the material flow stress were sampled independently. The fraction of burst
pressures found to be less than or equal to the SLB differential pressure is then the
probability of experiencing a burst for any individual tube. For example, the
estimated probability of burst for a 3/4" nominal OD (0.043" thick) tube with a free-
span through-wall crack length of 0.50" during a postulated SLB event with a AP of
2560 psi is on the order of 3.8 106

BUR RPRT WPS 11 V20m5



A one-sided 100.(1-a)% upper confidence bound for a Monte Carlo result can be
found using the following equation (Reference 18):

1

N-n o (14)

PrU=

(n+DFy_ g 20n+1),2(N-n)

where N is the total number of Monte Carlo trials, n is the number of observed
successes, e.g., Pg S Pg 5, and F is from the F-distribution for the specified number
of degrees of freedom for the numerator and denominator respectively. For zero
successes in the Monte Carlo simulation, equation (14) can still be used to find an
upper confidence bound on the probability. For the above example, the 95% one-
sided upper confidence bound on the PoB is 5.0-10°.

1.7.2 Deterministic Estimate of the Probability of Burst

To check the results of the Monte Carlo analyses, the parameters of the burst
pressure were estimated directly from the parameters of the Py and S, distribu-
tions. The expected value of the burst pressure is obtained using the mean of Py
and S, respectively, i.e.,

Py = %‘-PNS,. (15)

The variance of Py is found from,

2
2t | [p2 2
V(Py) [ﬁ_] (P2V(S) « S} V(Py) + VS)V(Py) |, e

m

where V represents variance. The expression given in equation (16) is a biased
estimate of the variance (Reference 17) and its use will slightly over predict the
probability of burst.'® The variance of the normalized burst pressure, V(P, ), about

10 An unbiased estimate is obtained by reversing the sign for the product of

variances term. For this analysis. the choice of biased or unbiased is not
significant.
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the regression curve for a specific value of the normalized crack length, 4 , is
taken as

Vi) =s2(1+{f)TIFTF] (R}, (17

where s is the estimated standard error of the residuals, and N is the number of
data pairs used in the analysis.

The results of the deterministic estimates for the for mean and standard ceviation
(taken as the square root of the variance) of the burst pressure distributions for all
of the crack lengths compared, agreed with the results from the Monte Carlo
simulations to within 1% of the simulation values. To estimate the probability of
burst for a specific crack length, it is assumed that the variable,

¢ P8 Pss (18)
s‘

follows a Student's ¢ distribution, where s, is found as the square root of the vari-
ance from equation (17), and Pg g is the steam line break pressure. The PoB is
then calculated as the probability of occurrence of ¢. Implicit in this calculation is
the assumption that the product of the two population normal distributions (for the
normalized burst pressure and the flow stress) is also nearly normal. The third
moment of the burst pressure distribution, M, is related to the means and
variances of the normalized burst pressure and the flow stress distributions as,

My(Pg) = Py S V(PN V(S)). (19)

Since each of the terms in equation (19) is positive, M, will also be positive. Hence,
the distribution of the product of the normalized burst pressure and the flow stress
will be skewed right, i.e., with a higher tail for the larger burst pressures. There-
fore, the prediction of burst probabilities based on equation (18) would be expected
to be conservative. In addition, the degree of conservatism would be expected to
increase with decreasing probability of burst, i.e., for shorter crack lengths.

1.7.3 Comparison of Monte Carlo and Deterministic Estimates of the
Probability of Burst

Probability of burst curves as a function of crack length were developed for each
tube size and are presented on Figure 13. Examination of Figure 13 indicates that
the deterministic estimate of the PoB for cracks shorter than 0.65" in 3/4" tubes
and 0.7" in 7/8" tubes is conservative relative to the simulation results, and
converges to the simulation estimate as the crack length increases. Furthermore,
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the deterministic estimate of the PoB for a tube with a 0.50" long free-span crack in
a 3/4" nominal OD tube at 650°F is about 1.7-10™, or three times the simulation
result. A similar trend is apparent for tubes with a 7/8" nominal diameter. The
magnitude of the deterministic estimate of the PoB relative to the simulation
estimate increases as the PoB decreases. In addition, an examination of the
distribution of burst pressures from the Monte Carlo simulations verified them to
be non-normal and skewed right. An example of the distribution of burst pressures
for a crack length ¢f 0.6" in a 3/4" diameter tube is illustrated on Figure 14. The
effect of skewing the distribution to the right increases the mean value to above
both the median and the mode of the distribution. The area in the tail beyond two
standard deviations above the mean is visibly greater than the area in the tail
below two standard deviations below the mean. In summary, the relative behavior
of the results of simulated and deterministic estimates of the PoB are in accord
with the expectations discussed above, the results of the two analyses are consid-
ered to verify each other, and for low probabilities of burst the deterministic
estimate will be conservative.
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Table 1: Tube Material Properties |
for Burst Pressure Predictions (W)

Sample Size 635
Yield Strength Mean 53.05 45.78
Yield Strength St. Dev. 4.8602 3.9081
Tensile Strength Mean 101.29 97.356
Tensile Strength St. Dev. 4.2173 3.9676
Flow Stress Mean 77.17 7157 |
Flow Stress St. Dev. 4.1422 3.5668 |
95%/95% LTL Flow 69.925 65.325
Alloy 600 Mill Aunealed 7/8" x 0.050" SG Tubes
Sample Size 361 360
Yield Strength Mean 50.98 41.89
Yield Strength St. Dev. 4.2068 3.5856
Tensile Strength Mean 99.96 85.67
Tensile Strength St. Dev. 3.6123 3.4196
Flow Stress Mean 75.47 68.78 I
Flow Stress St. Dev. 3.5002 3.1725
95%/95% LTL Flow | 69.225 63.115
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Table 2: Regression Parameters for the Normalized Burst
Pressure as a Function of the Normalized Crack Length

3h

Py =b, + bye®

Table 3: Regression Parameters for the Normalized Crack
Length as a Function of the Normalized Burst Pressure

A =-a;+agln(Py-ag )

Standard Error
B

e e
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Table 4: Values of the [ F/F ] ! Matrix for
P, as a Function of A
(Symmetric Matrix)

N l . ;
| Table 5: Values of the | FTF 1! Matrix for
l A as a Function of Py
(Symmetric Matrix)
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Table 6: 1-600 Through-Wall Burst Test Results
(Axial Slits, Bladder NOT Reinforced)

" Normalized | Normalized
Crack Burst
Length Pressure

A Py

|
|
|
|
|




"
Table 6: 1-600 Through-Wall Burst Test Resuits
(Axial Slits, Bladder NOT Reinforced)




Table 6: 1-600 Through-Wall Burst Test Resuits

(Axial Slits, Bladder NOT Reinforced)
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Table 7: Undefected Tube Burst Pressures
3/4", 7/8" & 11/16" OD Alloy 600 Tubes

[ Ref'™ |  Tube Tube | Tube 8y + 8y,
y Identification Heat oD
(in.)

(RT, ksi)

R —————m— ——
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Py
(RT, ksi)
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Table 8: Axial Through Wail Cracks Database
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; Table 8: Axial Through Wall Cracks Database
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Table 8: Axial Through Wall Cracks Database
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Table 8: Axial Through Wall Cracks Database

oD

ian.)

Tube |Sy+ Sy, | Crack | Burst Normal.

: !R«*f’e-rence Material L i l
Thick. | (ksi) T Length | Pressure | Crack
{ {
|
|
]

|
|
| Program | ID ‘
! | a a | Pg | Length

| } (in.) 1 (ksi) [ A

I!
|
|
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Figure 1: Normalized Burst Pressure (P y) vs. Normalized Crack Length ()
Comparison of Schelle Data to Non-Reinforced Bladder Burst Curve

Figure 2: Normalized Burst Pressure (P y) vs. Normalized Crack Length (1)
Alloy 600 SG Tubes, Final Database
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Figure 3: Normalized Burst Pressure (P y ) vs. Normalized Crack Length (A)
Comparison of Schelle Data to New Prediction Curve

Figure 4: Normalized Burst Pressure vs Normalized Crack Length
Alloy 600 MA Steam Generator Tubes
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Figure &: Normalized Burst Pressure vs Normalized Crack Length
Companson of Predictive Equations

Figure 6: Residual vs Predicted Normalized Burst Pressure

Alloy 600 MA Steam Generator Tubes
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Figure 7: Distribution of Expected vs Actual Residuais
Normalized Burst Pressure vs Normalized Crack Length

Figure 8: Actual vs Expected Cumulative Probability
Normalized Burst Pressure vs Normalized Crack Length
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Figure 9: Actual vs Caiculated Normalized Burst Pressure
Alloy 600 MA Steam Generator Tubes

Calculated Normalized Burst Pressure

Figure 10: Normalized Critical Crack Length vs Normalized Burst Pressure
Alloy 600 MA Steam Generator Tubes
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Figure 11: Burst Pressure vs. Crack Length
3/4" x 0.043", Alloy 600 MA SG Tubes, o, = 71.6 ksi

Figure 12: Burst Pressure vs. Crack Length
7/8" x 0.050", Alloy 600 MA SG Tubes, o, = 68.8 ks
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